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Arctic Bathymetry: 

Continent-Ocean distribution in the hrctic centred on the North Pole. The elevation of the con- 

tinents with respect to sea levd and the bathyrnetry of the oceans are shown on the coIour bar. 

The ocean depth and conthenta1 elevation 'dormation have been decived h m  two sources: the 

GEBCO Digital M a s  (Jones et ai, 1994)[104]; and the ETOP05 digitai grid which describes 

global depths and elevations at intenais of 5 minutes of latitude and longitude (Loughridge, 

1986)[133]. This image is reproduced h m  the web site of the Geologicai Survey of Canada at 

http://agcwww.bio.ns.ca/pubprod/of29OO/0t29OO.html 

LGM Continental Topography: 

b relief map of Last Glacial Maximum (LGM) topography over Xorth America. The LGBI recon- 

struction is based upon the ICGlG data sets of Peltier (1994). 



Modem Arctic Bathymetry 
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The Laurentide Ice Sheet at Last Glacial Maximum 



Paleoclimate Tests of a Model of the Atrnospheric General Circulation 

Guido Vettoretti, Department of Physics. University of Toronto, Ph.D. Thesis (2001) 

Late-Pleistocene and mid-HoIocene clirnate states a t  three seiected 'tirne-slices' within the last 

ice age cycIe have been simdated with the Canadian Climate Centre for modeliing and analysis 

Atmospheric General Circulation Mode1 (CCCma AGCM). 

Simulations of the mid-Holocene optimum c h a t e  at 6000 years before present (6 ka BP) are 

performed to test the sensitivity of the mode1 to mod.%cations of the land surface parameterizations. 

The primary mechanisms responsibie for an anomalous model response as compared with other 

models Çom the international Paieoclimate Model intercornparison Project (PMP)  are thereby 

identified. 

An AGCM reconstruction of Last Glacial Maximum (LGM) climate at 21 ka BP was aiso con- 

ducted to test predictions af LGM tropical SSTs and to investigate the mechanisms responsible for 

the maintenance of the southeasterly lobes of the Laurentide ice sheet. The model simulation of 

LGM climate is also compared with resdts Gom other models in the PME' set and to the pcedic- 

tions of an intermediate compIexity model that has been developed to simulate glacial-interglacial 

cycles, Model predictions of LGM tropical SSTs are found to be in good agreement with sea surface 

temperatures (SSTs) inferred Çom proxy reconstructions of LGM climate. 

The onset of continental glaciation that occurred in the Post Eemian Glacial penod (116 ka 

BP) provides a further means of testing the abüity of the CCCma GCM under conditions that 

differ radicaily from the modern conditions to which the parameterization schemes in the model 

are tuned. The analyses described herein demonstrate that entry into glacial conditions at 116 ka 

BP is successfidiy predicted when the -ed layer slab ocean component of the CCCma AGCM 

is constrained to accurately reproduce ..hW2 observed modern SSTs under conditions of modern 

radiative forcing. A set of sensitivity experiments in which the solar radiation parameterization and 

the implied oceanic heat transport are modifieci, reveai a number of novd feedback rnechanisms that 

are key to understanding the initiation of largescale continental glaciation, 
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The caldation gives for the planet Mercury a rotation of the orbit of 43" per century, 
corresponduig aactly to the astronomicai observation (Leverrier); for the astronorners 
have discovered in the motion of the perihelion of this planet, after allowing for distur- 
bances by the other planets, an inexplicable remainder of tbis magnitude. 

-Albert E b t w l  in concludulg his presentation of the vacuum fieid equations in his 1916 
paper on generai reiativity pointed out that t6ey explained the anornaious precession 
of Mercury. 



Introduction 

This thesis is devoted to an investigation of Earth's ciimate during selected epochs of the late- 

Pleistocene (Pleistocene: 1.6 miilion to 10 000 yem before present) and mid-Holocene (Hoiocene: 

10 000 y e m  ago to present) periodç of Earth history. Three specific epochs within the last 125 

000 years will be addressed through a series of numerical simulations of the global climate systcm 

under the radicaüy different b o u n d q  conditions andfor radiative forcing regimes characteristic of 

conditions at these times. in the introduction to this thesis I will address a number of outstanding 

issues in the current literature in the area of Late Quaternary paleoclimate research, from both 

a numerical modelling and geological proxy climate data perspective. The application of modern 

coupled atmosphere-ocean models of the climate system to the reconstruction of climate States in 

the distant past for times at which sufFcient geologicai data e'ast to constrain the climate regime 

has become an important means of testing the robustoess of the parameterization schemes employed 

to represent sub-grid scde processes in such models. The first subsection of this introduction wilI 

review the astronomicai theory of the iceages and the nature of the dominant modes of climate 

variability in the Earth system that have determineci the climate state of the Late Quaternary of 

Earth history (Quaternary: Subdivided into the Pleistocene and Holocene epochs defined above). 

The second subsection wilI describe the numerical mode1 that has been employed in this study dong 

with the major changes to this s;mcture that have been required for the successhi completion of 

the research. The third and final subsection zill briefly describe the organization of the main body 

of the thesis to follow. 

1.1. Late Quaternary Climate and the Astronomical Theory of the Ice 

Ages 

in a summary for policymakers in the latest assessrnent report Çom the htergovernmentai Pane1 on 

Climate Change (PCC 2001)[101] it is stated that: 

.4n increasing body of observations gives a collective picture of a warming world and 
other changes in the climate system. 
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In particular the delegation of representatives attending the find meeting o l  this group agreed 

that it is very likeIyl that the decade of the 1990s was the warmest of the last century and that 1998 

was the warmest year in the instrumental record since 1861. In addition to t h  it was agreed that it 

is iikeir that the 1990s a d  1998 were the wannest decade and warmest year, respectively, within the 

Iast denn ium.  The general consensus expressed in P C C  2001 is that the body of scientific research 

that has been conducted to date indicates that global wanning through the so called "greenhouse 

efIectn (Houghton 1997) [gl] is indeed occuning and is very likely' the resdt of anthropogenic effects. 

The modern atmospheric concentration of carbon dioxide (CO?) and other greenhouse gases such 

as methane (CG) have not existed, according to inferences from the geological record, for at Ieast 

the past 420 000 years (Petit et al. 1999; Fdkowski et ai. 2000)[1?6][59]. The atmospheric CO2 

concentration is now at the level of 365 parts per rniiiion by volume (ppmv), a very substantid 

increase above the preindustriai level of 280 ppmv. It is stiü uncertain as to what the eventual 

effect of humankind will be upon the planetary environment but at present rates of increase it is 

txpected that the CO:! concentration in the atmosphere will have doubled by approxbately 2065 

by which time the impact upon global cliiate is expected to be highly significant. By comparing 

the state of the modern c h a t e  system, which is accurately known on the basis of the instrumentai 

record, with c h a t e  States that existed in the past, which are canstrained by geologicd proxy data, 

and by comparing simuIations of these diffèrent ciimate States produced by modern numerical rnodels 

of the c iha te  systern, we may reasonably hope to achieve a greater understanding of the compIex 

fedback mechanisms which operate within the highIy non-linear Earth system. In fact, it is likely 

that to understand the significant changes that may occur within the c h a t e  system, even within 

the next 100 years, a detaiIed knowiedge of the extreme c h a t e  system variabüity inferred on the 

basis of the gwlogicd record to have occurred over the past 125 000 years will be a prerequisite to 

understanding the extreme impacts that codd arise in the greenhouse warmed world into which we 

are evolving. 

There is a large volume of evidence which supports the notion that since the formation of the 

Earth and the development of its soiid and fluid components, the planet has experienced severaI 

periods of widespread continental giaciation (Crowley 1983)[4. Tt is even suggested, according 

to geologicai and paleomagnetic studies, that during the Iate Proterozoic epoch, 600-800 million 

years before present (600-800 Ma BP), ice sheets may have reached equatorial latitudes and that the 

Earth may then have been in a completely ice covered or "snowbali" state (see Hyde et ai, 2000 and 
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references therein)[96]. Rom the viewpoint of climate dynamics, the so-called astronornicd theory 

of glaciation is the oldest expianation for the existence of the occurrence of continental glaciation 

cycles in the Quaternary geologicai record (1.6 - O Ma BP). Within the hundred years foiiowing 

Agassiz (1838)[2] proposai of a connection between glaciations and the Earth's precession, theories 

evolved and a mathematicai formulation of the astronomicai theory was developed (see Imbrie and 

hb r i e  1979 for a review)[98]. In 1920, the astrouorner Milutin hlilankovitch anaiyticaiiy produced 

detailed tables of the solar irradiance at 65 ON and other latitudes and as a h c t i o n  of season for 

the past 600 000 years (ivlilankovitch 1941)[148]. By correlating the inferreci times of occurrence of 

four European Ice ages reconstntcted 11 years earlier by Penck and Bruckner (1909)[174] with tirnes 

of low incoming soIar radiation at high latitudes he was led to introduce an hypothesis as to the 

reason for the occurrence of glacial epochs. Based upon his detailed caiculation of the variations in 

the geometry of the Earth's orbit around the Sun and thus the impact upon received solar radiation, 

Milankovitch was the first to argue that: 

Under those astronomicai conditions in which the heat budget around the summer solstice 
falls below average, so will summer melt, with uncompensated glacial advance being the 
result. 

Until roughly 1970, this Milankovitch theory was largely disputed due to the fragmented evidence 

available from the sedimentary record up to that point and the generai assuniption that the climate 

system was considered too resilient to smaii changes in summer insolation for this hypothesis to 

be sensible (see Berger 1988 for a history of the astronomical theory)[l5]. With improvements in 

radioactive dating and the development of other techniques to constrain the details of the tirnescale 

of the geological records, and with better instrumental methods for measuring the continentai ice- 

volume proxy consistingof the ratio of the concentrations of the stable isotopes of 0xygen,'~0 to 160, 

in deep sea sedimentary cores (Shackleton and Opdyke 1973)[202], it was eventuaiiy estabiished that 

the ">iüankovitch forcing" of the ciimate system due to variations in the geometry of Earth's orbit 

around the Sun was playing a centra1 role in the gIaciation process (Hays et ai. 1976)[82]. To obtain 

a more fully satisfactory demonstration of the validity of the Milankovitch theory, however, wiii 

require three main ingredients: 1) highiy accurate computations of the Earth's orbital parameters 

and incoming solar radiation at the top of the atmosphere due to their variation, 2) accurate andyses 

of the proxy data employed to constrain past climates in both the tirne and frequency domains, and 

3) the development and use of both intermediate and fdiy compIex climate models to verifj+ that 

the glaciation process that is known to have occurred, is expected on the bais  of rational physical 

t heory. 
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With respect to the fùst point above, the earliest approach to the computation of the evolution 

of planetary orbits over Iong timescales was to apply secular perturbation methods in an attempt 

to solve the equations of motion for the solar systern many body problern (Lagrange 1781)[119]. 

Of par t idar  interest here is the highly accurate recent numerical integration of the n-body s o k  

system problem by Quinn et al. (1991)[184]. Such calculations are now avaiiable at very hi& 

accuracy and deliver accurate computations of the Earth's orbital parameters that extend several 

million years into the past. In fact, solutions of the gravitational n-body problem are known be 

stable to srnall perturbations in initial condition for times as Iong as f5 Ma (Laskar 2990)[123I. 

Such highly accuratc calculations of the Earth's orbital elements are employed to obtain the top of 

the atmosphere (TOA) solar irradiance distributions at selected time periods which are of interest in 

paleoclimate studies. The energy that is available at the top of the atmosphere at any given latitude 

#, under the assumption of constant solar output, depends on the solar constant S, and the Earth's 

orbital and rotational parameters (Appendk A). Of interest in paleoclimate studies are the three 

parameters that determine the Iong term evolution of the insolation. These are the eccentncity of 

the Earth's orbit around the sun, the obliquity or the tiIt of the Earth's rotationai avis with respect 

to the normal to the ecliptic plane and the longitude of the solstice and equinoctai axes with respect 

to perihelion which change due to precession (Fig. 1.1). The rotationd angular velocity of the Earth 

is also relevant to paleoclimate studies eutending into the very distant past of Earth history, but is 

not of interest in this thesis and is therefore assumed constant. Of special interest to this thesis, 

however, will be the precise computation of t hese orbital parameters and insolation within the last 

150 000 years (150 ka BP) of Earth history (Fig. 1.1). 

The eccentricity, e, defines the deviation of the shape of the orbit fiom circular (presently 1.6%), 

which determines the Earth-Sun distance at perihelion and aphelion. The eccentricity has funda- 

mental modes of temporal Mnability with periods of 413 ka, 100 ka and 95 ka that arise due to 

resonant interactions within the solar system. The eccentricity can vary by as much as 8% even ovw 

a period as short as 100 000 years (Fig 1-la). At present the Earth's eccentricity is quite low as 

compared with other times in the geologicai past. The eccentricity serves as a primary controI on the 

amplitude of the precessional forcing as discussed below. The changes in received insoiation caused 

by the variations in orbita1 eccentricity under present conditions a i se  hom changes in the distance 

between apheIion and perihelion whkh reach 3.3% of the mean Earth-Sun distance over an annual 

cycle. The major &ect of the variation in the eccentriuty manifests itseif in seasonal differences 

which arise as a resuit of the obliquity or tilt in the Earth's rotation axis with respect to the normal 

to  the plane of the ecliptic. The obliquity varies with dominant modes of varïability at the periods 
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Figure 1.1: The Earth's orbital variations. (a) The eccentricity cycIe: The deviation of the Earth's 
orbit from circularover t h e  fiuctuates with periods of413 and 100 ka. Large eccentricity accentuates 
precessional forcing. (b) The obliquity cycle: The tiIt of the Earthis rotationai axis with respect 
to the perpendicular to the ecliptic varies with a period of approximately 41 ka. Large obliquity 
affects the amount of sunlight received at high latitudes. (c) The eccentricity-precessional cycle: 
The precesçion of the rotationai a& of the Earth, whose amplitude is modulated by the orbitai 
eccentricity determines the position of the solstices and equinoxes with respect to penheiïon. The 
eccentricity-precessionai parameter determines the magnitude of the seasonai contrat during an 
annual cycle. The orbitai data plotted for the past 150 ka is from Quinn et ai. (1991)[L&L1. 



1.1. Late Quaternary Climote and the Astronomicol Theory of the Ice Ages 6 

of 41 ka and 53 h. This causes the Earth's rotation axis to vary between approximateiy 22.5' and 

2 4 3  from the perpendicular to the ecliptic over a 41 000 year period (Fig. l.lb). At present the 

magnitude of the obliquity (23.4') is near its mean value. The main effect of changes in obliquity is 

to determine the high latitude variation in insolation between winter and summer and the equator to 

pole Iatitudinai gradient of insolation. At times of high obiiquity the polar tiemispheres are warmer 

in summer and colder in winter and vice versa. The summer and winter seasons of course arise as a 

resdt of the obliquity and the annual rotation of the Earth around the Sun, but it is the long term 

eccentricity modulated precession of the Earth's rotational avis about the normal to the plane of the 

ecliptic that effects the contrast between summer and winter seasons (Fig. 1.1~). The fundamental 

mode of precession, with a period of 23.7 ka, exists because of the interaction of the generd preces- 

sion of the Earth's rotational a.. (25.7 ka), which in turn arises because of the torque exerted by 

the Sun on the oblate figure of the Earth, and the variation in the precession of the perihelion of 

Jupiter with respect to the 6xed stars (308 ka)(Berger 1988)[15]. This 23.7 ka precessional mode is 

in turn modulated by the main modes of the Earth's eccentricity at 413 ka, 100 ka and 95 ka periods 

to "spbt" the precessional singlet so as to induce radiation forcing at the muhiplet periods 22.4 ka, 

19.2 ka and 19.0 ka. As the Earth's rotational axis precesses, the summer solstice precesses between 

perihelion and aphelion. When the summer solstice coincides with perihelion, northern hemisphere 

summer Iatitudes experience a maximum in the insolation received at the top of the atmosphere. At 

present the summer solstice is near aphelion (Fig 1.1~). The eccentricity has the effect of increasing 

the contrast between summer and winter at points of high eccentricity and thus the eccentricity 

and precession are combined into the eccentricity-precessional parameter e - sinw (Fig Llc; See &O 

Appendk A). 

The three temporal epochs denoted on Fig 1.1 by colored vertical Lines are to be the foci of the 

analyses performed in this thesis and will be described in great detail in the following chapters. Post 

Eemian Glacial Inception (PEGI) at 116 ka BP is a period with an optimal orbital codguration 

for producing cold high latitude northem hemisphere summer temperahires. Eccentricity is at the 

maximum in the most recent 100 ka p&od, obliquity is near its minimum and the summer solstice 

occurs precisely at aphelion. This period is hown to coincide with the most recent time of initiation 

of continental glaciation. The n e -  periad that wiü be the focus of attention in this thesis, namely 

Last Glacial 31axixnum (LGM), occurred at 21 ka BP and has insoIation characteristics wtiich are 

similar to modern. D d g  this period, large continental ice sheets covered much of the contheritai 

land mass in the northern hemisphere fiom mid to high latitudes. The final period to be considered 

in this thesis, which is usuaIIy referred to as the Holocene Optimum (HO) at 6 ka BP, is a period 
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which has an orbital configuration which produces northern hemisphere summer conditions that are 

warmer than present. Although the orbital configuration at the somewhat earlier t h e  of 11 ka BP 

led to a more significant enhancement of summer insolation during the last 20 ka, there were still 

large amounts of land ice present in the Northem Hemisphere a t  this tirne. The period centred on 

6 ka therefore provides a preferred epoch for analysis because the sole significant modification to 

the climate regime is due to the difference in radiative forcing. When coupled with the abundant 

praxy data available for a priori cliiate reconstruction during the ice-free mid-Holocene it is easy 

to understand why this epoch was selected as a preferred time for analyses in the conte- of the 

international Paleoclimate Mode1 Intercornparison Project (PhZIP). 

One of the reasons why these three periods are of such great interest to the paleoclimate modelling 

and p r o v  data community is that they represent unique periods in the history of Late Quaternary 

climate change. By studying them, as Nill be demonstrated in this thesis, we may attempt to better 

understand the factors responsible for the large changes in clmate system variabiiity that have 

occurred in the past. As mentioned under point 2) above, more refined analyses of the astronomical 

theory than those published to date will require more accurate anaiysis of proxy data in both 

the time and frequency domains* One of the most important indications of Pleistocene climate 

variability has been obtained through the inferences of continental ice mass and surface temperature 

that may be acquired by mass spectrometric analyses of isotopic concentrations in the tests of 

foraminifera in deepsea sedimentary cores and on samples of ice and air bubbles trapped in the 

ice in high resolution ice cores frorn Greenland and Antarctica. Initial investigations by Erniliani 

and others (Emiliani 1955; Broecker and Van Donk 1970; Hays et  al. 1976)[56][29][82] provided the 

k t  indications of Pleistocene temperatures based upon mass spectrometric measurements of the 

relative concentrations of 180 and 160 in the sheils of Mnous ocean dwelling foraminifera in deep 

sea sedimentary cores. Subsequently, retrieval and analysis of the same oxygen isotopic data from 

ice cores in modem continental ice sheets reveaied the same late Pleistocene patterns of temporal 

climate variability (Lorius et al. 1985; GRlP projem members 1993)[132][?51. 

The main proxy indicator of climate variability that is used in the analysis of both deepsea 

sedimentary cores and deep ice cores hom the existing continental ice-sheets on Greenland and 

.htarctica has been dl*O. This isotopic ratio is a measure of the normalized deviation of the ratio 

of the concentration of the rare heavy q g e n  isotope "0 to that of the more common iighter 

isotope ''0 fiom that of standard mean ocean water (ShIOW). D h g  glacial times the isotopicatiy 

lighter 160 molecuie is preferentiaüy removed h m  the ocean d m g  the evaporation of H20 and 

trapped in giaciai Iand ice, thereby enriching the 180 concentration in the ocean at tirnes in the past 
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when large icesheets e t e d  on the continents. By examining the isotopic composition of benthic 

(bottom dwelling) forams, the dects  of changing temperature and the changing isotopic composition 

of the seawater can be separated. Benthic forams are emptoyed in this manner because deep ocean 

temperature deueases during glacial times but is constrained in doing so by the fieezing point of 

seawater. There is an appravimately 1.9 difference in the d''O axygen isotopic ratio between 

glacial and interglacial times with the glacial value being higher (e.g. Shackleton 1973)[202]. The 

m a - u m  long term temperature shift in the deep ocean is of the order of the difference between 

the present day temperature of the abyssal ocean, which is near 1°C, and the fieezing point of sea 

water (-1.8 OC). This 2.8 O C  temperature shift can lead to an isotopic shift of no more than 2.8 OC 

x 0.22 "/,, OC" or 0.6 O/,, in the isotopic ratio (Shackleton 1973)[202]. A shift of at least 1.3 

remains to be explained by the change in the isotopic composition of the water, and a still 

greater shift if the temperature diierence in deep water is less than 2.8 OC. The variation of ~''0 

in benthic forams is therefore believed to primarily refiect the growth and decay of continental ice 

sheets (which is taken to explain 70 % of the variance) rather than the temperature change of the 

deep water (which is taken to explain 30 % of the variance). On the contrary, the 6180 measured in 

a continental ice sheet primarily records the variation in atmosphenc temperature in the air fiom 

which the precipitation was derived that feeds the ice sheet. During condensation and precipitation, 

1 8 0  molecules are preferentially removed as water vapour is transported from the source (i.e. the 

oceans) to the ice sheets. The atmospheric temperature ciifference berneen the source region and 

the region where the glacial ice is accumulating is retiected in a decrease in the dls0 of the ice as 

there is an increase in the depletion of "0 with the decrease in temperature over the ice sheet region 

(e-g. see Hendricks et al. 2000)[84]. 

The volume of continental ice that is inferred to have been present on land and the temperature 

of the air over the glaciated regions that is inferred to have existeci based upon each of these 

proxy indicators of Pleistocene climate variabity, independentiy demonstrate that the Earth has 

undergone a recunent senes of glaciation and deglaciation events with a characteristic period of 

approximateIy 100 ka since approximately 900 ka BP. The 6'' O signature from deep sea sedirnentq 

core ODP-677 that was retrieved in the Panama Basin in the Eastern Pacific off the Coast of Peru 

at 4 ON latitude is displayed in Fig. 1.2a. This core has been instrumenta1 in redefining much of 

the basic chronology of Quaternary c h a t e  change (Shackleton et al. 1990)[204]. The 6180 data in 

Fig. 1.2a is displayed in two sections, one fiom 2 Ma BP to L Ma BP and one ftom 1 Ma BP to 

present. IF one considers the data in Fig. 1.2a to primarily refiect continental ice volume, the nature 

of the 100 ka quasi-periodic series of glaciation and deglaciation events is clearly evident in the 
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Figure 1.2: (a) The tirne sensenes and (b) spectnim of the 6180 record fkom ODP-677 and (c) the t h e  
series and (d) spectnim of the summer insolation signai at 65 ON for the k t  and second milLion 
years of Earth history. The 90%, 95% and 99% curves in (b) represent the confidence Ievei of the 
peaks above the background noise. The e-band, r -band, w-band represent the band width covered 
by the main eccentricity, obliquity and precessional modes. 
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latter half of the Pleistocene epoch. A detailed spectral analysis of the same t h e  series data using 

the MultiTaper bfethod (MTM: Thomson 1982; Percid and Waiden 1993)[224][175] is displayed in 

Fig. 1.2b for the tirne series from 2 Ma BP to 1 Ma BP and for the tirne series from 1 Ma BP to 

present. The MTM method provides a novel means for analyzing a wide range of geophysicd data 

sets. MTMs reduce the variance of spectral methods by applying a small set of tapers rather than 

a unique spectral window such as those used in Blackman-Tukey methods (Blackman and Tukey 

1959)[19]. The MT34 spectra are tested for sigdicance relative to the nuii hypothesis of a colored 

noise background estimated empiricaiiy from the data. This is particularly important in geophysical 

applications where the intrinsic inertia of the system leads to greater power at lower frequencies, even 

in the absence of any signals (Hasselmann 1976)[81]. To accornmodate the colored noise background 

assumption, an autoregressive .4Ft(1) noise process is assumed. The spectral analysis of Fig. 1.2b 

aiso displays the 90 %, 95 % and 99 % confidence levels of the spectral peaks above the colored 

noise spectrum that is characteristic in many geophysical data sets. What is visually apparent from 

Fig. 1.2a and quantitatively established in Fig. 1.2b is that the dominant mode of Earth system 

variabiiity prior to the mid-Pleistocene has a characteristic period of 41 ka. Foiiowing the so-cded 

"mid-Pleistocene transitionn (Deblonde and Peltier 1991)[4?], the proxy record of continental ice 

voiume variability contains significant power at the perïods of 100 ka, 41 ka and 23 ka. The late- 

PIeistocene ice age cycle of glacial-interglacial transitions has a dominant mode with a period of 

IO0 ka, with smaiier variations at 41 ka and 23 ka periods superimposed upon this main mode 

of Mnability, Prior to the "mid-Pleistocene transition" at approximately 900 ka BP, the 100 ka 

eccentricity and 23 ka eccentricity-precessional cycle are virtuaiiy absent from the spectrum of the 

ice volume proxy. Based upon the astronomical theory of the ice ages, the main northern hemisphere 

continental ice sheets are expected to respond to variations in high-latitude summer insolation. An 

investigation of the summer insolation at 65 "N as calculateci (see Appendk A) from the orbital 

parameter reconstmction of Quinn et ai. (1991)[1841 for the past two million years (Fig. 1.2~) and 

the correspondhg spectral analysis (E'ig. 1.2d) reveals that there is no such transition in the high 

latitude insolation forcing that is due to the Earth's orbital variations between the 2 to 1 Ma BP and 

the 1 to O Ma BP posions of the Pleistocene epoch of E m h  history. What is even more striking is 

that the insolation spectrum reveak an insigniücant amount of insolation forcing in the eccentncity 

band. Although the Earth's orbital ec~entricity~ and hence the average distance from the sunt Mnes 

with a period of 100 ka, the changes in solar heating associated with this Mnation are believed to 

be too mal1 to be clunatically sigruficant. bliiankovitch forcing at the 41 ka and 23 ka periods does, 

however, appear to play a direct role in the past million years of continental ice volume variations. 
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The main questions raised by r d t s  such as those shown on Figure 1.2 clearly include the issue 

as to  how such a strong climate response could a i se  at the period of 100 ka when the forcing at this 

period is so insignificant. F'urthermore, why does the 100 ka ice age cycle in continental ice volume 

only appear in the Iatter halfof the PIeistocene epoch? A great ded of progress in seeking the answers 

to these questions has been made, especially in the last decade of the 20th century. However, there 

is stiii a good deal O€ disagreement among dXerent groups of researchers, which it WU be useful 

to summarize. One view k that Earth's atmosphere-ocean-qospbere climate system supports a 

free osdation with a hindamental 100 b period that may become phase Iocked to the external 

orbitai Forcing. Advocates oEa theory of this kuid invoke low-order dynmical systems models tuned 

to support a Gee osciiiation of the required period (e.g+ Maasch and Sdtwnan 1990)[135]. The 

prïmary competing view is that the strong nonlinearity of the ciiiate system enables it ta "se" 

the 100 ka eccentricity modulation of the precessional forcing. The analyses of this rnechanisrn have 

involved the use of energy b a h c e  modet of the atmosphere coupIed with evplicit models of ice- 

sheet accumuIation and Bow (Hyde and Peltier 1983; Deblonde and Peltier 1991; Tarasov and Peltier 

1999)[93][47][2181, A chird class of theory of the 100 ka cycIe is that that invokes temporal variations 

in the Earth's orbital inclination with respect to the plane of the original accretion disk that accur 

with an almost precîsely 100 ka periodicity (Muiier and SIcDonald 1997)[159]. X fourth categary 

of theory is that which imagines the iceocean-atmosphere to consist of multiple equiiibria which 

are visited by the climate systern according to a predehed set of niles for moving €rom interglacial 

to miid glacial to full glacid regimes whenever a specific insolation threshold is passed (Paillard 

1998)[167]. Carefully modelling studies have enabled certain of these theories to be rejected relative 

ta  others. For euample, modelling studies (e.g. Paillard 1998)[167j and proxy data analysis (e.g. 

Rial 1999)[188] have been invoked to argue that certain orbital forcings can be ruled out, such as 

that hypothesized to result kom the 100 ka periodic movement of the inclination of the EarthTs 

ecliptic plane through a salar system dust sheet as suggested by MdIer and hIcDonald (1997)[159]. 

In my opinion, to fully understand the EarthTs Iate-Pleistocene ciimate behaviour will require 

detaiied modelling that includes di 5 major components of the Earth system. These include the 

interactions between the atmosphere, the oceans, the biosphere, the qosphere and lithosphere. To 

attempt to accurateiy mode1 even two of these components (cg. coupled Atmosphere-Ocean models) 

represents a formidable task. All of the existing theories mentioned above have merit in explainhg 

certain aspects of the 100 ka cycIe but M in other respects. Investigations using simple models 

such as Paillard's (lg98)[16~reproduce the oxygen-isotope tirne series to some degree based upon 

arbitai considerations done, but hii to repiicate cettain stages of glacial-interglacial transition. It 
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is M y  that full 3-D models of the 5 component system must be employed to accurateiy resolve 

the interactions that occur in the ciimate system over these long tirnescaies. The dominance of the 

100 ka period rnay arise as a "demoduiationn (through non-linear ciiiate system feedbacks) of the 

beat in the eccentricity-precessionai envelope that mies  at this 100 ka period due to the linear 

superposition of the 23 ka and 19 ka periods, as h t  suggested by Wigley (1976)[241]. Recently, 

Shackieton (2000)[2051 has investigated the conelation between oxygen isotope records in Vostok ice 

cores from Antarctica and from deep sea sedimentary cores. This study, which appears to have been 

more successful than previous attempts by Shackleton (1987)[203] in separating ocean temperature 

variations fiom ice-volume changes in deep sea core dL80 memrements, concludes that orbital 

eccentricity, deepsea temperature and atmospheric CO? d l  vary in step with the same 100 ka cycle 

whiie the ice volume signal lags behind. Modelling studies aiso suggest that the graduai decrease in 

CO? over the past 3 million years rnay explain the mid-Pleistocene ciimate transition that is knom to 

have occurred at approximately 900 ka BP. It is suggested that the graduai decrease in atmospheric 

CO? resdted in the transition fiom weak 41 ka ice volume cycles to 100 ka ice volume cycIes due 

to reductions in "greenhousen forcing (Berner 1994; Saltzman and Verbitsky 1994)[16][200]. These 

recent advances suggest that atmospheric CO?, and therefore the carbon cycle, is a primary driver 

in the climate system and not simply a weak feedback, a resuit which is entirely consistent with the 

result obtained from an evplicit theoretical mode1 of the 100 ka ice-age cycle by Tarasov and Peltier 

(1997a)[2161. In the mode1 of Tarasov and Peltier, the 100 ka cycle exists only because of the direct 

100 ka cyclic forcing due to variations in the atmospheric concentration of COz. These resuIts have 

strong implications for our understanding of future climate change. 

In s e e h g  to fuaher advance our understanding of the astronomicai theory of climate change as 

described above, this thesis wiii be based upon the premise that a full appreciation of the compIexity 

of the real climate system will be required to thDy reveal the mechanisms contnbuting to late- 

Pleistocene climate variability. By using complete modeis to replicate past ciimate conditions such 

as wiii be described in the n e -  subsection of this introduction, TV= can hope to more fuiiy appreciate 

the intemal mechanisms which are responsible for ciimate change. 

1.2. Paleoclimate Modeiiing and Paleoclimate Reconstruction 

Atmospheric modeis are in a state of continuai deveiopment so as to improve theü abïiity to simulate 

the major features of the modern climate system. Through intercomparisons of these modds, it 

is being demonstrateci that there is a substantial amount of agreement in the simuiations they 
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deliver of the obsemed climate system, but there are also many ciifferences in the details of the 

predictions they make under identicai forcing conditions. There currently exbt major international 

initiatives that have been undertaken to intercompare them, for example the btmospheric Modei 

Intercomparison Project (Aiim: Gates et al. 1998)[711 and the Coupled Mode1 Intercomparison 

Project (ChLIP: Lambert and Boer 2001)[120]. The application of global c h a t e  mode1 or generai 

circulation model (GCM) capability to the understanding of past climate or "paIeoclimaten regimes 

has often been motivated by the availability of specific proxy data based inferences of climate state 

for weil constrained epochs. if we can M y  understand the evolution of the ciimate system in the 

distant past we will clearly be in a better position to realistically assess our ability to predict the 

future. Such modeilîing studies can be used not oniy to investigate past c l i a t e  mechanisms, but 

to intercompare the response of different models under identical regimes of forcing as weil as  to 

compare model "predictions" with a d a b l e  proxy reconstructions- in an attempt to coordinate this 

dor t ,  the Paleocliate Modelling Intercomparison Project was initiated (P3IIP: Joussaume and 

Taylor 1993)[1071. This project was developed not oniy to increase the intensity of collaboration 

arnong the main international groups involved in paleoclunate modelling but also to stimulate the 

refinement of global reconstructions of paleochate state at specific epochs in the past that could 

be employed for model validation. 

The PMXP collaboration, to which the work described in this thesis belongs, initially agreed to 

focus upon only two speci6c "tirne-slices", respectively at 6000 years and 21 000 years before present 

(6 ka and 21 ka BP). These periods were selected from the relatively recent geologicd past (Fig. 

1.3a). The last three glacial-intergland cycles are displayed in Fig. 1.32 dong with the summer 

insolation at 65 O N  latitude. As previously discussed, the 6 ka period, which is referred to as the 

"HoIocene Optimum" (HO), is a period when almost aii of the remnants of the massive continental 

ice sheets that had &ed at Last Glacial Maximum had been reduced to their modern forms. The 

marked difference in the insolation regime that existed at this tirne, bowever, resulted in northern 

hemisphere summers which were much warmer than today. The major effect of the difference in 

insoiation forcing during the mid-Holocene was to si@cantly strengthen the monsoon circulations 

over Asia and ,.\fnca (see e.g. Vettoretti et al. 1998; Joussaume et al. 1999)[229][108]. The 21 ka 

period, on the other hand, which is referred to as "Last Glacial 51auimumb (LGM), is a period during 

which much of the high Iatitude northern hemisphere continents were covered by large continental 

ice sheets (see Fkontispiece). The insolation forcing at the top of the atmosphere was simiIar to 

modem but CO2 concentrations were lower than today and the ice sheets had a profound influence 

on c h a t e  due to the enhanced topographie forcing, and the S u e n c e  of theh high albedo on the 
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Figure 1.3: Various proxy data fiom geologicai inferences of past ciiiate. (a) The summer insoiation 
signal at 65 "N and bL80 record hom ODP-677 for the last 350 000 years. (b) &can lake level 
data for 6 ka BP. (c) h u a i  meau re<ximctions of CLIbIAP sea surface temperatuns 
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Earth's radiation baiance (TayIor et at. Sûû0)[219]- The other "time-slicen that is of great interest in 

the last glaciai cycle corresponds to the time of inception of the cycle itself. As previously discussed, 

this period, centred upon 116 ka BP, whkh is referred to as the t h e  of "Post Eemian Glacial 

Inceptionn (PEGI), is a period during which the Earth's surface was Likely very similar to that of 

the Earth in the modem pre-industrial era. However, it was subject a& that tirne to a large reduction 

in high latitude surnmer insolation as compared with modem as wili be demonstrated in this thesis. 

This was a period during which a large amount of hi& northern latitude continental Iand ice began 

to accumuiate. This period is not one that was mandated by the PhUP callaboration as the issue 

of glacial inception was considered to be overIy compIev to serve as a focus for intercomparison and 

because there is reIativeIy Little global proxy dimate data that may be invoked for the purpose of 

model didation. Nevertheless, thk pwïod serves as a unique test for modern atrnospheric general 

circulation modeh because of the fact that many such models have faiied entirely to predict the high 

Iatitude perennial snow fields that are the required precursors to continentai glaciation. Along with 

the LGM and HO epochs, a primmy focus of investigation in this thesis d l  be the epoch of PEGI. 

The rehtiwly abundant amounts of proxy data that have been obtained for the 6 ka period has 

made the mid-Holocene period the subject of extensive investigation. It has in fact been rnodelIed 

with GCMs of ever increasing complexity for more than 20 years (e.g. Kutzbach 1981)[116] in an 

attempt to establish contact with the k t  a d a b t e  proxy reconstmctions from Xorth Africa and 

Asia which strongly suggested that the regions were both warmer and wetter in this recent geologic 

period (Street and Groove 1979)[212]. Presently, the two types of data a d a b l e  for model vaiidation 

at 6 ka BP conskt of the Global Lake Status Data Base (GLSDB) and the BIOME 6000 datasets 

(Harrison 2000)[80]. Lakes respond in a reIatively simple and weii-understood manner to changes 

in the balance between precipitation and evaporation by changing their volume (Cheddadi et al. 

1997)[34]. A sub-area of the GLSDB data is displayed in Fig. 1.3b over -4fiica and parts of Asia 

and indicates that conditions were indeed generaliy much wetter across Xorthern -Wca and the 

.habian PeninsvIa SUnilar conditions are found over Korthem India and Southem China at 6 

k a  BP. These conditions indicate an intensification of the Ascan-Asian momoon during the mid- 

Holocene perîod. Through the generation of the BIOME 6000 datasets, broadscaie vegetation types 

have been reconstructed fiom p o h  and related plant-macrofossii data (Prentice et al. 1996)[1831. 

These vegetation reconstructions show that the northern temperate forests as well as the -4rctic forest 

limit extendeci nor thwds  at 6 ka BP (e.g. Texîer et al. 1997)[220]. The PME' suite of simulations 

and the modeidata cornpansons based upon them show that al1 of the models simulate an increase 

in the summer monsoun over and that there is qualitative agreement vïith lake Ievel p m v  
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data. However, the modeis tend to underestimate changes based upon pollen estimates in this region 

(Joliy et al. 1998)[103]. Most of the changes over Northern f i c a  in the PME' set of simulations 

indicate that the response of the individual models is strongly controiled by the nature of the fit to 

modern clùnate delivered by the models. In the case of North Africa, the northward expansion oE 

the tropical region is found to be dependant upon the simulated modem position of the intertropical 

convergence zone (ITCZ) (Joussaume et ai. 1999)[1081. Further simulations have been designeci to 

investigate the effects of modifications to the land surface scheme and vegetation patterns upon the 

magnitude of the change in monsoon intensity and on summer warming at high northern latitudes 

(Ganapoloski et ai. 1998; Vettoretti et al. 2000a)[70][230]. The impact of ocean feedbacks on the 

monsoon response is evident in simulations which couple the atmospheric models to a miued-layer 

ocean (Vettoretti et ai. 1998)[229] and fuii 3-D ocean models (Hewitt and Mitchell 1998)[86]. Land 

surface and ocean feedbacks aione still faii to explain the obsewed biome shifts over the Sahara 

More recently, experiments with coupled ocean-atmosphere-vegetation simulations have been shown 

to produce an additional enhancement of the northward migration of the monsoon precipitation 

region over Africa (Braconnot et ai. 1999)[27] indicating the importance of this additionai feedback 

to the successful reproduction of mid-Holocene climate conditions. 

The Last Glacial ?vIaximum epoch has also been investigated extensively through modeliing 

studies and through the reconstruction of Earth's land surface at 21 ka BP Gom geologicai proxy 

indicators. One of the ûrst anaiyses of surface conditions for LGM was that which Iead to the 

reconstruction of LGM surface conditions by the Climate/Long-Range Investigation, SIapping and 

Prediction (CLIbIAP 1981)[38] group. CLIhLV ice sheet reconstructions indicated that the ice 

trapped on land resuited in a drop of mean (eustatic) sea level of as much as 150 meters. On the 

basis of later theoreticai and observationai analyses, such as through the deconvolution of "'C dated 

post-glacial relative sea Ievel histories, the amount of continentai ice volume was found to correspond 

to a revised sea level drop nearer to 120 meters (Peltier 1994,1996,1998a, 1998b)[l70][1711[172][173]. 

Reconstructions of this type, combined with terminai moraine reconstructions of the ice sheet mar- 

gins for North America (Dyke and Prest 1987) [55] and for North Western Europe demonstrate that 

vast continentai ice sheets e&ed a t  LGM and very weii constrain theü locations. The issue with 

respect to the amount of coohg that occurred a t  this time as a result of changes in the generd 

circulation of the atmosphere is stîii a matter of great debate, especiaiiy a t  equatorial latitudes- 

The first gIobal sea surface temperature (SST) reconstructions for LGM provided by CLIbLAF' were 

based upon the statisticai evduation of changes in microplankton assemblages based upon the use 

of the transfer function method describeci by Irnbrie and Kipp (1971)[97]. These reconstructions, 
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based primarily upon data fiom deep-sea sedimentary cores, suggested that tropical SSTs were a p  

praximately -1°C I 2OC lower than modem (Fig. 1.3~). Datasets such as that shown in Fig. 1.3~ 

s m  as foundations for paleoclimate research, but the results remain controversiai. in some regions, 

CLIhL4P inferred changes in equatoriai P a d c  SSTs suggest them to have been 2 OC warmer than 

present at LGM. in fact, significant mors  in the CLIhL4F' SST reconstruction have been identifieci 

in severai recent publications (e.g. çee Hostetler and Miu 1999)[90]. There is ais0 a high degree of 

controversy as to the spatial extent of the sea ice in high latitudes, a variable that was aIso uiferred 

in the context of the CLMAP project (de Vernal 2000)[51]. 

Since the reconstructions produced by the CLDUP group, several new approaches to SST 

reconstruction have been developed. Revised studies based upon faunai analyses, in particular, 

support up to 2 OC greater cooling than originaily suggested by CLDIAP (Crowley 2000)[43]. Results 

h m  alkenone (a group of temperature sensitive lipids) unsaturated ratio data suggest a tropicaI 

SST cooling of 2" to 3 OC (Lyle et ai. 1992; Pelejero et al. 1999)[134][169]. In contrat to these 

studies, inferences based upon coral Strontium/Cdcium (SrIca) measurements suggest equatoriai 

cooliig of as much as 6 OC (Guilderson et al. 1994; Beck et ai. 1997)[76][13]. Furthemore, ice 

core records from mountains in equatoriai latitudes that record glacial snow h e  depression suggest 

that terrestrial temperatures during LGM were cooler than Holocene temperatures by as much as 5 

"C (Rind and Peteet 1983; Thompson et ai. 1995)[1891[221]. Xoble gas measurements in gas irom 

ground water also initiaily indicated drops of 5 OC but were later revised to suggest changes of 1.9' 

to 2.5 OC (Stute et ai. 1995)[2131. Estimates fiom Magnesium/Caicium (Mg/Ca) data in planktonic 

foraminifera in equatorial Pacific sedimentary cores have very recently been suggested to require that 

equatorial Pacific SSTs be 2.8' I O.FC colder than modern at LGM (Lea et al. 2000)[1231. The 

inconsistencies in temperature reconstructions arise mainly from the merences in the geochemical 

and mictopaleontologicai methods which rely on different assumptions and are applied to different 

sampks (Nurnberg 2000)[162]. These methods also have other limitations just as do those employed 

in the context of previously discussed d'80 inferences of ice volume. 

The Pacific ocean dominates the tropicai oceans and encompasses the warmest region, namely, 

the west Paciûc warm pool. It is therefore the principal source of water  pour that is added by 

evaporation to the atmosphere and it strongly influences interannuai climate rariabiity through the 

ENS0 phenornenon. Synchronous atmospheric teleconnections between tropical Pacific SSTs anci 

temperature changes in the h ta rc t ic  atmosphere have reveded that ice sheet melting lags SST 

warming by 3000 to 5000 years (Lea et ai. 2000)[125]. These and other studies reveal the simcant 

impact that the tropical P d c  has upon the mechanisms of high Iatitude climate change. 
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By emphying the changes in boundary condition which are known to have existed at LGM, 

such as the spatial diitributions and topography of the continental ice sheets, the annuai cycle of 

global insolation (Fig. 1.4) and changes in SSTs, GCMs may be tested for their ability to reproduce 

observed features in the paleoclimate record. The mode1 that is employed in this thesis to simulate 

the conditions at 6, 21, and 116 ka BP is described in the following subsection. 

Modem TOD ofAtrnosohere Insolation (W m"l HO (6 ka BP - O  ka BPI Insolation (W m3) 

LGM (21 ka BP - O ka BPI Insolation (W m") PEGl(ll6 !a BP - O ka BPI Insolation IW m.') 

Figure 1.4 Tbe isolation at the top of the atmosphere as a function of latitude and time of year 
for (a) present day, (b) the diference between 6 ka BP and modern, (c) the difference between 21 
ka BP and modem and (d) the difference between 116 ka BP and modern. The reference time for 
the vernal equinox in (b), (c) conform with the PhQP speciûcation, while that in (d) minimizes the 
anauai root mean square insolation (see Appendix A). Units are in W m-*. Contour intervais are 
50 W m-* in (a) and 4 W m-* in (b), (c) and (d). 

1.2.1. Description of the CCCma Globai Ciiiate Mode1 

Generai Cicdation Modeis or Globai Clirnate Modeis (GCMs), attempt to simulate the observed 

state of the atmosphere and oceans by impIementing the current state of understanding of the 



transports of heat, momentum, and water substance in this physical system. Fig. 1.5 displays 

a schematic of the primary elements of the global climate system. Climate system variability is 

governed by the interactions between the atmosphere, oceans, biosphere, cryosphere and lithosphere. 

These interactions, which are ultimateiy driven by solar radiative forcing, involve a distinct set 

of reservoirs of energy which are not independent of one another but which are interconnected 

through flows of energy of various forms- This coupled network of interactions comprises the climate 

system heat engine. Examples of climate system components include the radiative transfer in the 

atmosphere which determines the balance of energy that exists on Earth as a result of the fluxes 

of solar and terrestrial radiation. The thermohaline and wind driven circulations of the ocean and 

the atmospheric general circulation that together determine the transfer of energy Erom equator to 

poles are aiso crucial ingredients of the coupled system. Hydrological interactions between land, 

ocean and atmosphere which invotve the exchange of sensible and latent heat energy between the 

cIimate system components are also v i tdy  important. In a typicai &bal climate model, many of 

these processes are based upon physicai "parameterizationsn of sub-grid scale processes in terms of 

the resolved large-scaie fields of the mode1 while others are explicitly resolved. A brief description 

of the mode1 components is given in what folIows. 

The model that has been empIoyed in this thesis is the second generation AGCM of the Canadian 

Centre for Climate Modelling and Analysis (CCCma). The dynamical cote (Appendiv B) is imple- 

mented in terms of a spectral decornposition of the horizontal variations of the prognostic variables 

on a basis of spherical harmonies truncated to degree and order 32 (T32). The goveming equations 

are written in terms of generalized terrain folIowing coordinates that employ a vertical discretizatian 

based upon the use of rectangdar finite dements following Laprise and Girard (1990)[121]. VerticaI 

structure is defined on 10 unevenly spaced Ievels in this coordinate system. 

The land surface in the mode1 is represented by a singIe soii layer which has water-holding field 

capacity and surface properties that vary with Iocation- The model accounts for the effects of 

vegetation on surface evaporation and evapotranspimtion through the variation of vegetation and 

bare soil characteristics of the surface. When the locai water content of the soil evceeds the locdy 

varying fieid capacity, the excw water is assumed to be nino& Ice-sheets are included in the land 

surface model with ice aibedos for both infrared and visible radiation prescribed. When snow melts 

over an ice-sheet, it is m e d  that none of the meltwater refieezes, but is instead shed as ntnoff. 

Heat, momentum, and moîsture fluxes a r k  as a result of the smaii-scale turbulence, and these 

fluxes are forrnulated in terrns of eddy dinusivities w i t h  the free atmosphere and bulk exchange 

coefficients at the surface- 



1.2.1. DESCRIPTION OF THE CCCLIA GLOBAL CLIMATE MODEL 20 

Figure 1.5: The major components and processes that determine the state of the global cümate 
system. 



The model contains a complete representationof the hydrologicai cycle. The distribution of water 

vapour is determined fiom the prognostic equation for specific humidity. Precipitation is assumed 

to occur when the local relative humidity exceeds a specified threshold such that supersaturation 

deveIops within a given atmospheric colurnn. if precipitation occurs when the surface air temperature 

is below freezing, then it is assumed to take the form of snow, otherwise precipitation is assumed 

to faii as rain. Both condensation and moist convection are treated by employing a convective 

adjustment scheme. 

Carbon dioxide is assuned to have a constant rnixing ratio throughout the atmosphere, wMe 

ozone is prescribed as a function of latitude, height, and season- Cloud albedo is computed as a 

function of Liquid water content for low, medium, and high level clouds. Cloud water content is 

derived diagnosticaliy as a function of relative humidity and temperature as described in McFarlane 

et al. (1992)[146]. Cloud amount and cloud opticai properties evolve interactively within the systern. 

Terrestrial radiation in the mode1 is treated using the methodology developed by Morcrette 

(1991)[157] which allows for an adequate accounting of the pressure and temperature dependence 

of longwave line absorption. The solar radiation is treated using a rnodified version of the appraach 

crnployed in the first version of the model (Fouquart and Bonne1 1980)[67], in whidi the uptvard and 

downward irradiance profiles are evaluated. 

The ocean surface characteristics and sea ice may be prescribed, or the model may be coupled to 

rnixed-layer ocean and thermodynamic sea ice modules. The ocean mixed-layer is assumed to have 

a 6 x 4  depth oE 30m within which the temperature of the layer is determined by the vertical heat 

flux at the surface, dong with a specified interna1 heat transport term that is a function of location 

and tirne of year. The specified internai heat transport is chosen under the constraint of a specified 

set of boundary conditions to ensure that the model produces a realistic distribution of modern sea 

ice boundaries and the correct SST annual cycle. The sea ice model does not d o w  for fiactional 

sea ice within a grid box, nor does it account for internai ice dynamics and dynamicai transport, 

the lack of which results in sea ice thickness being under represented in certain high latitude regions 

(see McE'arlane et al. 1992) [l46]. 

For a more complete description of the physicai parameterizations and other mode1 aspects of 

this AGCM consult Appendtx C. 
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1.3. Thesis Organization and Research Strategy 

As described in the introduction to this thesis, an investigation of three tirne periods that are vital to 

understanding changes that have occurred in the recent geological past and which may be required 

to understand future ciimate change are presented in what follows. This thesis wiU begin in Chapter 

2 by investigating the climate sensitivity of the modei used in this study for the most recent period 

of interest described above, narnely the Holocene Optimum a t  6 ka BP, This chapter focuses on an 

investigation of the Canadian model simulation of 6 ka BP climate and its anomaious response as 

compared with other GCMs. Next, in Chapter 3, a study of some of the mechanisms that may have 

determïned the nature of the LGM clhate state are revealed. In particular, an investigation of 

the southern extent of the south eastern lobes of the Laurentide ice sheet demonstrates some of the 

atmospheric phenomena that determine the LGM ice configuration, specificaliy those connected with 

the ciimate impact of the stationary planetary Rossby waves launched by flow over the enhancement 

of the topography due to the presence of the ice sheet itself. Both Chapter 2 and Chapter 3 

involve investigations conducted in the context of PMIP in which both model-mode1 and model- 

data cornparisons are discussed. In the penultimate Chapter 4 of the thesis. 1 will demonstrate how 

glacial inception was successfully achieved in the CCCrna model and illustrate a number of novel 

mechanisms and feedback processes which influence Post Eemian glacial inception at 116 ka BP. in 

the concluding Chapter 5 of the thesis 1 wiU briefly provide suggestions for future lines of research 

and commentary concerning future climate states cxpected based upon the results obtained in this 

thesis and upon projected insolation distributions. I will also briefly discuss the nature of the global 

warming to be e -ec ted  based upon the modifications to the original CCCma model that were 

made in order to correct the defects detected by performing the paieoclimate tests which form the 

central body of work performed in the context of the thesis. The foilowing Chapter 2 of the thesis, 

which builds upon the work previously estabiished in Vettoretti et ai, (1998)[229], has aiready been 

published in the refereed literature in Vettoretti et al. (2000a)[230]. Chapter 3 has also appeared as 

Vettoretti et ai. (2000b)[231] whereas Chapter 4 is currentIy under consideration by the Journal of 

Climate. 



Climate Simulation of the Holocene Optimum: The Climate Sys- 
tem Response to Changes in Soil Moisture Parameterization 

2.1. Introduction 

One of the main goals in climate research is to understand the way the ~arious mechanisms involved 

in ciimate change combine to elicit a particular response to an imposed forcing. Most quantita- 

tive experiments designed to mess the dynamical mechanisms involved in climate change must of 

necessity incorporate al1 or most of the processes that are supported by the actuai system. Most 

investigations of climate sensitivity therefore employ such General Circulation or Giobai C l i a t e  

Models (GCWs) as the primary vehicle with which to deveIop such understanding. Such models 

have an extraordiiarily high degree OF complexity, such that it is often as difiicult to separate cause 

ffom effect in the mode1 as it is in the physicai system that the mode1 is intended to represent. Over 

the course of the past few decades it has become increasingly apparent that the robustness of these 

models, which are employed to make predictions of the future dimate under conditions of increased 

greenhouse gas forcing, may be usefulIy tested by using them to predict the climate state at times 

in the past. Verification of such "predictions" of past climate state, in turn, elies on the availability 

of sufiiciently abundant geological data that may be employed to adequately reconstruct thii state. 

One of the target epochs that has been chosen for such analyses in the context of the ongoing Pa- 

leoclimate Mode1 intercornparison Project ( P m )  is the mid-Holocene warm period that occurred 

subsequent to the end of the Iast deglaciation event of the most recent ice age (approximately 6 

000 caiendar years before present; 6 ka BP). Sice modem GCMs are "tuned" to modem climate 

by adjusting the parameterkation schemes that are employed to represent sub-grid-scaie processes 

that cannot be evplicitly resolved, there is no guarantee that such a mode1 wilI respond correnly 

to a change in climate forcing. Lt is cnrciaI, for a better understanding of the models and of the 

climate system, and for a better prediction of future climate, that we understand how different 

parameterkations can impact upon climate s e n ~ i t n n ~ ~  in a recent PEuIIP summary paper (Jous- 

saume et al. 1999)[108], for example, it was demonstrated that paleodata based reconstructions of 
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biome shifts at 6 ka BP mer northem f i c a  were not consistent with the changes in the Xfncan 

monsoon circulation simuiated by the models for this target epoch. Zn particular, it was found 

that the individual mode1 Holocene monsoon response was strongiy iduenced by the position and 

strength of the simulated modern day intertropical convergence zone (ITCZ). The utiiity of such 

model-mode1 intercomparisons wiil  become iurther apparent on the basis of the present study which 

will focus upan a camparison of the Atmosphenc Generai Circulation Mode1 (AGCBI) predictions 

for 19 of the mod& involved in the PMIP project, for both modern and orbitally perturbed 6 ka BP 

boundary conditions. Of particdar interest, these anaiyses wiii cleady reveal the fact that although 

the CCCma model is one of the better mod& at simuIating modern surface air temperatures over 

land as compared with observations, it is cIearly an outlier in the mid to high latitude surface air 

temperature response under the signi6cantïy different radiation regime that characterized Holocene 

Optimum conditions. Detailed further discussions of the CCCma 6 ka BP investigation, focusing on 

the impact of the changes of orbital forcing upon the rnonsoon circuiations, will be found in Vettoretti 

et al. (1998; hereinaiter V98)[229j. .h important issue that immediately arises as a consequence of 

these intercomparisons concem the reason why the Canadian model euhibits a mid to high Iatitude 

response which is so different from the other models in this first of the PME' "paleo-tests." 

The surface response of a suite of AGChls subject to a modification of external boundary con- 

ditions provides a frarnework withui which to begin an investigation of this issue. The hydrological 

cycle is, of course, an integrai part of the surface energy balance and is a prime factor in the deter- 

mination of dimate state, both present and pst. Interactive elements within the hydroIogica1 cyde 

such as soii characteristics, soil moisture "field capacities", vegetation, and clouds aJ contribute to 

the state of the atmospheric generai circulation. The purpose of the present chap ter is to examine the 

issues surroundhg the influence ù i a  modification of the representatiou of land surface processes on 

both the modern c iha te  state itseifas weil as on the response to the orbitai insoIation perturbation 

that was characteristic of 6 ka BP- Since simple sensitivity qer iments  often provide the most useful 

information concerning the impact of such modified conditions, 1 will focus herein on detennining 

the extent to which soil moisture field capacities and evapotranspiration hom the surface determine 

the &anges to the &mate state over land that are caused by the 6 ka BP orbital insolation regime. 

A hypothesis that might exphin the somewhat aberrant behaviour ~ 0 ~ e C t e d  with the iow surface 

air temperature response as simuiated by the Canadian GCM for 6 ka BP is that the Iarge soii 

moisture amounts present in the &able bucket model may Iead to excessive evaporative cooling as 

compared with standard h e d  bucket rnodels* It is also p w i b k  that part of the anomdous response 

is associated with negative cloud feedbacks (Cess et aI. 1990)[32I- This intercornparison among 19 



atmospheric GCMs demonstrates that th= is a wide range of semitivities that characterize t h  

set of AGCMs in so far as  cloud-feedback is concerned. Boer (1993)[21j has hrthermore argueci 

that cloud feedback is a factor in the over al1 respanse of the CCCma model to a doubling of C01. 

It is noteworthy that the Iargest surface warmings in the PME' sequence of mod& are associated 

with positive cloud feedback, whde the rnodel 6 t h  negative cIoud feedback (the CCCma model) 

displays the srnailest warming (Joussaume et ai. 1999)[108]. Detailed evamination of the role of 

cloud-feedback in paieotests of the CCCma model wi i i  be Ieft for hture analysis. 

The sensitivity of the global energy and water cycles to changes in the physical properties of 

the land surface is currently under active investigation internationally. Recentiy, the Project for 

Intercomparison of Land Surface Parametrîzation Schemes (PILPS) employed the most advanced 

land surface schemes in stand-aloae mode, Le., without GCM atmospheric fdbacks,  to investigate 

the seasonai cycle of surface flues (e.g., Chen et ai. 1997)[35]. This investigation demonstrated that 

the differences between such sdiemes are still large. This study also suffered from spinup problems 

which make interpretation of the resuIts rather d i5cdt  (Robock et al. 1993)[192]. Another recent 

study by Robock et al. (1998) [194] described a sub- project analysis of soil moisture parameterizations 

in the Atmospherïc Mode1 Intercornparison Project (A-VIIP) which is an intercomparison arnong 

30 diaerent AGCMs forced by modern observed SSTs (Sea Surface Temperatures). This study 

compared the simulation ois03 moisture in the models with actuai observations of soil rnoisture and 

concluded that model generated data sets are quite different from the observed data. In particular, 

rnadeIs with l5cm field capacities did not replicate observed high latitude values of soil moisture. 

AGCM sensitivity studies of the atmospheric response to varying soi1 conditions have shed some 

light on the basic mechanisms that are involved in the response of the Iand surface to changes in 

surface characteristics, such as tropical deforestation studies (e.g., Dickenson and Henderson-Sellers 

1988; Shukiaet aI. 1990)[52][2091. Through changes in wgetatian, which in turn &ect soil moisture, 

these studies have also incorporated changes in aibedo and surface roughness. Shukla and Mintz 

(1982)[2081, for example, employed simpIe wet and dry soil condition example cases to show that 

there was increased ding motion, due to increased surface temperatures over Iand, in the dry soii 

case but no associated increase in precipitation due to  the reduced strength of the surface moisture 

source. This work demonstrated that gIobal climate is in fact strongiy dected by evaporation 

h m  the land surface, which in tuni affects d a c e  temperature (through evaporative cooling) and 

precipitation. In a more tecent but sïmiiar study, MUy and Duiuie (1994)[1491 investigated the 

impact on equilibrium AGCM ciimate for 9 d u e s  of globaily constant soii water holding capacities- 

One of the main resuIts of their analyses the dernomation tbat the globally averaged land 
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surface temperature was 2 K lower with a field capacity of 60 cm as compared with that obtained 

when a capacity of 4 cm was assumed. In a later study Milly (1997)[150] investigated the change 

in mid-latitude sumrner dryness and soil moisture field capacity for Future climate simulation, and 

demonstrated that changes in bucket depth can enhance or diminish the changes in summer dryness 

associated with CO2 doubhg euperiments. 

The present study provides further information to that in the above-cited analyses by addressing 

the issue of how surface characteristics affect the climate response to changes in orbital insolation 

representative of Holocene optimum conditions. Section 2.2 provides an o v e ~ e w  of the relevant 

model characteristics and a discussion of the design of the cxperiment to be performed in which 

the land surface scheme is modified to clarify its role in detennining the simuiated climate for both 

present day and paleoclimate boundary conditions. Section 2.3 describes the results obtained for 

changes in both the simulated modem climate and the simuiated Holocene Optimum climate. 1 will 

specifically focus on the role of soil moisture in determining the anomalous behaviour of the model. 

Section 2.4 provides a summary of the results and conclusions. 

2.2. Land Surface Processes and Experimental Design 

In the first subsection 1 describe the representation of AGCM land surface processes. In the second 

subsection 1 describe the design of the experiments performed in order to investigate the role played 

by the land surface scheme in determining mid-HoIocene climate state. 

2.2.1. Land Surface Processes 

The land surface hydrology in the modei is represented in terms of a single soil layer which has a soii 

moisture field capacity and soil properties that vary with location (Fig. 2.la-2.1~). In contrat to 

m a t  other GCMs that employ the simple "bucket" representation, the soii water-holding capacity, 

whether the water is in liquid or solid fom, is not assumed to be constant in GCMII but rather 

depends on vegetation and soi1 type which varies with location in accordance with the speciûcations 

of Whon and HendersonSeiiers (1985)[2431. This variable water holding capacity of the buckets in 

G C m ,  which constitutes an attempt to mimic deep rooted vegetation regions such as those within 

the tropical and boreal forests, is implemented such that field capacities and evapotranspiration 

dope factors (Fig. 2.1d) are taken to vary as a function of latitude and longitude through the 

vegetation dependance. Consistent with this, Robock et al. (1997)[193] have demonstrated that 

by incorporating aduai fidd capacities instead of the standard 15-cm bucket used in many GChls, 



that a dramatic improvement in soi1 moisture simulation is obtained. Mong with the variable 
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Figure 2.1: (a) North hmerican and (b) .Asian water holding Geld capacity (kg m-2) prescrïbed 
within the CCCma GCMiI bariab1e bucket scheme. The cantour interval is 150 kg ml? (kg m-2= 
0.1 cm). (c) Zonaliy averaged water hoIding field capacity (kg m-7 prescribed within the CCCma 
GCMI variable bucket scheme. (d) Zonaiiy averaged empotranspuation dope factor. 

hydrologic capacity, the mode1 uses a force-more method rather than the thennai inertia method 

to calcuiate subsurface heat flues (Deardorff 1978)[46]. The mode1 accounts for the effects of 

vegetation on surface evaporation and evapotranspiration thraugh the variation of vegetation and 

bare soii characteristics of the surface. men the locai water content of the soi1 evceeds the locaiiy 

varying field capacity, the excess water is assumeci to be runoff. 

Of particular interest here is the evoIution of the temperature a t  the ground which must be such 

as to ensure a balance of surface energy fluxes to and from the atmosphere and the conduction of 

heat within the soii layer. This surface energy balance is represented, in GCMJI, by the foilowing 



balance equation: 

in which HG accounts for the variation of heat storage and the heat flitu within the soii layer 

q r e s s e d  in the force-restore formalism as 

In the balance equation (2.1) the net radiative flux is comprised of the difference between the net 

solar radiation absorbed by the surface (1 - a)S, which depends on the surface albedo a, and the 

net upward positive flux of terrestriai radiation from the surface, FL. The upward fluxes of sensible 

and latent heat from the surface to the atmosphere are respectively ( H v T ) ~  and L e ( E v ~ ) s ,  where 

L, is the latent heat of evaporation. The 1st term in (2.1) describes the flux of energy associated 

with the melting of frozen soii moisture MF, and snow bfsl and the freezing of liquid soii moisture 

ML, where Lr is the latent heat of fusion. 

The heat storage term HG, is composed of the product of the diumai frequency w,  and the 

difference between the ground temperature Tg, and the mean temperature in the previous 24hour 

period, To. The effective heat capacity of the layer C., is in part the product of the soil heat capacity 

and the thermal conductivity of the soil. These quantities are fimctions of soii type, soi1 moisture 

content, and snow cover. 

The evaporation rate is given by 

The potentiai evapotranspiration EPot, is positive definite in the above equation. The evapotran- 

spiration (the R.H.S. quantity in the outer square brackets) is the minimum of the product of the 

inverse of the evapotranspiration slope factor 8, and the moisture availability (WIW,) times a quan- 

tity which involves the fractionai snow cover, 6,. At low latitudes the evaporation is governed by the 

evapotranspiration slope factor and the moisture availabity, whiie a t  snow covered high latitudes 

it is gwerned by the potentiai evapotranspiration. W is the soiI moisture amount and LV, is the soÎi 

moisture field capacity which depends on vegetation and soil type. 

For a more detailed description of the representation of these individuai flux components, see 

McFarlane et ai. (1992)[146] and Boer et al. (1984) [201. 



2.2.2. Expetimental Design 

The design of the numerical e?rperiments that 1 have performed conforms with that of the 6 ka 

BP simulation specaed in PME' collaboration documentation (Joussaume and Taylor 1993)[10ïl. 

Detailed documentation for these models will be found in Bonfi  (1999)[23]. In total, four control 

simulations and four 6 Iu BP paieochate simulations were perfonned. The four experiments, each 

with modern h e d  SST's, involved repIacing the variable bucket depth repreçentation WC (Fig. 2 . 1 ~ ) ~  

by one that has a gIobaiiy constant bucket depth over Iand of 20 cm and replacing the variable evap- 

otranspiration slope factor B (Fig. 2.Ld), with a constant factor of 0.5. The evperiments based upon 

the assumption of variabIe bucket/variable dope factor (VB Vfl) and constant bucket/constant slope 

factor (FB FB) compriseci two distinct modern control simulations and two 6 ka BP palwdimate 

simulations each of which was nui for 12 years (2 spinup years). To resoLve the influence of the 

evapotranspiration slope factor, a variable bucket/constant slope factor (VB FB) and a constant 20 

cm bucket/variable slope factor (FB Vfl) evperiment were each LU for 6 years (2 spinup years), 

Each simulation rÿas initiaiized with a modern chatology. There has been a considerable arnount 

of interest in the spinup time that these land surface schemes require to reach equiIibrium and ako 

on hou- the initialization and forcing imposed in these rnodeis affect the spinup process (Robock et 

ai. I998)[194]. Miily and Dunne (1994)[149] have found that the time to reach eqdibrium requires 

between 2 and 32 years of integration dependhg on soil moisture field capacities in the range from 

1 to 240 cm. The scheme which employed the typicd 15 cm bucket depth was found to require o d y  

2 pars to reach equilibrium. One might suspect that the CCCma rnodel simdation which empioyes 

the variable bucket scheme might require a much Ionger spinup period. Fig. 2.2 displays the spinup 

behavior for the model which employes the variable bucket scheme for each hemisphere (Figs. 2 2 -  

2.2d), and for mid-latitude regions from the western and eastern parts of the northem hemisphere 

(Figs. 2.2e and 2.2F). Upon inspection of Fig. 2.2 it is apparent that the model reaches equilibnum 

conditions within approxÏmateIy 2 pars with respect to both the Liquid and frozen ground water, 

over much of the globe. The exception to this concerns southeni hemisphere fiozen soil moisture 

which occurs dong the coastai regions of Antarctica, and apparentiy requires more than 15 years to 

reach equilibnum. 

The eight simulations thus comprise 4 evperiments designed to investigate the changes in the 

response of the c h a t e  qdem to changes in boundary conditions betn-een 6 Ica BP and present (for- 

more detailed descriptions of the design of the 6 ka BP experiment see V98 and Chapter 1)[229]. The 

value of 20 cm &osen for the constant bucket depth is typical of simplified Iand surface d e m e s  of 
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Figure 2.2: Liquid and &ozen soiI moisture spin up within the CCCma AGCM (Kg m-2)- 
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this type (Manabe 1969; Boer et al. 1984)[1381[20]. The evapotranspiration dope factor over Iand is 

ako set to a constant value of 0.5 globaiiy (see McFarlane et al. 1992)[146], and is consistent with its 

globaiiy averaged value. In contrast to the bucket modei, the variable bucket model employed 

in GCMII has a much larger (global) average soi1 moisture water holding capacity of 43.3 cm. One 

might argue that the more than 40 cm global average bucket depth is probably excessive since a 15 

cm average is more hydrologically representative of the Earth (WUy and Dunne, 19!24)[1491. Much 

of the contribution to this large average value comes from the deep buckets of GCBm Iocated in the 

tropics and in the northem mid-latitudes between 50°N and 70°N (Fig. 2.1). In particdar, spatial 

distributions of the bucket capacity around the Arctic Circle in Canada and Asia are characterized 

by rather deep buckets from 60 to 90 cm in depth. The evapotranspiration parameterization aIso 

has important implications for climate sensitivity. Koster and hlilly (1997)[1151 investigated a set 

of land surface models (LShIs) in the PILPS project and demonstrated that the varïability of these 

modeh can be reproduced by simuiating the annual and seasonal water-balance by prescribing the 

LSM prognostic fields in a monthly water balance model (MW3M). The chapter demonstrates that 

an understanding of how the evapotranspiration and runoff d e c t  soii rnoisture in the LSMs is 

crucial to understanding their behaviour, This intercompatison furthermore demomtrated that the 

bucket model delivered the largest value for the inferreci evapotranspiration efficiency and thus had 

the greatest sensitivity of evaporation rate to soi1 moisture. The impact on simulated climate of a 

significant reduction of the depth of the buckets and of changes in evapotranspiration dope factor 

at high latitudes will be central to the discussion that foilows. 

2.3. Results: The Modern and 6 ka BP climate simulations 

In the following subsections 1 investigate the impact on simulated climate of the rnodi6ed bucket 

schemes dong with 6 ka BP insolation forcing on the fluxes across the atmosphere-land çurface 

interface, which together remit in the sirnuiated equilibrium surface temperature in the modei. In 

these analyses a seiected set of properties of the climate response reveaIed by the series of simulations 

that I have performed are discussed- The discussion of these results wiii culminate with conclusions 

concerning the sensitivity of the atmospherïc circulation to the incorporation of the modified Iand 

surface scheme and of the possible need for corrections to other modd parameterizations. 
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Table 2.1: PME' model land surface processes. L i e d  are the nurnber of soii layers for prognostic 
soii temperature (T) and moisture (Q) (O layea denotes no heat storage or pres&bed m&tke). 

I I  ~ o d e i  Version 

BMRC V3.2 (ML L9) 1993 

Il CCCma CCLIll (T32 L10) 1992 

Il CNRM-2 ARPEGE Cy L4c (T31 

L19) 1996 

II GFDL CDC (R30 L20) 1997 

CISS Mode1 11 Prime (4x5 L9) 

ll LMCE LMD4.3 (sin(lac)x7.5 

L l l )  1991 

Land Surface Pmcesrea 

Prescribed d t t p  roi1 Iayer temperature with surface energy balance: spa- 

tidly uniform 15 cm bucket (Manabe and Holloway 1975)[139]; evapo- 

transpiration efficiency proportional to the ratio of soil moisture to field 

capacity over land. 

Denrdorff (1978)[46[ force-restore surface energy balance: mriable bucket 

dependinton soil/vegetntion type: evapotrnnspiration efficiency ptopor- 

tional to the ratio of mil moisture to the local field caaucicv over land. 

Heat diffiuion surface cnergy balance; spatially uniform 15 cm bucket 

(bIanobe et al. 1965)[137]; evnpotranspiration efficiency proportional to  

the mtio oisail moiscure ta  field capacity over land limited by stomatal 

rmutance of vegctation type. 

Deardorff (1978)[461 force restore surface energy balance; Five prognos- 

tic mil m o b t u r ~  variublu contained within Interactionr between Soil- 

Bios~here-Atmosohere (ISBA) scheme of Xoilhan and Planton (1989). 

heat diffusion surface tnetgy balance; DeardorK (1077)[45] force-restore 

prognostic soil moisture; spatiaily unirom upper 0.18 cm and lower 16 

cm budet; evapotranspimtion emciency proportional to the ratio of up- 

per l q e r  mil moisture to upper layer field capacity over land. 

no heat storage surface energy balance: spatially uniform 15 cm bucket 

(Manabe L969)[1381; evapotranspiration efficiency equal to 3/4 of the 

ratio of soil moisture to field capacity over land. 

heat diffusion surfare energy balance; land surface hydmlogy b a u d  on 

model of Abramopoul~  e t  al. (1988)[1j; evaporation and evapotrarupi- 

ration are rnodelkd. 

Corby e t  ai. (1978)[401 surface energy balance; spatially uniform 15 

cm buckcc (Manabc I969)[1381; evapotranspirarion efficiency equal to 2 

eimu the ratio of soi1 moisture to field ciipacity over land- 

Corby et al. (lB76)[40] plus surface latent and sensible hent flux forc- 

ing.from SECH[BA (Ducoudre e t  ai. 1993)[531; spatially unifarm 15 cm 

bucket (Manabe 1989)[1381. 
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Table 2.1 (continued): P M P  model land surface processes. Lied are the number of sail layers for 
prognostic soil temperature (T) and rnoisture (Q) (O layers denotes no heat storage or prescribed 
moisture). 

tond Surface Pmces~es 

Wamilow CC al. (1986@35] heat diffruion suriace encrgv balance: 20 

cm bucket (LIanabe 1969)[1381 modified by vcgetation and orographic 

effects; evaporation and evapotanapiration an? modelled. 

Katayama (1978)[112] heat difTusbn surface energy batnnce: Kitoh 

(1988)[LLI] soil moiatun trentment; Soil layer bottom houndaria a t  0.1, 

0.5. 1.5 and 10 rn; empotranspiration efficiency equd to ? times the ra- 

tio of soil moirrure ta field capacity aver land if moisture availability u 

lcss than O.S. arhemise efficiency k 1. 

Sail heat srorage is determined a$ a residual o l  the aurfacc heat fluxes 

(Kiulov L891)[113]. Soil moiatum is prncribed. 

LSM land suriacc mode[ [ c t  Banan 1996)[24]. 

LSX model (cf. Pollard and Thompaon 1994. Thompson and Pollard 

1995)[181](--3!. 

Diffusion of heat/moisrure 4 t h  prescribed d u e s  af beot and moisture 

i n  a third deep layer (Mintz and Serah i  lSBl)[lSt]; spatiaily unirom 

upper Iayer 15 cm thick: empotnuupiration eficiency equd to 3/1 of  

the ratio or soil moiarure to field capacity over land. 

Bhumralhr (1975)(18] forrre-etfiore: variablçcapaciry bucket after Vin- 

nikov and Yesetkepovs (1991}[2341; evapotranspirarion efficiency equah 

the lmr  o f  1.33 t i m n  the ratio oEsoiI rnoirture to field capacity over 

w i t h  Mnable hydraulic cnpacitylcondunivity; emporntion and evapc- 

t m u i r a t i o a  are modelled. 

Bhumralkar (1975)[18] force-rmore; spacinlly uniform L5 cm bucket; 

evaporriwpiration eficien~y e q u h  the leuer of ? t i m ~  the ratio 01 

aoil mouture to field capocity over land or L. 



2.3.1. Zonally Averaged Soil Moisture and PME' Land Surface Schemes 

The models being euercised within the PivZLP collaboration are of varying degrees of sophistication 

and resolution. While separating cause £rom effect in each individuai modei is a d E d t  task, a 

comparison of the soii moisture amount and land surface parameterizations reveai some of the dif- 

ferences between the model employed in this study and some of the other models which comprise 

the P>lIP set. .Uthough the land surface parameterizations employed in the PMIP generation of 

models do vary somewhat in sophistication they are nevertheless very similar in their basic features. 

A list of the land surface components that are directly relevant to the present study is provided in 

Table 2.1. Soil moisture is either prescribed or computed prognosticaiiy, with the latter methodology 

being most common. The temperatures in the soii layers are usually obtained through a cdcdation 

of the heat storage in the layer obtained using either a "force-restore" method (e.g., Bhumralkar 

1975; Deardorff 2978)[18][46] or in mdtiple soii layer models by solving the heat conduction equa- 

tion directly (e.g., Katayama 1978; \Varrilow 1986)[112]. The moisture storage capacity in the 

soil Iayers is usually deterrnined by prescribing a uniform bucket depth, typicdy 15 cm (e-g., see 

SIanabe 1969}[138] or by employing a model that adjuas to dserent vegetation and/or soil type. 

More advanced land surface schemes employ a hydrological model with multiple soil layen and a 

vegetative canopy (e.g., Xbrampoulos 1988; Shuttleworth 1988)N[210]. The level of sophistication 

of the surface parameterization then regdates the interaction between the surface and atmosphere 

through the potentid evapotranspiration and evapotranspiration efficiency which are either mod- 

eUed or prescribed based on moisture availability. Further interaction across the atmasphere-land 

surface boundary in AGCMs occurs through parameterizations that model the surface character- 

istia and surface Ames. Some of these include snow, surface rougimess, surface aibedo? and the 

turbulent verticai eddy fluxes of momentum, heat, and moisture that wilI not be descrîbed here (see 

B o d s  et ai. 1999 for references)[231. To compare the resdts deliverd by these models, their soii 

moisture schemes have been classified in previous studies to ilhstrate the major difkences between 

them. Robodc et ai. (1998)[194] have previously categorized soii moisture schemes as an AMiP 

sub-project according to seven different criteria, aii of which are vitai aspects of any land surface 

scheme. This study onIy look a t  two of these criteria, 1) the field capacity and 2) the influence of 

evapotranspiration on climate sensiti~ity which is dictated by the implicit vegetation and soil type 

in the CCCma GCM 

The zonaiiy and annually averaged modern simdated soii moisture amounts are displayed in Fig. 

2.3a for the seven PME' modeIs which ar&ved soii moisture da ta  The majoriky of the rnodeIs have 
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Annually and Zonally Averaged Modem Soil Moisîure 

Annuallv and Zonallv Averased Sail Moisture Anomaly (6K - OK) 
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Figure 2.3: Annuaiiy and zondy averaged PhiP (a) modern soi1 moisture and the (b) 6 ka BP - 
modern anornaiy. Units are in Kg m-* (Kg m-?= 0.1 cm). c) Percent change in 6 ka BP anomdy 
ZOOt( 6ka-Oka)/6ka. The solid and dashed bIack h e s  represent the CCCma mode1 with the variable 
bucket scherne/variable slope factor (VB VB) and the CCCma mode1 nith the 20 cm constant bucket 
scheme/constant slope factor (FB FB), respectiveiy 
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one soil Iayer for prognostic moisture except for the MRI modd which has 4 soil layers. The zonally 

averaged soi1 moisture is characterized by high values in the tropics and high latitudes which are 

associated with high precipitation in the ITCZ and dong the polar frontal zones, respectively, i t  

is apparent that the CCCma model contains excessive amounts of soil moisture compared to most 

of the other models. In fact there is up to 50 cm of soil moisture from 50°N to 6 P N  latitude 

where most of the models contain between 6 and 20 cm of soil moisture. Again there are similar 

dismepancies but of srnalier magnitude in the tropia and southern mid-latitudes. The modification 

of the land surface parameterization to that which has a 20 cm bucket everywhere clearly reduces 

these anomalous amounts of soi1 moisture to levels that are more consistent with the other models. 

This is an expected consequence of the fact that the shallower bucket can no longer hold as much 

moisture. As expected, the models with similar bucket depth have similarly lirnited soil moisture 

amounts, for example, GE'DL, LMD4, and LMD5 have a 15 cm bucket while CCCma model with 

6xed bucket depths (FB FP) and CCSR have 20 cm buckets. The MRI model, which has 4 soil 

layers, appears to have a limiting soil moisture value of 30 cm. The other CCCma simulation (VB 

VB) and the UKMO model have variable bucket schemes. As a comparison with observed avaiIabIe 

soii moisture over Russia (Robock et al. 1998)[194], half of the models in Fig. 2.3a are probably 

underestimating the amount of simulated soil moisture in northern mid-latitudes, while the 20 cm 

bucket schemes are more consistent with the observations. The original CCCma variable bucket 

scheme (VB VB) which has soil moisture amounts in the 50 cm range is probably 2 to 3 times in 

excess of the observations. 

The zonally and annually averaged 6 ka BP soil moisture anomalies are shown in Figs. 2.3b 

and 2.3~. The actuai changes in soii moisture amount are displayed in Fig. 2.3b whiie the percent 

change in anomdy is shown in Fig 2.3~. The CCCma variable bucket model simulation (VB VB) 

delivers anomalous behaviour with respect to the other models and reveals much larger variations in 

soii moisture than the other models, especidy in the tropicai regions of the globe. This version of 

the modd delivers changes of up to 4 cm of soii moisture between 6 ka BP and present whereas the 

other modeIs have more zonaliy consistent changes of around 0.5 to 1 cm. The CCCma 20 cm bucket 

model (F'E FP) deiivers a response that is much more consistent with the other models in terms of 

the 6 ka BP anornaiy. The generd pattern of the zonaiiy averaged soii moisture among the models 

is characterized by a decrease in the tropical regions and increases in the northem hemisphere extra- 

tropics (Fig 2.3b). This can be attributed to shifts in the ITCZ dong with shifks of precipitation to 

more northerly latitudes. It is interesting to note that the differences in the 6 ka BP response in soil 

moisture between the 2 CCCma simuiations,VB Vfl and FB Fp, is consistent in their anomalous 



percent change, The two curves track one another closdy especiaiiy in the northem hemisphere 

tropics and the ünear nature of this response gives an indication that there is little or no feedback 

occurring with the soi1 moisture in the CCCma AGCM under the 6 ka BP perturbed clunate. It is 

also interesting to note that the variabiiity of the response among the PiMIP collection of modeIs in 

the southem hemisphere is much stronger than that in the northern hemisphere and reaches f 30 

% at certain latitudes. The region in the northern hemisphere which displays the most variabity 

among the PMIP coiiection of modeis is in the mid-latitudes between 40 O N  and 60 O N  and this is 

the region upon which 1 will focus primarily in what foliows. 

2.3.2. Zondy Averaged Surface Air Temperature at Screen Height (2m) 

One of the main features of the c r i a t e  response forced by the 6 ka BP insolation anomaly is the 

change in surface temperature resuiting from the dinerence in net absorbed radiation as compared 

to present. There is an increased heating over land fiom June to October and cooiing during the test 

of the annual cycle evident in 6 ka BP AGCM experiments which is consistent with the insoIation 

change observed for this tirne period (se, for V98)[229]. The detailed energy balance that 

obtains at the surface of the mode1 in response to the orbital perturbation is of course dependant 

upon the specific parameterkations employed in the land surface scheme. The objective here is 

to assess the result of the perturbation to the land surface scheme in the control ciitnate and the 

further changes that then result in the 6 ka BP orbitally perturbed climate. The control temperature 

response is evident in Figs. 2.h and 2 . 4 ~ ~  which compare the magnitude of the northern hemisphere 

zonaiiy averaged surfâce air temperature at screen height (2m) for both DJF and JJA, respectively. 

LUso shown by the grey iine in these figures is the zonaily averaged response over land obtained 

fiom observations (Legates and t V i i o t  1990)(1261. The variable bucket (VB VB) CCCma control 

simulation is denoted by the black solid line in Fig. 2.4. in winter (Fig. 2.4a) the control simulation 

is rather cold, by a few degrees, as compared with the observed temperature. In summer (Fig. 2.4~) 

the CCCma simulation is close to the observed temperature, especiaiiy in mid to high northem 

latitudes, whereas in the P5IIP coilection of modeis there is a general spread of the modeis about 

the observed temperature with a slight collective model tendency to be warmer than observed in the 

summer season. 

A cornparison of the 6 ka BP JJA rsponse of the CCCma model with respect to the same set 

of PMIP models (Fig. 2.4d) defivers results that are somewhat counter intuitive. -Uthough the 

Canadian modei is one of the models that best represents the modern summer response, the 6 ka 
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BP JJ-4 surface air temperature anomaly (Fig. 2.4d) clearly demonstrates that the modei is an 

outlier in mid and high latitudes over land. The mid-latitude region (30°N to 70°N), is an area 

comprising approximately 35% of the northern hemisphere land surface, in which most of the PMU' 

model clifferences arise. The model's response is relatively large in drctic latitudes unlike the other 

modeIs and is al20 an outlier in this region. The PhlIP mean model response, which is represented 

by the grey üne in Figs. 2.4b and 2Ad, demonstrates that the CCCma model responds in a typical 

manner to the 6 ka BP insolation perturbation between the equator and the subtropics (O "-3 

to 30°N) in 55.4. This is a region in which there is less Mnability between models and which is 

characterized by coohg  in the tropics in the vicinity of 15ON latitude which is primady explained 

by increased evaporative coohg and changes in cloud cover. The 6 ka BP DJF anomaly (Fig. 

2.41) is ciiaracterized by extreme varïability between the models in both the subtropics and polar 

latitudes. Greater consistency between the models (excepting the LMD4 model) is evident between 

50°W and 70°N. It is interesting to note that the L&D5 mode1 does not suffer tkom the warming 

anomaly evident in the output tkom the LMD4 model (see Mason et al. 1998, for an explanation). 

The CCCma model behaves sirnilady to the other models =cePt in high polar latitudes, where 

there is large variability between the models. This is expected since there is large variabiiity in the 

control simulations also. The cooling anomalies in winter and the warming anomalies in summer 

are generdy consistent among ail of the modeIs in PLIIP, and are consistent with changes expected 

on the basis of the orbital configurations characteristic of 6 ka BP. 

The JJA surface air temperature response over land in the 4 sets of e-erirnents which 1 have 

periorrned reveal significant dîerences in both the modem control and 6 ka BP climate character- 

istics (Fig. 2.5). When the bucket scheme and the evapotranspiration dope factor are altered, both 

together and separately, an interesting behaviour is reveakd in the modem control simulations. In 

summer, the 20 cm Lxed bucket simulations (FJ3 Ffi and FB VP) are approximately two degrees 

warmer than both the vaciable bucket simulation. (VB Vjl and VB FB) and obserwd temperature 

in northem mid-latitudes (4O0Pi to 60°N) (Fig. 2.5a). What is interesting is that by changing the 

evapotranspüation dope factor, from one that is spatiaiiy varying to one ahich is constant, the 

r d t  is no sipifIcant change in the modern dimate prediction, However, by inspection of Fig. 

2.5b, which depicts the 6 ka BP anomalies in the 4 sets of simulations, it wi l i  be dear that the 

range of response is much more highly MnabIe (and likely not statisticaiiy significant) a t  mid to 

high latitudes in some of the experiments. Furthemore, ail 4 experiments remain below the PME' 

model mean temperature predictions at mid to high latitudes and produce unique reactions to mod- 

ifications of the land surface scheme. The only consistency bebmen the 4 simulations occurs in the 



Modem Zonally Averaged Surface Temperature Over Land 

EQ 20 N 40 N 60 N 80N NP 
Latitude 

3.0 

2.0 
O 
Y 
2 
3 rr 
2 1.0 
aa z 
i- 
d 0.0 

I b) June-July-August 
-1 n - 
-1.u - -  

EQ 20 N 40 N 60 N 80N NP 
Latitude 
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tropics and in sub-tropical latitudes. In the high latitude region similarities in response exist onIy 

between particular mode1 pairs. The mid-Holocene surface air temperature response in the tropics 

therefore appears to be rather insensitive to  changes in the land surface parametexkation, which is 

also consistent with the full range of behaviours revealed by the PhlIP coUection of modek in tbis 

region. The pairing of the 4 experïments a t  high latitudes, VB VB IVE Ffl and FB FB/FB VP, may 

be understood in terms of the influence of the evapotranspiration at high latitudes. The evapotran- 

spiration is controlied by the fractional snow cover at high latitude as described in the above-section 

on Iand surface processes. In fully snow covered regions the evapotranspiration is controlled by the 

potential evapotranspiration and thus the infiuence of the slope factor, 8, becornes negligible. M a t  

is most interesting iç the fact chat the response OF the simulation at 70 ON is highly variable, ranging 

from no change at 6 ka BP to a response whicb exceeds the P&ZIP mean model response. This 

sensitivity is likely a result of the fact that rapid changes in fractionai snou- cover as a hnction of 

latitude occur in the summer season, a characteristic of the simuIations which will be investigated 

further in what foiiows. The model sensitivity in mid-latitudes, where there is no hactiond snow 

cover in summer, was such as to produce countcr-intuitive behaviour. It was hypothesized initially 

that the reduction in bucket depth in this region would Iead to the removd of e.xcessive amounts 

of moisture h m  the Iand and thus reduce changes in evaporative cooling in this region at 6 ka 

BP. This can ody be argued in e q h a t i o n  of the difierences between two of the sensitivity experi- 

ments, name1y VB Vp ami FB FB. The other set, VB FB and FB VB, are characterized by much 

different zonally averaged responses at mid-latitudes- The experiment with constant 20 cm bucket 

and variable evapotranspiration dope factor (FB VB), delivered a rapid decrease in temperature 

h m  40 O N  to 70 ON, something which is also seen, but not to the same extent, in the other L ~ e d  

bucket simulation (FB FP). An attempt to explain this behavior wiii be described in what foilows. 

To begin, however, 1 wiii investigate the sensitivity of the statistically significant respoase of the 

modern model control simuiation to changes in bucket depth. 

2.3.3. Land surface respoase in the control simulations. 

The generation of models involved in the PME' collaboration tend to have relatively simple water 

budgeting and individual modek oiten ernploy simple bucket representations (Table 2.1) to govern 

the physically compricated processes of moisture storage and runoff. The energy partitioning is more 

sophisticated, with aii the models employing a general surface energy budget equation simiiar to 

that described in section 2.2. In t h  subsectîon the focus is upon energy partitioning within the 



CCCma mode1 under the variabIe and 6xed bucket schernes in both the control and 6 ka BP orbital 

perturbation experiments. 

The evolution of the seasonal cyde over land is determined by the net seasonal balance between 

absorbed solar radiation at the surface, the subsequent emission of thermal radiation, and the 

exchange of both sensible heat and moisture with the atmosphere. The dynamics of this process are 

for the most part governed by the baiance within the surface energy budget and ais0 include changes 

in the various phases of water within the surface sub-system. An exess or deficit in the balance 

is reflected in the time evolution of the ground temperature. The diierences in the net radiation 

baiance and the partitionhg of sensible and latent heat at the surface between the 20 cm bucket 

(FB F j )  and variable bucket (VB Vj)  control simulations are displayed in the zondy averaged 

fields over land in Fig. 2.6. Xegative d u e s  denote upward Bues of longwave radiation, sensible 

and latent heat. These two simulations are diosen for this investigation because they were averaged 

over the same period (IO years) and because the sensitivity of the evapotranspiration slope factor 

on modern climate was shown to be negligible as compared with the reduction in bucket depth in 

the previous section. The differences in the JJX energy balance components clearly demonstrate a 

signifiant energy budget adjustment in response to the reduction in the bucket depth in surnmer. 

The shortwave absorbed radiation (Fig. 2.6a) is increased in the tropics and at middle to high 

northem latitudes over land. The net Iongwave radiation (Fig. 2.6a) at the surface mirrors the 

response of the shortwave absorption. The incoming solar radiation not absorbed or scattered within 

the atmosphere is absorbed by the surface in an amount dictated by the surface aibedo. Inspection 

of the zonai change in total doudiness and surface albedo over land (Fig. 2.6b) explains most of 

the changes observed in the controt simuiation due to the reduction in bucket depth. Decreases in 

total cloudiness in the tropics and middie latitudes in the fued bucket simulation constitute the 

dominant forcing for the changes in the solar absorption at the surface (and also for the change in 

net longwave radiation) since the reduction of bucket depth has little impact on the surface aibedo 

in these regions. This change is prirnarily explainecl by the impact on cIoudiness: decreases in cloud 

cover increase the absorbed s h o m v e  radiation and also inaease the net lonjpave radiation at 

the ground through the decrease in longikove radiation received at the surface from the reduced 

cloud cover. At high northem latitudes changes in the surface albedo become significant and are 

responsible for the majority of the inmases in the solar absorption in the 6xed bucket simulation. 

Decreases in total cIoudiness are a resuit of a dner surface and thus less evaporation (Fig. 2.6~) 

to form cIouds while decreases in surface aIbedo arise kom a denease in the snow mass at high 

latitudes (not shown). 



Figure 2.6: Modem zonaily averaged 554 mface energy budget anomalies between the CCCma 
simulation with constant 20 cm bucket (FB FB) and the simulation with a variable bucket scheme 
(VB VB). a) The shortwave absorption (dashed iine) is plotted with the net longwave radiation 
(soiid Line). b) The surface albedo (dashed line) and total cloudiness (solid line) for the cantrol 
anornaiy are denoted in percentage terms. c) The Iatent (solid linej and sensible heat (dashed Lue) 
Aux anomalies between the two control simuiations are plotted. Negative d u e s  denote upward 
fluxes of radiation and heat fluxes in W m-'. d) The control anomalies for ground temperature 
(OC) and the sum of the components in (a) and (c) which make up the surface energy balance (W 
m-') are plotted in soiid and dashed lines, respectively. 



The changes in partitioning of latent and sensible heat flux from the surface due to the reduction 

in bucket depth are reveaied in the zonai temperature averages over land for JJA (Fig. 2.6d). The 

reduction of a d a b l e  surface moisture, a consequeme of the reduced water holding 6eId capacity, 

significantly reduces the upward latent heat flux in the tropics and mid-latitudes. The a d a b l e  soil 

moisture in the two simulations can be i n f i e r i  h m  Figs. 2.3a and 2.1~ By taking the ratio of soi1 

moisture to bucket depth, the two peaks in Fig. 2.4b are assaciated with a 15 95 drop in moisture 

avoilability in the tropics and northern mid-latitudes. The decrease in upward Iatent heat flux is 

accompanied by a correspondhg increase in the upward sensibIe heat Kux, a cleai- dernonstratian of 

the energy partitioning between these two components in the surface energy budget. This rnirror 

like behaviour ceases to obtain at high northem latitudes where the impact of the phase change of 

water from its soIid to Liquid form is significant. The radiative and heat tlux components in the 

surface energy balance compensate ane another to bring about a near equilibriurn over land. A 

modification to the bucket scheme bas changed the modern behaviour of these components over 

Iand to a significant exteut. Fig. 2.6d demonstrates that the changes in Figs. 2.6a and 2 .6~  result in 

a reduction in the sum of these components a t  middle to high northern latitudes. This reduction is 

in part due to the changes in snowmeIt which occurred owr the course of this season. The negative 

value of the sum of the 2 radiative and 2 heat F i ~ t  components should balance with the energy 

imparted to or removed From the g roud  due to phase changes in water in the surface layer. The 

energy balance equation aIso involves a forcerestore component which attempts to mimic subsurface 

energy storage, however one wouid expect the d d y  average of this quantity to be quite small, but 

nevertheless sign dehi te  for long periods of tirne- On a seasonal average, one might argue that this 

residuai quantity shouid be quite srnall for summer and winter months but not for the equinoctial 

seasons which are periods of transition. This suggests that there is less snowmeIt in the üxed bucket 

simdations in summer. The new balance appears to play a role in the new equilibrium northern 

hemisphere summer air temperature whi& is attained in the 20 cm bucket simulations. The other 

curve in Fig. 2.6d demonstrates that the h e d  bucket control simulations are almast 2 O C  warmer 

than the original control in northern mid-latitudes and this appears to be connected to the phase 

changes of water in the surface energy baiance. 

2.3.4. Land surface response in the 6 ka BP simulations 

The nature of the paleoclimate experiments performed in the context of this study provides a unique 

opportunity to assess how the &anges observed in the modern control simulations will influence the 
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changes in the surface characteristics under the modified insolation "regimen characteristic of 6 ka 

BP. This ciimate regime is one in which insolation forcing is greater by approximately 5% in northem 

hemisphere summer. The northern hemisphere response over land a t  6 ka BP is displayed in Fig. 

2.7 for the anomalies in the four Mat ions  of the simulations described in Fig. 2.5b. The changes in 

the surface radiation balance (Figs. 2.7a and 2.7b) and the changes in the surface heat fluxes (Figs. 

2 .7~  and 2.7d) are much the same in aii 4 paleoclimate simulations of mid-Holocene climate. On the 

ba is  of Fig. 2.5b, 1 previously noted that the major changes which appear in the 6 ka BP anomaiy 

are from north of 4OoN latitude to high polar latitudes. In particular there are three regions which 

display a large degree of sensitivity, namely the regions centred on SO0?i, 70°N, and 83ON. These 

sensitive latitude bands seem to coaelate well with regions in which changes were observed in the 

control simulations. 

The surface shortwave absorption anomaiy (Fig. 2.7a) and net longwave anomaly (Fig. 2.7b) 

have about 6 W/m2 of variability at 50°N. The changes in the shortwave absorption and net longwave 

in this region appear as a result of a decrease in the total doud cover (Fig. 2.7e). Again, the radiative 

components result from the cloud effect in this mid-latitude region. Upon inspection of Figs. 2.7a, 

2.7b and 2,7e, it becornes apparent that the 4 experiments have 6 ka BP changes which are ordered 

in a manner that is either correlated or anti-correlated with the changes in total cloud cover in thiç 

mid-latitude region. The shortwave radiation is anti-correlated with total cloud amount, while the 

net longwave radiation is correlateci. The shortwave absorption varies fiom largest to srnailest in the 

simulations which range from a decrease to an ùicrease in total cloud cover at 6 h BP, with the fixed 

bucket simulations being characterized by the greatest absorbed shortu-ave radiation and decrease 

in cioud cover. Likewise, the t ~ a  simuIations characterized by upward anomalies in net longwave 

radiation (FB \iS and FB FB) are also characterized by the largest decreases in total doud cover, 

whereas the two simulations that deliver dounward anomalies in net longwave radiation (VB V3 

and VB FB) also have the kges t  increases in total cioud cover. The net longwave radiation (Fig. 

2.7b) also appears to have a zonai average structure whkh is very similar to that of the total cIoud 

amount (Fig. 2.7e) in ail 4 simulations over much of the northern hemisphere with the exception of 

the polar region. The shortwave absorbed radiation, howewr, appears to be less strongiy corrdatd 

with the changes in cloud covm 

At high Iatitudes, there is a large ciifference in the response characteristics of the four experiments- 

The 6xed bucket schemes (E'E VB and FB Fj3) have kss shortwave absorbed radiation t h a .  the 

variable bucket schemes (VB V@ and V3 FB) a t  70eN. There also appears to be littIe explanation 

for this in terms of the totai doud cover a t  thïs latitude (Fig. 2.7e). However, inspection of the 
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Figure 2.E 6 ka BP - modern JJA northem hemisphere zonally averaged surface anomalies in the 4 
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zonaiiy averaged surface aibedo at 70°N (Fig. 2.7f) demonstrates that the shortwave response is 

controlled by the increased anomaiy in surface aibedo at 6 ka BP. Further inspection of the changes 

in snow cover at this latitude (Fig. 2.7g) indicate that these aibedo changes may not be a result of 

the decreases in snow amount observed at 6 ka BP, but rather might aise £rom the decrease in soil 

moisture in the two fived bucket simulations. 

In polar latitudes, the strange spiked behavior which was observed in the 6 ka BP temperature 

response (Fig. 2.5b), is consistent with the 6 ka anamaiies in absorbed shortwave radiation (Fig. 

2.7a). This large radiative anomaiy is mostly compensated by the exchange of latent heat with the 

atmosphere (Fig. 2.7~). At this polar latitude, it becomes apparent that the potential evapotran- 

spiration dictates the latent heat flux whiie the evapotranspiration dope factor has no influence, an 

effect which was also obsenied in the surface temperature response (Fig. 2.5b). .h explanation for 

this polar latitude 6 ka BP response is revealed by investigation of the surface aibedo (Fig. 2.7f) 

and snow cover (Fig. 2.7g) anomaiies at 6 ka BP. There is a consistent correlation between decreases 

in aibedo and decreases is snow cover in the variable bucket schemes (VB VP and VB FB) which 

result in both the large shortwave absorption anomaiy and the large surface temperature response. 

The two 6xed bucket schemes (FI3 VB and FB FB) do not deliver the same degree of warming at 

this polar latitude as a result of the smalIer decrease in both albedo and snow cover. 

The partitionhg of sensible and latent heat BLK in the mid-latitude region (Figs. 2.7~ and 2.7d) 

displays the sarne behavior as in the shortwave and longwave radiation. The 4 experiments have 

variability which ranges over about 8 W/m2 for these surface heat fi~xes centred at approximately 

30°N. The experiments which have decreased upward latent heat flues (FB VP and FB FB) have 

increased upward sensible heat fluxes, which is consistent with the reduction in bucket depth among 

the 4 experiments. At the higher polar latitudes where much of the variability in the response was 

observed (7OoN and W N ) ,  the Iatent heat B u  appears to compensate for the large increase in solar 

absorption, to a larger degree than the inaeased upw-ard sensible heat flux anomaiy or the longwave 

radiation anomaly. The Iarger increases in upward latent heat Eux anomalies in the variable bucket 

simulations rather than in the fixed bucket simulations is again simply a consequence of increased 

soil moisture. 

Inspection of the sum of the 4 Eux components in Figs. 2-?a-2-7d, which make up a majority of the 

surface energy baiance (Fig. 2.7%) in equation ( 2 4 ,  indicates a connection between the temperature 

response and the energy balance at hi& latitudes, InterestingIy, there is a Iarge correlation between 

the changes at 70°N and 83"N in this balance and the 6 ka BP temperature response in Fig. 2.5b. 

The sum of the flux anomaIies is anti-correiated with the d a c e  temperature anomaiy at 7OoN, 
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then switches over and becomes correiated at 83ON. The large deviation of the energy balance fiom 

zero at high latitudes indicates that the influence of the conversion of liquid and solid forms of soi1 

moisture and changes in snow cover meIt are influencing the temperature response at this latitude. In 

particular, at 70°N north, the largest temperature anomalies are associated with the energy balance 

which is nearest zero. The fixed bucket simulations show Little or no change in the 6 ka BP surface 

temperature response, but have rather large anomalies in the sum of the four flux components. 

This suggests that there are large changes fiom fiozen to liquid soi1 moisture in the 6 ~ e d  bucket 

simulations, which acts to draw energy away from the suface. Decreases in the heat capacity of 

the soi1 in these simulations due to the reduced bucket depth would only act to strengthen the 

temperature response and there appears to be no consistent changes of snow melt at this latitude. 

The surface energy balance at 83"N, confirms the previous hypothesis that the large decreases in 

snow cover seen in the variable bucket schemes at 6 ka BP (Fig. 2ïg) result in some compensation 

for the large surface energy balance seen in these simulations at this high latitude. 

2.3.5. The PMIF' mid-latitude land surface response 

In this subsection 1 will proceed to investigate the difierences observed in selected CCCma zonally 

averaged surface variables over Iand as compared with other PbIIF' models by performing compar- 

isons restricted to the northern mid-latitude sector of the globe, The global distribution of the 6 

ka BP surface temperature anomaiy fiom the simulation with variable bucket depth and variable 

evapotranspiration slope factor (VB VB) is displayed in Fig. 2.8a. The 6 ka BP surface temperature 

anomaly fiom the simulation with Lxed bucket depth and Lved evapotranspiration slope factor (FB 

FP) is displayed in Fig. 2.8b. The mid-latitude region between 45"N and 65"X over Xorth hmerica 

and Asia is highlighted to show the spatial distribution of the increase in the surface temperature 

response at 6 ka BP over North Amerka and -4sia. As wai demonstrated in the previous subsection, 

the 6 ka BP response is very sensitive to the prescription of the land surface parameterization, mak- 

ing inferences concerning the physical signiscance of the changes in the 6 ka BP anomaIy Eiom this 

sensitivity study debatable. Nevertheiess, the enhanced response over Asia and North America in 

Fig. 2.8b, which is now statisticaiiy si@caut over the highüghted region, provides a framework in 

which to gauge the magnitude of this sensitivity nith respect to the PMIP collection of modeis. The 

merences between the two simulations also provides a measure of the variability which is present 

in the 6 ka BP simulations averaged over a 10 year period. Changes over 1°C are shaded, illus- 

trating the fact that the weak response (approxhately 0.5 OC) origindiy documented in the first 
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Figure 2.8: GIobai distributions of JJA 2m surface air temperature anomalies (6 ka BP - modem ) 
("C) for the CCCma simdation with the (a) variable bucket scheme (VB VB) and the (b) constant 
20 cm bucket scheme (FB FP). The contour intervai is at 1 "C with shaded regions desiqathg 
changes above 1 "C for JJA. The boxedregions highlight regions whïch are responsibIe for the zonally 
averaged response seen in Fig. 2.ld. 
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simulation (VB VB) has now aimost doubled in this mid-latitude region. Central Asia and Western 

North America now display an enhanceci response to the 6 ka BP insolation in JJd. This is a simple 

demonstration of the sensitivity of the climate to the land surface parameterizations under changes 

in paleoclimatic boundary conditions. 

The next set of figures (Figs. 2.9 and 2.10) have been constmcted to further investigate the 

average behaviour of selected surface variables in the mid-latitude region highlighted in Fig. 2.8. 

This mid-latitude band over land i .  locally averaged to intercompare rnodeis in the PMlP project 

and thereby possibly iliustrate the mechanisms for some of the anomalous behaviour of the CCCma 

model. A scatter plot of the 6 ka BP ground temperature anomaly versus modern ground tempera- 

ture for JJA over the subarea in Fig. 2.8 is displayed in Fig. 2.9a. In this plot the linear regression 

between the models is displayed as a dashed üne, whiie a box centred on the model mean represents 

one standard deviation fiom the mean in both the abscissa and ordinate directions. There appears 

to be a trend among the models, showing an bi-modal separation of the rnodels into two groups, 

one which is warm biased and one which is cold biased. The modern summer ground temperatures 

range kom 13 OC to 25' C among the models, demonstrating about 10°C of variability in the JJA 

season. This large variability arnong the modem controI simuIations is also true of the winter season 

(not shown). The 6 ka BP response of the models vary fiom a wanning of approxïmately O.tiO C to 

2.5" C with an average of 1.5 OC in summer. The majority of the models which have a warm control 

climate have a 6 ka BP temperature response which is rather large, while the models which have a 

coId contrai climate have a smaller response at 6 ka BP. This revisits a common problem which has 

been iiiustrated in other PMIP studies (e.g. Joussaume et ai. 1999, Chapter 3)[108]; namely that 

the paieoclimate response in these models is often dictated by the properties of the modern control 

simulation. In JJA, the origind variable bucket CCCma caIcuIation (VB VB) is cold-biased and the 

major outlier. The simulation with the 20 cm bucket calcuIation (FB FP) is no longer an outlier, 

but rather is closer to the model mean temperature in the control simulation and 6 ka BP response- 

The winter ground temperature response among the modds does not reveal the same bias in the 

modem climate simulation (not shown), 

A scatter plot of the change in precipitation at 6 ka BP versus modem precipitation for JJA 

over the subarea in Fig. 2.8 is displayed in Fig. 2.9b. The modeis display a rather uncorrelated 

behavior in modern precipitation versus the 6 ka BP precipitation anomaly. There is stïii a large 

variation among the modeIs in their depiction of the modern mid-latitude precipitation averaged 

over the subarea shown in Fig. 2.8. The precipitation varies fiom approxünately 0.75 mrn/day to 

3.2 mrn/day, or 70 mm to 300 mm during the summer season. The 6 ka BP preapitation anomaly 
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JJA Mid-Latitude Average (Modem vs. 6 KBP Anomaly) 

JJA Mid-Latitude Average (Modem vs. 6 KBP Anomaly) 

Figure 2.9: Scatter plot of the JJA ground temperature versus 6 ka BP JJA ground temperature 
anomaiy for the PMIP simulations. b) Scatter plot of the JJA precipitation vs. 6 ka BP JJA precip 
itation anornaiy for the PhEP simulations. Precipitation is pIotted in mm day-' while temperature 
is in OC. The intersection of the horizontal and verticai solid Iines represent the modei mean, whiIe 
the box represents one standard deviation in the abscissa and ordinate directions. The dashed Iine 
is the iïnear regression. 
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ranges from a p p r h a t e i y  -0.15 rnm/day to 0.35 mmfday, or -15 mm to 30 mm during the summer 

season. The mean 6 ka BP precipitation anornaly among the models is near zero which implies 

that the mid-Holocene modeled precipitation change will be difficuit to reconcile with proxy climate 

date in the northem mid-latitude regions. It is difficult to argue for the existence of any correlation 

between modem control simulations of precipitation and the 6 ka BP response among the models 

since the correlation coefficient is rather low, and therefore the linear regression is not shown. The 

variation of the PME' winter precipitation response at 6 ka BP (not shown) is about 20% of that in 

summer and also centred around zero, which impIies that the mid-Holocene winter response is even 

less significant than in summer. The original variable bucket CCCma calculation (VB VB) and 20 

cm bucket caiculation (FB FB) deliver Little response in precipitation in both the modem control 

and the 6 ka BP anomaiy. 

The surface energy balance changes described in the previous section can be extended to an 

intercomparison with the other PbiiP models where the changes in the surface hydrology appeared 

most sensitive. Fig. 2.10 displays the average over the same region as in Fig. 2.9 but for JJA net 

longwave versus shortwave absorbed radiation (Figs. 2.10a and 3.10b) and for JJA sensible versus 

Iatent heating (Figs. 2.10~ and 2.10d). The modem behavior of the PME' models is generally 

consistent with the changes observed in the diferences between the variable bucket (VB VD) and 

fked bucket (FB FB) CCCma simulations in Fig. 2.6. The rnodels which have the most surface 

shortwave absorbed radiation also emit the most upward longwave radiation. The same is true for 

the 6 ka BP anomaly (Fig. 2.10b), where the models with the greatest change in absorbed shortwave 

radiation at 6 ka BP aIso have the most upward Iongwave emission. Once again the Mnable bucket 

depth CCCma model (VB VB) performs consistently with the other models in the control simulation 

but anomalously at 6 ka BP. The fked 20cm bucket simulation (FB FB) brings the 6 ka BP anomaiy 

into better agreement with the other models, demonstrating the large variabity that can be induced 

in a paI~simiilation by a change in the land surface parameterkation. Based on the fact that the 

changes in surface albedo (not shown) are negligibk in this region, the discrepancies in absorbed 

shortwave radiation are likelj- attributable to the cloud parameterkations employed in the model. 

Indeed, if one examines the range of cIoud CORK that the PME' collection displays in the modem 

controI (not shown) one h d s  that diniences range from 30% to more that 80% in simulated modem 

cloud cover. There is aIso a strong anti-correlation between the linear regression (shortwave vs. 

longwave) in Figs. 2.10a and 2.10b, and the modern doud cover and 6 ka BP cioud cover anomaly, 

respectively. Again, as in Fig. 2.6% this is explaineci by the influence of cloudiness: increases in 

cloud cover decrease the absorbed shortwave radiation and also daease  the net longwave radiation 
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at the gound through the increase in longwave radiation received a t  the surface from the increased 

doud cover. 

The partitioning of latent and sensible heat flux in the modern PLlZP control simulations is Iess 

evident in that there is a general spread of the modeIs about the mode1 mean (Fig. 2.10~) with littie 

correlation among the models. The 6 ka BP PMIP anomaIies (Fig. 2.10d), however, demonstrate 

a clear partitioning of the sensible and latent heat fluxes. The models that exhibit the largest 

upward sensible heat flux anomalies exhibit a decrease in the upward latent heat flux at  6 ka BP 

as compared with modern. Again, the variable bucket model (VB VB) is an outlier in the 6 ka BP 

anomaly, having little change in the upward sensible heat flux with a large change in the upward 

latent heat flux- The reduced moisture constant bucket model (FB FB) delivers a behaviour that is 

more consistent with that of the other models having both an increased upward sensible heat flux 

and a decreased upward latent heat flux. 

Of al1 the diagnostics examined, the shortwave radiation absorbed at the surface has a i ~ a y s  

proven to be closely connected with the total cloud cover, as one might teasonably expect- The total 

cloud cover as well as its influence on radiative transfer, is influenceci by a number of feedbacks and is 

strongiy controiied by the radiation parameterizations within the model. As we have seen, the cloud 

cover is also iduenced by the decrease in soit moisture employed in the 20 cm bucket version of the 

CCCrna model (FB FB), which in turn influences the amount of shortwave radiation absorbed at 

the surface. The work reported here thetefore reveals the need for deeper investigation into the role 

of cloud parameterizations and cIoud feedback, not only in modelling control climates but also in 

determining the response to perturbed boundary conditions in the context of paIeoclimate analpis. 

..b initial investigation by Liao et al. (1994)[1291 with the W I O  GCM investigated the influence 

of Wo different cloud parameterization schemes to simulate c l i a t e  changes at 6 ka BP, which were 

then compared with paleoclimate reconstructions. This study found that a siightly better agreement 

with the p r o v  data was achieved with the cloud scheme based upon a cloud water parameterization 

as compared with that based upon relative humidity. 

2.3.6. Intercornparisons with North American climate reconstructions 

Reconstructions of terrestrial climate inferred fiom palynologicaI and geologica1 data conscitute a 

vitd contribution to the validation of climate model predictions of past climate states. Wïthin 

the Canadian CSHD (Clirnate System Estory and Dynamics) research network, reconstructions of 

past c h a t e  are being investigated with a number of methodoIogîes. In particular, Gajewski et 
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al. (2000)[68] have provided an initial detaiied inference of North .4merican and adjacent ocean 

climate for the 6 ka BP time period. Terrestriai climate has been estimated using four independent 

approaches through the use of two pollen-based reconstruction methods, on the basis of inferences 

of the movement of ecozone boundaries, and, finaiiy, through the method of modern andogues. The 

empirically based reconstmction of surface temperature, precipitation, and lake Ievel status b a s 4  

on these methods may be employed for the purpose of comparison with the same surface ciimate 

variables produced in the simulation of Holocene climate using the CCCma AGCM, provided that 

the limitations of both reconstructions are kept in perspective. Eere 1 will describe some aspects 

of the surface temperature comparison as welI as discuss geological inferences of lake IeveI status 

in comparison with predictions based upon variations in precipitation and evaporation (runoff) 

within the AGCM. Two of the differenr; AGCM simulations discussed in t h  chapter WU herein be 

employed for the purpose of comparison with inferences of Holocene climate, nameIy the reduced 

constaut bucket simulation (FB Fj) and that delivered by the original variable bucket simulation 

(VB VB). 

Climate reconstructions based upon Sphagnum-dorninated peatlands have been employed to de- 

termine the temperature and precipitation distributions during the Holocene Optimum. Gajewski 

et ai. (2000)[68] developed a peatland model which is "tunedn using modern climate conditions, 

namely precipitation and surface temperature, to reproduce the modern peatland distributions over 

Xorth America. The model manages to represent the northern iimits of the high and Iow sub- 

arctic interface of the peatlands with minor discrepancies and, in generai, a good agreement 6 t h  

present-day distributions. At 6 ka BP, proxy reconstructions indicate that the Sphagnum-dorninated 

peatlands were farther north than at present, which implies a warmer or drier climate or both. The 

peatIand model and peatland distributions therefore present a methodoIogy with which to validate 

the AGCM output for 6 ka BP and vice-versa. By employing the CCCma variable bucket AGCM 

simulation of modem and 6 ka BP climate to reproduce peatland distributions, the results indicate 

that the AGCM does not reproduce O ka BP and 6 ka BP distnîutions that are consistent with 

peatland reconstructions (see Gajewski et al. 2000 for a discussion of the resdts)[68]. 

Further cornparisons may be made wïth the CCC AGCM using results Erom Gajewskï et ai- 

(2000)[68] by comparïng lake level anomalies derived fiom this study and P-E distributions pro- 

duced by the AGCM. Changes in Iake Ievels in the Sahara regions of the globe were compared with 

modd results in V98. The main concIusion of that work was that even the strong monsoon signa1 

inferreci fiom both model and data sources revealed that the model faiis to reproduce the signif- 

icant northward extent of the higher Iake levels that were then chasacteristic of this region, The 
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North American region proves to be an even more difficuit region in so far as model data inter- 

comparisons are concemed since the signais are much weaker compared with the enhancement of 

the Afncan monsoon circulation. Nevertheless, this region provides an additionai opportunity for 

model validation. Lake level and P-E variations over Canada are plotted in Figs. 2.11a and 2.11b 

for the variable and 6ued bucket mode1 simulations, respectively. Lake leveI are generaliy 

predicted to be slightly lower than present to much lower than present in much of southem Canada, 

an indication of a more arid climate during Holocene Optimum conditions. The GChI, however, 

predicts changes between 6 ka BP and O ka BP climate that are not much greater than the naturai 

variability of the modem sirnulateci climate. However, a comparison of the P-E anomalies between 

the two different simulations does demonstrate some consistency in the results. In particulas, the 

southwestern region of Canada is predicted ta be characterized by slightly wetter conditions, whiie 

the Great Lakes-St.Lawrence region is characterized by dner conditions. Anomalies over the Hudson 

Bay region are also consistent between the two simulations. .a comparison between the lake level 

data and modelled P-E demonstrates agreement in the Great Lakes-St.Lawrence region, with the 

variable bucket model producing a very strong reduced signai in P-E of up to 160 mm/yr. Lake 

Ievel anomalies inferreci to have been characteristic of the southwestern region of Canada suggest 

very dry conditions to have been characteristic of 6 k a  BP compared to modem leveis. Both model 

simulations, however, predicted sightly wetter conditions, with 6 ka BP anomalies of between 10 and 

60 mm/yr in southern Aiberta and southem B.C. 

.A cornparison of 6 ka BP surnmet surface temperature anomalies can also be qualitativeiy per- 

formed using some of the results hom Gajewski et ai, (2000)[681. Fig. 2.12 shows changes in surface 

temperature between 6 ka BE' and present over Xorth America in both the variable and h e d  bucket 

model simulations. The &ued bucket modd delivers an enhanced signai over the western part of 

Xorth Amenca of 1-2 "C compared with the 0.5-1.5" changes delivered by the original variable 

bucket simulation. Ecodimate zones described in Gajewski et ai. (2000)[68] indicate an increase in 

growing season temperatures of between 0.5 and L5"C throughout much of the southern regions of 

Canada. in particuiar, there is a much stronger signai observed in the k e d  bucket simulation in 

the southwestern region of Canada where thete was disagreement with the lake level data. Recon- 

stnictions of pollen assemblages fiom Gajewski et al- (2000)[681 also indicate that conditions were 

warmer and drier in much of Canada a t  6 k a  BP; however, quantitative assessments are diffrcult due 

to the uneven distribution of pollen sites. 
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Figure 2.11: Lake levei status and Precipitation minus Evaporation (P-E) anomalies at 6 KBP for 
the (a) MiiabIe bucket simulation (V8 VB) and (b) éixed bucket simulation (FE FB). P-E is in mm 
yr-' in contour intervais of 20 mm yr-'. 
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Surface Temperature Anomaly CC) Fued BudteB 

Figure 2.12: Changes in JJA surface temperature between 6 KBP and modern for (a) the variable 
bucket simulation (VB VB) and (b) the fked bucket simulation (FB FB). 

2.4. Discussion and Conclusions 

The CCCma AGCM was modified in this investigation in order to document the changes in climate 

under mid-Holocene boundary conditions characteristic of those at 5 000 years before present with 

a modîfled land surface scheme. By conducting four experiments 1 assessed the impact on changes 

in both control clirnate and that of the orbitaiiy forced 6 ka BP climate, The four qeriments,  

consisting of four modern controls and four 6 ka BP simulations employed a combination of either 

the original mriable bucket mode1 or the modied constant 20 cm bucket and the variable e m p e  

transpiration dope factor or the globally modiied constant evapotranspiration dope factor of 0.5. 

The results iiom a pair of these simulations were then compared to resuits obtained fIom the set 

of models involved in the PME' collaboration. This cornparison was conducted in order to examine 

what dSerences, ifany, might reduce the degre to which the CCCma GC5iII is a significant outlier 

in the set and also to address the sensitivity of the CCCma GChiII to changes in the land surface 

pararneterization scheme. Comparison with these other models has enabled us to investigate more 

thoroughly the physicai mechanisrns through which changes occur in teference to a spectnim of 

models. The PMIP collective modd behaviour has &O provided a fiamework in which to compare 

climate mode1 responses in a new radiation regime, nameIy that characteristic of 6 ka BP. 

The euperiments have also provided a usefui opportunity to demonstrate the ability of modd- 
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model intercornparisons in helping to investigate the discrepancy in the mid-latitude behaviour that 

characterizes the CCCma GCMII model. The discrepancy was most clearly revealed in the JJA 

6 ka BP zonaily averaged surface temperature anomaly over Iand which is characterized by a cool 

temperature anomaly in the northern mid-latitudes at 6 ka BP whereas other modeIs exhibit a 

warm anomalous behavior. This paleoclimate discrepancy wouid not have been nearIy so apparent 

based solely on the simulated modern climate since the CCCma model performs very much like 

other models in these intercomparisons (Cess et al. 1990)[321. The discrepancies in soi1 moisture in 

both the modern control and 6 ka BP experiment compared with the original variable bucket land 

surface scheme provided an indication of what 1 thought might explain the anomalous mid-Iatitude 

ciimate simulated by the CCCma model. This, however, turned out not to be so straightforward. 

The 4 sensitivity studies revealed that it is.possible to obtain a great deal of variability in the 

paleoclimate response nrithin these simulations by slightly rnodiiing the land surface scheme. The 

detailed characteristics of the surface energy balance and related surface diagnostics revealed further 

information concerning changes in both the control ciiiate and the simulated 6 ka BP ciiiate under 

the modiied Iand surface schemes. 

in particular: 1) In the set of four modem control simulations, the reduction in moisture a d -  

ability in the 20 cm bucket simulation increased the shortwave absorption and increased the net 

longwave at the surface in tropical and northern mid-latitudes over Iand. This was also compIe- 

meoted by a repartitioning of the latent and sensible heat flux in the same regions of the globe. 

The reduction in soir moisture led to decreases in the upward latent heat flux and a compensatory 

increase of the energy into upward sensible heat flux. Changes in ground temperature revealed 

a northern mid-latitude surface that aw approximately 2% warmer. These changes in the h e d  

bucket modern control simulations can be attributed to cloud cover changes in mid-latitudes and in 

snow cover changes at polar latitudes, which in tum affect the albedo. The changes obsemed in the 

pair of fixed bucket control simulations demonstrate that it is the changes in cloud cover (i.e. the 

cloud effect) and surface characteristics which are the primary mediators of the surface absorbed 

solar radiation in the northem mid-latitudes. 

2) In the set of 4 simulations of summer 6 ka BP climate, the variations of the land surface 

scherne through a reduction of bucket depth and a change in the evapotranspiration dope factor 

revealed an interesting zonaiiy averaged behaviour over Iand. The surface air temperature response 

over land showed regions of IOW and high -ab'ity in the northern hernisphere. The 4 sensitiv- 

ity experïments revealed 6 ka BP summer anomalies which were rather simiiar in the tropicat and 

subtropical latitudes. At higher latitudes the Mnabity in the response between the simulations 



2.4. Discussion and Conclusions 60 

increased. ui particular, the modei paleocIimate response in the rnid-latitudes and high polar arctic 

was investigated in detail. The observed 6 ka BP response of the zonally averaged surface temper- 

ature over land was a resuit of the changes in the surface energy balance components dong with 

changes in cloud cover, dbedo and snow cover a t  various latitudes. in particular, the climate vari- 

abiity in the mid-latitude 6 ka BP anomalies appeared as a result of changes in cloud cover and 

its infiuence on the radiative response at the surface, The variabiity in polar latitudes was appar- 

ently not influenced by cloud changes but more so by the state of the land surface in each of the 4 

sensitivity experiments. The sensitivity of the land surface parameterùation to changes under the 

6 ka BP insolation regime becomes highly variable when the Fractional snow cover and frozen soi1 

moisture become significant north of the arctic circle. 

3) The intercomparison between PoVIiP models demonstrated that the changes induced in the 

original version of the bucket model produced a CCCma mid-latitude model behaviour which was 

in closer agreement with the PMIP mode1 mean, but more importantly demonstrated the large 

range of variability that can be obtained by modifying the land surface pararneterizations. The 

intercomparison of the mid-latitude changes in modern ground temperature and the 6 ka BP ground 

temperature anomaly clearly demonstrated that the paieoclimate response is significantly determined 

by the temperature simulation in the modern control. The models appear to segregate evenly into 

two groups, one group which is warm biased and one which is cold biased in both the modem 

controI and 6 ka BP simulations. The behaviour of the components that make up the surface 

energy balance over land in both the modem controI and 6 ka BP climate in JJA were characterized 

once again by the balance and partitioning of the radiative and heat flux components as descnbed 

above. The results still demonstrate, however, that while one might argue that an improvement 

was obtained with respect to the other models, the CCCma model stiIl behaves anomalously. The 

intercornparisons indicate that the role of the to td  doudiness over land is such that the PMIP 6 ka 

BP JJA temperature response is strongiy connecteci to both the modern simulated, and the 6 ka BP 

simulated changes in doud cover. 

4) The intercornparison between the model results and paleoclimate reconstructions over Cana- 

dian regions revealed some degree of agreement in changes in surface temperature and changes in 

lake level status as inferred fiom P-E variations. However, climate reconstructions based upon lake 

level data indicate drier conditions in southwestern Canada, whereas model predictions are the o p  

posite of this. In eastem Canada, there is sorne consistency between the Iake Ievel data and the 

r d t s  delivered by the model. Signais within the model are, however, rather small, making any 

definitive cornparison ciifficuit. 
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The variations in the land surface schemes do provide an indication of the ngnificant influence 

that a change in boundary conditions can have on modeiied climate. Thus, the need for more 

sophisticated land surface schemes has been made readily apparent by the analysis reported herein. 

The structure of the 6 ka BP JJA zonaiiy averaged temperature anomalies seen in the 4 sensitivity 

studies behaved differently with respect to the PbfIP averaged warming simulated at northern 

latitudes. The polar anomalies at the highest northem latitudes were more consistent in the reduced 

bucket depth simulations but remain peculiar. The intercomparison of the total cloudiness over land 

suggests t int  the next step in the sequence of analyses to which this chapter contributes must be 

to investigate changes in the cloud cover parameterizations within the models and the role that 

cloud feedbacks play in the determination of the equilibrium land surface temperature. The curent 

investigation has therefore provided a natural basis on which to hirther investigate such behaviour, 

not only of the CCCma GChfII, but &O of the entire suite of PhfIP models. 



Climate Simulation of the Last Glacial Maximum: Global Water 
Balance and Atmospheric Water Vapour Transport 

3.1. Introduction 

As discussed in the introduction of this thesis, the origins of the 100 ka cycle of continental ice 

volume variability must be associated with non-liear processes that artse internaüy to the climate 

system itself. The earliest attempts to identify the precise nature of the required non-liiear effects 

were based upon rather simple models (Hyde and Peltier 1985; lmbrie et al. 1993; Lidzen and Pan 

1994)[95][100][130]. More recentiy, considerably more elaborate models consisting of globd Energy 

Balance Models (EBMs) coupled to explicit ice-dynamics models, or ice-sheet modeb (ISMs), have 

been shown to be succeçsfui at  reproducing the complete cycle of glaciation and deglaciation fiom 

inception through to maximum glaciation, glacid coiiapse, and continuhg into the modem Holocene 

climate state. These dimate models have employed the I C M G  mode1 of Peltier (1994)[170] as a 

target for the purpose of ve-g their predictions (Tarasov and Peltier 1997a, and 1999)[216][2181. 

Problems with these reduced climate modeb continue to exist in fuiiy explainhg the fast terminations 

that mark the end OC each glacial period which, although they do occur in the models, do not 

possess the detailed space-time characteristics that surface geomorphological constraints suggest. 

Extra processes, in addition to the main feedbacks such as icealbedo feedback, verticai lapse rate 

effects, and isostatic rebound, must apparently be invoked to obtain more precise agreement with 

the observations. An overview and detailed discussion of plausible additional feedbacks is provided 

in Tarasov and Peltier (1997a, 1997b, and 1999)[216][217][218]. 

In the most ment models of the ice-age cycle, attempts have been made to parameterize the 

influence of changes in atmospheric state, including the (criticai) suppIy of moisture for the ice- 

sheets by ernploq-ing a gIobaI energy balance mode1 to infer the nature of the tirnedependant surface 

temperature perturbation to a modern observational climatoIogy that is induced by ice-sheet gron-th 

(Tarasov and Peltier 1997b, 1999)[21fl[2181. There have also been efforts to incorporate AGCM 

derïved climate "snap shotsn of the modern and Last Glacial 3Iaximum (LGM) time penods into 
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modek of the ice-age cyde that inchde hill representations of the accumulation and flow of glacial 

ice. In the latter work, the variation of c h a t e  state through the glacial cycle has been determined 

by interpolating between the LGM and Eolocene time siices using the GRIP ice core record of 6180 

variability to tk the characteristics of successive epochs (Marshall et al. 2000)[142]. The extent 

to which the major northern hemisphere ice-sheets were in equilibrium with LGM climate h a  also 

been investigated using a thememechanical ice-sheet model forced with AGCM simulated climate 

using the LMD model (Ramstein and Joussaume 1995; Fabre et al. 1998)[185][57]. These studies 

demonstrate the mass balance of the LGSL ice-sheets to be very sensitive to LGM simulated summer 

surface temperature and therefore highIy model dependant. On the basis of analyses of t h  kind, 

it therefore seems clear that the state of the atmosphere pIays a critical role throughout the glacial 

cycle, suggesting that much more detaiied anaiyses of the time-dependant coupliig between the 

atmosphere and the ice-sheets are required. 

There have, of course, already b e n  numerous analyses directed towards investigation of the 

role that atmospheric mechanisms play in the maintenance of the icesheets at LGM. Manabe and 

Broccoli (1985)[141], Kutzbach and Wright (1985)[117], and Kutzbach and Guetter (1986)[118], in 

the first series of papers directed towards understanding mid-latitude climate at LGM, demonstrated 

that the presence of CLDIAP (CLIElilAP project rnembers 1981)[38] project inferred ice-sheets in 

the northern hemisphere acted so as to split the mid-latitude jet Stream into two air streams that 

Eiowed to the north and south of the Laurentide ice cornpleu. More recent analyses have tended 

to suggest that thii phenornenon is not as pronounced in LGPI simulations performed using the 

Peltier (1994) [liO] ICE4G LGM topagraphy (Ramstein and Joussaume 1995)[185]. Rind (1986)[190] 

employed a relatively low resolution AGCM to perform a detailed investigation of the changes in 

the dynamical state of the atmosphere that occur between warm and cold climates. On the basis 

of these analyses, he suggested that the zondy averaged dynamics showed little change between 

cIimate extremes with the spatial arrangement and strength of the Hadley ceiI and atmospheric 

energy transports in particuiar remaining much the same. The sensitivity of the location of northern 

hemisphere storm tracks, in particular owr the Atlantic Ocean, in response to changes in ice-sheet 

size and configuration, have been investigated by Shinn and Barron (1989)[207] and Felzer et al. 

(1996) [SOI. 

Questions invariabIy exist, of course, as to how sensitive such results are to the horizontal resolu- 

tion of the mode1 employed to obtain them. Many anaiyses have in fact been performed to speufidy 

investigate climate sensitivity to horizontal resolution, the main hding  being that large-scaIe cli- 

mate features remain relatively constant when a spectral AGCM is run a t  a horizontal resolution 
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beyond T42. Recently, Boer and Denis (1997)[22], for euample, used the CCCma AGCM at resolu- 

tions ranging fiom T20 to T96 CO examine the rate of dynamical convergence in the CCCma model 

and discovered that primary climatologicai characteristics remaineci the same beyond T32. Held and 

Phillips (1993)[83] also focused on the issue of the sensitivity to resolution, particularly concerning 

the impact of meridionai resolution on eddy momentum Ritues. Their hdings, as weii as those of 

others (BovilIe 1991)[2q demonstrate that mid-latitude eddies are, in fact, sensitive to horizontal 

resolution even beyond T42. Hall et al. (1996)Pq recently conducted a simulation of LGM cli- 

mate at T42 resolution specifkally to improve upon the simulation of mid-latitude depressions and 

to more fully understand the role of the atmospheric circulation in the maintenance of the LGM 

ice-sheets. Their findings diüer significantly fiom those obtained on the basis of lower resolution 

studies performed in the past and clearly demonstrate the importance of resolution in the accurate 

simulation of the planetary waves (both stationary and transient) and storm tracks in controllhg 

the LGM hydrological cycle. 

In this chapter 1 will describe resdts €rom t w ~  AGCM simulations of Last Glacial Maximum 

climate. One simulation which uses the CCCma GCMIi mode1 coupled to mixed-layer ocean and 

sea ice modules in order to compute SSTs and sea ice and one in which SSTs are prescribed using 

the CLiMAP SST data set (CCihIAP project members 1981)[38]. Cornparisons between these two 

integrations wiiI be made oniy when looking at particular regional diierences in climate between the 

two experiments in order to resolve dilferences which resdt from changes in lower boundary forcing. 

men global characteristics are very much the same between the two simulations (e.g., mass balance 

and water vapour transport), the computed SST LGM experiment d l  be referred to. 

To begin this discussion, 1 di bciefly compare LGM cliiate prediaions made with the CCCma 

AGCM in computed SST mode with various ciimate proxy data, work that has been conducted as 

part of a PMIP (Paleoclimate Model Intercomparison Project) intercomparison study (Joussaume 

and Taylor 1995)[107]. 1 will then go on to compare LGM surface climate state predictions based 

upon an ice-sheet coupled energy balance model simulation of the complete ice-age cycle (Tarasov 

and Peltier 1999)[218] and the simulation of LGX climate with computed SSTs. On the baçis of 

ongoing efforts to simulate the glacial cycle using thermo-mechanical ice-sheet models, it is clear 

that a detded simulation of mass baIauce is a crucial aspect of the coupled system (for a~ample, in 

understandhg the details of the dynamitai processes which thereafter lead to total deglaciation of 

much of the surface foilowing LGM at  2 1  000 years before present). This chapter wilI therefore focus 

upon the changes in the LGM hydrologicai cyde that are simulateci with the version of the AGCM 

which cornputes SSTs, the resuits from which wdi allow us to provide an assessrnent of the LGM 
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mass balance over the Laurentide compk~. Next, changes in the LGM SST and sea ice distribution 

and the effect that this has on atmospheric circulation d l  be investigated by comparing the results 

obtained from the two AGCM simulations of LGM, The vital role that the mid-latitude eddies play 

in the maintenance of the icesheet has been a subject of considerable previous analysis and will be 

discussed further herein. In the final part of the results section, 1 will diicuss the modification to 

the behaviour of these mid-latitude depressions that occurs in response to the application of LGM 

boundary conditions based upon the version of the AGCM in which SSTs are computed. 

in the following Section 3.2, 1 provide a description of the ISM/EBM model that is to be in- 

tercompared with the AGCM in this study. This is followed in Section 3.3 by a diicussion of the 

design of the LGM numencal experiments that are to be performed. Results of these anaiyses are 

discussed in Section 3.4, foiiowing which, in Section 3.5, 1 offer a brief summary of the conclusions 

suggested on the basis of this work. 

3.2. Model Descriptions 

As previously mentioned, the intention in this chapter is to intercompare the results that have been 

obtained for LGM climate on the bais olanaiyses perfotmed with two radically different models of 

the climate system. These models, one a fdiy articulateci modern atmospheric general circulation 

model that is described in the introduction to this thesis (or see Appendk B and C) and the other 

a highiy parameterized mode1 that is designeci to enable very long time scale integrations ta be 

performed is described in the following subsection. 

3.2.1. Energy Balance-ice-sheet model 

A thetmemechanical icesheet model, which is orbitally forced through an energy balance mode1 

of the atmosphere, has been extensiveIy devdoped for use in the simulation of late Pleistocene 

glacial/iiter-glacial ice volume fluctuations. This modei, which is described in detail in Tarasov and 

Peltier (1997a, 1997b, 1999)[216![217I[218] is a numerical outgrowth of early work by Deblonde and 

Peltier (1991, and 1993)[47][48] and is based upon now conventionai thermo-mechanicd treatments 

of the ice dynamics (Huybrechts 1990a, 1990b)[921[93], The model solves mas, momentum, and 

energy balance equations in a spherîcai coordinate system to simulate the threedimensîonal velocity 

components and the temperature proue within the icesheet (se also Jenssen 1977 and Mah* 

1976)[102][136]. The model employes a finitôdifféreoce approximation on a sphencal grid with 

dimensions of 1" by 0.5O in longitude and latitude, respectivdy. T m e  steps of dl2%25.O years, and 



12.5-50.0 years, are employed for the Mpiicit ice dynamic and thermodynamic solutions, respectively- 

The icesheet model ice thickness is determined by the t h e  evolution of the balance between 

the vertically averaged divergence of the horizontal mass f l u  and the ice-sheet m a s  balance (accu- 

mulation minus ablation). The verticaliy integrated momentum equations are reduced using Glen's 

flow law (or an alternative rheology discussed in Peltier 1998a)[172]: to express the Stokes flow equa- 

tions as local functions of ice thickaess and topography. The three-dimensional temperature field is 

derived from the balance of internal energy within the ice-sheet, taking into account vertical conduc- 

tion of heat as well as the fuIl three-dimensionai advection of heat within the icesheet. The energy 

balance equation also contains a term describing the strain heating due to the internal deformation 

of ice as well as a source term representing heating due to basai sliding (see Marshail et al. 2000, for 

a detailed discussion)[l42]. The treatment of ice sheet evolution also requires a computation of the 

ice-bed isostatic adjustment under transient loading of the crust. The isostatic adjustment process 

is parameterized so as to enable the model to accurately fit the variations of relative sea level which 

occurred following the last deglaciation event of the curent ice age and is assumed to respond with 

a damping factor (e-folding time) of 4 ka. This is a timescale that is near the average of the isostatic 

adjustment times characteristic of the postgiacial rebound of the crust in Hudson Bay and the Gulf 

of Bothnia (see Peltier 1998a for a detaiied discussion of these isostatic adjustment constraints). 

The ice-sheet model is asynchronously coupied to an EBM which estimates surface temperature 

fields based upon changes in orbital configuration, surface albedo, ice-sheet topography, surface heat 

capacity, CO? concentration, and a parameterization of the flux of heat from the surface of the 

North Atlantic ocean to the atmosphere. During a specifk " t h e  slice", the EBM-derived surface 

temperature field, expressed as a difference fiom modem ciiiatology, together with the assumption 

of constant atmospheric lapse rate, is emptoyed to drive the ice-sheet model. The EBM is solved every 

500 years for a new (global) equiiïbrium annual cycle based upon the assumption that ice-sheet and 

orbitai boundary conditions evoLve much more siowly than does the atmosphere- The precipitation 

fieId is determined in this model by simply moduiating the amplitude of the modern climatological 

field such that as temperature falls so does the water vapour content of the atmosphere. The 

reasonableness of this assumption is something that 1 will iiiustrate through the analyses discussed 

herein. 
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3.3. Experimental Design 

We will present results derived from a paleocliate AGCM experiment that calculates both SSTs 

and sea ice using the mked-layer ocean and sea ice modules described in McFarlane et al. (1992) 11461 

and from a simulation in which SSTs are held fived. The present day 6ved SST simulation employs 

SSTs from Alevander and hIob1ey (1976)[3], whiie that for LGM, in which SSTs are Lved, imposes 

CLIhLAP SSTs (CDLW, 1981)[38]. The AGCM experiments then consist of trvo modern controls 

and two paleoclimate simulations of LGM. LGM boundary conditions and an inferred LGM clma- 

toIogy from an ice age cycle, simdated with the ISM/EBM from Tarasov and Peltier (1997b)[217], 

wiii then be employed for comparison with the LGM "snapshotn climate modeiled with the AGCM 

in which SSTs are computed. The present day AGCM control simulation has the atmospheric CO2 

concentration set to a "pre-industrial" level of 280 ppmv, whiIe the control simulation in which 

SSTs are 6ved is set to 345 ppmv. The AGCM simulation of LGM conditions prescribes a CO? 

concentration that is 6ved to that of the minimum glacial level of appra-ately 200 ppmv, while 

in the ISM/EBM the CO- history from the Eemian interglacial at 125 000 years BP to the present 

day is assumed to be known based on gas concentrations derived from the Vostok ice-core record 

(Barnola et al. 1987; Jouzel et al. 1987)[11][109]. At LGM the Vostok record is consistent with an 

atmospheric concentration of 200 ppmv. 

According to icesheet thickness reconstructions based upon post-glacial relative sea Ievel his- 

tones from regions that were icecovered at LGU (vis. the ICELG modei of Peltier 1994, and 

1996)[170][171], the Laurentide icesheet was hily extended southward to North .herican mid- 

Iatitudes a t  that time while the Fennoscandian ice-sheet covered much of Northern Europe including 

the Barents and Kara Seas. These icesheets, the first centred over the Hudson Bay IowIands and 

the second centred over the Gulf of Bothnia, both reached maximum elevations above LGM sea 

level of approximately 2500m. At that tirne eustatic sea level was approximately 120 m laver than 

a t  present, implying that significantly less ice covered the continents at that time than had been 

inferred in the context of CLlMAP whose minimum and m a - u m  reconstructions corresponded 

to sea level lowering of 127m and 163m, respectiveiy. This large drop in sea lever e x p d  large 

areas of continentai sheif which, for the purpose of the LGM climate simulations to be described 

herein, had to be incorporated into a new AGCM land-sea mask ( s e  Peltier 1998a for a discussion 

of the geophysical theory that has been developed to infer the glacial to iotergiacid variations of 

the land-sea distribution). 

Vegetation patterns and soi1 types together with al1 other internai boundary conditions have 
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also been fixed to modern according to PhIIP programme specifications (Joussaume and Tayior 

1995)[107]. In the new areas of exposed continental shelf resulting fiom the lower sea level at LGM, 

a soii of medium type (Wion  and Henderson-SeUers 1985)[243] was specified. The drag coefficients 

over the newly imposed Laurentide and Fennoscandian ice-sheets were set to the same value as that 

which is employed over the Greenland and Antarctic ice-sheets in the simulation of present day 

c h a t e .  The envelope orography variance which is used in conjunction with the gravity wave drag 

parameterkations in the AGCM is set to zero over the LGM ice-sheets, for reasons of simpiicity and 

on the basis of the fact that the surfaces of these ice-sheet are expected to have been rather smooth. 

The differences in the insolation received at the top of the atmosphere between 21 ka BP and present 

are rather minor and are therefore not expected to exert any significant influence on LGM climate 

(e.g., see Hewitt and Mitchell 1997, for a detailed discussion)[85]. The orbital variations are much the 

same as modem (Fig. 1.4) and result in a negative insolation anomaly of 1% in northern hemisphere 

surnmer and a positive anomaiy of approximately 0.5% in northem hemisphere winter. For a review 

of issues surrounding changes in insolation see Vettoretti et al. (1998)[229] and references therein. 

In the .4GCbI mtued-layer ocean experiment for LGM, the globally and annually averaged surface 

temperature was employed in these analyses to investigate the spin up to equilibrium. In the 

layer ocean analysis, the modern pre-industrial control experiment was initiaily spun up for $0 

annuai cycles with the last 10 annual cycles being averaged to produce the modern climatoIogy (see 

Vettoretti et al. 1998) [229]. The LG'UI experiment, which was initiated with surface temperatures 

interpolated Gorn CLLM.4P SSTs, was also found to adjust to equilibrium within 50 annuaI cycles 

(Fig. 3.1). The e-folding time in the northern hemisphere was found to be approximately 5 yem 

while that of the global spinup was approximately 11 years. The Iast 10 years of the LGSI mk~ed- 

layer simulation was used to derive the 10 year averaged climatology for this time period. Both 

the modem day 6ved SST control and the CLblAP 6ved SST LGM experhent were run for 12 

pars with the first two years being discarded as spinup and the last 10 years averaged to d e h e  the 

chatology. 

In the ISM/EBM, the EBM is employed in a perturbative mode whereby the surface tempera- 

ture perturbations are computed relative to a high resolution present day observational climatoIogy 

(ds090.0 N&fC/NC.AR globai reanaiysis project dataset), the methodology of which is described 

in Tarasov and Peltier (1999)[2181. The temperature fieid produced by the EBM at the point of 

maximum ice volume in the ISM glacial cycle simuiation, taken as LGM, is used as cornparison 6 t h  

the resdts obtained fiom the AGCK The ice-sheet topography and precipitation at LGM wiiI a h  

be compared with the AGCM topogaphy and the AGCM precipitation field over the Laurentide 
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ice-sheet. The AGCM topography is the spectrally decomposed T32 topography diagnosed Erom the 

I C U G  reconstruction. The ISMJEBM modei computes the precipitation based on a similar per- 

turbative method as for the temperature fieid. Precipitation is reduced by a factor of 1.03 for each 

degree by which the sea-level temperature at a grid point is decreased from its present day value. 

This provides reasonable correspondence with evpectations based upon the exponential behaviour 

embodied in the Clausius-Clapyron equation used to mode1 the dependence of atmospheric moisture 

content on temperature. 

3.4. Results 

In this section 1 wiil discuss the main results obtained in this initial andysis of LGM conditions in 

four parts. To begin, 1 wii i  briefly discuss results obtained on the bais  of proxy data reconstructions 

of both oceanic and terrestrial conditions at LGM and the extent to which these geological inferences 

compare with the AGCM simulation of LGM climate. In the second part 1 will focus the discussions 

upon some of the ciifferences reveaied between the ISM/EBM predicted climate and the climate 

deiivered by the AGCM simuiation, In the third part 1 wiii investigate certain characteristics of 

the global AGCM hydrological cycle at LGM and the conesponding changes simulated over the 

Laurentide ice-sheet. In the final results subsection the focus wii i  be upon the dynarnical aspects of 

the general circulation as simulated by the AGCM which are fundamental to the transport of water 

vapour in the atmosphere. 

3.4.1. Model-Mode1 Model-Data cornparison at LGM 

Our current understanding of glacial paieoclimate suggest that tropical ciiiate was cooler and more 

variable during LGM. The tropical ocean, especially in areas such as the Western Pacific, provide 

major sources of heat and water vapour to the atmosphere and are fundamental factors in dictat- 

ing the global response to clirnate change. Various proxy reconstructions of SSTs at last gIacial 

maximum have been used in an attempt to infer the state of this vital component of the climat@ 

system. The major sources of SST reconstructions are derived from oxygen isotope studies of plank- 

tonic and benthic foraminifera (CLXhIAP 1981; Broecker 1986)[38][30], SrJCa ratios in porite corais 

(Guiiderson e t  al- 1994; McCulloch et ai, 1999)[76][144], and by anaiyzing alkenones preserved in 

high-resolution marine sediment cores (Ohkoucbi et ai. 1994; Bard et al. 1997)[164][10~. However, 

there still rernain Iarge discrepancies between these various types of reconstructions. The m e n t  

consensus is that Sr/Ca ratios in ponte corals, such as those extracted from Barbados (McCulloch 



et ai. 1999)[144], provide the best bais  on which to inler tropical SSTs at LGM. Alkenone pale 

othermometry and planktonic microfossil assembIage methods may be affecteci by changes in the 

coupling between surface and thermocline temperatures (Fairbanks and Wiebe 1980)[58]; however, 

alkenone paleothermometry which is conducted on coccoiithiphorid cultures is thought to be bet- 

ter constrained. The algae, used in aIkenone studies, are constrained to the upper 1 0 h  of the 

surface ocean (Ohkouchi et al. 1994)[16J] and the analysis of Uz7 in alkenones to infer SSTs are 

well constrained at temperatures above 24 OC (Bard et ai. 1997)[10]. Corai records imply that 

tropical SSTs were up to 6 OC colder at LGM, which is consistent with those changes inferred from 

terrestrial records inferred From tropical snow line depressions (Webster and Stretcn 1978)[240], and 

ice cores b o a  tropical mountain ranges (Thompson et al. 1998)[2221. in Barbados, SST changes 

based on cord reconstntctions (Guiiderson et ai. 1994)[761 are 3 to 4 OC colder than C L b W  SSTs 

which show relatively iittle cooling across tropicai oceans, and even indicate warmer conditions that 

present in the tropicai paufic at LGLI. 

Modelling studies of LGM tropicai climate (Pinot et ai. 1999)[179] have recently been conducted 

in the conte. of the PMiP project (Joussaume and Taylor 1995)[107]. This study investigated 17 

simulations of LGM cliiate, incIuding the AGCM in this thesis, under the same prescribed LGM 

boundary forcing, using both prescribed (CLMAI' 1981)[38] and computed SSTs by couplmg the 

AGCMs with a mked Iayer thermodynamic slab acean. FolIowing Pinot et al. (1999)[179], Fig. 3.2 

depicts the changes in tropical land and ocean temperatures between 30 OS and 30 ON for present 

and LGM climate. Simulations which compute SSTs show tropical terrestrial cooliig which is about 

1.3 times that of the tropical SST decrease (Fig 2a) as noted by Pinot et ai. (1999)[179]. Simulations 

which compute SSTs consistently show decreases in tropical SSTs from those changes reconstructed 

fiom CLbL4P, with only 3 of the models (CCC2, ITK-UfO, CCMl, &lR.i2, and CLiMBER2) showing 

reasonable agreement with cooiing reconstructed from tmestriai proxy data. The CCCma mode1 

which is wed in this study (CCCS), which is one of the 5 modeis which agrees with the proxy data, 

delivers one of the largest cooiings over the tropical oceans (3.4 OC) which is in agreement with 

tropical SST reconstructions derived fiom corals (Guilderson et ai. 1994)[76]. However, the mode1 

delivers a uniform cooiing throughout the tropical oceans which is thought to be unrealistic based 

upon the larger spatial variabity oE the p r q  reconstructed tropicai data (Pinot et ai. 1999)[179]. 

The anomaIies displayed in Fig. 3.2a are sIightly sensitive to mode1 resolution as weii as in the 

treatment of the land-sea mask S o m  models use a land-sea mask which has fractional land cover 

a t  some grid ceils (grid ceII. which have been omitted in this intercomparison) and may affect the 

anomalies displayed in Fig, 3.2 (Gm2, hlFü2, and CHMBER2). The lower resolution modeIs are 
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also very sensitive to area averaging; for example, the CLIMBER.2 model has data displayed at a 

resolution of appraximately 10' in latitude r 50" in longitude. It is also interesting to note that 

some of the models which have a cold modern tropicaI chnate in the computed SST experiment 

(LIRE, and CCMlJ as compared with the rest of the PMIP modeis display LG51 anomalies which 

are also large (Fig. 3.2b). The model used in the present study (CCC2) and the UKMO model 

have tropicd climates which are similar to those of the other models in the PblIP intercomparison 

and ais0 display the large tropical coolings which are in agreement with the terrestrial and oceanic 

proxy data. 

The LGM tropical ocean anomalies in the C L M M  6xed SST =periments (Fig. 3.2~) are rather 

close as  would be e-xpected (-0.8 OC). The ciifferences are the result of a combination of the sea Ievel 

lowering by 120 m at LGM, which influences the land sea mask at each epoch in each model, and 

the individuai model resolution. The LGLI anomalies of terrestrial temperature in the fked SST 

experiments range fiom about -2.5 to -1.0 O C ,  and are much less than the changes observed in the 

computed SST experiments which range fiom about -5.0 to -1.0 "C. Of the models that have been 

run with both 6xed and computed SSTs (CCC2, MW2, GEN2, and IIGALIP) the CCC2 model 

demonstrates the largest terrestriai cooling in both experiments. In the k e d  SST experiments, two 

of the rnodelç which dispiay the largest terrestriai tropicd cooiiig, CCC2 and GEN2, have tropical 

control climates which are rather cool compared wich the other models in the PhIIP intercomparison 

(Fig. 3.2d). Nevertheless, these results obtained from this model-data intercornparison lend credence 

to the results which will be discussed in the foiiowing subsections. 

3.4.2. Simulated AGCM and ISM/EBM climatology at LGM 

In considering the minimum requîrements for accurate long timescale c h a t e  simulation it is im- 

portant to recognize the profound separation of the tirne scales on which atmospheric dynamics and 

ice-sheet dynamics evohe, atmosphenc processes cIearly being "faste? and glaciologicai processes 

"slower". An AGCM may therefore be employed to define "snapshots" of ciimate state on the 

basis of appraximateIy a decade of integration, a perïod during which the ice-sheets would evoIve 

imperceptibly, The boundary conditions required as ba is  for such integrations may be obtained 

on the bais of i n f i c e s  £rom the geologicai record. Climate predictions based upon such AGCLl 

simulations are also compared with proxy dimate data to determine whether the model is abte to 

acceptabty recreate such inferences of past c h a t e  state (e.g., Webb et al. 1997; Bush and PhiIander 

1998; Weaver et al. 1998; Pinot et al. 1999)[239][311[238j[179]- ISM based simulations, on the other 
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hand, are intended to describe the evolution of northern hemisphere ice-sheets on time scales of 

tens of thousands of years, scaies that are much larger than those over which one is able to extend 

on AGCM simulation. The ISM simulations which include the comple. web of feedbacks that act 

within the atmosphere/cryosphere/lithosphere systern are thernselves intended for comparison with 

histories of ice-sheet volume variations derived Erom long-time scde records such as those provided 

by ice cores and deep sea sedimentary cores fiom which total globd ice volume may be inferred (e.g., 

Imbrie et ai. 1984)[99] and relative sea-level histories that may be employed to constrain continental 

ice volume variations since the last glacial maximum (Peltier 1994, and 1996)[1701[171]. One migbt 

eventuaily envision incorporating ail of the slow time-scaie ice-sheet dynamics into a state of the art 

atmosphere-ocean-cryosphere GCM. However, even given the extraordinary computational power 

available on modern supercomputers, integrations as comprehensive as thii are as yet not possible. 

Modern ice-sheet coupled climate models now incorporate more advanced parameterizations of 

the atmosphere than previously, a component of the climate system which is clearly vital to the 

accurate determination of the accumulation and ablation processes which drive the evolution of the 

ice-sheets on long time scales. The global Energy Balance Mode1 (EBM) that is employed in the 

model of Tarasov and Peltier (1997a, 1997b, 1999)[216][217][218], which contains realistic geography, 

can be compared directly with fields obtained Gom an AGCM simulation of LGM climate in order 

to assess the quaiity of the parameterization schemes employed in the ISM/EBM. 

The 2-D geographic distribution of ISM predicted ice-sheet topography is usefully vaiidated 

against geophysicai reconstmctions of this field. A k t  step in the comparison of the model of LGM 

climate state to that predicted by the ISM/EBÀvI will therefore involve investigation of diifferences 

in the T32 spectraily decomposed Laurentide ice-sheet topography derived from the raw I C M G  

data itself. This smoothing process reduces the original 1" by 1" I C U G  resolution to the 3.5" 

by 3.5" resolution that is characteristic of the AGCM. Figs. 3.3a and 3.3b compare these two 

respective realizations of the ICWG topography and thereby iiiustrate the extent of the spectral 

smoothing that occurs when the original ICEXG structure is inserted into the T32 CCCma spectral 

AGCK The saddle feature centred over the Hudson Bay region is an artifact of the neglect of the 

inhence of "implicit icen (Peltier 1998b)[173] in the geophysicai reconstmction of topography. The 

Cordiiieran ice-sheet in Western Canada is aIso smoothed substantiaily and is lower than the ICE- 

4G height by 300 meters. The icesheet diçtriïution and extent a t  LGM in the ISM integration is 

characterized by features which are sigrdicantly Merent fiom those characteristic of the ICE4G 

model (Fig. 3.3~). Speci£icaily, in the ISM simulation, the ice height maxima are located directiy 

over the modern Hudson Bay region and the Western Cordiliera .As already mentioned, when 



ICE-4G Topographlc Height Reconstniction (rneters) AGCM T32 Spectral Topography [ICE-4G] (meters) 

ISM Toposraphy (meters) 

Figure 3.3: Last Glaciai 1\I&um topography. (a) ICWG hi-resolution data set. (b) AGCM T32 
spectrally smoothed ICWG LGM topography. (c) ISM topography at maximum ice volume. (d) 
AGCM minus ISM LGM topographie anorndy. The ice-sheet rnargin in Figs. (a),(b) and (c) is 
displayed by a white line dong with the southem ice margin extent of Figs. (b) and (c) in (d). 

the influence of "implicit icen is included in the geophysicai reconstruction of topography then the 

saddle in the inferred topography is in fact removed. -4 shortcoming of the ISM simulation, on the 

other hand, is the la& of the ice-sheet extension into South Eastern Canada and the United States 

which is known to have evisted on the bais of geomorphologicd considerations (e-p., Vincent and 

Prest 1987; Clark 1996)[233][37]. Inspection of the ciifference betneen the AGCM (geophysicaliy 

inferred) topography and the ISM predicted topography for LGM reveals a merence of up to 1500 

meters over the Great Lakes region (Fig. 3.3d). In fact, there is a positive height anomdy dong 

much of the southern portion of the geophysicalIy infierred ICELG Laurentide ice-sheet, coupled 

with a negative anomaly over much of Northern Canada. The ICE4G model, which fits the surface 

geomorphologicd inferences of Vincent and Prest (1987)[2331 is both thinner in the north then the 

ISM/EBM prediction and extends to Sgnificantly iower latitudes as indicated by the extent of the 

ice m a r g h  plotted in Fig. 3.3d. 



AGCM Modem Mean Annual GT PCI AGCM LGM Mean Annual GT CC) 

ISM LGM Mean Annual GT (OC) LGM Temperature Anomaly [AGCM - ISM] (OC) 

Figure 3.4: .&nual mean ground temperature reconstructions ("C). Contour and shriding intenais 
are 5 and 10°C, respeaively. (a) Modern AGCM simulated climate with computed SSTs. (b) 
LGM AGCM simulated climate with computed SSTs. (c) ISM ground temperature at maximum ice 
extent, (d) AGCM minus ISM LGM ground temperature anomaiy. 

The surface temperature difference between the ISM/EBM prediction for LGM and that from 

the AGCM is iiiustrated in Fig. 3.4. The annual mean modem climatology produced by the ..\CC31 

is displayed in Fig. 3.4a. The presence of the Laurentide ice-sheet is clearly seen in Fig. 3.4b 

which displays the simuiated AGCM ground temperatures over the ice-sheet at LGM. Temperatures 

are more than 30' C lower in the centrai portions of the ice-sheet than in the same geographicai 

region at present. The LGM temperature distribution produced by the ISM/EBM is displayed in 

Fig, 3.4~ dong wïth the merence between the AGCM and ISM temperature in Fig. 3.4d. The 

anomdy pattern clearly includes very significant ciifferences with a large minimum of more than 20" 

C existing over the Great Lakes area. Also of note is the maximum of about 7% to the northwest 

of Hudson Bay. The temperature anomalies are for the most part dominated by devation effects. IE 

one assumes a lapse rate of 7.S°C/km, the 1500 meter elevation anomaiy over the Great lakes region 

(Fig. 3.3d) should correspond to a reduction of approximatdy 10°C. This effect alone therefore fails 
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to account for the more than 20 degree depression of temperature observed in this region. Hewitt 

and Mitchell (1997)[85] conducted a sensitivity study using the W h 1 0  AGCM to investigate the 

radiative forcing of ciiiate at LGM. Changes to surface albedo, insolation and a lowering of CO2 

concentrations were used to isoIate the effect of each of the ice age boundary conditions. This study 

concluded that the cooiing over the ice-sheets is in large part due to the hi& aibedo of the icesheets 

and not to the increased elevation of the topography. This is Iikely to account for the extra 10 "C 

lowering noted above as the ice-sheet in the EBM/ISM d o s  not extend to the same southern latitude 

as it is assumed to do in the AGCM (one would expect large thermal effects given the Iarger insolation 

incident at Iowa latitudes). Hewitt and Mitchell also aoted that cloud cover changes, which were 

found not to be independent of surface albedo, caused a further negative feedback on the climate so 

as to slightly reduce the cooling over the ice-sheets. Interestingly, the maximum elevation anomdy 

of 1100 meters over Northwestern Hudson Bay corresponds to a positive temperature anomaly of 

7.3OC, in precise agreement with the typical atmospheric l ape  rate which suggests that, in fact, 

changes in albedo are indeed very significant. 

As with the temperature intercornparison, the precipitation distributions are illustrated in Fig. 

3.5. The annuai mean modern ciimatoiogy simulateci by the AGCM shown in Fig. 3.5a captures 

some of the main features of the present day observed precipitation pattern (not shown). Heavy 

precipitation over the West coastal areas of Canada and the corresponding rain shadon. regions to the 

east are faithhilly represented. .At LGM the AGCM precipitatian distribution is reduced over much 

of the northern regions of Canada (Fig. 3.33). The ISM LGM I I d a t e d  precipitation, which is a 

temperaturecorrected modem observed distribution, is characterized by a much geater decrease of 

precipitation than that predicted by the AGCM at LGM (Fig. 3.52) and rnay be taken to reveai 

deficiencies in this ISM pararneterization as the AGCM precipitation is a much l e s  constrained pa- 

rameterkation. The LGM precipitation anomaly (E'ig. 33d) displays the major ciifferences between 

the ISM and LGM distributions+ In particular, there is again a maximum of 0.7 meters/year in the 

Great Lakes region, an area in which the ISM fails to produce a significant southward extension of 

the Laurentide icesheet. This anomaiy may be associated with changes from present in the mid- 

latitude storm tracks which at LGM are expected to fia& the southem regions of the Laurentide 

icesheet, vatiations which might weII provide us with an eupIanation of the south eastern lobes of 

the Laurentide icesheet. Probably more significant, however, is the perturbation to the temperature 

fieid that 1 expect to arise in consequence of the enhanced stationary planetary wave response to 

the marked change in topography, a subject which is iiuther investigated in the thkd part of the 

results section. 
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AGCM Modem Mean Annual Precipiiatfon (nSyr) 

ISM LGM Mean Annual Predpitation (mEy f )  LGM PredpitaUon Anornaly [AGCM - ISM] (mfyr) 

Figure 3.5: . h u a i  mean precipitation distributions (rn a-'). (a) Xodern AGCM simulated cli- 
mate with computed SSTs. (b) LGM AGCM simuiated climate with computed SSTs. (c) ISM 
precipitation at maximum ice e..ent. (d) AGCM minus ISM LGM precipitation anomaly. 

3.4.3. Mass Balance and the AGCM hydrological cycle at LGM 

The detailed balance between the accumulation and ablation over the Laurentide icesheet is of cen- 

trai importance in ISM ice dynarnics. It is the persistence of s m d  clifferences between accumulation 

and ablation, and processes within the icesheet, that determines the long term growth or decay 

of the ice-sheet. The accumulation mainly resuits Erom the annual snow mass accumulation and 

refrozen snow melt minus changes due to evaporation and sublimation. Ablation occurs on a much 

smder  spatial scaie than that of accumulation, being confined primady to a thin ablation zone at 

the edge of the icesheet. Thus, icesheet modeIs oRen employ a parameterkation scheme for ice 

ablation based on the Positive Degree Day (PDD) formahm (e-g-, see Braithwaite 1995; Huybrechts 

and T'siobbel 1995)[26][!34J. An appropriate definition of a PDD is as the number of hours within 

the day in which the temperature is above O°C divided by 24 hom. This is intended to represent 

the perïod during which there is energy a d a b k  to melt the snow or ice. The annuai melt rate 
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is then set proportionai to the number of PDDs per year multiplied by some suitable rate of snow 

and ice melt, with a fraction of snowmelt assumed to refreeze. In the ISM/EBM of Tarasov and 

Peltier (1997b, and 1999)[217][218], the snow and ice melt rates are assumed to be 3.0 and 8.0 mm 

PDD-', respectively. Other physics is also involved in the ablation of ice-sheets, including iceberg 

calving dong ocean margins. No detailed attempt to represent this process is incorporated within 

the ISM/EBM or AGCM models discussed in this study, but it is nevertheless important. In the 

EBM/ISM, ice-sheets are allowed to -and oato the continental shelves to the 400 meter modern 

bathyrnetric contour, at which point calving is assumed complete. 

The vigour of the atmospheric components of the hydrological cycle, narnely precipitation and 

evaporation, during LGM conditions will clearly determine the accumulation of snow mass over the 

ice-sheets. The simulation of LGM cIimate in which SSTs are computed using a thermodynamic 

mixed-laycr slab occan produces a reduction of 4.8'C in the global average surface temperature. 

Since the atmospheric rnoisture content is nonünearly related to changes in atmospheric tempera- 

ture through the Clausius Clapyron equation, the amount of moisture in the atmosphere and the 

energy avaiiable for evaporation a t  the ocean surface shodd be significantly reduced. In fact, an 

investigation of the mean global quantities of precipitation and evaporation over land and ocean do 

very clearly reveai a reduction in the vigour of the hydroIogical cycle at LGM (Table 3.1). From 

the subtropical oceans, where evaporation exceeds precipitation, moisture is transported to regions 

over land where the precipitation is in evcess of evaporation. The evcess moisture is then either 

subsequently shed as run off to the oceans, or, in regions such as those over the Laurentide ice-sheet 

at LGM, contribute to the accumulation of snow m m .  The XGCM simulated modem global hy- 

drology appears somewhat more vigorous than that which is actudy observed at present. Table 

3.1 indicates that the observed d u e s  (Baumgartoer and ReicheI 1975)[12] are slightly srnaüer over 

the oceans and much more so owr land. At LGM, the g1obaI precipitation and evaporation are 

both reduced compared to the simulated modem climatology, with evaporation being reduced less 

over the oceans than precipitation, and vice versa over Iand. It is notable that the strength of 

the predicted LGM hydrologicai cyde appem to be in better agreement with the strength of the 

modem observed cycIe, cIearly reveaIing a deficiency of the AGCM modem predicted cirdation. 

The reduced strength of the hydrological q d e  at LGM as compared with present is also in accord 

with studies of dust concentrations at LGM found in ice cores fiom Greenland and Antarctic. Yung 

et ai. (1996)[244], for example, suggest on the basis of the magnitude of the enhancement of the 

dust concentrations observed in ice cores a t  LGM, that the strength of the hydrologicai cycIe at 

that tirne must have been approlamately haif that of the observed modern cirdation. The stronger 



Table 3.1: The globai hydrologicai cyde. Area averaged quantities for modern observed (from 
Baumgartner and Reichel 1973 )[12], modem AGCM simulateci and 21 kyr BP AGCM simdated 
hydrological components over land and ocean 

reduction in evaporation than of precipitation, as a result of the reduced hydrologicai cycle over land 

at LGM, might be expected to provide a source of evcess moisture (runoff or snow accumulation) 

in the northern regions of the globe especialiy since the majority of the land area is in the northern 

hemisphere. 

Zondy averaged changes in precipitation minus evaporation (P-E), between LGM and modem, 

over a portion of the northern haif of Xorth America (Fig. 3.6a) are displayed in Fig. 3.6b. Both 

precipitation and evaporation anomalies are substantidy reduced, especiaily over the latitudinai 

regions occupied by the Laurentide ice complex. Decreases in evaporation are larger than those in 

precipitation and result in positive zonai P-E anomalies of up to 30 cm/a centred at 50°W over the 

Laurentide ice-sheet. The spatiai variation of thii anomaiy is dearly displayed in the P-E anomaiy 

in Fig. 3.7a where three distinct maxima are observed. The largest anomalies are over the modern 

Great Laka region and over the Western Cordiliera with local maxima of 956 Kg m-' a-' (956 mm 

water equivaient) and 1262 Kg m" a-', respectively while the other somewhat weaker maximum 

is located over Xorth Wstern Canada. A comparison of the mow mass accumulation rate over the 

Laurentide icesheet (Fig. 3.Tb), for the LGM experiment in which SSTs were computed, reveais 

a strong correlation with the LGM P-E anomdy fiom Fig. 3.7a. The snow mass accumulation 

is dehed a s  the annual average snow mass accumulation from the beginning to the end of the 

equilibrium 10 year simulation period. The snowfall term in the LGM mass budget would, however, 

be expected to foiiow that of the LGM precipitation while that of the snow accumulation must resdt 

Eiom a combination of LGM P-E and LGM snow melt over the Laurentide ice-sheet since snow melt 

does not rekeeze in the AGCM- This suggests that the modification of the modern hydrological 

cycle at LGM is Iargely responsible for the distribution of the snow m a s  accumulation zones over 

the Laurentide icesheet. The la& of interannuai mriability in snow mass accumulation in the 

modei produces a nearly h e a r  annual accumulation rate of 246 mm a-' over the region indicated 

G I O ~ ~ I  area (%] 
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67 33 
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119 49 
17 (34) 
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Figure 3.6: AGCM simulated zonaIIy averaged P-E anomaiy over the Laurentide ice-sheet (un a-'). 
(a) The region of interest: 35ON to 75"N and 138"W to 56"W. (b) Changes in P-E between LGM 
and present zondj- averaged over the region of interest. 
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Figure 3.7: LGM ice-sheet mass balance shulated in the AGCM computed SST qe r imen t  over 
the region of interest (Fig. sa). (a) h u a i  mean P-E anomaly between LGM and present (Kg rn-" 
a-'). (b) Snow mass accumulation rate at LGM (Kg m-' a-'). (c) Snow mass ablation rate a t  
LGM (Kg m-2 a-') (d) Positive mass balance at LGM (Kg m-' a-'). 

in Fig. 3.6a. The LGM ecperiment in which SSTs were fixeci to CLIXAF' inferred values produces 

a P-E anomaly and snow m a s  accumdation which are nearly the same as the distributions in the 

computed SST experiment (not shown). 

The ablation rates dong the edges of the Laurentide ice-sheet can also be assessed at least quali- 

tativeiy in the AGCM. ISM/EBM rnodeis such as that of Tarasov and Peltier (199% 1999)[2171[228] 

employ mass balance parameterizations based upon the PDD formalkm described above. The cal- 

culations are based upon the surface temperatures produced with the EBM cornponent of the model, 

in which the ablation rates are set proportional to the annual number of PDDs. A simiIar caicdation 

employing the AGCM ground temperatures to deduce the LGM annual ablation rates is caiculated 

from the number of PDDs times the snow meIt factor described above- The LGM snow rneIt rate is 

displayed in Fig. 3 .7~  over the same region as for the snow mass accumulation. Much of the area 

over the Laurentide ice-sheet has zero PDDs as  is expected to be the case fiom the position of the 

mean annual zero degree isothemn (Fig. 3.4b). The abiatïon rates then quickly rise near the margins 
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of the Laurentide icesheet and dong oceanic fronts. The steep gradients which occur dong the edge 

of the ice-sheet are of course instrumental in determining the equilibrium Iine of the ice-sheet. The 

LGM positive m a s  balance (Fig. 3.7d) which is the combination of the accumulation minus the 

ablation t e m  of Figs. 3.6b and 3.6~ indicates that the major@ of the Laurentide ice-sheet has a 

positive mass balance in the AGCM simulation. 

The equilibrium he, which is clearly observed in Fig. 3.Td, is more accurately resolved in 

Fig- 3.8, which displays the ablation zones dong the edges of the Laurentide icesheet for both the 

IShI/EBM (Fig. 3.8a) and AGCM (Fig. 3.8b). The resolution of the ISM/EBbl is much greater 

than that of the XGCM, and demonstrates the need to adequately resolve this sensitive region of 

the icesheet, The Laurentide icesheet ablation zone in the ISM/EBM is approximately 1 to 2 grid 

cells in most areas, where the grid ceils are displayed at a la by la resolution. The corresponding 

Laurentide ice-shcet ablation zone in the AGCM is much less dehed  where the GGCM resolution 

is 3.7fi0 by 3.75". The ablation rates alone the edges of the ice-sheet in the ISM/EBSI quickly rise 

to more that 6000 Kg m-? a-' (6 rneters water equivalent) within one or two grid celh dong the 

southern margins of the ice-sheet. The AGChI, however, has a more discontinuous ablation gradient 

as compared with the ISM/EBM. Also of note is the degree to which the AGCM Laurentide icesheet 

extends much further southward than the corresponding ice-sheet in the ISM/EBM. 

The obvious differences between the ice-sheet mass balance in the two models and in particular 

the sharp ablation zone demonstrates the need for a high resohtion land surfacescheme if corrections 

for lapse rate effects and an improved radiation balance are to be achieved within an AGCM Studies 

of this type using an AGCM (e-g., Glover 1999)[731 have demonstrated that by incorporating high 

resolution adjustments into the modern simulation of the Greenland icesheet, a more detailed and 

accurate m a s  balance can be obtained. This will, of course, also appIy to the differences noted 

in the Laurentide ice-sheet mass balance and should be incorporated within AGCM paleoclimate 

simulations. 

3.4.4. The General Circulation and Eddy Moisture 'Ikansport at LGM 

Sea levei pressure and surface wind anomalies give a good indication of changes in the surface 

circulation at LGhL The differences that occur in the Iow-[eVd circulation a t  LGM have been weii 

documented in the past and with increasing resoiutionover tirne (e.g., Manabe and Hahn 1977; Broc- 

coli and hfanabe 1987; Joussaume 1993; Lorenz et aI. 1996; Hall et al. 1996)[140][28][106][131][77~. 

Nevertheiess, it d l  prove inst~ct ive to investigate the nature of the changes delivered by the CC- 
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Figure 3.8: Lawentide iœ-sheet ablation zones for the (a) ISM and (b) AGCM. Units are in Kg 
m-2 -L a .  
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Figure 3.9: Northern hemisphere mean sea level p r m e  @Pa) and surface winds (metersfsecond) 
for (a) modern D m ,  (b) computed SST LGM DJF, (c) fixed SST LGM Dm, (d) modern JJA, (e) 
computed SST LGh4 JJA, and (fl Kued SST LGM JJA, Contour intervai is 10 hPa. 
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Cma AGCM and to note similarities and Merences with those obtained in previous investigations. 

The mean sea level pressure and surface wind vectors for modem and both the computed and fixeci 

SST LGBI evperiments are displayed in Fig. 3.9 with the corresponding LGM anomalies displayed 

in Fig. 3.10 for December-January-February (DE) and JuneJuly-August (JJA). The anticyclone 

positioned over the Laurentide ice-sheet in northeni hemisphere winter and summer is readily a p  

parent in both the computed and iked SST LGM anomalies in Fig. 3.10. The surface wind on 

the southern Rank of the Meutian low, which flows onto the West coast of Xorth America in the 

modern circulation, is aImost arrested by the presence of the ice-sheet and is deRected mostly north- 

ward (see also Lorenz et al. 1996; Hd et al. 1996)[131][77]. The decrease in the intensity of the 

sub-tropical high in the Eastern Paafic basin dong with the increased pressure over the Laurentide 

ice-sheet at LGM results in a weak southward surface flow of air which replaces the strong winter 

westerlies present over the United States in modern times. The modification of the Icelandic Iow 

in the north Atlantic dong with an intensification and a more easterly repositioning of the Azores 

high during winter results in a more southward 0ow of air dong the east coast of Xorth Amerka 

(Lorenz et ai. 1996)[131] as is observed in the anomalies in Figs. 3.10a and 3.10~. Based upon 

the winter anomalies in both LGM experiments one would expect that the nature of the North 

Atlantic Oscillation (XAO) would have been much different at LGM (Appenzeiier et al. 1998)[8]. 

Changes in northern hemisphere wuiter owr the Fennoscandian icesheet, which is also overlain by 

an atmospheric anticyclone, are similar to the Laurentide ice-sheet but are of much reduced extent. 

The summer circulation in Figs. 3.9 and 3.10 displays the same anticyclonic response over 

the Laurentide icesheet but is of a slightly Iower magnitude. in this season it is a reduction in 

the intensity of the sub-tropicai Pacific high and a sIight easterly displacement of the hzores high 

that result in the anticyclonic flow over the Laurentide ice-sheet. A comparison of the summer 

surface wind vector anomalies over the Xorth Pacific for the computed and fixed SST experirnents 

(Figs. 3.1Ob and 3.10d) demonstrate that the nature of the boundary forcing in the Xorth Pacific 

gyre strongly infiuences the westerly air flow over the Xonh Pacific. The nature of this boundary 

forcing wiU be further ilutrateci in this section of the chapter. Another interesting feature of the 

summer circulation is the weakening of the Indian monsoon as depicted by the southward wind 

vector anomalies in Figs. 3,106 and 3.10d. The northward flow of air in the Bay of Bengai is 

reduced at LGM due to the decrease in the land-sea temperature contrast, which is indicated by the 

reduced monsoon low pressure system over India. The monsoon appears stronger in the fixeci SST 

LGM euperiment and is likely a r&t of a w m e r  land surface temperature of more than IOOC in 

this region relative to the computed SST LGM experïment (not shown). Likewïse, the modification 
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Mean Sea Level Pressure and Surface Wind Vectors 
DJF (LGM-Modem) [Computed SSTs] JJA (LGM - Modem) [Computed SSTs] 

DJF (LGM - Modem) [Fixed SSTs] JJA (LGM - Modem) [Fixed SSTs] 

Figure 3.10: Northem hemisphere mean sea IeveI pressure @Pa) and surface winds (meters/secondJ 
anomaües (LGM -Present) for (a) computed SST DJ?, (b) computed SST JJA, (c) h e d  SST DJF, 
and (d) fixed SST JJA. Contour intervai is 5 hPa. 
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of the low pressure system over the southwestern U.S. gives rise to a weakening in the blexkan 

monsoon at LGM which reduces the transport of warm moist air into eastem North America. 

The winter 300 hPa geopotential height, which is often used to Uustrate the winter stationary 

wave pattern, is displayed dong with the 500 W a  wind vectors in Fig. 3.11. Figs. 3.11a and 3.11b, 

for modern and LGM, display a wave number two pattern which is typicaiiy expected of the winter 

northern hemisphere circulation. In Figs. 3.11a and 3.11b the 500 hPa jet Stream is indicated by the 

arrows which display wind strengths greater than 10 m/s. The vertical stretching of the air colurnns 

upstrearn of the west Caurentide icesheet causes the air parceis to Row more northward than at 

present (Fig. 3.11b). -4s the air colurnns cross the increased vertical barrier, the anticyclonic relative 

vorticity in the flow increases and drives the parcels southward relative to the background vonicity. 

The constraint of the conservation of potential vorticity results in the more diffluent air fiow over 

western North bmerica at LGM. Figs. 3.11~ and 3.11d display the winter anomalies between LGM 

and present for both the computed SST experiment and the 6.ed SST experirnent in which CLBLU 

SSTs are used as lower boundary condition. The wave number two anomaiy, which is apparent in 

both simulations, is characterized by a long wave pattern wïth a meridional structure which decreases 

towards equatorkd latitudes. The two anomalies in Fig. 3.11~ and 3.11d also iiiustrate the broad 

decreases in geopotential height which imply a cooler temperature (thickness) of the column of air 

in the LGbI ciimate. In the computed SST anomaiy (Fig. 3.11cj, the spreading of the westerly jet 

upstream over the west Laurentide ice-sheet is clearly visible on the West Coast of Xorth America, 

which is characterized by a high thickness anomaiy to the nonh and a low thickness anomaly to the 

south. It is interesting to note that this result is very simila to the result obtained in a R15 lower 

resolution study of LGM c h a t e  with a mixeci-layer slab ocean (Broccoli and Slanabe 1987)[28]. 

This sensitivity study concIuded that most of the 500 W a  features m e  a result of the inclusion of 

the LGM topography and not due to CO:! or albedo effects. 

On the bais  ofboth the computed and 6xed SST LGM evperiment anomalies, it will be observed 

that each locai minimum (local maximum) in the longitudinal variability can be coupled with a local 

maximum (local minimum) of the more southerly longitudinal variabiiity (see adjoining lines between 

highs and lows in Figs. 3.11~ and 3.11d). This feature may be a result of an enhancement of the wave 

number 2 stationary Rossby wave a t  LGM as a result of the fluïd parcels being deflected weU beyond 

th& position relative to the mean background vorticity- This enhancement of the stationary wave 

pattern, which may al30 partiy be a consequence of the nature of the diabatic forcing in this region, 

aIso corndates with the Wmence in temperature between the AGCM and ISM/EBM, simulated in 

the south eastem lobes of the Laurentide ice-sheet at LGM (Fig. 3.4d). Over Eastern Canada, the 
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- - .  - 

DJF Modem [Computed SSTs] IXIF LGM [Computed SSTs] 

DJF (LGM - Modem) [Computed SSTs] OJF (LGM - Modem) [Fixed SSTs] 

Figure 3.1 1: Northern hemisphere winter 500 Wa geopotential height (decameters) and wind vectors 
(meters/second) for (a) modern, (b) LGM, (c) computed SST LGM - modern, and (d) fixeci SST 
LGM - modern, In (a) and (b) contours are at 10 decameter intervais with wind vectors greater 
than 20 m s-' shown. in (c) and (d) contours are at 2 decarneters nith shaded regions geater than 
-10 and O decameters, respectively. 
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anomalies in the 500 hPa jet steam depicted in Figs. 3.11~ and 3.1Id for the two LGM experiments 

reveai a consistent increase of the geostrophic flow between the geopotentiai high over Canada and 

the geopotentiai Iow over the North Atlantic. This resdts in a southward flow of cold air being 

driven directiy to these southem lobes of the Laurentide ice-sheet which extended into the New 

England region of the United States at LGM. Implications of this pattern in the maintenance of the 

southeastem margin of the North Amencan ice-sheet as well as in the strengthening of the western 

portion of the North Atlantic s tom track were first discussed in Broccoli and hIanabe (1987)[28]. 

This study showed that an increase in winter precipitation associated with the increased intensity of 

the storm track might be essential to the mass budget of the icesheets and provide a self sustaining 

mechanism for ice-sheet growtb. 

Both 500 hPa anomalies for each LGM experiment have fairly consistent features. However, 

there are diierences in the nature of the planetary wave structure which is certainly a result of 

the differences of the lower boundary forcing between the two experiments. An interesting feature 

involves the jet Stream over the Xorth Atlantic ocean. Both anomalies in Figs. 3.11~ and 3.11d 

show a strengthening of the jet over the North Atlantic- The anonalies also indicate changes in 

the curvature of the jet in this region. The high-low meridionai pattern extends in a northwest 

direction in the computed SST experiment and has an airnost northward orientation in the h e d  

SST experiment over the North Atlantic. Thus, the jet is sIanted more ta the northeast in the 

computed SST experiment. Clearly, this is the influence of the repositioning of the Atlantic storm 

track to coincide with the region OF steep horizontal temperature gradient dong the edge of the sea 

ice distribution which is displayed in Fig. 3.12. This behaviour has &O been noted in a study of 10 

sets of simulations of present day and LGM climate in the contevt of the PME' project (Kageyama 

et al. 1999)[110]. That study, whi& investigated the nature of the high frequency transients in the 

storm track zones, noted increased baroclinicity in the traditionai baroclinic zones dong the Atlantic 

ocean sea ice edge. 

The sea ice used in the SST experiment is based upon an interpolation of CLJX4.P inferred 

distributions of sea ice for February and August (Fig. 3.12b). The sea ice thickness, which was not 

estimated by CLI&L@, was introduced into the mode1 based upon obserwd gradients in modern 

sea ice thickness. The sea ice in the computed SST euperiment (Fig. 3.12a) is caicuiated from a 

thermodynamic sea ice module which is linked with modem day ocean heat transports which were 

left almost unmodifieci in the LGM experiment. At LGM much of the continentai shelves were 

exposed as a result of the lowering of the ocean d a c e  by 120 meters on average. This therefore 

requires a moditication of the implied oceanic heat transports which are necessary in these sirnplified 
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Computed Mean Annual Sea Ice Mass (Kg mQ) 

CLIMAP Mean Annual Sea Ice Mass (Kg mS) 

Figure 3.12: Annual mean sea ice mass distributions (Kg m-*). (a) Computed SSTs and sea ice 
distribution. (b) CLI3iAP SSTs and sea ice distribution. 
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models to remove climate drift. Ocean points which became exposed as land a t  LGM have residuals 

which are combined into the average meridional oceanic heat transport on each latitudinai cirde so 

as to maintain the globaüy averaged oceanic heat convergence. The logic here is based upon the 

assumption that the deep ocean circulation in this experiment wouid have a thermohaline component 

which is not significantly weaker at LGM but much the same as modern. This is however, a topic 

of current debate (e.g., Weaver et ai, 1998)[2381 and the currently emerging consensus seerns to be 

that the LGM thermohaline circulation was shaüower and of reduced northerly extent in the high 

Northem Atlantic region than at present. There remains, in fact, a great degree of uncertainty as 

to the state of the thermohaline circulation at LGM, but the sea ice distributions in the computed 

SST experiment nevertheless agree well with reconstructions of the sea ice ciistnbution in the north 

Atlantic based upon dinoflagellate cysts (de Vernal et ai. 1993, 2000)[50][51]. It may be argued, 

however, that the assumptions of modern day oceanic heat transports at LGM may be inhibiting the 

growth of sea ice in the computed SST LGM experiments and therefore biasing the North Atlantic 

climate. 

Changes over the North Pa&c at LGM are also apparent upon inspection of the differences in 

Figs. 3.11~ and 3.11d. The intense high-low gmpotential anomaly over the North Pacific in the 

Exed SST experiment indicates an increase in the anomalous mid-latitude westerlies in this region. 

This appears to be a resuit of the juxtaposition of the anomalously warm Xorth Pacific subtropicd 

gyre of the CLlM14P reconstntction of SSTs (Fig. 3.13a) with an inaease in high latitude coohg 

relative to the computed SST experiment in winter (Fig. 3.13b). The sensitivity of the North 

Atlantic and Pacifie jet strearns to the sea ice distribution and SSTs in the two CGM experiments 

clearly demonstrates that an understandimg of LGM atmosphereocean interactions, based upon the 

use of a f d y  coupled atmosphere-ocean GCM, will be crucial in the next generation of paleochate 

experiments. 

Water vapour plays a cntical role in dimate processes, both by infiuencing the amount of radiative 

transfer within the atmosphere and as a carrier of Iatent heat energy. The annual mean movement 

of moist air masses is weii characterized by the vexticaüy integrated moisture transport which is 

dispIayed in Fig. 3.14. Regions of divergence of this moisture transport, indicated by Iows in the 

subtropical Pacific and Atlantic oceans in Figs. 3.14 a,b and c, are associated with moisture sources 

and demonstrate that much of the moisture necessary for precipitation or s n o d d  over the continents 

is supplied by the oceans. Figs. 3.14a and 3.14b compare the modem observed moisture transport 

with that simulated from the modern computed SST experiment. The observed field was extracteci 

h m  a fiveyear dimatology which was prepared using the Canadian Meteorologicai Center's (CMC) 
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DJF SSTAnornaly [CLIMAP - Modem] CC) DJF SSTAnornaly [Cornputed - CLIMAP] CC) 

Figure 3.13: DJF ground temperatures and sea surface temperatures. (a) CLLV1.W h e d  SSTs - 
Modern (b) Computed SSTs - CLJ3L4f SSTs. Contour interval is 5 OC. 

operationai analyses for the period December 1990 to November 1995. The CMC data assimilation 

system is descnbed in Mitchell et al. (1993)[152] and Mitchell et ai. (1996)[153]. The total moisture 

transport in the mode1 simulation agxees weii with the observations but is more intense, indicating 

the increased vigour of the modem simdated hydroIogicai cycle which was also noted in Table 3.1. 

Since much of the water vapour lies in the iower troposphere, the earth's orography modifies the 

transport of water vapour Gom ocean to land. The influence of the Rocky rnountains is clearly visible 

in Figs. 3.14a and 3.14b, which display a deceieration and a subsequent convergence of moisture 

upstream of the mountain range. This inhibits the penetration of water =pour into the interior of 

the continent. Much of the moisture received within the interior of the North .herican continent 

originates from the Gulf of Mexico in the observations- Bowever, in the modern simulation the 

major source is £rom the Pacific which appears to be about 50% too strong. Changes in the supply 

of moisture to the Laurentide icesheet are clearly reveaIed in the LGM moisture transport shown 

in Fig. 3.14~ and the LGM anomaiy sfiown in Fig. 3.14d. The LGM moisture transport anomaiy 

demonstrates that moisture flow dong the mid-latitudinai band is reduced over the North h e r i c a n  

and ,4si*an continents at LGM. Fig. 3.14~ &O shows that the moisture received within the interior 

of North -4me~fca a t  LGM originates h m  the Guif of Me-uco as in the modem observations. The 



Modern Observed Total Water Vapor Transport Modem Simulated Total Water Vapor Transport 

LGM Simulated Total Water Vapor Transport LGM -Modem Simulated Water V a w  Transpart 

Figure 3.1.1: Annual mean total water vapour transport (Kg m-' s-'). (a) Modem observed. (b) 
Modern computed SST simulation. (c) LGM computed SST simulation. (d) LGM - modem anomaiy. 
Contour intervai is 100 Kg m-' s-' in (a), (b), and (c) and 50 Kg m-' s-' in (d). 



largest decreases in the moisture flow occur just to the south of the Laurentide and Fennoscandian 

icesheets. The LGM auomaly also indicates that there is a decrease in the supply of moisture fiom 

the h1exica.n monsoon into the North American interior and also a decreased supply in the Indian 

monsoon region of the globe. The decrease in precipitation simdated over the Laurentide ice-sheet 

(Fig. 3.6) indicates that this reduced precipitation results fkom the decrease of the intrusion of moist 

air into the North he r i can  interior. 

The meridionai f l u  of moisture varies considerably with the seasonai cycle but is predominantly 

poleward in the annuai mean. This moisture transport is accomplished mainiy by the transient 

eddies associated with the baroclinic lows dong the polar front and the stationary eddies in the 

subtropical anticyclones. The transient eddies contribute a much greater iraction of the total 

transport of water vapour in the meridional than the zonai direction and are displayed in Fig. 

3.15. The meridional transient eddy transport of water vapour is therefore very simiIar to the 

total meridional transport in the mid-latitude regions (not shown). Figs. 3.15a and 3.15b show 

the annuai mean mendionai transport of water vapour by transient eddies from both the modem 

CMC observed climatology and the AGCM modern simulateci transport, respectiveiy. The simulateci 

transient activity is more enhanced and more miable than that in the observed climuology but 

both display a sirnilar structure. The simuiated transient activity is again much too strong (by 

about 50%) in northern latitudes as weii being much too vigorous in the intertropicai convergence 

zone over .%ca, Asia and the Western Pacific. The strong modern poleward flux in the mid- 

latitudes in both hemispheres is shown in the zonaliy averaged meridional transient eddy moisture 

transport in Fig. 3.16a. This figure reveals poleward flow at 4 latitudes and at al1 levels piith 

maxima m the mid-latitudes below 850 hPa. The LGM zondy averaged anomaly shown in Fig. 

3.16b displays a poleward decrease in the meridionai transport of water mpour by the transient 

eddies. In the northern hemisphere there is a slight increase in transport at 50' N latitude in the 

Iowest modei level indicating a possible convergence in moisture at this latitude. Fig, 3.27 shows the 

spatiai distribution of the LGM meridional transient eddy anomaiy over North America and Europe, 

where the Laurentide and Fennoscandian icesheets are located. Areas of moisture convergence are 

characîerïzed by decreasing northward gradients such as those on the eastem and western parts of 

centrai North America (Fig. 3.17a). The two regions in Fig. 3.17a correspond well with the regions 

of snow accumulation in Fig. 3.7b. Fig. 3.17b dispIays a simïiar but much broader LGM auomaiy 

over the Fennoscandian icesheet. The region of convergence is centred over the Scandinavian region 

and iiiustrates the nature of the moisture suppiy by the transient eddy activity- 



Modem Observed Northward Transient Eddy Moisture Transport (v'q') [Kg m'k"] 

Modem Simulated Northward Transient Eddy Moisture Transport (v'q') [Kg m"s"] 

Figure 3.15: Annual mean northward meridional transient eddy moisture transport (Kg rn-l CI)- 

(a) Modern observed. (b) Modern computed SST simulation. Contour interval is 10 Kg m-' s-'. 
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Figure 3-16: ,hually and zondy averaged northward meridional tr-ent eddy moisture transport 
(Kg rn-' s-'). (a) Modern with a contour interva1 of 10 Kg- m-' s-' (b) LGM - modem anomaly 
with a contour intervai of 2 Kg rn-' s-'- 
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Northem Eum~e Northward la'vl (Kg rn"s"1 

Figure 3.17: North American and (b) European annual mean northward meridionai transient eddy 
moisture transport anomalies between LGM and modern (Kg- rn-' s-'). The contour interval is 4 
Kg m-' s-'. 

3.5. Summary and Conclusions 

This investigation, conducted using the CCCma AGCM under LGM paleoclimate boundary condi- 

tions, has revealed significant changes in the behaviour of the atmospheric general circulation which 

may have been characteristic of climate state at this time. These changes were compared with ce- 

suits from a reduced dimate system model. The results have identifieci a number of atmospheric 

mechanisms which may be important in the determination of mass balance over the northern hemi- 

sphere ice-sheets at LGM. An understanding of this behaviour is clearly relevant in the context of 

the design of reduced c h a t e  system modeIs which are obliged to employ parameterizations of the 

"fast physics" involved in determinhg atmospheric behaviour over time periods e.uteading many 

miliennia into the past. Thus, outputs h m  two distinctly ciiffereut models, which operate on wideIy 

separated time scaies and levels of spatial tesolution, were compared to iliustrate similarîties and 

diierences in the rnanner in which tbey simuiate the climate of the LGM epoch. 1 focused especially 

on the investigation of specific atmospheric rnechanisms which may be responsible for the dîfferences 

idenaed in the course of these comparisons. In particular, the simulations described in this chapter 

have shed light on a number of issues. Speciticaüy: 

1) Cornparison of changes of temperature and precipitation based upon the ISM/EBM modei 
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and the AGCM at LGM have revealed a number of interesting differences. The Iack of southward 

extension of the Laurentide ice-sheet in the ISM/EBM simulation resulted in merences in t o p e  

graphie heights over the North American region between the two models. The ISM/EBM caiculates 

temperature and precipitation based on an EBM perturbation of modem climatology which takes 

into account changes in temperature, lapse rate effects and the non-linear dependance of precipi- 

tation on temperature. Some of the observed dineremes in surface temperature over the southern 

portion of the Laurentide ice-sheet were therefore a result of a lapse rate effect due to the difference 

in topography. The AGCM predicted LGM temperatures over the Great Lakes region were lower 

than those delivered by the ISM/EBM even taking lapse rate effects into consideration. The re- 

maining portion of this temperature difference is most iikely explained by the differences in albedo 

in this region in the ISM/EBM and AGCM where the aibedo of the AGCM in this region is much 

greater due to the greater southward extent of the ice sheet. Precipitation in the AGCM simulation 

of LGM ciiiate was also geater in this especially interesting region, contrary to what might be 

e~pected based upon the lower temperatures for this region predicted by the AGCM. These changes 

are plausibly the consequence of changes in the atmospheric general circulation, and in particular, 

those associated with the moisture transport by transient eddy activity. The most significant control 

may be everted through the field of stationary planetary waves that is forced by the rnodified topog- 

raphy. These differences in precipitation anomalies between the ISMIEBM and AGCM imply that 

there are problerns in using the types of perturbative methods which are employed in the ISM/EBM 

simulation of precipitation under significantly different climate regimes. The use of perturbative 

methods appears to be highly restricted to the largest spatial variations of c h a t e  change during 

transient ice age cycle simulations. 

2) The LGM hydroIogicaI cycle simulateci in the AGCM was significantly reduced in intensity 

from that in the modem control simulation. Changes over the Laurentide ice-sheet were especiaiiy 

significant as P-E was increased over that predicted by the simpler ISM/EBM. Changes in the 

evaporation component of the hydïoIogical cycle were much more reduced Erom modern than those 

in precipitation, leadhg to a net excess of snow buiId up over the Laurentide ice-sheet at LGM. 

The accumulation of snow mass over the Laurentide ice-sheet was shown to be precisely correlated 

with the P-E anomaiy between LGM and present, indicating that a major change in the structure 

of the hydrological cycle had in fact oc& a t  LGM. A caldation of the ablation using the PDD 

formaIism over the Laurentide icesheet demonstrated that the ablation zone is very thin in the 

AGCM simuiation. This raises the question as to the accuracy with which this important aspect of 

ice-sheet dynamics can be simuiated with an AGCM, 
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3) The general circulation is modifieci in accordance with changes expected based upon the incor- 

poration of the Laurentide and Fenooscandian ice-sheets in the LGM simulation. The anticyclonic 

flows over the Laurentide icesheet are in agreement with previous studies. Changes in the northern 

hemisphere winter planetary wave structure are very evident in both the 6 ~ e d  and computed SST 

LGM experirnents. The major modification is an enhancement of the longitudinal planetary wave 

number two mode as a result of the vertical stretching and compression of the air parcels as they 

encounter the large northern hemisphere ice-sheets and thereby move under the constraint of poten- 

tiai vorticity conservation. The resulting 500 hPa geopotential height and wind anomaiy between 

LGM and present demonstrated an increased southward flow of air which is likely responsible for the 

evolution and maintenance of the south eastern lobes of the Laurentide ice-sheet. The jet stream 

is also significantly enhanced over the North Atlantic a t  LGM and also over the Xorth Paciilc in 

the CLIMAP SST experiment. The specsc behaviour of the intensification of the Xorth Atlantic 

jet stream observed in both the fued and computed SST experirnents leads to the concIusion that 

changes in sea ice distribution significantly affect atmospheric flow in the northern hemisphere re- 

gion. The reduced distribution of sea ice in the computed SST experiment produced a North Atlantic 

jet stream with a more northeasterly flow a t  LGM than that with Ci&I.AP imposed SSTs. The 

anomalousIy warm North Pacific gyre of the CLBIAP reconstruction dong with increased high lat- 

itude winter cooling also gives rise to au increase in the intensity of the North Pacific jet steam in 

the h e d  SST experiment but not in the computed SST experiment. 

4) Changes in the total moisture transport at LGM were such that transport was much reduced 

from modern and naturaily in agreement with the reduction in the overail intensity of the hydrologkal 

cycle noted previously. The total moisture transport anomalies, being directly iufluenced by LGM 

topography, revealed that the zona1 flow was significantly impeded by the presence of the northern 

hemisphere icesheets. .%II investigation of the meridionai transport of moisture by transient eddies 

demonstrated that an increase in northward transport to the south of both the Laurentide and 

Feunoscandian ice-sheets occurred dong with a corresponding increase in the southward transport 

to the north resulting in regions of convergence directly over the northem hemisphere ice-sheets at 

LGM. 

These changes in the atmospheric circulation and the hydrologicai cycle at LGM appear to explain 

much of the discrepancy between the predictions of the AGCM and ISM/EBEII. AGCMYs, however, 

still s d e r  fiom numetous shortcomings in the simulation of the modem climate. Processes which are 

fundamental in driving the m a s  baiance at LGM, such as precipitation, are stilI poorIy represented 

in modem AGCM's. The discrepancy between grid resolution in GChrIs and EMS iiidicate M e r  
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probIerns in using low resolution models to assess mass balance where changes witbin one GCM 

grid ceii surely represent the diierence between accumulation and ablation dong the edge of an 

ice-sheet. This üiustrates the need for higher resolution land surface schemes coupled within the Iow 

resolution AGCM if simulations of ice-sheet mass balance are to be incorporated successfully within 

the AGCM. The use of a high resolution land surface scheme wouid d o w  the incorporation of lapse 

rate corrections in regions of large orographie variance in the spectraily decompased T32 AGCM- 

The incorporation of this enhancement of capability will support the next step in detaiied mod- 

eiiing of the 100 ka ice age cycle which wiil involve asynchronously couplmg of ISbI/EB-vIs and 

GCMs. This will require only moderate inaeases in computing power as a ümited number of 

AGCM snapshot simulations would be required during a 120 000 year glaciai cycIe integration that 

was initiated in the Eemian interglacial. Equilibriurn annual qcIe AGCM simulations couId be 

cacried out every û000 years, say, without aliasing the insolation cycle which has a highest frequency 

precessionai harmonic at a period of approximately 11 to 12 ka. Between the AGCM simulations, 

the EBM would be used to perturb the AGCM state to deduce climate state at 500 year intervals. 

During periods of rapid transition such as at the last interglacial and foiiowing Last Glacial Maxi- 

mum the AGCM simulations might be run at a higher frequency in the range of 2000 to 3000 year 

intervais. The role of the ocean would of necessity be crucial in the simulation of specific temporal 

and regiond effects of the glacial transition in the eastern North .4tlantic and wodd require the use 

of a Fuiiy coupled atmosphere-ocean GCM and very significant inaeases in computing power- The 

asynchronous coupling of the AGCM and ISM/EBM is, however, a much more realistic nen step 

to take in the understanding of the detailed evoIution of climate over a fidi transient ice age cycle 

simulation. .halyses of this kind wilI be described elsewhere. 



Climate Simulation of Post Eemian Glacial lnception 

4.1. Introduction 

The relatively benign and stable c l i a t e  of the Holocene epoch, which one might imagine to char- 

acterize conditions during al1 interglaciai periods, is expected to be similar to the climate state that 

occurred during marine isotopic stage (MIS) 5e. This period, known as the Eemian interglacial, be- 

gan at approximatdy 130 ka BP and terminated at approximately 117 ka BP (Imbrie et al. 19&)[99]. 

These interglacial periods, which occur with the same fiequency as the 100 ka eccentricity cycle, 

precede transitional periods of rapid accumulation of land ice that lead to the formation of conti- 

nental ice-sheets as discuçsed in the introduction of this thesis. The most recent such occurrence 

during the MEi b / J d  transition began a t  roughly 117 ka BP, was most intense at 111 ka BP, and 

continued until 106 ka BP (&fc&Ianus 1994)[14f1. 

There is in fact widespread evidence that post Eemian glacial inception began during the >iIS 

5e/5d transition. For example, significant accumulation of land ice was inferred to have occurred 

on the basis of a strong sea Ievel drop a t  115 ka by Shackieton (1987)[203] based upon oxygen 

isotope chronologies fiom deep sea cores. Regions in Northern Canada, particdarly Ba£iin IsIand 

and the Queen Elizabeth Islands have often been suggested to have been the initiation points of the 

Laurentide ice sheet at 115 ka (e.g. Clark et al. 1993)[36]. Andrews et al. (1985, 1986)[61[7] also 

argued that a significant advance in glacial extent in the Canadian Arctic region occurred at this 

t h e .  Lithologicai and biogeochemical records fiom Eastern Siberia have dso been interpreted to 

suggest an abrupt and intense glaaal advance beginning at 117 ka and lasting for approximately 12 

000 years (Karabonov et al. 1998)[111]. 

Paiods of glacial inception indicated by relative sea Ievel chronologies throughout the Late 

PIeistocene (ag. Chappe11 and Shackleton 1986; Rohiing et al. 1998)[331[195] are extremeiy well 

correiated with large reductions in northern hemisphere high latitude summer insolation based upon 

caldations of incoming solar radiation a t  the top of the atmosphere for the Late Pleistocene epoch 

of Earth histoty (Berger 1978; Laskar et ai. 1993)[141[1241, The numerous sea level chronologies and 
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oxygen isotopic signatures present in various proxy data indicate dominant modes of Mnability at the 

obliquity and eccentricity modulated precessionai irequenues of the long tenu insolation signature. 

The theory that glacial cycIes originated as a consequence of the cyclical evolution of the Earth's 

orbital configuration was ûrst proposed by bfilankovitch (1941)[1481. The blilankovitch theory of 

glaciation asserts that long term Mnations in the Earth's orbital parameters produce conditions in 

which there are significant reductions in the mean summer insolation at high northern latitudes. The 

most siflcant reductions in summer insolation arise during periods of high eccentricity and low 

obiiquity and are characterized by a precession angle which aligns the summer solstice with aphelion- 

This unique configuration results in a seasonal cycle that is characterized by a strong reduction in 

northern hemisphere m e r  high latitude insolation as compared with modern. LIilankovitch 

proposed that it is precisely the resulting reduction in summer temperatures that would allow for 

the previous winter snowfaii to persist through the summer season at high latitudes. This would lead 

to a situation in which high latitude snowilelds wouid be continuously augmented over periods of 

hundreds of years. This snow mass wouid then huther increase in response to positive feedbacks in 

the Earth's climate system. The main snow-ice albedo feedback wodd Iead to a further decrease in 

summer temperatures and thus to a huther increase in continentai ice sheet area and volume. Over 

many miliennia the snow packs wouId combine into continental ice-sheets that eventually covered 

the high latitude continents. 

Studies baçed upon the use of simple energy balance modeis (EB-rl5) have been directeci towards 

the simulation of perenniai snow cover under the influence of modiied orbital parameters. Such 

inexpensive difiusive approximations to the heat transport in the clunate system d o w  for a large 

number of sensitivity studies to be performed in which the fidl parameter space of mode1 variables 

can be investigated. This dows for a more complete euamination oE the various equiiibria that may 

euist. However, reduced models of this type faii to accurately include many of the more important 

feedback rnechanisrns present in the real Earth systern, such as an expiicit representation of the 

hydrologie cycle and storm track behaviour that may be crucial to the accurate simuIation of glacial 

climates (Kageyama et ai. 1999, Chapter 3). The latitudinal extent of northern hemisphere snow 

cover was first shom to be particuIarIy sensitive to the seasonal variation of insolation by Suarez 

and HeId (1939)[214]. Other energy b a h c e  studies have also examined the earth's cümatic response 

to orbitaiiy induced radiation changes (North et al. 1983; Hyde et ai. 1983)[161][95]. More recentIy, 

the simulation and termination of the 100 ka glacial-interglacial cyde has been modelled through the 

synchronous couphg of an EBM to an isothermai dynamical Ice Sheet Mode1 (ISM) (Tarasov and 

Peltier 1997a)[216] and to a full three dimensional thermomechanicai mode1 (Tarasov and Peltier 
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1999)[218]. Transient simulations of this nature demonstrate post Eemian glacial nudeation over 

Baffin and Ellesmere islands in accord with the stratigraphic record (e.g. see the discussion in Clark 

et al. 1993)[36]. However, the regions of Northern Labrador/Quebec fail to serve as  sites of ice-sheet 

nucleation, which is discordant with other gedogical evidence (e.g. Vincent and Prest 1987)[233]. 

It would be of much greater interest to mode1 changes in ice accumulation at high northern lat- 

itudes using fuiiy coupled AGCM and ISM models that indude the relevant hydrological feedbacks 

which couple the atmospheric/cryospheric system. The significant cornputational requirements of 

such M y  coupled simulations are only now becoming feasible with the evisting state of compu- 

tationai technology. Previous sensitivity studies of glacial inception in GCMs have required that 

these be run in "snap shot" mode in which the orbital parameters are set 6xed to the post Eemian 

insolation minimum. These attempts to simulate glacial inception in modern general circulation 

models have delivered a wide variety of often confiicting results. Many of the AGCM simulations 

performed in the past have FaiIed to initiate glaciation by soiely modifying the geometry of the 

orbit to that which existed at 115 or 116 ka BP+ One of the 6rst low resolution GCM simulations 

of glacial inception (Royer et al. 1983)[198] did not explicitly investigate the net mass balance in 

high northem latitudes but did propose that increased precipitation and cooling due to changes in 

insolation at  115 ka BP would favour the accumulation of permanent snow cover. in a simulation 

that employed three different choices for a cold summer insolation regime (116 ka BPI 106 ka BP 

and more intense reductions in sumer insolation), Rind et al. (1989)[191] demonstrated that the 

Goddard institute for Space Studies (GISS) model failed to produce any perennial snow cover at 

high northem latitudes. in a similar study which empIoyed the Xationai Center for Atmosphenc 

Research (NCAR) AGCM, OgIesby (1990)[163] and Verbitsky and Oglesby (1992)[227] investigated 

glaciation-sensitive regions in thii model. By initidy seedhg a uniform mid-winter lm snow cover 

and then modifying model boundaty conditions such as CO2 and snow albedo, perennially snow 

covered regions were suggested to eicist. However, this study did not investigate the infiuence of 

changes in the orbital parametm. PhiIlipps and Held (1994)(178] perfonned a sensitivity study that 

investigated the impact of physicaiiy realizable maxima and minima in the precession and obliquity 

parameters which determine the Earth's orbital contiguration. Tnvestigations of both extreme warm 

and extreme cold summer conditions were employed to determine the paleoclimate response of the 

model climate system. CoId smmer conditions, however, failed to produce any permanent snow 

cover in their low resolution R15 AGCM coupled to a mixed layer ocean. Mitchell (1993)[152] in an 

investigation of various paIeoclirnate epochs, also failed to produce giacid initiation in the United 

Kingdom Meteorological Office ( W f O )  AGCi\I. Syktus et al. (1994)[215], however, using a G a 1  
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coupled to a dynamical upper ocean model reported success in achieving perennial snow cover. To 

achieve permanent snow cover orbital insolation changes were combined with a reduction in COz. 

More recent studies have delved still deeper into the possible mechanisms within the dimate 

system that might combine to sustain permanent snow cover. Dong and Valdes (1995)[54] inves- 

tigated 115 ka BP cümate u ing  the high resolution T42 U. K. Universities Global Xtmospheric 

Modelling Programme (UGAMP) model in both h e d ,  and mived layer cornputed, sea surface tem- 

perature (SST) mode. The inclusion of a simple rni.xed layer model coupled to the GCM revealed 

that changes in SSTs and the extension of sea ice in the reduced insolation regirne favoured the 

inception of the Fennoswidian, Laurentide and Cordilleran ice sheets. The ample production of 

snow cover in this model may be attributed in part to the higher resolution, but also to the fact that 

the model employed spectral corrections to the topography based on the orographic variance within 

the model. The addition of an envelope orography produces a one sided topographie correction and 

therefore favours gIacial inception. Schlesinger and Verbitsky (1996)[201] also achieved widespread 

snow cover when reduced summer orbital forcing and reductions in greenhouse gas concentrations 

were introduced. Galiimore and Kutzbach (1996)[691 performed a set of 5 sensitivity euperiments 

with orbital parameters set to those characteristic of 115 ka BP, as weU as changes in CO? and 

surface aibedo. The experiments involving changes in albedo were designed to represent the effects 

of a feedback through the replacement of tundra with boreal forests. the SC-called "tundra-taigan 

feedback. This study, which employed the low resolution Rl5 NCAR Cotnmunity Chnate Mode1 

version 1 (CCM1) coupied to mued layer ocean and interactive sea ice models, delivered perennial 

snow cover in 2 of the experiments. The 6rst simulation produced only slight perennial snow cover 

with decreased summer insolation and increased surface albedo inferred through the prescription 

of a biome mode1 estimate of tundra expansion. The second and more successful e-eriment, with 

a 25% increase in areal expansion of tundra, through tundra-taiga feedback, produced widespread 

permanent snow cover over much of the region poleward of 60 ON. Given the coarse resolution of the 

model and the amount of areal snow cover it would IikeIy be difEicdt to reconcile this resdt with the 

geological record. in a study of atmospherebiosphere interaction, de Noblet et al. (1996)[491 found 

that 115 ka BP orbital forcing alone was insufEcient to initiate gIaciation in the Laboratoire de M e  

teorologie Dynamique (LiiD 5.3) modei. This study lead to  the conclusion that the sumrners were 

sufficientIy cool to enhance the southward migration of the tundra-taïga iïmit and therefore heiped 

to maintain the duration of snow cover in northeni high latitude regions but failed to produce glacial 

initiation. The faiIure was attributed to the excessive warm bias in the model controI simulation 

of more than 5 OC. Vavrus (1999)[226j in a study that empIoyed the GENESIS2 atmosphere-mixed 



4.2. Mode2 Construints and Ezpenmental Design 106 

hyer ocean GCM, and which focused upon an investigation of sea ice dynamics at 115 ka BP, also 

failed to produce permanent snow cover in northem Canada. 

in this chapter 1 will describe the results obtained from three AGCM sensitivity studies of Post 

Eemian climate state. AU simulations use the CCCma GCbiII mode1 coupled to rnixed-layer ocean 

and sea ice modules with prescribed oceanic heat transports in order to compute SSTs and sea 

ice. To begin this discussion, 1 will describe the GC.UiII model pararneterhations and the relevant 

boundary conditions that will be employed to produce variations in the modern control clirnate. in 

particular, 1 discuss modifications to the implied oceanic heat transports and the shortwave radiation 

scheme which combine to produce warm or cold biases in the modern climate. A brief discussion 

leading to the section on experimental design wüi also disniss several features of the mode1 which 

are relevant to the accurate simulation of post Eemian climate. In the results section, cornparisons 

are conducted between three modem control integrations and three 116 ka BP experiments. The 

results will be presented in two subsections, the fint of which describes the three base simulations 

of the modem control climate, where in each case the model boundary conditions are modified so 

as to deliver modern clirnate simulations which are either warm, cold or unbiased in temperature. 

Cornparisons are then made between these predictions of modern climate and modern observed land 

and ocean data sets. The second subsection investigates whether the reduction iu seasonal summer 

insolation that occurred at 116 ka BP is able to induce astate in which there is significant perennial 

snow cover at high northem latitudes. This question is investigated by perturbing each of the three 

control simulations. In the second subsection 1 also iilustrate the action of several positive feedback 

mechanisrns that may be instrumental in maintainïng perenniai snow cover conditions in this model. 

in the concluding section 1 wiU review the results presented in this chapter and discuss them in the 

context of ongoing work. 

4.2. Model Constraints and Experimental Design 

Appendiv D is devoted to a discussion of the model parameterizations that influence the process of 

glacial inception, AppendLx E describes 0 t h  critical issues that are central to the simulation of this 

process. In the ne.. subsection 1 focus on the design of the experiments that have been performed 

in order to test the sensitivity of the mode1 employed in this study to the changes in boundary 

conditions that determine the post Eemian climate state. 



4.2.1. Experimental Design 

The glacial-interglacial cycles which have dominated dimate system variability over the p s t  900 

000 years are characterized by transitions into glacial c ihate  from interstadial conditions that 

may occur fairly rapidly and which are accompanied by large drops in sea level. One study that 

investigated changes in sea lewl based on strontium/cdcium ratios in Porites corals from uplifted 

coral terraces dong the Huon Peninsula in Papua Xew Guinea (McCulloch et al. 1999)[14] suggested 

the occurrence of very rapid changes in sea Ievel foUowing the Eemian interglacial that was centred 

upon 125 ka BP. Corals which iive in the first 5 meters of water in the tropical Western Pacific 

rnay provide useful chronologies of sea level history and suggest a rapid decrease in sea level of 

20 to 40 rneters within 5 to 10 thousand years of the isotopic stage 5e/5d transition. This rapid 

decrease in sea level corresponds to the rapid increases in land ice volume during the Post Eemian 

glacial inception event and are rnost probably triggered by decreases in insolation a t  the top of the 

atmosphere. This insolation decrease (Fig. 4.1) may then be arnplified by the global climate system 

through additionai positive feedbacks to produce the large decreases in global surface temperatures 

needed to initiate glaciation. Based upon the ~Milankovitch theory of glacial inception (blilankovitch 

1941)[148], it is high latitude cold summers dong with the ice-albedo positive feedback mechankm 

that sustains a perennial snowfield and ailows for the growth and spatial expansion of continental 

ice sheets. 

Using either one or the other of two distinct and highly accurate calculations of past variations 

in the Earth's orbital parameters, one using a highly accurate analytical perturbation expansion 

(Laskar 1988 and Laskar et al. 1993)[122][1241 and the other using a highly accurate numericai 

n-body integration of the solar system (Quinn et ai. 19!l1)[184], one may compute the time of 

occurrence of the minium of Arctic polar summer insolation to have been at 116 ka BP. This is a 

consequence of an optima1 configuration arising between the eccentrïcity, obliquity and longitude of 

periheiion. .As indicated on Fig. 4.1, the total insolation received during the summer season north of 

the Arctic circle at 116 ka BP is -4 x 1023 J l e s  than at present. In this scenario the summer solstice 

occurs 2.7 degrees Ecom aphelion on a stzongly elliptic arbit characterized by an ellipticity of 4.4% 

and a s m d  axial tilt of 22.5 degrees, optimal conditions for producing decreases in insolation durîng 

the summer season of more that 40 W m-2 at high polar latitudes (Fig. 1Ad). Northern hemisphere 

winter then ocntrred at periheiion at 116 ka BP and resdts in a large increase in winter insoIation 

that wm upwards of 25 W rnA2 but maidy in equatorïal Iatitudes. hlilankovitch theory proposes that 

the winters need oniy remain cold enough to sustain an e.cistig perennial snow field and considering 
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Figure 4.1: X tirneseries of eccentricity, obiiquity, precession and top of the atmosphere insolation 
anomaly from the pendtirnate deglaciation to post Eemian glacial inception spanning 33 ka. The 
point at which conditions would be most favowable for glacial inception is signified by the Iine Iabeled 
"GI". The insolation c m  (left verticd a*) measures the total energy anomaly with respect to 
modern (in n i t s  of IOz3 Joules) received in the Arctic polar cap during summer. The orbital 
parameters for each of the three orbital elements are indicated on the right vertical auis, 

the fact that much of the northem high latitudes are in 24 hour darkness during the winter season, 

this condition wouid hoId true. However, the winter warming at equatorial latitudes couId also be 

important in gIaciai inception as the subtropicd oceanic sources of water vapor are required to be 

warm enough sa as to ailow for a sufficient amount of meridionai water vapour transport to high 

latitudes to feed and maintain ice sheet growth (Ruddiman and hlcintyre 1979)[1N]. 

In comparing mode1 cIimatologies for two different time periods, the date of the vernal equinox 

(March 21 a& 12 noon in this case) dong with the manuer in which the seasons are defineci for the 

two time penods must be consistent. The seasons cari be defineci either as they are at present, 

which is based on the astrouornical cdendar, or baseci on the angular position of the Earth in its 

orbit. The use of amonornical positions provides for a better phasing of the insolation patterns 

between the two t h e  penods rather than defining the seasons as having the same anguIar duration 

as today. In Fig. 4.1, the caiculated insolation anomalies folIows the methodoiogy proposed by HaJi 

and Valdes (1997)[78] that minimàes the &bai and annuai root mean square insolation anomdy by 



adjusting the date at which the vernal equinm occurs during a specific paieochatic epoch. Through 

this minimization technique the 116 ka BP vernal equinax occurs 2.9 days before the present day 

vernal equinox. This provides an astronomicd p&ng of the searional lengths in the two ditfereut 

pdeoclimate simulations, which vary in duration according to KepIerTs second law, such that the 

seasonal lengths are centred upon one another in the winter and summer seasons (see Appendiv .A 

and Fig.l.4d). 

In totd, three control simulations and tkee  L16 ka BP p d w c h a t e  simulations were performed. 

The three experiments, each with thermodynamic d u e d  layer calculateci SST's, involved adjust- 

ing radiation and implied oceanic heat transport parameters within the model so as to span the 

temperature parameter space at which giacid inception occurs within the model. This provides a 

method whereby the changes in the model dynamics and physics under a wide range of northem 

hemisphere temperature decreases may be used to illustrate some of the rnechanisrns and feedbacks 

involved in glacial inception. The 6rst set of experiments to be termed ".UvISln involve adjusting a 

parameter such that the solar radiation caiculation at each atmospheric level inciuding the surface 

is carrieci out at every model timestep. By adjusting ttiis parameter and using implied oceanic heat 

transports caiculated using .Uexander and blobley (1976)[3] SSTs and determined under the full 

solar radiation calculacion at every 9 mode1 timesteps, a warm biased climate regime is obtained 

as described abwe. The second set of experiments with the original cold biased CCCma GCMII 

mixed layer atmospheric mode1 with -41exander and MobIey SSTs and solar radiation caldations 

performed every 9 model timesteps is termed "AiiIS9". The final aperiment involved calculating 

solar radiation at every timestep but adiusting the impIied oceanic heat transports in the model 

accordiig ta newer SST estimates derived ftom the European Centre for Medium-Range Weather 

Forecasts and National Centres for Environmental Prediaion (EChmTF and NCEP) observationd 

reanalysis during the second phase of the Atmospheric ModeIiing Intercornparison Project (AMlP2). 

This simulation termed ",LMIPSln matches the observed -0IIP2 SSTs and is considered unbiased. 

The accuracy of this simulation in reproducing modem ciimate d l  be demonstrated in the results 

section. Thus, the set of three experiments in this chapter that are warm biased, unbiased and cold 

biased with respect to .uiIE'2 SSTs are t m e d  ".4&ISln, "-biiIPS1" and ".UiS9", respectivdy- 

To provide a consistent set of simulations and to reduce the amount of simulation time required, 

the impact of changes in COa were not addressed in this sensitivity study although the 116 ka BP 

paleoclimate simdations had reduced COa IeveIs. The 116 ka BP d u e  was derived through gas 

concentration anal+ h m  ice core data at Vostok, Antarctica (Bzunoia et ai- 1987; Fischer et  al. 

1999)[14[62]. Each of the modern controI simulations had COz Ievels set to 345 ppmv and each 



of the 116 ka BP glacial inception experiments have CO2 vaIues of 280 ppmv. The land surface 

characteristics and land surface scheme (see Chapter 2) were unchanged. During the peak of the 

Eemian interglacial at 125 ka BP, the land sea distribution was most certainly somewhat different as 

sea level was between 4 and 6 meters higher than at present. These relative sea level differences are 

based on dating of emergent coral reefs on tectonically stable coastlines distant fiom plate boundaries 

(Muhs et al, 1994)[158], a numerical modelling study based on a recalibration of ice core analyses 

fiom central Greenland (Cuffey and SIarshali 2000)[44] and other analyses of Late Pleistocene sea 

level (e-g. see Rostami et ai. 2000 and referaces therein)[l96]. Considering that sea level would have 

dropped in the ensuing 10 ka after the Eemian optimum at 125 lu BP (McCulloch et al. 1999)[14] 

and the coarse nature of the model land-sea mask, the land-sea distribution in the model was fned 

to that of the modern configuration. 

A11 six simulations, three modern controls and three glacial inception experhents, were inte- 

grated to equilibrium based upon globally and monthiy averaged SSTs. The simulations were then 

m for an additional 10 years of simulation to generate the cIiatology employed for the purpose 

of the analyses to follow. The time to reach equilibrium varied between 15 and 30 years depending 

upon the boundary conditions employed. For example the warmer control ciimate of XMS1 (See 

Appendiv D) coupled with the cold dimate induced by the 116 ka BP orbital configuration reduced 

the length of the spinup process. For the 3 modern control experhents, -4iIS9, .L\IIPSl, and AMS1 

(See hppendiv D), globaiiy and annuaIIy averaged SSTs eqdibrated to 16.50, 17.45 and 19.38 O C ,  

respectiveIy. The AiLiIF'Sl simulation has impiied oceauic heat transports which ensure a precise 

match with the observed globaiiy and annuaiiy average AblIP2 SST. The large differences in global 

SSTs between the warm and cold biased experhents ensures a significant range of temperature so 

as to produce a range of simulated glacial inception conditions. The six simulations thus cornprîse 

3 euperiments designed to investigate the changes in the response of the climate system to changes 

in boundary conditions between 116 ka BP and present. The impact on simulated ciimate of a 

significant reduction in Northern Eemisphere summer insolation at mid to high latitudes will be 

central to the discussion that foliows. 

4.3. Results 

1 wiIi  discuss the main results obtained in this analysis of post Eemian glacial conditions in two 

subsections. To begin, 1 will discuss and intercompare the three modem simulated control climates 

in Appendiv F. Next 1 wiii focus the discussion upon the main features of the simulated post Eernian 



climate state. In particular, 1 will address the issue of glacial inception in the model used in this 

study and demonstrate no need for ad hoc assumptions or mocüEication to the model boundary 

conditions as long a s  they are accurately constrained to the modern climate. In this second section 

1 wiii &O investigate a number of the dynamical feedback mechanisms that may be involved in the 

glacial inception process. 

4.3.1. Post Eemian Glacial Inception Climate 

The change in forcing under the post Eemian orbital configuration at 116 ka BP is cenain to 

influence much of the ciimatology at high polar latitudes in the model. According to the prernise in 

the previous subsection, considerable understanding of the mechanisms involved in glacial inception 

can be garnered by investigating changes in climate north of the Arctic Circle. A logical starting 

point then is to investigate the extent of the perenniai snow cover delivered by the model as a 

direct and/or non-direct response to the reduction in orbital summer insolation at the top of the 

atmosphere at 116 ka BP. Several of the mechanisms that infiuence the accumulation of snow cover 

at 116 ka BP wilI then be investigated in an attempt to address the complete ciimate system response 

to this decrease in orbital forcing. 

Fig. 4.2 displays the accumulation of snowfall between Xugust means separated by IO years of 

simulation in the three glacial inception experiments. There is not a signifkant difference €rom using 

July, August or September in this anaiysis as they deliver essentiaiiy the same results. Changes in 

August snowfaii are employed as the basis in which to determine perenniai snowfall because this 

is the month in which snowfaii reaches a minimum in the northem hemisphere. It may be safely 

concluded that the AiiIS1 warm biased experiment (Fig. 4.2a) does not deliver perennial snow cover 

=cept over central Greenland which has an accumulation maximum of 6100 kg m-' over the 10 

year period. The small patch of snow cover in Eastern Sibena in this simulation has a maximum 

value of 83 kg m-2 and is not likely significant considering that the mode1 snow parameterization 

bas a minimum threshold of 10 kg m-2 for a grid ceii to be considered snow covered. If snow 

is present for aii 10 annual cycles, d u e s  should be a minimum of 100 kg m-= to be considered 

signiscant. It is also interesting to note the -700 kg m-2 anomaly over southern Greenland in this 

qe r imen t  that hdicates the presence of an ablation zone. The .L%lIF'Sl experiment (Fig. 4.2b) 

has smaii patdies of permanent snow cover over Eastern and Central Siberia with maxima of 433 

and 115 kg m-2, There is also a maII area in the Canadian .Arctic Archipelago that has extensive 

glaciation that evceeds 1000 kg m-2, a number which agees w d  with expectations for a Iocation 
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Figure 4.2: Northern hernisphere polar contour plots of August 10 year perennial snow accumulation 
for the (a) warm, (b) unbiased and (c) coId biased 116 ka BP euperiments. Values above 10 kg m-' 
are shaded. The contour intervai is 500 kg The difference between (c) and (b) is displayed in 
( 4  - 



4.3.1. Posr EEMIAN GLACML ~NCEPTION CLIMATE 113 

that is thought to have been one of the 6rst nucleation sites of the Laurentide ice sheet (Andrews 

et ai. 1985; Clark et ai. 1993)[6][361. Much of Greenland in this experiment also has perennial 

snow cover with an accumulation maximum at the centre of over 7500 kg md2 over the IO year 

period. The AMS9 experiment (Fig. 4.2~) has much larger regions of perennial snow cover. In 

particular, the glaciation in the Canadian Arctic Archipelago is now of slightly greater areai extent 

than in the AhIIPS1 experiment. The eastern portion of BaEn Island, however, remains snow free 

in this simulation. This is a consequence of the topographic spectral anomaiy in this region that 

was discussed previously in the present study. Other interesting regions in the .WS9 simulation 

include portions of Eastern and Centrai Siberia that have extensive amounts of snow accumulation 

with Iocal maxima of more than 2000 to 3000 kg m-' over the 10 year penod. 

There is much continuing debate as to whether Eastern Siberia ever entered a glacial state 

within the last ice age cycle. Lithologicai and biochernicai evidence of glaciation fiom Lake Baikal 

in Eastern Siberia (Karabanov et al. 1998)[111] suggests abmpt and intense glaciation between 117 

and 112 ka BP. AGCM (Dong and Valdes 1995)[54] and EBM/ISM (Tarasov and Peltier 1997a)[216] 

simulations indicate that this region is very susceptible to glacial initiation. However, given the fact 

that the two snow maxima in this region coincide precisely with regions of anomalous precipitation 

in the cold experiment, one is inclined to argue that this extensive glaciation is a mode1 artifact. 

It is not unceasonable to evpect this region to have b e n  glaciated to some extent in the Post 

Eemian period, however the simulated snow accumulation over Eastern and Centrai Sibena may 

be too widespread given the amount of snowfall. In the Siberian region the m a - a  which exceed 

2 meters ice equident in 10 years would resuIt in very thick ice sheets. At this rate 200 meters 

of ice would coiiect in 1000 years, an amount which is excessive given that the most prominent ice 

sheets reached only 3 to 4 km thickness by Last Glanai Maximum (LGM) and that their growth 

required approximately 90 ka foiiowing glacial inception (Peltier 1994; Peltier 1998a)[170][172]. Of 

course, continental ice sheets evolve under a completely different regirne of physics over these long 

tirne scaies which involves ablation, ice calving and non-Newtonian flow processes. It is interesting 

to note that Naska and Scandinavia are not expected to become gIaciated on the basis of any of the 

three experiments, a point that will be a subject of investigation in what foiiows. If one considers 

the &Terences between the two qer ïments  which do achieve perennid snow cover (Fig. 4.2d) we 

may note two features. F i l y ,  the Canadian .Arctic .ikhipeiago has about twice the accumukition 

in the M 9  experiment as in the AMIPSl experiment. SecondIy, Centrai GreenIand haç greater 

accumulation (of more than 1700 kg m-*) in the -4iiiiPSl experiment while the LUS9 qe r imen t  

has more accumulation in Southem GreenIand. This may indicate a southward redignment of the 



general circulation in this regioo and wilI be considered further in what follows. 

In relation to future transient simulations of glacial inception that 1 intend to perform using 

an AGCM coupled to an Ice Sheet Mode1 (AGCMfISM) it is useful to consider the amount of 

land ice that would have been present after a period of 1000 years given the rate and area of snow 

accumulation as  deduced using the t h e  simulations of the glacial inception process. Neglecting 

positive feedbacks and glaciological processes such as ice calving that occur in regions where ice 

sheets extend ont0 the continental shelves, it is possible to infer the drop in sea level that would 

occur in each of the experiments. Rom warm to cold biased, the A.UIS1, AMIPSI and XMS9 

experiments imply sea level changes that would occur at a rate of 1.75, 2.72 and 4.94 m/ka given 

the permanent snowfall present in the northern hemisphere. It was also shown in Chapter 3 that the 

hydrological cycle in the CCCma AGCM is probably 20 to 25 % overly vigourous globally over Iand, 

but this is not likely to increase accumulation since evaporation is about 5 % more vigourous over 

land than precipitation in this AGCM. It is ciifficuit to ascertain which simulation is most reaiistic 

for glacial accumulation rates given that an ISM would need to be coupled to the AGCM over time 

scales of more than a few thousand years. &O, Xntarctic accumulation rates are not taken into 

consideration in this analysis. An estimate of the sea level change can be inferred from geologic 

data and data acquired from reduced mode1 numericai simulations. Based upon the SPECM-kP 

chronology and a coupled Energy Balancefice Sheet Mode1 (EB?vI/IS.UI) simulation (Tarasov and 

Peltier 1997a)[216] one can estimate a change in sea level of approximately 10 meters during the 

climate minimum fiom approximateIy 117 ka BP to 112 ka BP. This value agrees welI with the vaiues 

obtained in the first two experiments, the second of which achieves glacial inception and appears to 

be the one that is most reaüstic. 

In the remainder of this section I d l  investigate a number of mechanisms that rnay act in 

combination to control the .Arctic perenniai snow climatology simulated under 116 ka BP bound- 

ary conditions. T î e  series of the change in areai coverage by snow and sea ice in the Northern 

Hemisphere are presented in Fig. 4.3. The three simuiations of snow coverage over land in Fig. 

4.3a iiiustrate the degree O€ increase in snow coverage between the 116 ka BP simulations and the 

modem control simulations. The snow coverage in the observed data set (Foster and Davy 1988)[66] 

for each month of the year varies from a m d u m  of 40 million square kilometers in February to a 

minimum of about 2 million kilometen in bugust in the Northern Hemisphere (not shown). Each 

of the three control simulations has a temperature bias and therefore exhibits some degree of misfit 

to the observations. AU three simulations tend to ovemtimate the snow cover fiom January to 

Juiy with the warm biased -AiifSI experiment behg in best agreement during this tirne period. The 



other two experiments, AhLIPS1 and AMS9, match the observations weli from August to December 

while the A M 1  experiment underestimates snow cover during this period (not shown). Dong and 

Valdes (1995)[54] found similar differences when comparing the predictions of the UG.4W (Uni- 

venities Globai Atmospheric Modelling Progranme) AGCM with a ~ 0 . 4 6  (Nationai Oceanic and 

dtmospheric Administration) observed snow climatology. 

The 116 ka BP snow cover anomaiy in the cold biased .OIS9 experiment is quite different kom 

that in the other two experiments ( A ï S l  and A W S 1 ) .  The 116 ka BP snow cover anomaly 

sirnulated in the experiment with the cold control simulation has extensive snow cover over much 

of the year with a slightly smaller anomaiy in winter. The largest anomaiy is in late summer and 

early faIl (Fig, 4.3a) with approximately 9 rniliion km:! more snow coverage than that observed in 

the control in Xugust. The other two experiments that have unbiased (X'IIlIPSl) and warm biased 

(AMSI) control temperatures in the sumrner northern hemisphere display similar anomalies evcept 

for the period Gom August through October where the .AMIPSl experiment has greater coverage 

as shown in Fig. 4.2. It has previously been argued that the spring snowfall anomaly and the 

corresponding temperatures at 116 ka BP during this season are cruciai in maintainhg the summer 

snow coverage in a glacial inception experiment (e.g. de Xoblet 1996)[49]. The spring anomaiy in 

the current experiment demonstrates that there is an increase of approximately haiia million to one 

rnilIion km2 in May and June areal snow coverage in the unbiased AhiIPSZ e.xperhent compared to 

that delivered by the warm biased 4MS1 experiment- According to the present kvperiments, it is the 

late summer and early faIl snow cover that seerns to be most important in attaining perenniai snow 

cover, a result that is in accord with the LIilankovitch hypothesis that summer snowfdl is crucial 

to the glacial inception process. This is an important result of the present anaiysis. The AMIPSI 

experiment has a late summer-early faii snow cover anomaiy that is greater than that delivered by 

the warrn biased Ails1 experiment and decreases Gom three to one million km' Gorn Xugust to 

October. The AhIIPS1 experiment has almost 5 million km2 more snow coverage in faii than that 

observed in the corresponding control experiment and about 3 million km? more than is deiïvered 

by the warm biased (LivISl) experiment at 116 ka BP, a mode1 that does not initiate perenni-al snow 

cover in the northem hernisphere. 

The areai coverage and thickness of sea ice are variables which are diEcult ii not impossible to 

modei properly using a thermodynamic sea ice modeI. Ice dynarnics play a crucial role in determirhg 

the Bow and thickness of sea ice at various times of the year (PolIard and Thompson 1994b)[lS2]. 

Compared wîth .QiifiP2 observed sea ice coverage aii three modern control simulations tend to 

underestimate the modem annuai cycle of sea ice cover (not shown). The anomalies in areal coverage 
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Figure 4.3: Time series of northern hemisphere (a) snow cover and (b) sea ice cover anomalies in 
millions of km2 for the warm, cold and unbiased 116 ka BP experïments. 



of sea ice a t  116 ka BP (Fig. 4.3b) are characterized by similar time series in a.ü three experiments. 

The extent of sea ice cover at 116 ka BP, at any p a r t i d a  time in the year, is likeIy to influence the 

amaunt of perennial snow cover a t  high latitudes, Extended sea ice distribution in spriug, summer 

and faIl are Iikely to moderate oceanic affects over land in these high latitude polar regions. Carger 

areas of sea ice cover at 116 ka BP would Iikely cool the surrounding land masses through albedo 

affects in the radiative balance at the surface and by restricting ocean-atmosphere heat and moisture 

exchange in the Arctic hemisphere. Dong and Valdes (1995)[54] investigated the sensitivity to sea 

ice extent in a glacial inception e-xperiment at 115 la BP and reported that only the simulations 

which employed a thermodynamic slab ocean wouid attain perennid snow cover under post Eemian 

boundary conditions. Vams  (1999)[226] did an extensive study of the diierences in ciimate state 

obtained by cmployiog thermodynamic as opposed to dynamic sea ice modeis in an AGCM with solar 

input based upon 6 iia BP and 115 ka BP orbita1 insolation- The changes in the present study agree 

weli with those obtained in the Vavrus (1999)[226] simulations that employed a thermodynamic sea 

ice model. The study by Vavrus (I999)[226] using the dynamitai sea ice model found chat ice motion 

more than doubles sea ice coverage under 115 ka BP orbital rorcing. Vavrus' analyses suggest that 

the introduction of the dynamical sea ice mode1 induces a positive feedback on the ciïmate system 

under cold perturbations via an increase in sea ice thickness, expansion of sea ice rnargins and a 

narrowing of sea ice leads. 

The 116 ka BP anomalies in August are characterized by increased sea ice distributions of two 

to three million km' in aii three simuiations. i t  is interesting to note that the sea ice anomalies 

in the warm and cold biased experiments display a simiiar behaviour to one another while that 

of the AhiiPSL unbiased experiment is characterized by a more d o m  seasonal evolution. The 

behaviowai ciifferences keIy arise due to the d u e s  that were prescribed for under ice upward heat 

ffuxes in the sea ice modd, where the .kMSI and -hMS9 experïments have the same under ice heat 

flux. The spring season appears to be the season in which sea ice changes between Tl6 ka BP and 

modern are least significant. This is a period just after the time of maximum sea ice coverage and the 

slight merence between this result is most probabiq- a consequence of the smaii insolation ciifference 

in winter bet- the 126 ka BP experiment and the modem controI, 

The 116 ka BP zonal Iand surface temperature anomalies in the ,Arctic circle (60 to 90 O N )  for 

the entire year are dispIayed in Fig. 4da. ,Mi three experiments show bat, on average, 116 ka BP 

temperatures are always below those simuiated in the modern control simulations. 'The rnajority 

of the decreases in surface temperature in each of the q e r h e n t s  occurs from June t h u g h  &O 

December with the minimum in September. The magnitudes of the clifferences are very similar in 



a) Surface Temperature Anomaly Over Land (116ka - Oka] CC) 

Month 

b) Surface Albedo Anomaly Over Land [l16ka - Oka] (Fractional) 

Figure 4.4: Arctic time series of (a) surface temperature and (b) surface albedo anomalies owr land 
in the warm biased, unbiased, and coId biased experiments. The contour interval for the temperature 
is 2 OC while that for the albedo is 0.1. Xegative values are dashed. 



each of the experiments with 116 ka BP zona1 land anomalies displaying minima of -10 to -12 O C .  

The difference between each set of experiments, from warm to cold biased lies in the southward 

latitudinal position of the cold anomalies, with the cold biased .WS9 experiment displaying minima 

at 75 O N  latitude while the other two experiments (AMS1 and .k\lIPSl) have minima at 85 "lu'. 

However, the isothermç in the .hifIPSl experiment are positioned Further southward relative to 

the .4iilSl cxperiment in sunimer. This southward movement of the region of strongest thermal 

gradient is likely to strengthen the baroclinicity along the polar front in each of the euperiments. 

The spatial distribution of the summer polar temperature anomaües (not shown) are quite similar 

in each experiment and ail three experiments produce Arctic land temperature anomalies at 116 ka 

BP that are significant at the 99% confidence level according to a univariate t-test. The maximum 

surnmcr temperature decreases are in Eastern and Central Sibena and over the Canadian Arctic 

Archipelago and have local minima tbat drop more than -6 O C ,  -8 OC and -13 O C  in the AMS1, 

.kiIIPSl and XMS9 euperiments, respectively. Scandinavia and Alaska &O experience decreases in 

temperature but of approximately half the magnitude as the other glacidy sensitive regioos. 

The decreases in surface temperature can also be directly correlated with changes in surface 

albedo. The changes in the annual cycie of Arctic zonaliy averaged surface albedo at I l6 ka BP 

(Fig. 4.4b) display the same southward migration of the anomalies in summer as was observed 

in surface temperature. The increases in surface albedo progressively increase in southward areai 

extent fiom the warm biased AMS1 experiment to the coId biased dMS9 experiment. The changes 

in the A M 1  experiment are actudy greater than those of the h\iIF'Sl experiment but only over 

Greenland. The .LM39 expehent  has zonai average albedo changes of geater than 0.4 at 75 

O N  latitude. This distribution of temperature and surface aibedo changes at 116 h BP is a good 

example of the positive ice-snow-albedo temperature feedback which strengthens as glaciai inception 

progresses and extends southward over the d e n n i a .  These changes in surface aibedo are a major 

component influencing the radiative baiance in the land surface scheme employed within this rnodel. 

The changes in surface temperature and d a c e  albedo have minima and maxima whid lag the 

decreases in insolation at  116 ka BP by approximatdy two to three months (see Fig. 1.4d). 

The energy baIance in the Iand surface scheme in this model is governed by the balance of a b  

sorbed solar radiation at the surface, the subsequent emission of thermal radiation and the exchange 

of latent and sensible heat fluxes fiom the d a c e  to the atmosphere (see Chapter 2 for a complete 

description). The change in soi1 moisnire between Liquid and solid phases along with the rndting of 

snow cover also influence the surface energy balance in this modei. The 116 ka BP anomalies in the 

absorbed shortwave radiation at the land surface in the model (Fig. 4.5a) for the annuai cycle in 



the Arctic circie reveais a pattern that is similar to the changes in temperature and albedo but with 

minima that Iag the minima in the top of the atmosphere (T0.4) insolation anomaly by one month. 

It is interesting to note that the decrease in absorbed shortwave at  the surface is substantialiy greater 

than that which is seen in the 116 ka BP (TOA) insolation anomaiy. The Juiy anomalies display 

minima at 75 "N in the unbiased ..LiIIPSl and cold biased AM39 experiments that are more than 

-50 and -80 W m-', respectively. The changes in Juiy aibedo, which result from increases in snow 

cover, appear to explain much of the decrease observed in the absorbed shortwave radiation at 116 

ka BP. The changes in totai chud cover in July over land range between -4 and -6 % in the three 

experiments (not shown) which impiies that this component of the radiative balance allows for more 

shortwave absorption in summer at 116 ka BP. This decrease in cloud cover would aliow for more 

shortwave radiation to reach the surface but ais0 would d o w  for more longwave terrestriai emission 

to space. The decreases in the net terrestrial longwave radiation ernitted fiom the land surface over 

the course of the Arctic annud cycle are illustrated in Fig. 4.5b for the three 116 ka BP experiments. 

The positive anomalies (maxima) in this figure indicate that there are decreases in the net upward 

emitted loajgvave radiation at 116 ka BP. The most interesting aspect of these figures is that the 

maxima in the anomaly occurs two months after the minima in absorbed shortwave radiation. The 

zero contour of the longwave anomaiy also nuis direnly through the solar absorbed minimum in 

July in each of the three experiments. There is ais0 a slight increase of approximately 5 W in 

net longwave south of 70 "PI in summer indicating that more longwave radiation may be emitted to 

space due to decreases in cloud cover and decreases in CO2 concentration in the atmosphere at 116 

ka BP. This change is more LikeIy a result of a decrease in evaporative cooling and therefore a warmer 

surface and wiIl be discussed in what foliows. The two month delay in the decrease in net longwave 

from the surface as compared with the shortwave radiation may simpIy resuit from the fact that 

there is more snow cover in August, September and October in the glacial inception experiments 

and thus l e s  terrestriai emission fiom the cooler surface at L16 ka BP. The increased amounts of soü 

moisture of 20 to 30 kg m-* that are present at  116 ka BP in August and September (not shown) 

are likely to infiuence the amount of emitted longwave radiation. increased soü moisture wodd alter 

the energy balance at this penod of the year by increasing the thermal heat capacity of the land at  

116 ka BP. The changes in evrtporation and precipitation that wiU be discussed in what foiiows may 

ais0 explain this longwave radiative phase lag. 

The changes in latent and sensible heat fluxes are displayed in Figs. 4.6a and 4.6b7 respectiveIy. 

Each of these components of the surface energy balance have maxima that occur in Juiy and indicate 

a decrease in the upward latent and sensibIe heat fluxes h the surface. As with the solar radiation 



a) Shorlwave Absorption Anomaly Over Land [116ka - Oka] (W m-') 

Figure 4.5: Arctic tirne series of (a) shortwave absorbed radiation and (b) surface net Iongwave 
radiation anomalies over land in the warm biased, u n b i i ,  and cold biased euperiments. The 
contour interval for the shortwave radiation is 10 W me' while that for the longwave radiation is 5 
W m-2. Negative values are dashed. 
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absorbed a t  the surface, the same characteristic patterns are observed in Fig. 4.6 for the surface 

fluxes. The decreases in latent surface heat fluxes Gom the Arctic land in çummer range from 30 

to 40 W m-' in the three glacial inception experiments, with the experiments with colder controls 

displayhg the greatest changes (Fig. 4.6a). Likewise, the decreases in sensible heat flux from the 

surface at 116 ka  BP are simiiar in character to the changes observed in latent heat flux but have 

summer decreases in the upward flux that range from 10 to 15 W m-' (Fig. 46b). At the lower 

boundary of the atmosphere, the transports of heat and water vapor aaoss the earth's surface 

are proportional to the vertical gradient in temperature and specific humidity, respectively. These 

turbulent fluxes at or near the surface also depend on surface roughness, wind sheer and thermd 

stratification (Peixoto and Oort 1992; Boer 1984)[168][20] . The evaporation at the surface in 

GChiiI also depends upon the rnoisture availability and evapotranspiration slope factor which is 

a function of soi1 and vegetation type when the surface is snow Gee (see Chapter 2). Under snow 

covered conditions, the latent heat flu is soleiy determined by the potential evapotranspiration. 

Therefore, at 116 k a  BP the surnmer evaporation changes observed in the Xrctic circle are by and 

large determined by the vertical specific humidity gradient at the surface since the snow covered 

surface is considered saturated. in contrat to this, the modern evaporation during summer will also 

be a function of the moisture availability at  the surface and the evapotranspiration slope factor. -4s 

was seen in Chapter 2, which investigated the iduence of changes in soi1 moisture parameterization 

under mid-Holocene boundary conditions, the nature of the parameterkations must be considered 

when evaluating the behavior of the model under significantly different boundary conditions. 

The July changes in surface heat flues do not corne close to balancing the decreases in absorbed 

shortwave radiation. For exunple, the cold biased AMS9 experiment has a deficit of approxhately 

20 to 25 W m-2 that is not accounted for in Jdy at 75 ON. -4 decrease of 20 IV m-' in the emitted 

thermal radiation is, however, observed two months later in the AiivIS9 annual cycle and may simply 

indicate that there is less energy a d a b l e  at the surface for snow melt during the surnmer season at 

116 ka BP. A plot of the sum of the four surface flux anomaIies (not shown) indicated that the time 

evohtion of the surface temperature is changed at  116 ka BP and that energy is being employed 

for maintainhg snow cover or meIting snow cover. In this scenarïo the summer land is warming Iess 

quickly a t  116 ka BP in summer and cooüng less quickiy in fail. This would in turn correspond to 

less snowmeit in summer and decreased snow formation in fd at  116 ka BP. 

The vertical transport of heat and water vapour in the atmasphere by turbulent atmospheric 

boundary Iayer processes as well as horizontal transport by the atmospherïc circulation primarily 

determines the behaviour of chnate systern. These atmospherïc processes are of even greater impor- 
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Figure 4.6: Arctic time series of (a) latent and @) sensible heat flux anomalies over Iand in the 
warm biased, unbiased, and coId biased experiments. The contour interval is 10 W rn-=- Negative 
vaIues are dashed. 



tance in considering how changes occur in clirnate state in response to changes in boundary forcing. 

Chapter 3, which investigated LGM climate using the GChm mode1 has demonstrated that the 

changes in the hydrolagical cycle under cold climate perturbations such as those observed at 21 

ka HP, have a significant inhence on snow accumuiation. The enhanced reduction in evaporation 

over precipitation was found to Iead to a net increase in the precipitation minus evaporation (P-E) 

m m a l y  over the Laurentide ice sheet at LGM. Thus, even though the vigour of the atmospheric 

components of the hydrological cyde are significantly decreased in cold c h a t e  scenarios, there can 

nevertheless be a positive impact on the terrestrial storage component of the hydroIogicai cycle. 

This phenornenon is precisdy what is occurring under the cold climate perturbation at 116 ka BP, 

=cept that the changes are conhed to the North Polar regian. A tirne series of the precipitation 

and evaporation north O€ the Arctic circle (Fig. 4.7) reveals the temporal evolution of tris mech- 

anism a t  116 ka BP. The precipitation and evaporation are both dependant on the atmospheric 

moistue content which is non-linearly related to the changes in atrnospheric temperature through 

the Clausius-Clapeyron relation. The 116 ka BP anomalies in precipitation (Fig. 4.7a) and evape 

ration (Fig. 4.7b) are negative in summer in di three gland inception experhents. The changes 

in precipitation have minima that range between -0.4 and -0.6 mm/day in JuIy and August. The 

evaporation anomalies a t  gIacial inception range h m  -1.0 to -1.6 mrn/day in JuIy at 70 to 75 'X 

latitude, with the greatest changes occuInng in the AMS9 cold biased experiment- The changes 

in evaporation are, of course, directly proportional to the decreases in Iatent heat Bux from the 

surface (Fig. 4.6a) and are weli correIated with the summer reduction of TOA solar insolation. The 

precipitation anomalies occur more evenly over summer and faii in each of the thrm experhents 

with the changes in sumrner being most intense. A t h e  series of the P-E anomaly over the polar 

Iand regions shows a distinct maximum in July, hugust and September in ail three expeciments (not 

shown). In October and Novanber the P-E anomaiy over the polar land mass is negative which 

provides for anomalous addition of Iatent heat energy to the atmosphere at 116 ka BP and may 

contribute to the reduction in net upward Iongwave at the surface (F'ig. 4.5 b) through increased 

donnward ernission from the atmaçphere. The summer P-E anomaly plays a vital roIe in maintain- 

ing the summer snowfaii during glacid inception. Increased summer P-E over polar Iand masses at 

116 ka BP is a stmng candidate for a positive hydrologicd cycle feedback mechanism on ice sheet 

expansion over dennienniai tirnescdes. 

The action of this fdback mechanism over land in summer is inwstigated in greater detail 

through examination of the atmospheric moisture balance equation: 
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Figure 4.7: Arctic t h e  series of (a) precipitation and (b) evaporation anomalies over land in the 
warm biased, unbiased, and cold biased experirnents. The contour interval is 0.2 mm/day. Yegative 
dues are dashed. 



In this equation the excess of evaporation over precipitation, (E(O,$, t) - P(B,#, t)), at  the Earth's 

surface is balanced by the local t h e  rate of change of vertically integrated specific humidity in pres- 

sure coordinates, W = g-l JF q(8, #, p, t)dp, and by the divergence of the total atmospheric water 

vapor transport, q = g-L Jp q(8, #, p, Qu(%, 4, pl t)dp. The vertical integrals are from the surface, 

po1 to the top of the atmosphere, wMe 8 is the Iatitude coordinate and q5 is the longitude coordinate. 

In the atmospheric branch of the hydrological cycle, the time rate of change of precipitable water, 

dW/dt, is usuaiiy very small compared with the divergence and source terms over global scaies and 

on annual average (Peixoto and Oort 1992)[168]. However, on a high latitude seasonal basis this is 

no longer the case. Following Peixoto and Oort, equation (4.3) can be reformulated in tems of the 

temporal and spatial average over a region bounded by a conceptuai vertical waii at 60 'N latitude 

that results in a relation for the Uiffow and outfiow of atmospheric water vapour coatained within 

the Arctic region: 

In this equation the locai rate of change of total precipitable water [ûLV/dt] contained within the 

atmosphere north of the Arctic circle is balanceci by the polar evcess of evaporation over precipitation, 

[E-Pl, and by F, = g-' g" v(g ,  &,pl t )q ($ ,  4,p, t)d@p, the northward meridional flux of water 

vapour across the vertical wal1 at 60 ON. 

By considering the atrnosphenc branch of the polar hydrological cycle as described by equation 

(4.4, tve can investigate the nature of positive or negative feedbacks ocçurring as a result of the 

strong reduction in polar insolation at 116 ka BP. Fig. 4.8 displays the three quantities in equation 

(4.4) for the region north of 60 O N  latitude for the three modern controls and three 116 ka BP 

experiments. The annual cycie of the area averaged rate of change in total precipitable water and 

total [E - P] are displayed in Figs. 4.8a and 4.8b, respectively, while the annuai cycle of the total 

northward transport of water vapor into the Arctic circle is displayed in Fig. 4.8~. The rate of 

change in precipitable water has a maximum in late spring/earlq- summer and a minimum in late 

summer/earIy f d .  The ma ima  and minima in the modern controls range from 1 6 5  to f 95 kg 

m-2 yr-' (=165 to f 95 mm yr-') owing to the increased moisture content of the atrnosphere in 

summer in the coId to warm biased experiments, The 116 ka BP experiments range h m  k35 to 
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Figure 4.8: Time series of (a) the rate of change in total .Arctic precipitable water, (b) Arctic E P  
and (c) northward transport of water vapour into the Arctic circle for the three modern control and 
three 116 ka BP experiments. Observeci values are indicated in black. Arrows indicate the direction 
of increasing divergence and convergence. Units are in kg m-2 ~ r - ~ .  



&60 mm y r L .  The observed maximum and minimum rates of change in precipitable water are 

slightly more than 330 mm yr-' (Peixoto and Oort 1992)[168]. In each of the modern controis and 

116 la BP experiments there is ais0 an excess of precipitation over evaporation d year round in 

the Arctic region with a maximum of 500 mm yr-' in winter and 300 mm yr-' in sumrner. The 

vaiues from the modern control experiments are substantialIy more than the values obtained fiom 

observations (Legates and W i i o t  1990)[126], which suggest the model polar P - E is excessive 

by approximateIy 100 to 200 mm yr-' depending upon the time of year (Fig. 4.8b). The total 

meridional transport of moisture by al1 motions across the Arctic Circle not surpriçingly has the 

same characteristic annual cycle as P - E with a winter maximum of between 80 and 120 mm 

yr-' and a s u e r  minimum of between 40 to 80 mm yr-' in the modem controls and 116 ka BP 

experiments. Compared with the meridional transports derived from observed specific humidity and 

wind velocities (CMC: Mitchell et ai. 1993 and Mitchell et al. 1996)[152][152], the model controls 

agree wdi with the general behaviour of the observed transport but again Bow is too strong into the 

poIar regions, most notably in the fail (Fig. 4.8~). It is not surprising that the model quantities do 

not bdance, which likely results from a combination of the procedure used for eliminating negative 

specific h-dities (spectral hole W g )  that is employed in the model (McFarlane et al. 1992)[146] 

and the h i t e d  resolution of the model in the polar cap. The observed values do not balance either, 

suggesting a lack of spatial and temporal coverage at high polar latitudes. If we take into account 

the defiaencies present in the model and in the data, this comparison may nevertheless reveal a 

gea t  deal of information about the dynamics of the climate change that is occurring in the polar 

region under the significantly modifiecl solar forcing at 116 ka BP- 

The differences betneen 116 ka BP and modern for the three quantities in equation (4.4) are 

displayed in Fig. 4.9. The 116 ka BP anomalies in the rate of change in total precipitable water in 

the polar cap display uniform changes between the warm biased AMS1, unbiased AhIIPS1 and cold 

biased .4%IS9 experiments suggesting that the total amount of polar precipitable water is linearly 

correlated with the polar mean temperature in each of the simulations (Fig. 4.8a). The total polar 

precipitable water has a belI shaped annual cycle with a maximum value in summer and a minimum 

d u e  in winter (time integral of Fig. 4.8a). The differences in the rate of change of precipitable 

water berneen the three modern and three 116 ka BP simulations are alrnost identical (Fig. 4.9a). 

T6is indicates a reduction in the rate of increasing polar precipitable water content in late spring 

of-30 mm yr-' and a moiUed rate of decreasing polar precipit&le water content in late s u m e r  

of 25 mm yr-' between 116 ka BP and modem. The simiIarities in the anomalies of the three 

experiments indicates that the 116 ka BP anomalies of the rate of change in polar precipitable 



water is not dependant on the modern control simulation. Negative values of summer differences 

in E - P between 116 ka BP and modern (Fig. 4.9b) indicate increased anomalies of total polar 

P - E over land and ocean of approximately 25 to 40 mm yr-' in aii three experiments. There 

is also a decrease in P - E over the same region in fail which indicates there is less precipitation 

over evaporation in this season a t  116 ka BP, Thus, in summer there is more convergence fiom 

the P - E component in the polar cap at 116 ka BP considering &V/dt zz O. The fan increase in 

evaporation over precipitation in ali three simulations arises in part due to the weakening in the 

rate at which the content of polar precipitable water is decreasing fiom the atmosphere in FA. This 

may also explain the decrease in the surface net upward longwave (Fig. 4.5b) over land at this 

tirne of the year through the evaporative cooling mechanism. Rom equation (4.4, the decrease in 

summer evaporation over summer precipitation at 116 ka BP (Fig. 4.7) implies a local moisture 

convergence anomaiy over land since &V/dt = O between July and August in ail the simulations 

(Fig. 4.9a). The 116 ka BP anomaly in northward transport of moisture in summer of approximateiy 

20 to 40 mm yr-' in all three experiments indicates convergence of moisture into the Arctic Polar 

Cap region at this time of the year (Fig. 4.9~). This suggests a balance with the increased summer 

P - E component as dW/dt zz O in mid summer. The fact that each biased experiment displays 

the same behaviour in summer but not necessarily in winter implies that this climate mechanism is 

exerting a strong influence when a strong reduction in TOA insolation at 116 ka BP is implemented 

in the model. This cold perturbation positive feedback mechanism is a result of the increased 

northward moisture transport into the polar cap and compensating inaeased P - E whiIe the 

temporal change in moisture content of the sumrner atmosphere remains nearly the same. Mthough 

the polar atmosphere is dryer at 116 ka BP, the increased moisture convergence over land that feeds 

summer snowfd may be considered as the end product of a stronger polar atmosphenc "cryogenic 

moisture purnpn. This mechanism is ultimately a product of the large drop in the summer insolation 

at these high latitudes. 

The modern simulated verticdy integrated annuai mean total water vapour transport reveais 

the circumpolar nature of the transport of moisture about the .Arctic Circle- The modern simu- 

lated transport for the unbiased .-MIPSI experiment is displayed in Fig. 4.10a. The other AMSl 

warm biased and AM39 coId biased simuiations have totd water vapor transports that are very 

similar in structure to the .4iiîiPS1 simulation (not shown). The generai circulation of this quantity 

agrees fairly weU with the observed circulation (e.g. see Chapter 3) but with an intensity that is 

increased by approximately 35 % in magnitude dong the mid-Iatitude jet streams owing to the 

owrly intense simulation of the hydrological cycle in this modei. The diEerences betxeen sirnulated 
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Figure 4.9: T i e  series of the 116 ka BP anomalies for (a) the rate of change in total Arctic 
precipitabIe water, (b) hrctic E P  and (c) nonhward transport of water vapour into the Arctic 
circle. k o w s  indicate the direction of increasing divergence and convergence anomalies. Units are 
in kg m-* yr-l. 



and observeci transports are in much better agreement at  high latitudes owing to the much drier 

conditions present in the atmosphere in this region. The atmospheric watcr vapor transport at high 

latitudes is iduenced by the orography and the mid-latitude jet Stream maximum over the Eastern 

Atlantic and Eastern Pacific Oceans. In the ivestem Pacific just south of the Arctic CircIe moisture 

is advected northward over Alash because of the planetary wave forcing in the atmosphere by the 

Western Cordiliera. In the modern simulation some of the moisture transport over Alaska is split 

into two branches, one directed over Eastern Siberia and the other much stronger branch Bowing 

over the Canadian Arctic Archipelago. 4 sirnilar atmospheric flow pattern occurs over the Scandi- 

navian region where moisture is again forced northward across the Arctic Circle and across Central 

Siberia through stationary wave forcing. Considering the circumpolar vortex structure of the total 

atmospheric water vapour transport within the .Arctic Circle and the regions of perennial snow cover 

at  116 ka BP, we can see that the nucleation regions (Fig, 4.2) lie in the arid regions just to the 

north of the outflow branch of the total water vapour transport across the hrctic Circle. It is &O 

interesting to note that the regions that did not nucleate, namely Xlash and Scandinavia, lie in 

the inflow branch of the atmospheric water vapour transport across the Xrctic Circle. The fact that 

.Alaska did not experience signiiicant glaciation in the period subsequent to the 5e/Sd transition 

is dearly in excellent record with this result. The fact that Fennoscandia did become glaciated, 

however, suggests that the glaciation of Canada may have been required before this couid occur, the 

resuit of which could weii have been a repositioning of the inflow branch of the atmospheric water 

vapour transport across the Arctic Circle away from the Scandinavian region. 

The 116 ka BP total water vapour transport anomalies in the three glacial inception experiments, 

that range From warm to cold biased, are displayed in Figs. 4.10b through 4.lOd. A comaon 

feature characteristic of al1 three flow anomalies is that the transport vectors are in a direction 

that is opposite to the circumpolar moisture current in the modem control simulation. Either the 

cirnimpoIar current i .  reduced in magnitude in the cold post Eernian experiments or there is a 

southward migration of the main branches of the mid-latitude moisture transport or a combiiation 

of both. The warm biased AMSl and unbiased AlviIPS1 anomalies have features that are very similar 

to one another. One comrnon feature is the decrease in outflow of moisture from the Canadian Arctic 

Archipelago as indicated by the tongue like anomaly in this region. This feature is &O seen in the 

cold biased AiiS9 experiment. This may be one of the reasons why there is an increase in moisture 

convergence over the Arctic land masses simulated during 116 ka BP summer conditions. The same 

phenornenon is occurring in the eastem-most portion of Siberia where the outflow in reduced in 

magnitude by a p p r h a t e i y  20 % in aii three glaciaI inception experiments. It is &O interesting to 
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Figure 4.10: Contour plot of the modem simdated annual average total -ter vapour trausport 
for the unbiased experiment. The 116 ka BP anomalies in totd -ter vapour transport for the (b) 
waxru biased, (c) unbiased, and (d) cold biased experïments. The contour intervai is 10 kg ru-' s-' 
in (a) and 5 kg m-' s-L in (b), (c), and (d) - 



note that there is an inaease in the flow over Scandinavia in the warm XivlS1 and unbiased .LMlPSl 

experïments but not in the cold biased AMS9 experiment. In fact, the changes in the cold biased 

experiment indicate a very strong decrease in the atmospheric transport over Alaska, Scandinavia 

and Western Europe due to the signXcant depression in summer temperatures. The significant 

glaciation seen in Central and Eastern Siberia in the cold biased AMS9 experiment may be a result 

of this significant realignment of the atmospheric inflow and outflow of water vapor into this region 

resdting in increased moisture convergence over land areas and areas of perennial snow cover. 

The energetics of the atmosphere, as described by the main intrinsic forms of energy, namely the 

internd, gravitational-potentiai, kinetic and latent heat energy constitute essentiai components in 

the atmospheric heat engine. A complete andysis of the changes in energy baiance in the 116 ka 

BP atmosphere is beyond the scope of this study m d  is part of an ongoing investigation. However, 

it is useful to briefly explore some changes in the transient eddy activity of the atmosphere in the 

north polar region to illustrate some dierences in the high latitude atmospheric dynamics of the 

Post Eemian period. The meridional transport of latent and sensible heat by transient eddies is 

arguably the most important component of the energy exchange in the general circulation of the 

mid-latitude northern hemisphere atmosphere, especially in the vicinity of the highly baroclinic polar 

front. The moisture (latent heat) transport by transient eddies, predominantly in the mid-latitudes, 

is responsible for a much greater fraction of the total moisture transport in the meridionai than in 

the zonai direction. The modem simulated annuai mean northward transport by transient eddies is 

displayed in Fig. 4.11a for the unbiased AMIF'S1 euperiment. The modem simulated transport for 

the other two experiments is much the same as  in Fig. 4.11a and agrees well with the magnitude 

and behaviour of the observed atmospheric eddy moisture transport (not shown) (CMC: Mitcheii 

et d. 1993 and Mitcheii et ai. 1996; Peixoto and Oort 1992)[152][152][168]. Much of the northward 

moisture transport into the Arctic Circle by transient wave activity is dominated by maxima which Iie 

just east of the two main continental land masses, namely North h e r i c a  and .hia. These maxima, 

which are associated with the Gulf Stream and Kuroshio western ocean boundary currents, are the 

source of a large portion of the northward transport of moisture in these strongly baroclinic regions. 

.4ithough the maxima occur at approxïmateiy 35 "N latitude in the annuai mean, the eddy activity 

is st ï i l  significant even across the Arctic Circle in Eastern Canada and Eastern Siberia. Two other 

maxima in northward eddy moisture transport occur to the southwest of Alaska and to the southeast 

of rceiand, These maxima, which are of approxhateiy haü the magnitude, occur at the tail ends of 

the Gulf Stream and Kuroshio currents dong the poIar front where warm subtropicai air interacts 

with cald polar air. Also of note are two neak minima of southward moisture transport by transient 
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116 ka BP VQ' Transport Anomaly [AMIPSI] 116 ka BP V'Q' Transport Anomaly [AMSg] 

Figure 4-11: Contour pIot of the annuai mean northward transport of latent heat by transient eddies 
for the unbiased experïment. The LI6 ka BP anomaües in northward transient eddy latent heat 
transport for the (b) mm biased, (c) unbiased, and (d) cold biased experiments. The contour 
interval is 2 x 107 W m-l in (a) and 1 x 10' W m-' in @), (c), and (d). To convert to latent 
heat transport (W m-l), the moistw transport (kg m-' s-') is mdtiptied by the latent heat of 
vaporization: L, = 2.5 x 106 J kg-', 



eddies that are situated syrnmetncdy, 180 'Iongitude apart, over Greenland and the Russian Arctic 

Ocean. 

The 116 ka BP anomalies in the northward rnoisture (latent heat) transport by transient eddy 

activity for the three experiments are displayed in Figj. 4.11b to 4.11d. A fairly consistent pattern 

emerges in the 116 ka BP moisture transport anomalies with the reduction in summer insolation. The 

two regions of southward transport over Greeniand and the Russian Arctic Ocean are significantly 

reduced while the transport over the Canadian West Coast and Alaska are significantly increawd. 

Also of note is the decrease in northward transport over the Canadian Arctic Archipelago as weii as 

over Eastern Siberia in al1 three experiments. Owr Eastern Europe and Scandinavia the northward 

transport becomes successively stronger with increasing cold bias in each of the three elcperiments. 

The cold biased AMS9 experiment delivers a strong northward transport in Eastern Europe. 

The modern annual mean northward sensible heat transport by transient eddies show in Fig. 

4.12a for the AiIIPS1 experiment is very similar to the moisture or latent heat transport in Fig. 

4.lla. The 116 ka BP anomalies for the annuaI mean meridional sensible heat transport by transient 

eddies for the three experiments (Figs. 4.12b to 4.12d) are also characteristicdy similar to the eddy 

moisture transport displayed in Figs. 411b to 4,11d, but are of approximately twice the magnitude. 

The 116 ka BP eddy heat transport anomalies are decreased substantidy over Eastern Siberia 

and the Canadian Arctic Archipelago. The southward eddy heat transport over CreenIand and 

the Russian Arctic Ocean are again significantly decreased. Liewise, the northward heat transport 

increases over Eastern Europe and Scandinavia as the experiments go from warm to coId biased, 

with the .LM39 experîment showing the greatest northward eddy transport of heat in this region. 

The locations of perennial snow cover in the Arctic region (Fig. 4.2) and the location of the 

maxima and minima in the LI6 ka BP anomdies of northward transport of latent and sensibIe heat 

(Figs. 4.11 and 412) by transient eddy activity are strongly correlated. The absence of perennial 

snow cover formation in .4iaska and Scandinavia in any of these experiments is associated with the 

fact that increases of northward heat and rnoisture transport by transient eddies occurs in both 

these regions. The regions of nudeation over the Canadian Arctic Archipelago and over Centrai and 

Eastern Siberia, on the contrary, coincide with regions oE decreased northward Iatent and sensible 

heat transport in the . W S l  and iih,ZS9 experiments. It seems entirely plausible that the zonai 

spatial heterogeneity of the Arctic nudeation zones is in part a result of inneases and decreases in the 

northward transient eddy transport of latent and sensible heat into the Arctic CircIe at  116 ka BP. 

These rdationships may ac tudy be M e r  ampl%ed as the process of glacial inception proceeds and 

continental ice sheets gmw and advance in this polar region (see the LGM eddy moisture transport 
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Figure 4.12: Contour plot of the annuai mean northward transport of sensible heat by transient 
eddieç for the unbiased experiment. The 116 ka BP anomalies in northward transient eddy sensibIe 
heat transport for the (b) warm biased, (c) unbiased, and (d) cold biased experiments. The contour 
intervai is 5 x 10T W m-'10 in (a) and 2 x 107 W m-' in (b), (c), and (d). To convert to sensible 
heat transport (W rn-'), the temperature flux ("C m s-') is rnultiplied by the specific heat capacity 
of air at constant pressure, the surface pressure and the inverse of gravity: cp po g-' = 1 x IO' J 
m-2 oc-1-  
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in Chapter 3; Fig. 4.8) and will be the focus of further study to be described elsewhere. 

4.4. Siimmary and Conclusions 

An investigation of glacial inception conducted using the CCCma AGCM has demonstrated the 

operation of several climate feedbacks that may be instrumentai in the determination of climate 

state in the Post Eemian period. Three experiments consisting of three modern controls and three 

116 ka BP experiments were performed using miued layer ocean and sea ice modules to assess the 

sensitivity of the model to the summertime insolation minimum that occurred at this t h e .  In the 

three euperiments, boundary conditions were moclified such that a range of northern hemisphere land 

and sea surface temperatures were obtained. -4 pair of warm and cold biased experiments relative to 

an unbiased experiment form the set of three sensitivity experiments. in the unbiased experiment the 

modern SSTs and sea ice delivered by the rnived Iayer ocean and thermodynarnic sea ice modules 

were constrained, through the use of impiied oceanic heat transports, to those inferred from the 

A M E 2  SST and sea ice concentration data sets. In the cold biased euperiment the SSTs and sea 

ice distribution were detennined on the ba is  of the data sets of Alevander and bfobley (1976)[3]. in 

the CCCma GCMII model the rate a t  which the solar radiative transfer calculations are performed 

affects the temperature obtained at the surface of the model. In the cold biased simulation the 

full solar radiative transfer caidation, which is intermittently performed every 9 mode1 timesteps 

and then interpolated to every model timestep, is demonstrated to induce a radiation deficit within 

the model. The correct implementation requires that a hli solar radiative transfer caldation be 

m * e d  out at every model timestep. in doing so, the irnpiied oceanic heat transports inferred 

from the Alexander and Blobley data sets are no longer appiicable when the full radiative transfer 

analysis is conducted at every timestep. The result, which constitutes the warm biased experiment, 

is a simulation with oceanic SSTs which are warmer when compared with the AMP2 SST data 

set. Thus, the three control experiments provide a means of testing the sensitivity of the ability of 

the model to deliver perennîai snow cover at high latitudes in response to a reduction in incoming 

summer solar radiation. 

Modelling issues that are pertinent to the simulation of Post Eemian perenniai snow cover in an 

AGCM were aIso discussed in this chapter. In particular, the inaccuracies that are present in the 

spectraüy decomposed AGCM topography due to Gibbs oscillations in regions of rapidly varying 

devation are centrai to determining the regions in which the model will attain perenniai snow cover. 

In one instance, the large elevation changes that occur between the summit of Greenland and the 
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summit of Baffin island in the observed topography poses a series of problems in spectral models. 

In the CCCma GCLiII (T32) spectral decomposition, the h t  spectral ripple to the southwest of 

Greenland induces more than a half Hometer error in the topographic elevation over Baffin Island 

which places the land m a s  below sea lever in the model. This al30 has a direct &t on the perennial 

snow cover which is known to have existeci in this region in Post Eemian thes. Considering lapse rate 

adjustments to a corrected topography, the B a f i  Island plateau would be about 4 OC colder in the 

model and would most certainly d e c t  this glacialIy sensitive nucleation zone. The spectral ripples 

also have the additional eflect of shifting the topographic maximum on Baffin Island horizontdy 

away from areas of rapid elevation changes. 

Taking into consideration the physical misrepresentations and inadequacies in the model that 

were discussed in Section 1.2 of this chapter, 1 then addresseci the model's ability to adequately 

reproduce the modern observed climatology. Deviations in Arctic surface temperatures From ob- 

served were found to be fairly consistent in spatial distribution in the three modem simulations. 

The Canadian Arctic Archipelago and Scandinavia were found to be in good agreement with the 

observed surface temperature in the three experirnents while temperatures over Eastern Siberia and 

Aiaska were somewhat cold biased. The summer .Arctic precipitation in the three sets of experi- 

ments is also sirnilar, and in generd wet biased when c o m p d  wit h the observeci data. The CCCma 

GCLfiI is known to have a hydrologicai cycie which is overIy vigourous compared with the modern 

observed cycle, and this leads to excessive precipitation in this polar region. The modem summer 

snow cover sirnulated in the model is a strong h c t i o n  of the temperature bias in the three sets of 

simulations. The unbiased simulation, in generd, has the best agreement with the observed snowfd 

data. .Ui three simulations tended to overestimate the m e r  snowfd in Eastem and Central 

Sibena. 

The three 116 ka BP experiments demonstrated that g1acia.i inception was successfidiy achieved 

in two of the three simulations performed with this model. The warm biased experiment delivered no 

perennid snow cover in the Arctic region evcept over Central Greenland. The coId biased 116 ka BP 

qe r imen t  had large portions of the Arctic north of 60 ON latitude covered in perennial snowfali. 

Strong regions of accumulation o c m e d  over the Canadian LAccti~ Archipelago and Eastern and 

Central Siberia. The accumulation over Eastern Siberïa appears to be excessive since there is little 

evidence that Eastern Siberia ever entered into a glacial state. The acmuiation pattern in this 

region is iikely a result of the excessive precipitation in the modem simulation. The unbiased 

experiment has the strongest nucleation zone centered owr the Canadîan Arctic .hchipelago and 

slight perennial snow cover over Eastern and Centrai Siberia. The absence of nudeation over Aiaska 
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and Scandinavia in these two e'rperiments poses a number of interesting questions concernuig the role 

of these regions in the edu t ion  of the northem hemisphere into a glacial state. AIaska is thought to 

have been absent of continental ice cover throughout the Iost gIacial cycle while Scandinavia is hown 

ta have been covered by the Fennmcandian ice cornplex. This raises the question as to the cale that 

the Atlantic and Paci6c oceans might pIay in the determination of ice advance in these regions. The 

absence of perenniai snow cover in the Scandinavian region may be a result of inadequate resolution 

of the topography in this region. However, it is also possible that for Scandinavian glaciation to 

occur, the Yorthem American region needs to be in an advanced state of glaciation such as would 

have b e n  characteristic of prevaihg conditions a t  the time of the Iater insolation minimum that 

occurred at 70 ka BP. The strength of the thermohdine circulation wouId liiely have been somewhat 

reduced at this time which would aIso have served to hirther cool the Scandinavian region as this 

lies downstream of the regions where deep water currently forms and the overlying atmosphere is 

thereby signiticantly warmed. 

The t h e  sets of sensitivity experiments, each with varyhg degrees of glacial inception at 116 

ka BP, were also employed to investigate several climate feedback mechanisms that might be instm- 

menta1 in further stimulating perennid snow cover- 

In particular 

(1) The seasonal evolution of snow cover is much different in each of the three experiments at I l6  

ka BP. The warm, unbiased and co1d biued experirnents aii have extended northern hernisphere snow 

cover anomalies in late summer of 2, 5, and 9 million km', respectively. The seasonai cycle of the 

!and surface temperature and surface albedo anomalies grow successiveIy colder and more reflective 

in each experiment with successiveiy coider controi temperatures. The extensive snow covered area 

in summer in the experiments would ptay the determining roIe in the transient evolution of land ice 

through the snow-ic+albedo feedback mechanism. The seasonal evoIutian of sea ice cover a t  116 ka 

BP was characterized by extended sea ice distributions of 2 to 3 million km' in Xugust in the three 

Post Eemian simulations. The difkrences between these simuiations are somewhat dependent upon 

the under ice heat fluxes in the thermodynamic sea ice rnodd. The Iack of dj-namical ice Bow in this 

component of the mode1 is certain to affect the 116 ka BP sea ice distributions. Xevertheiess, sea ice 

expansion is known to influence perennial snow cover in glacial inception ecperïments- The expansion 

of sea ice to lower latitudes cools the surrounding Iand masses and restricts ocean-atmosphere heat 

and moisture exchange in the .Arctic region. 

(2) The .4rctic anomalies in the Iand surface energy baiance, dictated by the balance of absorbed 

shortwave radiation, emitted longwave radiation and the exchange of latent and sensible heat fluxes 
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h m  the surface to the atmosphere are very well correlated with the reductions in summer polar 

insolation at 116 ka BP. Reductions in the 116 ka BP net shortwave absorbed anomalies at the 

surface are weU below the reduction in insolation with minima occurring in Jdy in the three sets 

of experiments. The largest decreases in absorbed shortwave radiation reach 80 W rn-' h Jdy in 

the cold biased experirnent. Decreases in the net longwave radiation a t  the surface relative to the 

shortwave radiation minimum are delayed by approximately 2 months in each of the e-eriments, 

with the largest changes again occurring in the cold biased evperiment in Septernber. Decreases in net 

Iongwave are virtually non existent during the July insolation minimum. Decreases in upward latent 

and sensible heat flues have maxima that also occur in July but with sensible heat flu anomdies of 

about half the magnitude of the decreases in latent heat Bu. In mid summer the experiments have 

an imbaiance between the decrease in the upward latent and sensible heat Bues and the net solar 

radiation absorbed. Thus, a t  116 ka BP there is excess heat flux being emitted h m  the surface and 

that rnay be an important mechanism for decreasing summer snow melt and rnaintaining perenniai 

snowfaü. In the fail, the 2 month delay in the net longwave radiation anomaiy at the surface may 

simply indicate that the surface is cooling more slowly than it does under modern ciimate conditions. 

The combined effect is that the snow cover is maintained for much Longer durations of tirne at these 

hi& polar latitudes at 116 ka BP. 

(3) The enhanced reduction of summer evaporation over summer precipitation in the Arctic Circle 

over land results in a net increase in precipitation minus evaporation (P - E) at 116 ka BP- This is 

the k t  indication that there may be a climate mechanism that is acting to create a convergence of 

moisture owr Arctic land a t  116 ka BP. h subsequent detaiied analysis of the atmospherïc moisture 

baiance equation for the Arctic Polar Cap north of 60 " latitude indicated a change in behavior of 

the polar climate at 116 ka BP. In the polar climate system the rate of change in precipitabIe water 

is baianced by the meridional flux of water vapour into the ,Arctic Circle and the totd polar excess 

of evaporation over precipitation. The moisture being pumped into the polar region by the general 

ciradation is much stronger in winter than in summer. Wïth the reduction in insolation at 116 ka 

BP, this mechanism becomes more vigourous in summer. At 116 ka BP the decrease in evaporation 

over precipitation baiances the inaeased influx of moisture transport into the polar region. With 

the rate of change in precipitable water being fairIy constant in summer the change in the rate of 

change of precipitable water at 116 ka BP is negligible. Thus, 1 find a climate feedbadc mechanism 

which is pumping more moisture into the -Arctic CiucIe dong with enhanced convergence. This 

mechanism constitutes a positive feedback mechanism due to the reduction in insolation at 116 k a  

BP and nould enhance ice sheet growth over the ensuing mU-a 



4.4. Summary and Conclzuiuns 141 

(4) Changes in the northward transport of latent and sensible heat by transient eddy activity 

display similar behaviour in the Arctic Region in each of the three 116 ka BP experiments. The main 

features constitute a decrease in the northward heat transport into the Canadian Arctic Archipelago 

and over Eastern Siberia Over Eastern Europe and Scandinavia the transport becomes successiveIy 

stronger as the temperature of the modem control simulation decreases. Xlso of note is the consistent 

increase of latent and sensible heat transport over Alaska in aii t h e  116 ka BP experiments. The 

eddy sensible heat transport anomalies are found to be approximately twice the magnitude of the 

eddy latent heat du.. anomalies, In generai it is found that the lack of formation of perennial snow 

cover in Alaska and Scandinavia in any of the experiments coincides with increases of northward 

heat transport by transient eddy activity. The zona1 spatial heterogeneity of the hrctic nucleation 

zones appears to be in part a result of increases and decreases in the northward transient eddy 

transport of heat and rnoisture into the Arctic Circle at 116 ka BP. This effect is likely to increase 

6 t h  decreasing temperature and increased snow cover over tirne- 

This investigation suggests that a number of cümate mechanisms are acting to modify the 116 ka 

BP climate such as to make conditions for perennial snow cover more favorable. These mechanisms 

seem to constitute a set of positive feedback mechanisms which couple with the main Miiankovitch 

ice-albedo positive feedback resuiting from the decrease in summer insolation. X more detaiied 

investigation of the energy balance in the polar atmosphere may provide greater insight into dter- 

ations in the atmospheric energy cycle that may be have occurred at 116 ka BP. Downscaiing the 

topographic representation in GCMii in order to actiieve a more appropriate mass balance in simu- 

lating glacial inception conditions may aIso provide a new direction for research in glaciai inception 

rnodelling. A transient simulation of Post Eemian glacial inception with a coupled AGCM/ISM 

spanning approximately 10 000 years rnay also reveai whether some of the candidates suggested to 

constitute positive feedback mechanisms in thii study are actually huther amplified. The use of 

a coupled AOGCM and ISM wodd dtimateIy aiiow a more detailed investigation of the transient 

evolution of continental ice sheet expansion in the northern hemisphere. As paleoclimate models 

become more sophisticated and paleoclimate data more abundant, a greater understanding of past 

climates d l  ensue, undoubtediy leading to a greater understanding of climate change processes in 

general, including those that wiii govern our future- 



Conclusion 

5.1. Mode1 Development and Climate Prediction 

In order to advance our understanding O€ the climate system, it is necessary to incorporate o w  

collective understanding of the controUing physicai mechanisms more acciirately into present day 

Earth System Models. The model used in this study has evolved in a nurnber of respects and has 

just been recently rereieased as GCM3. Since the second reiease in 1992, the model has undergone 

major revisions to improve upon the deficiencies that are known to exist in GCM2, some of which 

have been reveaied in this thesis and employed by the CCCma group to design improvements. 

In the course of this thesis 1 have invetigated a number of issues and implemented a number of 

changes to the original CCCrna GCM2 version of the model. 1) The original model caiculated the 

solar forcing a t  the top of the model using o d y  the dedùiatian of the Sun and thus a circular 

orbit. The model used in this thesis uses solar forcing resulting lrorn both an elliptical orbit and 

the influence from the other orbital parameters as discussed in Appendix A. 2) The original model 

was initiaily unusable for paleoclimate studies due to an error that was discovered in the longwave 

radiation scherne. The longwave radiation patameterization ernployes transmissivities which vary 

as b c t i o n  of CO:! concentration based upon a Padé approximation scheme which contained a h i U  

condition a t  Iow CO2 levels. This would subsequently cause the model to eventually faiI in a cloud 

ice crystal parameterization. 3) The bucket depths in the original land surface scheme were found 

to be unreasonably high compared with global idues. This led to the investigation of the influence 

of the land surface scheme on the mid-Holocene anornaIous response simulated by the model (cf. 

Chapter 2). This reveaied further problems with the hi& latitude 6 ka BP response in the modei 

compared with 0 t h . .  models in the PlMlP set. This investigation illustrated the mechanism in the 

land surface paramerization which resulted in this hi& latitude behaviour. 4) Implementing the 

high LGM topography into the modei c m  resdt in muItivalued variables in the vertical coordinate 

which then causes the mode1 to fail- 5 )  Considering the error of using partiai instead of full solar 

radiation caiculations at each timestep (cf. Chapter 4, and the issues cited above, required that 
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the mixed layer ocean component of the model be reformulated so as to reproduce an accurate 

representation of the modem climate through the reformdation of implied ocean heat transport. 

With these changes to the model, 1 have gained confidence in the ability of the modei to accurately 

simulate the modern climate and therefore the simulation of paleoclimates. 

In Light of modei progress, GCM3 replaces the land surface scheme in GCM2 with a more state of 

the art land surface scheme. This new land surface scheme which represents the biosphere and land- 

atmosphere interaction more accurately, is known as the Canadian L h d  Surface Scheme (CLXSS). 

This new component of the model has many novel features such as an interactive vegetative canopy 

(Verseghy et al. 1993)[228]. Initial investigations with GCM3 and this new land surface scheme 

have delivered promising resdts. GCbI3 resdts which have been obtained to foUow on from the 

resuits obtained in Chapter 2 reveal signi6cant differences compared with the GCM2 predictions 

(Fig. 5.1). The modem and 6 ka zonaiiy averaged surface temperature response are both displayed 

in Figs. 5.1a and 5.lb, respectively. Two experiments were conducted with GCbI3, one in which the 

CO2 concentrations were varied together with the 6 ka BP orbital changes and one without. In the 

modern climate simulation, GCM3 has mid-latitude land surface temperatures which are warmer 

than GCM2 by approxbately 2 OC and are in much better agreement with observed values. What 

is more striking is the very significant improvement in the 6 ka BP response relative to the PhiIl' 

rnodel mean. GCM3 also resolves the pole problem that was revealed by the GCM2 land surface 

analysis in Chapter 2 of this thesis. 

In the course of my research 1 have ais0 attempted to implement new parameterizations into the 

model to resolve some of the issues regardmg glacial nucleation sites described in Chapter 4. in 

other modelling groups, asynchronous oEline downscaling parameterizations have been developed 

to modify results obtained from their GChls in order to further enbance the simulation of the 

modern climate (e-g. Glover 1999)[73J. Therefore, a new downscaling scheme was implernented into 

GCM2 to adjust the hydrological component of the model for differences in temperature between 

the resolved spectrai topography in the model and the actual topography. This new scheme adjusts 

the form of the precipitation between solid or iiquid as it reaches the model surface dependant upon 

the inferred temperature correction a t  different mode1 resolutions. This lapse rate adjusteci m a s  

balance scheme prowd very difficuit to implement correctly due to model compleuity, the nature 

of the synchronous downscaling and conservation of the precipitable quantities in transferring data 

between high and Iow tesolutions- Stiii, preliminary results are encouraging as demonstrated in Fig. 

5.2, The merences between the soIid precipitation received a t  the surface for modem and 116 ka 

BP is dispIayed for two dinerent resdutions. In Figs. 5.2a and 5.2b the soiid preupitation for the 
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Modem Zonally Averaged Surface Temperature Over Land 

Latitude 

Zonally Averaged STAnomaly Over Land (6 KBP - Modem) 
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Figure 5.1: The same plot as in Fi* 2.5 but for the GCM2 version with the land surface which 
employes the variable buck and variable evapotranspiration dope factor and two GCM3 simulations 
of 6 ka BP climate w'nich use modern (GCM3-i) and pre-industrial (GCM3-i) CO2 leveis. 
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~ - 

a) Modsrn August Soiid Pm.piîaüon (96x48 Grid) c) Modem August Sol i  hecipitatian (192x96 Grid) 

Figure 5.2: Dinerences in August solid precipitation between modem and 116 ka BP for the standard 
mode! resolution (a) and (b). Diaerences in August soiid precipitation between modern and 116 ka 
BP for the lapse rate adjusted downscaiing parameterization at double the model cesoIution (c) and 
(4 - 

standard model is displayed, while that for the differences in a doubled resolution model is displayed 

in Figs. 5.2~ and 5.2d. The most interesting feature is that solid precipitation is occurring in August 

over Baffin Island at 116 ka BP in the high resolution scheme while in the low resolution scheme it 

is not. 

rUso of interest in future research concem the main reason for conducting paleoclimate studies 

at dl, which is to attempt to better assess future dimate change. The work in this thesis h a  

improved and corrected a number of aspects of the GCM2 representation of the modern climate 

(e.g. cf. Chapter 4). in particular. 1 modi6ed the ocean heat transports in the mked I a p  ocean 

mode1 to correctly simdate the current best estimates of gIobaI SSTs and sea ice. It is interesting 

to investigate the ciifferences between the COs doubling results obtained on the basis of the modei 

integrations initidy performed in 1992 at the Canadian Climate Centre with the model that has 

evohed in my possession at  present. The dineremes in the predicted temperature change between 



5 -1. Model Deuelopment and Climate Predietion 146 

~ ü a u b f n g  Exper(menb 
Mean Annual Su- Temperature Ammoly (OC) [CCC] 

Figure 5.3: Annual mean surface temperature over North âmerica in CO2 doubling experiments 
with the original 1992 CCC version ofGCPUI2 (a) and the current U of T 2000 version of the model 
(b). Contour interval is 1 OC. 

the two venions of the model in each of the CO? doubliig experiments over Xorth America are 

displayed in Fig. 5.3. The main difference between the two simulations is that the version of 

the model which 1 have developed delivers a more muted temperatwe response to CO? doubliig 

in the interior of the North .herican continent by about 1 OC. At polar latitudes, however, this 

model delivers a warmer response to CO2 doubling. The difference betmen the globaliy averaged 

temperature change between the CCC and U of T experiments is 3.5 OC and 3.0 OC, respectively. 

This in encouragingsince the mean temperature of a model's response to CO- doubling has decreased 

as modek have improved (PCC 2001)[101]. 

As a condusion to this thesis it is interesting to speculate upon the meaning of the CO- doubling 

when taken together with the results obtained in Chapter 4 on glacial ùiception, dong with aspects 

of the astronomical theory of the ice ages described in the introduction to this thesis. Based upon 

annual insolation calculations for the Arctic Cicle that 1 have produced fiom 600 000 years in the 

past to 200 000 years in the future (Fig. SA) it is fairly apparent we are in or entering a perïod that 

we muid expect to lead to a next episode of pronounced continental glaciation. The curves in Fig. 

5.4 contrast the 6'80 inferred changes in ice volume with changes in annual Arctic insolation, Each 

initiation and termination displayed in the last 600 ka of the proxy sample can be directIy mapped 
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onto the insolation calculation which 1 have pedormed. The glacial-interglacial cycles appear to have 

one of two characteristic periods, 82 ka and 123 ka, which are each multiples of the 41 ka dominant 

obliquity cycles. Tt is not urneasonable therefore to extrapolate on the basis of these results to 

deveiop alternative hypotheses conceniing the nature of possible future scenarios of the omet of the 

next glacial cycle. 

Arctic Insolation and Proxy Global Ice Volume 

ô00 -500 -400 -300 -200 -100 O 100 200 

Lateauaternary fjme(kaBP) Future 

Figure 5.4: Annual Arctic insolation above 60 ON latitude from 600 000 years before present to 200 
000 years aFter present (dashed üne) and the 6'*0 record Eiom ODP-677 for the 1 s t  600 000 years 
(soiid line). The measures at the top of the plot indicate the length of the dominant modes of the 
glacid-interglacial cydes. Three future climate scenarios are also presented. (A) A shon 82 ka cycle. 
(B) A longer 123 ka cycle, (C) The coliapse of the glacial-interglacial cycles due to the idiuence of 
future anthropogenic CO2 Levels in the atmosphere. 

Three future scenarios are displayed in Fig. 5.4. Both scenario A and scenario B begin with the 

nucleation of a continental ice sheet in the Arctic within the next 10 000 years but do not consider 

the anthropogenic influence of greenhouse gas forcing. The eupansion of the continental ice sheets 

shodd continue for a cycle of approximatdy 82 000 years (scenario A) or 123 000 years (scenario 

B) depending upon some additional aspect of the Earth's orbital eiements (possibly ünked with 
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the 413 000 year eccentricity cycle). Also, the higher kequency idluence of the Earth's precession 

on ice accumulation is not displayed in the hypothetical curves of these two scenarios. Scenario C 

demonstrates what may dtimately be the end of the late-Pleistocene glacial-interglacial cycles due 

to the influence of anthropogenic CO? emissions into the atrnasphere. Whüe trying to assess the 

importance of anthropogenic infiuence on the distant geologicai hture is unrealistically ambitious, an 

attempt to assiss the near term dec ts  (the coming miIlennia) may be usefui. Given the CO2 warming 

results at high latitudes provided in Fig. 3.3 and the sensitivity of model predicted glacial initiation 

to the northern hemisphere hi& latitude radiation regime (Chapter 4), it is not unreasonable to 

expect a significant impact on the glacial inceptioa process within the next thousand years. The 

exact length of the current interglacial may also extend longer than we expect as "super-interglaciais" 

have occurred such as the one that has been suspected to have occurred during marine isotopic stage 

11 (400 000 years ago), a perïod where the orbital configuration was very similar to that of today 

(Raymo et al. 1990; Hodeii 1993; Oppo et al. 1998)[181[88][165]. 

This "super-interglacial" scenario or one in which the northern hemisphere ice sheets do grow 

but remain confined to the most northerly latitudes of the northern hemisphere is the most Likely 

candidate based upon the projection of incoming TOA insolation for the next 8 000 y e a s  (Fig. 

5.5). This figure, which displays the insolation anomalies at the TOA in 1 000 year intemis into 

the future, provides a fairly good indication of when an inception event over Xorthern Canada 

might occur, sirnilar to that demonstrated in Chapter 4. The most apparent result that follows by 

inspection of Fig. 5.5 is that the near future insolation distribution is characteristically different 

Gom that which occurred at 116 b BP. Lf one inspects the 8 ka insolation anornaly (Fig. G h ) ,  

we see that this is h o s t  identical to the insolation anorndy for 116 ka BP (Fig. l.4d) but that 

the seasonal contrast is reversed. The high Iatitude southern hemisphere summer insolation at 8 ka 

after present (8 ka .iP) is identicai to the 116 ka BP insoIatiou in high Iatitude northern hemisphere 

summer reaching 40 W m-'- The most iikeiy period in which continental ice might a c c d a t e  at 

hi& northern latitudes would M y  occur 4 000 years fkom now. The reason for t h  is that fcom 

Fig. L5d we see that there is an Arctic minimum in JuIy and August which reaches more than -24 

W m-2 in Xugust. There is also an Arctic maximum of appravimately 10 W m-% May. If we 

consider the hypothesis that Arctic summer deficits in insolation are required to initiate glaciation, 

which was also c o n f i e d  fiom the results in Chapter 4, we would eYpect the possibity of perennial 

snow cover to be highest around 4 ka .W. Tt muid be of interest to see if the model developed in the 

present study muid achieve perennial snow cover during this epoch. It wouid also be of interest to 

consider the Muence of a CO:! warmed world on the simulation of the same epoch. if, in fact, the 
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Figure 5.5: The dinerence hom modern in isolation at the top of the atmosphere as a function of 
latitude and tirne of year for the next 8 000 pars at 1000 year intervais are displayed in (a) to (h). 
Contour intervais 4 W m-*- 
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.Arctic does not become glaciated within the next 4 000 years, colder high latitude summer conditions 

would not occur untii at least 19 250 years h m  now when the summer solstice is at perihelion and 

a configuration sirniiar to that observed at 116 ka BP wouid not occur again until at  least 54 000 

years from now. 

5.2. General Conclusions 

This thesis has focused upon a series of m o d e h g  experiments designed to probe the nature of the 

c h a t e  system response, including its interna1 variaKi& to changes in boundary conditions and 

forcing that are representative of the range of Late Quaternary conditions, a period characterized 

by the occurrence of intense glacial-interglacial cycles. A study of three unique time periods w i th i  

the last glacial cycle has been undertaken to investigate w b u s  aspects of the ability of a modern 

atmospheric general circulation model to reproduce the properties of climate states that M e r  fun- 

damentaily from present, The results obtained on the basis of these three distinct analyses may be 

best summarized in terms of their connection to the three prirnary goals of the work as follows, 

1) To better understand climate mechanisms and feedback processes that may de- 

velop in response to changes in paleoclimate boundary conditions such as occur solely 

as a consequence of changes in the solar input at the top of the atmosphere. Within theçe 

comple~ 3-D models, the exact nature of the response has b e n  demonstrated to be highly dependant 

on the nature of the parameterizations in the model used to represent subgridscde physicai phe- 

nomena (cf. Chapter 2). This has been demonstrated in the Kolocene Optimum experiments where 

the alteration of the land surface scheme was used to test the sensitivity of the model to the 6 ka 

BP forcing, Since a global climate mode1 contains a significant arnount of complexity, especially in 

terms of the resolved atmospheric flows, it has been demonstrated that these models can be used to 

investigate massive changes in the generd circulation of the atmosphere, such as those which occur 

near the mid-latitude edge of a full continental ice sheet or in high latitude regions where ice sheet 

nucleation begins (cf. Chapter 3 and Chapter 4). The mle of the hydrological cycle and atmospheric 

water vapour transport have also been demonstrated in this thesis to be crucial to glacial climate 

modeiling, as both have a strong impact on the evolucion of the cryosphere. The roles of other 

ciimate mechanisms and feedbacks have ako been described in this thesis and a summaq- of each iç 

provided in the concluding discussion at the end of each of the individuai chaptes  

2) To attempt to facilitate a means for assessing the validity of the response modeiied 

in each of the various compiex modela dewloped by dEerent groups in the global 
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climate modelling community. The intercomparison of mode1 results in the conte- of PMIP, 

many of which have been ïiiustrated herein (cf. Chapter 2 and Chapter 3), provides a unique 

methodology for improving these modeis and for understanding their abiity to produce rationai 

predictions of previous climate states. Whiie this thesis has dernonstrated a great deai of variabity 

between the modeis, which irnplies the need for more convergence in past climate prediction. it has 

also demonstrated that the specific response of a particular modd is very dependant upon the ability 

of the modei to faithfully represent the modern climate. This is especially apparent in Chapter 2 

where the 6 ka BE' solar forcing is weak compared with other changes that have occurred in the 

geologic past. Liewise, the initiation of glaciation in a GCM is strongiy influenced by the quality of 

the simulation of present climate that the model deiivers as global temperature biases in the model 

effect the high-latitude regions of nucleation (cf. Chapter 4). 

3) To M h e r  investigate model-data intercomparison using the climate states that 

are infemed to have existed based upon the available proxy data reconstructions of 6 

ka and 21 ka  BP. This thesis has shown that direct comparison of proxy lake level data with 

the model results for 6 ka BP climate reveais significant problems with the "snapshotn mode of 

model-data intercomparison- This is especiaiiy apparent over regions such as North Amerkat where 

the model response to paieociimate forcing may be significant in one variable, but not in others (i.e. 

temperature vs. precipitation) and in Xorthern Afnca where the model response is significantly 

discrepant from the implications of the proxy data. On a more positive note, the mode1 employed 

in this thesis delivered the strongest depression in tropical SSTs a t  LGM arnong the entire suite 

of PME' models. These predictions are in closest accord with the more reliable changes in SSTs 

that are inferred from certain proxy data such as those obtained from SrIca ratios in corais. Other 

models fail to show the same sensitivity to the LGM climate in this region. It was also demonstrated 

in Chapter 3 that this sensitivity in reproducing the inferred changes is dependant on the modd 

abiity to reproduce the modem tropical climate. 

These conciuding remarks dong with the more epoch specific concIusions presented in the dis- 

cussions a t  the end of each chapter have demonstrated that the a b i t y  of a s p d c  climate model 

to reproduce the c h a t e  of past epochs rnay be used to gauge how the modei may be improved. 

Through additionai çarefuI modelling, we rnay &ope to contuiue to improve our understanding of 

the internai climate rnechanisms that operate on both the short timescaies under radically ciiffereut 

paleochate conditions such as those described in thk thesis, and those processes which operate 

only over much Ionger geologic timescales. 



The Earth 's Insolation Distribution Over Time 

A.1. Daily Insolation 

At any latitude, the distribution of solar radiation at the top of the atmosphere will be a hinction 

of the zenith angle, Z (Fig A-la). This is the angie that an incident ray bom the Sun makes with 

the nonnai from a point on a surface. Rom Fig. h-la. we see that the zenith angle, Z(t), can be 

calculated from the vector, s, pointing from the Earth's centre to the Sun and the vector, p, pointing 

Eom the Earth's centre to the point in question on the surface: 

Figure -4.1: (a) The definition of the Zenith angle 2, using the (zenith-pole-sun) spherïcai triangle. 
The vector p denotes the vector fiom the center of the Earth to the point on the surface. The vector 
s, is the vector fiom the centre of the Earth to the Sun; q5 is the latitude; 6 is the deciination of 
the sun and h is the hour angle of the m. (b) The elernents of the eiiipticai geometry: w is the 
longitude of the perihelion with respect to the autumnai equinox; a and b are the lengths of the 
semi-major and semi-minor aues; e is the eccentricity; @ is the true longitude of the Earth with 
respect to the perihelion; X is the m e  Iongitude of the Earth measured Gorn the vernal equinox. 



' * - cos(4) cos(@ cos(h) + sin($) sin(b). cos Z(t) = - - (A.2) 
I p l l s l  

Here, h is the hour angle kom the local meridian (h = O) of the sun; 4 is the latitude; and 6 is the 

deciination angle of the Sun (Fig. -4.la). At suarise and m e t  z = 5 (h = M), so that we have 

in radians. The length of the day is 24: hours. 

The incident solar radiation F(t)  is also a hnction of the ratio of the squared normalized Earth- 

Sun distance with respect to the semi-major suis, a. We have: 

F(t )  = s(?)' cos ~ ( t ) ,  (A.4) r 

where, S is the solar constant (1365 W m-?) and (air) is the mean Earth-Sun distance (a) divided 

by the actud distance (r) at the s p d c  tirne of the year, The total daily integrated insolation, Qo 

(W m-*) at the top of the atmosphere (TOA) is computed as 

runiet 

Qo(t) = S(~) 'L / COS Z(t)dt, (A.5) 
t- l- ,un,, 

where r is the length of the day (24 hours). Using (A.2) dong with the angular veiocity of the earth 

Q = S a n d  rR = 2?r, (A.5) becornes 

which can then be reformdated using (A.2) at I H  as, 

S a 
Qo(4,6) = -(-)* sin(q5) sin(@(H - tan H). (A.?) 

iT r 

Car& consideration miist be taken wben H = x or H = O. The 24 hour day and night values at 

high latitudes are Qo(& 6) = S(9I2 sïn(4) sin(6) and Qo(& 6) = 0, respectively. 
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A.2. Radiative Forcing at the Top of the Model 

in conducting paleoclimate modelling studies we must consider what the efFect of changing orbitai 

parameters will be on the insolation at the top of the atmosphere so that this may be incorporated 

into the atmospheric model. The insolation is a function of the declination, b and the ratio of the 

mean and actual Earth-Sun distance, a / r ,  which vary with the annual cyde and over geologic t h e  

scales. If we consider the orbit of the Earth around the Sun (Fig. A-lb) with respect to perihelion 

(B), the precession of the autumnal equinox with respect to perihelion (w), and the position of the 

Earth relative to the vernal equinox (A), we can connect the insolation at the top of the atmosphere 

throughout the year with the long term evolution of the Earth's orbital elements- The ratio of the 

mean and actual Earth-Sun distance can be expressed as, 

r/a = (1 - e2)/(1 + e cos 8) (-4.8) 

where, e is the eccentricity of the orbit and a is the semi-major axis. If we consider the geometric 

relation, cosp = cos(A - w )  dong with the expression for the declination in terms of the obiiquity, 

E, and the Earth's position in its orbit around the Sun, A, we cm the express the instantmeous 

insolation ( A 4  with sin(d) = sin(€) sin(A) as, 

(1 + e cos(,! - w))' 
F(e' E1wt 4, t) = S  COS(^) cos(Rt) 41 - sin(&)' sin(,!)? f sin($) sin(€) sin(X)] 

(1 - e")' 
(A.9) 

The true longitude (A) of the Earth relative to the vernal equinox can be derived from Kepler's 

equation using a successive approximation technique (Berger 1978)[14] to obtain the relation 

where the mean longitude, Am(tda,) = tda, -2~/365. Thus the model TOA Ïnsoiation at  the latitude 

in question at each tirne of the day during the year can be arpressed as  a function of the 3 orbital 

parameters, the eccentricity, the obiiquity and the precession of the Earth's rotation a& (e ,~ ,  w) ,  
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A.3. Defining the Seasons 

There have been many attempts to formulate a methodology for comparing seasonai definitions 

in General Circulation Model paleoclimate simuiations. The problem that arises when comparing 

seasons between diffierent temporai epochs is that the eccentricity of the Earth's orbit changes and 

thus the length of the season (Kepler Second Law). The view taken in this thesis is to compare the 

seasonal simulation of each epoch (e.g, present and 116 ka BP) of equai time duration but to adjust 

the occurrence of the vernal equinox in the caiendar year in each epoch so that the root mean square 

insolation diffaence between epochs over the entire annual cycle is minimized. Chapters 2 and 3 

use a 6ced Vernal Equinox that is assumed to occur 79.5 days after perihelion to conform with the 

simulations specified out by the international Paleoclimate Model Intercornparison Project (PbIIP) 

collaboration- The more appropriate minimization technique described above is used for the forcing 

in Chapter 4 of this thesis. A calculation of the miniized annual insolation anomalies between 

paleocliate epochs and modern produces a drift of a few days but does not have a significant 

impact on seasonal comparisons except at large eccentricity (Hall and Valdes 1997)[78]. The "drift" 

in the vernal equinox relative to January lSt which minimizes total annual insolation differences 

throughout geologic time is displayed in Fig. A.2. The drift is seen to be modulated by the 413 ka 

and 100 ka eccentricity cycles which are disptayed with the shaded envelopes. 

Vernal Equinox Drift 

-400 -200 O 

lime (Kiloyears) 

Figure A.2: The vernal equimx drift in days from January lst. This drift is used to faciiîtate 
cornparison of seasons with the same duration but in different paleoclimate epochs. The dnR whi& 
Mnes with precession is moduiated by the 413 ka and 100 ka components of the eccentricity. 



The Dynamical Core of an AGCM 

The goveming equations of the atmospheric general circulation mode1 are based upon the field 

equations of hydrodynamïcs which express the conservation of m a s ,  momentum and energy. These 

are augrnented by a balance equation for water vapor and an equation of state. The complete set of 

equations form a closed system subject ta appropriately defined boundary conditions. The equations 

describe the motion of a compressible fluid in which a wide Mnety of wave types may propagate. in 

the case of the atmosphere, certain approximations may be applied ta the hl1 spherical coordinate 

forms of these equations in order to produce a more tractabIe set of equations that is usually referred 

to as the "primitive equations" (e.g. Undesirable high frequency sound waves are filtered by invoking 

the hydrostatic approximation). We then obtain 

(a) the horizontal equations of motion (conservation of momentum), 

where 

(b) the hydrostatic equation, an excellent approlrimation to the vertical component of the momentum 

consenration equation, 

(c) the continuity equation (conservation of mass), 



(d) the first Iaw of thermodynamics (consemation of energy), 

dinT dlnp 
7,-&,=Q; 

where 

(e) the equation of state, 

and (f) the balance equation for water vapour, 

In these equations the predicted variables are the wind components, u and v,  temperature T, 

specific humidity q, and, the d a c e  pressure p ~ ;  which are a b c t i o n  of latitude, 4, longitude, A, 

and height, z. In these equations, R is the radius of the Earth; p is the density and a is the specific 

volume of dry air; Rd is the dry air gas constant; c, iç the heat capacity of the air at constant pressure; 

g is the acceleration due to gravity. The horizonta1 frictionai forces in the momentum equations. 

FA and FA are mainly significant at the surface of the Earth or in regions of strong wind shear near 

the jet stream. Q represents the net radiative heating terms. The fluxes of soIar (e.g. Appendix A) 

and terrestrial radiation are expressed as Frad which is in turn represented in terms of the vertical 

distribution of temperature and details of the radiative transier on radiativeiy active coostituents in 

the atmosphere. The exchange of energy between various f o m  of water is expressed by the latent 

heat of the phase change, L, t h e s  the d i n m c e  between condensation (c) and evaporation (e) in 

the atmosphere. The heat conduction due to moIecuiar and turbulent eddy d i i i o n  is expressed as 

Jf: and the heat generated bg frictionai dissipation is expressed as the product of the stress tensor, 

r, and the divergence of the 3-D wind vector c. The sources and sinks of water vapour is expressed 

in the balance equation for water vapour by D- (See Appendiu C and Peixoto and Oort (1992)[168] 

for a more detaiied description of the physics of the tendencies: , Q, and D.) 

One of the first considerations in developing an atmosphenc modei is the choice of vertical 

coordinate system. One of the landmark advances in numerical m o d e h g  came with the introduction 



of a terrain-foiiowing coordinate system (Phillip~ 1957)[177. The introduction of the "sigman system 

ailowed for a simple hema t i c  description of the lower boundary conditions. The conventional sigma 

system, with a = p/pa and the surface pressurepo = f (x, y , t ) ,  suffers fiam the shortcornhg that the 

dope of the coordinate surfaces does not decrease sufEaently rapidly at the top of the atmosphere 

an etfect that produces truncation errors associated with the coordinate transformation. The sigma 

coordinate is hrrthermore not optimal for middle atmosphere dynamics so a hybrid coordinate was 

introduced in the 1980s to taper to zero the deflections of the coordinate surfaces at the top of the 

atmosphere. The so called "eta" coordinate system, q = qlp,po), is impiemented and described by 

the definition, 

This equation relates the surface pressure, p,,  at Q = 1 and the top Ievel pressure p o q ~  = 5mb where 

q~ is the q coordinate at the mode1 top. The dope adjustment parameter, r, is set quai  to 2 and 

used to m a t e  a graduai rectification of the coordinate surface with height. The totd derivative, 

equation (BA), can be converted to the q-coordinate system as foiiows, 

where the derivatives are evaluated dong a surface of constant q. The conservation of m a s  and 

mornentum in the q coordinate systern then becomes, 

(a) the horizontal vector equation of motion, 

(b) the hydrostatic equation, 

ap -= 
% -w 

(c) the continuity equation, 

The other equations rem;iin in the same fom but are evduated dong constant q surfaces. To ensure 

total mass consemation the mixeci Dinchiet and Xeuman conditions are, 



When dealing with numerical integration of continuous equations it is desirable to presme the 

hvariants of the continuous equations. To conseme dynamitai quantities in the model, manipulation 

of the governing equations and integration from the top to bottom and over the surface of the 

model can be carried out to obtain the integrah of the time rate of change of m a s ,  momentum and 

energy(i.e. invariants). Details of the budget anaiysis are provided in Laprise and Girard (1990)[121]. 

The numericd method used for solving the set of primitive equations in the mode1 invo1ve a 

spectrai decomposition of the equations to a sphericd harmonie orthonormal basis. The Helmholtz 

theorem allows for the decomposition of the horizontal wind in terms of the solenoidal and irrota- 

tional scaIar Eunctions of the form: 

The set of primitive equations c m  be e - rasec i  in t ems  of the vorticity, $J, and divergence, X, 

fields by performing the curl and divergence on the horizontal momentum eguations. The spectral 

formdation of the primitive equations is written in t ems  of @ and x and evolve according to 

the physical tendencies whîch contain non-linear terms of the form of the Jacobian of $ and X. 

The spectral form of the non-linear tendencies are evaiuated through the semi-spectral transform 

method where the non-linear quantities are transformed to and multipiied in grid-point space then 

transformed back to spectrai space to evolve the spectral form of the dynamical equations (e-g. see 

Orszag 1970)[16q. For huther details on the spectral form of the set of primitive equations used in 

the model see Boer et al. (1984)[20]. 



Model Documentation: CCCma Version 2 (T32 L10) 1992 

Mode1 Lineage 

The model employed herein is the second-generation version of the CCCma mode1 first deveioped 

in the early 1980s for climate applications- The model is similar in most respects to the original 

CCCma evcept for different initiai conditions, some boundary conditions and the Earth's orbital 

configuration. 

References 

Main references: McFarlane et al. (1992)[1461 ; Boer et al. (1984)[20]. 

Numerical/Cornputational Properties 

Horizontal Representation 

Spectral (spherical harmonic basis functions) with transformation to a Gaussian grid for calculation 

of nonlinear quantities and some physics. 

Horizontal Resolution 

Spectral triangular 32 (T32), roughly equivalent to 3.75 + 3.75 degees latitude-longitude. longi- 

tude*latitude dimension: 96*48 

Vertical Domain 

Surface to 5 ma.  For a surface pressure of 1000 hPa, the lowest atmospheric level is at a pressure 

of about 980 hPa. 

Vertical Representation 

Piecewise finiteelement formuIation using hybrid coordinates (Laprise and Girard 1990)[1211. 

VerticaI Resolution 

There are 10 irregularly spaced hybnd levels. For a surface pressure of 1000 hPa, 3 levels are beIow 

800 hPa and 4 levels are above 200 hPa. The model uses an eta-coordinate in the vertical with the 

following levels: 0.012,0.038,0.088,0.160,0.265,OA30,0.633,0.803,0.915,0.980 

Computer/Operating System 

Simulations were nin on Cray J916, NEC-SX3 and LWC-SXS machines under various I l  Oper- 

ating Systerns. 



Computational Performance 

9 minutes Cray J916 computation time'per simulation day (1 day = 72 timesteps). 30 seconds 

NEC-SX5 cornputation time per simulation day (1 day = 72 timesteps). 

The model was started £rom initial conditions based on the present day climatology. The model 

atmosphere is initialized fiom FGGE III-B observational analyses for 1 January 1979. Soi1 moisture 

and snow cover/depth are initialized fiom January mean values obtained fiom an eariier multiyear 

model simulation. 

Tirne Integration Scheme(s) 

A semi-implicit t h e  integration scheme with an Asseiin (1972)[9] Frequency filter is used. The time 

step is 20 minutes for al1 dynamics and physics fields, except for hl1 calculations of radiative fluxes 

and heating rates. Shortwave radiation is calculated every timestep, and Iongwave radiatiou every 

3 hours, with interpoIated d u e s  used a t  intermediate time steps (see McFarlane et al. 1992)[146]. 

FW Longwave Radiative heating calcuIation is carried out twice ddy.  

Smoothing/Fig 

Orography is truncated at spectral T32 (see Orography), Xegative values of atmospheric specific 

hurnidity (which aise because of numericai truncation errors in the discretized moisture equation) 

are Med in a two stage process. Fit, ail negative values of sp&c humidity are made slightly 

positive by borrowing moisture (where possible) fiom other layers in the same column. if column 

moisture is insufficient, a nominal minimum bound is imposed, the moisture deficit is accumulated 

over aii atmospheric points, and the global s p e d c  humidity is reduced proportionaiiy. This second 

stage is arried out in the spectral domain (see McFarIane et al. I992)[146]. 

Sampling Frequency 

For the PMIP simulations, the model history is written every 12 hours. (However, some archived 

variabIes, including most of the surface quantities, are accumulated rather than sampled.) 

DynamicaI/Physical Properties 

Atmospheric Dynarnics 

Primitive-equation dynamics are expressed in terms of vorticity, divergence, temperature, the Ioga- 

rithm of surface pressure, and specific humidity ( s e  hppendiv B)- 

Difhisiifhision 

Horizontal diibioa fdiows the scaledependent eddy viçcosity formulation of Leith (19ïl)[1281 as 

descrïbed by Boer et al. (1984)[20]. Diffusion is applied to spectral modes of divergence, vorticity, 

temperature, and moisture, with total wavenurnbers >18 on hybrid verticai surfaces. 



Second-order verticai diffusion cf momentum, moisture, and heat operates above the surface. The 

verticaily varying diffusivity depends on stability (gradient Eüchardson number) and the vertical 

shear of the wind, following standard mixing-length theory. Di&sivity for moisture is taken to be 

the same as that for heat ( s e  McFarlane et ai. 1992)[146]. See also Surface Fluxes. 

Gravity-wave Drag 

Simulation of subgrid-scale gravity-wave drag follows the parameterkation of McFarlane (1987)[145]. 

Deceleration of the resohed flow by dissipation of orographicalIy excited gravity waves is a function 

of the rate at which the parameterized vertical component of the gravity-wave momentum flux 

decreases in magnitude with height. This momentum-flux tenn is the product of locai air density, 

the component of the local wind in the direction of that at the near-surface reference level, and 

a displacement ampiitude. At the surface, this amplitude is specified in terms of the mesoscale 

orographic variance, and in the free atmosphere by h e a r  theory, but it is bounded everywhere by 

wave saturation values. See also Orography. 

Solar Constant/Cycles 

The solar constant is the prescribed value of 1365 W m-?. The orbita1 parameters and seasonal 

insolation distribution are calculated after PSIIP recommendations except in Chapter 4 and 5 of 

this thesis. Both seasonai and diurnal cycles in solar forcing are simdated. 

Chernistry 

The carban dioxide concentration is the value of 345,280 and 200 ppmv for O ka, 6 ka BP/116 ka BP 

and 21 ka BP, respectiveiy. A monthly zondy averaged ozone distribution from data by Wilcox and 

Belmont (1977)[242] is specified. Radiative effects of water vapor also are treated (see Radiation). 

Radiation 

Shortwave radiation is modeIed after an updated scheme of Fouquart and Bonne1 (1980)[67]. Up- 

ward/downward shortwave irradiance profiles are evaluated in two stages. First, a mean photon 

optical path is c d d a t e d  for a scattering atmosphere incIuding cIouds, aerosols, and gases. The 

reliectance and transrnittance of these elements are calculated by, rêspectively, the delta-Eddington 

method ( s e  Joseph et ai. 1976)[1051 and by a sirnpüiied two-stream approximation. The scheme 

eduates  upward/downward shortwave flu.~es for two reference cases: a conservative atmosphete and 

a kt-guess absorbing atmosphere; the mean optical path is then computed for each absorbiig gas 

from the logarithm of the ratio of these reference fluxes. In the second stage, final upward/downward 

fluxes are computed for visibIe (0.30-0.68 pm) and near-inhred (0.68-4.0 pm) spectral intervais us- 

ing more exact gas trançmittances (see Rothman 1981)[19q, and with adjustments made for the 

presence of clouds. The asymmetry factor is prescribed for douds, and the optical depth and single- 



scattering albedo are fimctions of cloud liquid water content (see Betts and Harshvardhan 1987)[105] 

and ice crystai content (see Heyms6eld 1977)[87]. 

Longwave radiation is modeled in six spectral intervais between wavenumbers O to 2.82 x 105 m-l 

after the method of Morcrette(l984, 1990, 1991)[155][156][157], which corrects for the tempera- 

ture/pressure dependence of longwave absorption by gases and aerosols. Longwave absorption in 

the water vapor continuum follows Clough et al. (1980)[39]. Clouds are treated as graybodies in the 

longwave, with emissivity depending on optical depth (see Platt and Harshmrdhan 1988)[105], and 

with longwave scattering by cloud droplets neglected. The effects of cloud overlap in the longwave are 

treated following a modified scheme of Washington and Williamson (1977)[236] : upward/downward 

irradiances are computed for clear-sky and overcast conditions, and h a i  irradiances are determined 

Erom a h e a r  combination of these extreme cases weighted by the actual partial cloudiness in each 

vertical layer. For purposes of the radiation caiculations, clouds occupying adjacent layers are as- 

sumed to be fdly overlapped, but to be randomiy overlapped otherwise. See McFarlane et ai. 

(1992)[146] for further details. 

Convection 

A moist convective adjustment procedure is applied on pairs of vertical layers whenever the model 

atmosphere is conditionaiiy unstable. Convective instability occurs when the local thermal lapse 

rate exceeds a criticai value, which is determined from a weighted linear combination of dry and 

moist adiabatic lapse rates, where the weighting factor (with range O to 1) is a function of the local 

relative humidity. Convective instability may occur in association with condensation of moisture 

under supersaturated conditions, and the release of precipitation and associated latent heat (see 

Precipitation). See Boer et ai. (19&1)[20] for further details. 

Cloud Formation 

The fractionai cloud cover in a verticai layer is computed fiom a linear function of the relative 

humidity excess above a threshold d u e .  The threshold is a nonlinear function of height for local 

sigma levels >O& and is a constant 85 percent relative humidity at higher altitudes. (Note that 

the cloud scheme uses locally representative sigma coordinates, while other model variables me 

hybrid verticai coordinatessee Vertical Representation). To prevent developrnent of excessive low 

cIoudiness, no clou& are allowed in the lowest model layer- See McFarlane et al. (1992)[146] for 

further details. See also Radiation for treatment of cioud-radiative interactions. 

Precipitation 

Condensation and precipitation occur under conditions of locd supersatwation, which are treated 

operationdy as part of the model's convective adjustment scheme (see Convection). .U the precip 



itation faiis ta the surface without subsequent evaporation to the surrounding atmosphere. See also 

Snow Cover. 

PIanetary Boundary Layer 

The depth of the PBL is not explicitiy determined, but in general is assumed to he greater chan 

that of the surface Iayer (centered a t  the lowest prognostic vertical level-about 980 hPa for a surface 

pressure of 1000 Wa). The PBL depth is affected by dry convective adjustment (see Convection), 

which simuiates boundary-layer mixing of heat and moisture, and by enhanced vertical difisivities 

(see Diffusion), which may be invoked in the lowest few layers that are determined to be convectively 

unstable (Boer et al. (1984)[20]. Within the surface layer of the PBL, temperature and moisture 

required for dcuIation of surface Eues  are assigneci the same values as those a t  the lowest level, 

but the wind is taken as onehaifits value at this lewl (se Surface Fluxes). 

Orography 

Orographie heights with a resolution of 10 minutes arc on a Iatitude/longitude grid are smoothed by 

averagingover l.&degree grid squares, and the orographie variance about the mean for each grid box 

also is computed (see Gravity-wave Drag). These means and variances are interpolated to a slightly 

coarser Gaussian grid (64 longitudes x 32 latitudes), transformed CO the spectral representation, and 

truncated at the madel resalution (spectral T32) for control, 6fk and 21k run. 

Ocean 

The prescribed monthIy climatologicai integrations were made by averaging Alexander and Mobley 

(1976![3] monthiy sea surface temperature fields, with daiiy d u e s  determined by linear interpo- 

Iation. For the computed 21 ka BP simuiatioo, the mixeci layer modcl was started fiom a initial 

conditions based on CIJh1A.P 21ka BP reconstructed SST chatalogy and run for 50 years to 

equiiibriurn- 

Sea Ice 

For O ka, 6 ka BPI Aiexander and Mobley (1976)[3] monthly sea ice extents are prescribed. Snow 

may accumuiate on sea ice (see Snow Cover). The sur f ie  temperature of the ice (see McFarlane 

et al. I992)[146] is a prognostic function of the surface heat balance (see Surface Ftu.xes) and of a 

heat flux from the ocean below. This ocean heat flux depends on the constant ice thickness and the 

temperature gradient between the ocean and the ice. 

Snow Cover 

If the oear-surface air temperature is <O degrees C, precipitation f& as snow. Prognostic snow 

mass is determined h m  a budget quation, with accumulation and mdting treated over both land 

and sea ice. Snow cover aE&s the &e albedo of Iand and of sea ice, as weii as the heat capacity 



of the soii. Sublimation of snow is calculateci as part of the surface evaporative flux Melting of 

snow, as welI as melting of ice interior to the soii, contnbutes to soil moisture. See McFarlane et al- 

(1992)[146] for further details. See also Surface Characteristics, Surface Flui~es, and Land Surface 

Processes. 

Surface Characteristics 

Locai roughness lengths are denved (Boer et al. (1984)[20] fiom prescribed neutral surface drag 

coeficients (see Surface Flues). The 1 r 1-degree W i o n  and Henderson-SeIlers (1985)[243] data on 

24 soil/vegetation types are used to determine the most fiequently occurring primary and secondary 

types (weighted 213 vs 113) for each grid box. Averaged local soii/vegetation parameters include 

field capaciw and dope factor for predicting soii moisture (see Land Surface Processes), and snow 

masking depth for the surface albedo (see below). These are obtained by table look-up based on 

primary/secondary vegetation types. 

Over bare dry land, the surface background albedo is determined fiom a weighted average for each 

of 24 vegetation types in the visible (0.30-0.68 micron) and near-infrared (0.6W.0 microns) spectral 

bands; for wet soii, albedos are reduced up to 0.07. For vegetated surfaces, albedos are determined 

hom a 2/3 vs 1/3 weighting of albedos of the local prirnarylsecondary vegetation types. The local 

land albedo also depends on the fractional snow cover and its age (Çactional coverage of a grid 

box is given by the ratio of the snow depth to the specified local masking depth); the resdting 

aibedo is a linear weighted combination of snow-covered and snow-fiee aibedos. Over the oceans, 

latitudedependent albedos which range between 0.06 and 0.17 are specified independent of spectrai 

interval. The background albedos for sea ice are 0.55 in the near-infrared and 0.75 in the visible; 

these values are modified by snow cover, puddling effects of melting ice (a function of mean surface 

temperature), and bg the fiaction of ice leads (a specified huiction of ice mass). 

The Iongwave emissivity is prescribed as unity (i.e., blackbody emission is assumed) for ali surfaces. 

See McFarlane et al. (1992)[146] for fuither details. 

Surface Fluxes 

The surface solar absorption is determined fiom surface albedos, and the Iongwave emission h m  

the Planck equation wïth prescnbed emissivity of 1.0 (see Surface Characteristics). The surface 

tubdent  eddy flues of momentum, heat, and moisture are expressed as bulk formulae foliowing 

Monin-Obukhov simiiarity theory. The momentum fiw is a product of a neutral drag coefficient, the 

surface wind speed and wind vector (see Planetary Boundary Layer), and a hc t ion  of stabïiity (bu& 

Richardson number). Drag coe5cients over land and ice are prescribed after Cressman (1960)[41] 

, but over the oceans they are a function of surface wind speed (see Smith 1980)[211]. The flux of 



sensible heat is a product of a neutrai transfer coefticient, the surface wind speed, the difference in 

temperatures between the surface and that of the lowest atmospheric levei, and the same stabiiy 

function as for the momentum flux. (The transfer coefficient has the same value as the drag caefEcient 

over land and ice, but is not a function of surface wind over the oceans.) 

The flux of surface moisture is a product of the same transfer coefficient and stability function as for 

sensible heat, an e~potranspuation efüciency (beta) factor, and the difference betweetl the specific 

humidity at the lowest atmospheric level (see Planetary Boundary Layer) and the saturation speciEc 

humidity at the temperature/pressure of the surface. Over the oceans and sea ice, beta is prescribed 

as 1; over snow, it is the lesser of 1 or a function of the ratio of the snow mass to a criticai value 

(10 kg mA2). Over land, beta depends on spatiaiiy varying soii moisture and field capacities (see 

Land Surface Processes), and on dope factors for primary/secondary vegetation and soil types (see 

Surface Characteristics). For grid boxes with fractional snow coverage, a composite beta is obtained 

from a weighted linear combination of snow-free and snow-covered values. See Boer et al. (1984)[20] 

and details. 

Land Surface Processes 

Soil heat storage is determineci as a residuai of the surface heat flues and of the heat source/sink 

of freezing/melting snow cover and soil ice (see below). Soi1 temperature is computed from this 

heat storage in a single layer, following the method of Deardorff (1978)[46] which accounts for both 

diurnai and longer-period forcing. The composite conductivity/heat capacity of the soii in each grid 

box is computed as a function of soil type, soii moisture, and snow cover. Soil rnoisture is predicted 

by a single-layer "bucketn model with fieid capacity and slope factors vaq-ing by primarylsecondary 

soi1 and vegetation types for each grid box (see Surface Characteristics). Soir moisture budgets 

include both liquid and frozen water, The effective locai moisture capacity is given by the product 

of fieid capacity and dope factor, with evapotranspiration efficiency beta a function of the ratio of 

soil moisture to the locai effective moisture capacity (see Surface RLYB). Runoff occurs implicitly 

if th5 ratio exceeds 1 (which is more likely the higher the locd dope factor and the Iower the Iocal 

field capacity). See &IcE'arIane et ai. (1992)[146] and Boer et ai. (1984)[20] for fuaher deta&. 



Constraining the Model so as to Reproduce Modern Climate 

The a b i t y  of an AGCM to accuratety reproduce modern climate is dependant on model "parame- 

terizations" which embody an attempt to represent subgrid scale physical phenomena that are not 

explicitly captured in the mode1 dynamics. Typical AGCMs, such as the one employed in this study, 

require that the parameters which govern subgrid scaie physical processes be " tuned" such that the 

large scale modem climatoIogy, as represented by globally observed data sets, be faithfully repro- 

duced. There are numerous issues involved in simdating modem c h a t e  with an AGCM (e.g. see 

McFarlane et ai. 1992)[146] many of which are well beyond the scope of the present study. In the 

following subsections 1 will therefore locus upon the subset of such parameterizations that it will be 

crucial to understand in the context of the present work. 

D.1. Oceanic Heat Flux Correction 

One modelling issue which requires a concertcd effort to resolve and which nevertheless still poses 

a problem in the most recent models concem the way in which the atmosphere is coupled to the 

ocean, Many of the modem AtmosphereOcean General Circulation Models (AOGCSls) that are 

currently under development still suffer fiom the problems that arise in representing the exchange 

of moisture, heat and momentum between the atmosphere and ocean (see e.g. Lambert and Boer 

2001)[120]. In an AGCM in which SSTs are prescribed, the atmosphere is forced by a boundary 

condition representative of the seasonaiiy varying surface temperature of the modem oceans- The 

atmospheric model is then tuned with these and other fixed boundary conditions so as to reproduce 

the modern clirnate. When thermodynamic mked Iayer sIab ocean and sea ice modules are coupled 

to an AGCM there is aIso a need to impose "flux corrections" within the simple ocean madel. 

mthout some representation of the oceanïc heat fluxes within a simple mkYed layer ocean modei of 

this kind the AGCM would be of iimited utility. 

The flux correction method that is employed for this purpose was k t  proposed by Hansen et ai. 

(1984)[79] to adjust the GISS AGCM modern climatoIogy when this model was coupled to a mi-ed 

layer slab oceau- The internai heat flux terms employed within the sIab ocean embody an attempt 
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to model the effects of horizontal heat transport and exchange of heat with the underlying water 

during periods of shallowing or deepening of the mixed layer. These processes are modded through 

a simple combiiation of the horizontal and vertical internai fluxes into a single term. This residud 

tenn ensures a realistic simulation of the observed modern dimatology when forced with the net 

heat flux entering the thermodynamic *ed layer from above. The residud term also has the &ect 

of correcting for rnisrepresentations of these net surface fluxes from the atmospheric component of 

the model. The residuai term is specified on a monthly averaged bais  and is obtained fiom the 

difference between the monthly mean net surface flux and the implied change in heat storage of the 

slab based on the mean monthly clïmatological SST field in the foilowïng form: 

In this equation, the term [Falm denotes monthly mean values of the net surface flux from the 

atmospheric model, whereas the second term represents the local heat storage of the slab obtained 

h m  changes in the clirnatological SST field. The heat storage term is the product of the density 

times the heat capacity of the sea water and the change in SST over the period of month m. To 

produce an acceptably accurate estimate of the residuai field which takes into account the natural 

variability of the atmospheric component of the model requires that the mean of the net heat 

Bwes, Fa, received at the surface of the ocean over many annual cycles, be assessed from a modei 

simulation. It becomes quickly apparent that the ocean residual term can be stabty determined 

within approximateiy 5 annual cycles of simulation. The residual term is oaly implemented in ice- 

free areas of the slab ocean mode1 while a similm term is applied to regions underneath places where 

there is sea-ice coverage. The computation of the under ice heat flux requires much more c a r e u  

consideration of the energy budget of the sea-ice layer. 

The fluxes of heat hom the slab ocean to the thermodynamic sea ice module must be specified because 

the oceanic mixed layer is not used when sea ice is present. The seasonaily varying d u e s  of the 

under ice heat flux are determined so as to produce a realistic representation of the seasonal sea ice 

coverage, most importantly in spatid extent. This sea ice model does not include a representation 

of sea ice dynamics and therefore has limitations in determining the proper thickness of the ice 

covered regions near the pole. The under ice heat flux must also satisfy the additional physical 

constraint that there be a net upward heat flux from the sea water to sea ice. Changes in the 

ice mass due to melting and freePng at the bottom of the sea ice Iayer are determined fkom the 

difference between the upward flux of heat Çom the sea water and the donmward luxes of heat 
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&om the overlying snow pack or in the case of thin ice the net downward atmospheric fluxes. The 

representation of a snowpack which evolves based on the amount of energy going into or Ieaving the 

snow within the sea ice mode1 adds another degree of compIe.uity to this simple model. Tberefore 

it is not trivial to determine the residuai field which controls the seasonai evolution of the sea ice 

pack. The procedure requires a climate simulation of several annuai cycles. During the course of the 

simdation the evolution of both snow and sea ice are monitored so that the under ice residual tenn 

can be adjusted where there is excessive amounts of sea ice present. The procedure is then repeated 

in an adaptive manner for several annuai cycles until a realistic representation of the sea ice annual 

cycle is achieved. 

The mked layer thermodynamic slab ocean residuai field may be used to calcuiate the irnplied total 

northward oceanic heat transport as a h c t i o n  of latitude by zonally averaging the residuai field and 

then carrying out an area weighted integrai of the residual field northward from the south pole to 

that latitude (Fig. D.1). The observed northward oceanic heat transport (Trenberth and Solomon 

1994)[2251 is then found to be much different Gom that suggested by the model. hplied oceanic 

heat transports of this nature are not uncommon to mked layer ocean models of this generation 

(Weaver and Hughes 1996)[2371. This misfit to the observations is a consequence of the inability 

of a simple thermodynamic slab ocean model to represent the heat transports associated with deep 

ocean overturning as weil as Gom mors in the atmospheric component of the mode1 associated with 

cloud parameterizations (Gleckler et al. 1995)[72]. The model implies a large northward transport in 

both the southern and northern hemisphere which is incorrect based upon the observed oceanic heat 

tramport derived Gom the atmospheric residual method (Renberth and Solomon 1994)[225]. .b 

the observations suggest, the southern hemisphere annuai northward transport should be negative 

as warm equatorial waters Bow southward towards Autarctica. This problem is efTectiveiq' resoived 

in the fuily coupled version of the CCCma Atmosphere-Ocean Global Cümate Modei (AOGCM) 

which includes a full three diensional ocean model coupled to the GCMII model to be empIoyed 

in the present study (Flato et ai. 2000)[631. 

D .2. Solar Radiation Parameterizat ions 

In order to accurateiy simulate the diumai cycle of radiation within this modeI, the solar radiation 

calculations must be reevaluated fiequently during the course of a climate integration. This is the 

most computationally demanding of aii the physicai processes that are explicitly described. in order 

to carefuiiy investigate how frequently it tuas necessary to update the radiative d e r  calculation, 
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Zonally and Annually Averaged Northward Ocean Heat Transport 

Figure D.1: The zonally and annudy averaged aü basin northward oceanic heat transport for the 
observed and the modern AGCM climate with computed SSTs. The observed values (Trenberth and 
Solomon 1994)[225] are derived indirectly by analyzing atmospheric measurements and heat Buxes 
from satellite data, The scale is in units of 10l5Watts = 1 PetaWatt. 

a scheme was devised in the context of the present work so that the rate of recomputation codd 

be Mned so as to repeat the andysis at an arbitrary multiple of the model timestep by adjusting a 

control parameter. In the original version of the mode1 the solar radiation routine was calied every 

three hours and the mode1 timestep was fixed to twenty minutes. Thus, a smooth extrapolation 

of the solar radiative forcing was required at 8 timesteps in the interval between full radiation 

calculations. This was accomplished by cdculating the absorbed solar irradiame at each level in the 

modei, induding the surface, and then normalizbg by the cosine of the incident solar zenith angle. 

At each model timestep the instantaneous absorbed soIar irradiances were then computed based on 

the previous Save of the resuits of the full caiculatian in the foiiowing manner: 
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in this equation the instantaneous absorbed solar irradiance at each vertical level Si is comprised of 

the product of the normalized absorbed solar irradiance at time to and the cosine of the instantaneous 

solar zenith angle B ( t ) .  The soIar zenith angle in measured Erom the normal to the Earth's surface. 

At each model timestep, the interpolation increases the heating rates in each atmospheric layer as 

the sun rises and likewise decreases the heating rates as the sun sets. 

The use of a parameterization of this nature to decrease the computational load has merit, but 

it is not without a number of serious tlaws. By employing a sparse set of times at which the fuil 

solar radiation calcuIations are performed, a bias in the radiative input is introduced into the model 

dependiig on the time of the day at which the full radiation calculations are performed. In particular, 

just after sun rise the model radiation input wiU be based upon the cosine of a zenith angle which is 

negative because the sun is below the horizon. This produces the aberrant effect of having no solar 

radiation absorbed in the mode1 immediately foiiowing sunrise when cieady there is a finite, albeit 

smail, forcing. Liwise,  after sunset the model is stiH being fed by incoming solar radiation based 

upon the fuli caldation that was performed just before sunset. This effen is significantly enhanced 

in high latitude winter and summer hemisphere regions where the Sun lies above or below the horizon 

for much of the day. The net effect of this inaccuracy is that the sunrise and sunset components of 

the excess radiation do not balance and there is a decrease in the globaily and annualiy averaged 

solar radiation absorbed a t  the surface of approximately 3 W mq2. This delect will be corrected in 

the analyses to be presented herein by computing fuii solar radiation calculations at every model 

timestep. This approach does not create any significant problem given the computational power 

now available. 

The solar radiation anomalies between the correct (synchronous) and incorrect (intermittent) solar 

radiation schemes for the energy absorbed at the surface are very significant. Fig. D.2 demonstrates 

that the model parameterization which interpolates between timesteps Iacks a significant amount of 

radiation at high latitudes and would therefore create a fictitioudy cold climatology at mid to high 

latitudes. The model clunatology based upon a sparse set of radiative transfer caldations has an 

evcess oE radiation of a few W m-2 at equatorid latitudes throughout most of the year. In the mid 

and high latitudes there is a deficit of 10 to 20 W m-2 in mid-latitude spring and high latitude 

summer- The la& of symmetry in the anomaiy suggests that the atmosphere, ocean and sea-ice 

modules play a nonIinear role in the magnitude and timing of the surface anomaiy delivered by the 

computation. This poses a m-ous problem wïth the impIementation of the full radiation calcuiation 

at every timestep based on the fact that the mode1 oceanic heat transport was "tuned" based upon 

the interpolated calculations where a fidi radiation caIcuiation was performed onIy every nine model 
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N.H. Zonally Averaged Surface Shortwave Absorption Anomal) 
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Figue D.2: A Hovmder diagram of the northern hemisphere zonaiiy averaged solar radiation 
anomaiy absorbed at the surface in W rn-* between two AGCM simulations of modern climate. 
Each simulation ernployes ocean heat transports derived with full solar radiation caicdations every 
9 model timesteps but with one simulation subsequently nui with W solar radiation caicdations at 
every model timestep. High latitude negative anomaües refiect the deficit in solar radiation received 
at the surface when the model does not compute Mi solar radiation calculations at every timestep. 

timesteps. Since the mixed layer slab ocean implied oceanic heat transports and under sea ice 

residuals were configured based upon the interpolated radiation scheme, the residuai terms d l  no 

longer apply. There is therefore a s i m c a n t  warming in the land and ocean temperatures with the 

solar radiation scheme computed at every model timestep when the ocean heat transports based upon 

the model that employed sparse computations are used. Xevertheless, a stable equilibrium model 

climatology that is of use for the purpose of sensitivity analysiç may be obtained with approximately 

20 annuaI cycles of integration. Two differently biased simulations of modem climate are therefore 

aMilabIe fiom the originaI model and Born the original mode1 with the full synchronous computation 

of radïative transfer. One of these modeIs is wann biased and the other is coId biased, as  we will 

see. Taken together with a new modd 4 t h  syuchronously computed radiative transie and retuned 

ocean heat fluxes so as to accurately fit observed SSTs, this suite of models will provide us a means 

of directly investigating the impact of mode1 bias in the simulation of modern climate upon the 
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ability of the mode1 to achieve gIacial inception- 



Glacial lnception Modelling Issues within Spectral AGCMs. 

A number of reasons have been suggested to explain why the majority of AGChIs faii to produce 

glacial inception when the model insolation parameters are adjusted to those of the post Eemian 

epoch (see next section for a discussion of orbital insolation). The consensus view is apparentIy that 

these models either have inaccurate modern climatologies or lack critical features of the reai dimate 

system that are crucial in simulating the physicai factors that contribute to producing perenniai snow 

fields at high northern latitudes. Some of the components which AGCMs either account for only 

crudely or faii to represent aitogether include the land surface andfor bioçphere processes, ocean 

dynamics or cryospheric processes. Others argue that mode1 deficiencies simply derive fkom the 

use of overly low AGCM horizontai and verticai resolutions of the dynarnics, physics and boundary 

conditions. Based upon oxygen isotopic chronologies fiom deep sea sedimentary cores (Imbrie et aI. 

1984)[99] and atmospheric gas chronologies from deep ice cores (Barnola et al. 1987)[11], it is readiily 

apparent that the global c l i a t e  system euhibits a great deai of variability over d e n n i a i  timescaies. 

This climate system Mnability dernonstrates that atmospheric behavior is significantiy influenced 

by surface biomass variability, ocean dynamics and ice sheet growthfdecay. In the conte! of one 

study of glacial inception (Dong and Valdes 1995)[54], it has been suggested that the surface thermal 

response of the ocean together with the representation of high elevation continental orography may 

be the most important requirements for a successhi simdation of perenniai snowfaii. Others have 

suggested that migration of the distribution of vegetation may have lead to a positive (tundra- 

taiga) feedback in the climate system which was responsible for uiitiating the per-al snodeIds 

required for ice sheet growth (Gallimore and Kutzbach 1996; de Noblet et ai. 1996)[69][49]. Each 

of these analyses, however, has raised as many issues as they have resolved. The inclusioo of an 

enveiope orography is a one-sided non-symmetric addition to the resolved spectral topography and 

is biased towards higher elevation. This &O a î k t s  surface temperatures as a whole and may lead 

to significant cold bias on average over a large scale high devation area. Using an interactive biome 

model to generate what are thought to be possible distributions for the b o n d  forest and tundra 

transition zone may be usefui. However, it is not readily apparent that the biosphere would respond 



in the assumed iiiear fashion to the reduced insolation forcing since multiple equilibria may &t in 

coupled biosphere mode1 - AGCM simuiations (e.g. Foley 1994a; Foley et al. l994b) [64][65] 

The deep oceans and biosphere dong with continental ice sheets wouid presumably require hundreds 

to thousands of years to adjust and evolve after the Iast Eemian interglacial. Each component of 

the clirnate system wodd likely play a role in the transient evolution of the cryosphere. However, 

the determining factors in generating the required initiai perennial snowfields could conceivabiy 

be accounted for by the use of a mixed Iayer ocean mode1 to compute SSTs and by the proper 

representation of high latitude high elevation plateaus as previously suggested (Dong and Valdes 

1995)[54]. The dynamics and topographic boundary condition are represented using spherical bar- 

monic expansions that are tnuicated at degree and order in the range from 15 to 42 in most spectral 

XGCbIs employed in paleoclimate stuclies. There are therefore inadequacies in properly representing 

the elevation in mountainous regions where high elevation regions tend to exhibit a great deal of 

orographic variance. Spectral models provide a leu t  squares approach to representing the rough 

terrain of high elevation regions and therefore cannot capture sub-gridscale orographic variance. 

Along with thii small scale topographic misrepresentation, spectral models are plagued with Gibbs 

osciilations surrounding areas of rapid increase in Iarge scale continental topography. These regions 

include, for example, are= around Greenland, the Rocky Mountains, the Andes, the Himalayas and 

Antarctica. These spectral ripplesl which are readily apparent over ocean regions adjacent to steep 

coastal mountain ranges, resuit in modeiling problems involving almost every major aspect of an 

AGCM, including radiation balance, the hydrologicd cycle and basic dynamical processes. Many 

parameterizations have b e n  developed to smooth these spectrd ripples such as employing spectral 

fiiters to "enhance" the spectraliy decomposed topography within an XGCM (see e.g. Holzer 1996; 

Glover 1999)[89][73]. The spectral enhancements employed in XGCMs stiii do not resolve many of 

the issues surrounding glacial inception- 

Modehg  glacial inception accurately over land involves two issues that are not unrelated to one 

another, namely the horizontal and vertical displacement of the actual surface as thii is represented 

in the spectral AGCM. The first involves the spectral elevation anomalies at high latitudes and the 

d e c t  that these have on surface temperature when the atmospheric lapse rate is taken into account 

(Fig. Ela). The second, which is more subtle, involves the land/ocean mask used in the AGCM. 

There are large displacements of hi& northern latitude high de\ation land ieatures that are in dose 

proxhity to Iarge land masses with higher devation such as is the case around the Greenland ice 

sheet (Fig. E.lb). When Greenland is spectraliy decomposed to wavenumber 32 in the modei, the 

steep dopes and high plateau are not adequately represented. Coastal elevations are too hi& while 



the central regions of the ice sheet tends to be tao low (Fig. E.lb). Since the spectral decomposition 

gives more weight to the 3 km high Greenland Ice Sheet, the 500 meter average elevation of Bffi  

Island which lies directly to the West of Greenland is subjected to large spectral ripples. The Grst 

Gibbs oscillation has the effect of placing the central portion of BafEn Island almost 600 meters bdow 

its true elevation wbich is below sea level (Fig. E-la). When considering an average atmospheric 

lapse rate of about 7 "C it becornes apparent that regions such as B a f h  Island are on average 4 

O C  warmer t hm would be e -ec ted  if the true devation were inciuded witbin the model. h o t h e r  

feature seen in Figs. E.la and E.lb is the positive heigtit anomaly further to the West of B a h  

island that is 350 meters in elekation. This feature represents the spatial location of Ba5n Island in 

the model and is iikely to inciude ocean grîd celIs because of the nature of the ovedap between the 

Iand-sea mask and the spectral representation of the topography. B a  Island, which has mountain 

peaks that reach 2000 meters in elevation, is evpected to have been a nucleation centre for the 

Korth .herican ice sheet during Post Eemian glacial inception (Clark et al. L993, and references 

therein)[36] and is therefore not I i I y  to have its role in glacial inception properly captwed in 

a mode1 of this nature. The Western CordilIera by and large are sesolved much more acntrately 

than the elevated regions to the east (Fig. EAb), This mountain range, which la& small scaie 

features, would stiII signiücantiy idluence the Xorth ..American general circuiation and Iarge scale 

snow accumulation. Bearing in mind these model limitations and the glacial inception m o d e h g  

issues describeci above, 1 will present an experimental design that wül allow for the investigation of 

the physicai ptocesses which are determinant of the ability of the model to achieve perennial snowfd 

in these high latitude regions. 
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Figure E.1: Topographic anomalies over Canada (i meters) between T32 spectrd and 1x1" grid 
point representation of the land-ocean surface in the model. (b) A cross-section at 78 ON latitude 
demonstrating the devation ciifference and spatial misrepresentation between spectral and grïd point 
inferences of major continental features in the northem polar hemisphere. 



The Modern Simulated Polar Climate 

Through the simulation of specifk paieoclimate epochs using modern AGCBIs, the scientific com- 

munity is graduaily acquiring information concerning the nature of the response of AGCLs under 

significantly different conditions of forcing than those that have occurred over the 1 s t  two hundred 

years. The role that the modem simulated ciiiatology plays in determining the model response 

to paleoclimatic perturbations is being revealed both through model-data and model-mode1 inter- 

comparisons. Model-mode1 intercornparisons of the monsoon climates during the Holocene optimum 

at 6 ka BP have revealed that the model response to changes in boundary conditions has a strong 

dependance on the characteristics of the modern simdated ciiiate. For euample, the Paleodiate  

Mode1 Intercornparison Project (PMIP) has demonstrated that the northward shift in the .Africa- 

Açia intertropicai convergence zone (ITCZ) in response to the increased summer insolation at 6 ka 

BP is strongly dependant on the AGCLI modern çimdated northward position of the ITCZ (Jous- 

saume et al. 1999)[108]. Other studies have also revealed that the biases in the modern climate 

amplify warm (cold) perturbations if the simulated modem ciimate is originally warm (cold) biased 

(see Chapter 2 and Chapter 3). Joussaume et ai, (1999)[108] have also suggested that most of the 

AGCbis employed in these studies m u t  lack some additional feedback mechanisms that do oper- 

ate withh the actual clmate system and which are needed to bring these modelç into agreement 

with prow data from the Sahara region. Tt is certaidy apparent that paleoclimate simdation is 

not a Iinear problem where inaccuracies or errors in control climates can be neglected or removed 

by inwstigating paieoclimate anomalies that result from changes in boundary conditions. Thus, it 

is important to recognize precisely what the modei does and does not faithfully represent in the 

modern c h a t e .  

Based upon the fact that a model's sensitivity to paleoclimate forcing depends on the accuracy of 

the control climate, it may be that the mechanisms iduencing the climate of a certain epoch codd 

be enhanced or inhibited depending upon the biases present in the control climate. This hypothesis 

is tested in the present study by investigating the way in which the high latitude temperature bias 

in the control simulation influences the process of gIaciaI inception. It is argued that the feedback 



mechanisms that are involved in glacial inception may be amplifid as the inception process ptoceeds 

thereby more clearly revealing the underlying structure of the feedback mechanisms themselves. 

The three control simulations described in the experimental design section have globally and an- 

nuaily average SSTs that iie within 3 O C  of one another. A global plot of the ieually averaged 

SST differences between the .hilIF'2 (Fiorino 1996)[61] and ,Ueuander and Mobley (1976)[3] ob- 

served data sets is displayed in Fig. F.la. The impiied ocean heat transports in the ;4iiflPSl and 

AMS9 experiments descnbed in the experimentai design section are configured using the A'ufiP2 

and .Aiexander and 'ulobley SST data sets, respectively. The resulting SST anomalies between the 

.Gim>Sl and Ails9 modern control simulations at equilibrium are displayed in Fig. F.lb. The 

anomalies displaying the ciifferences between the two computed dab acean temperature fields are 

greater than the anomalies that are displayed in the ciifference between the two observed SSTs data 

sets (Figs. F.la and F.lb). The spatial differences between the simulated and observed fields, are, 

Observed Sea Surface Temperature Anomaly Simulated Sea Surface Temperaîure Anomaly 

Obsewed - Simulated SSTAnomaly Obsawed - Simulated SçTAnomaly 

Figure F.l: A global plot of the annualIy averaged dinaences between two modern observed SST 
data sets ( m m 2  (Fiorino 1996) and .Alexander and Mobley (1976))[61][3]. (b) -4 global plot of the 
annually averagd differences between two sets of simulated modern SSTs (the unbiased ( . h i S l )  
and cold biased (A.lIS9) experiments). (c) The diffefences between observed AitlIP2 SSTs and the 
conespondhg simulated SSTs (.4iiiil?Sl) and (d) the dinerences between obserwd Aiexander and 
Mobley SSTs and the corresponding simulated SSTs (MlS9). Contours above O 'C are shaded and 
the contour i n t d  is 0.5 OC. 



however, quite simiiar. The ALIIP2 observed SSTs are generdy warmer than the .4lewder and 

Mobley observed SSTs by 0.5 to 1.0 O C  in much of the northem hemispliere. The diflerences in 

the computed SSTs are siightly larger and range fiom approximately 1.0 to 2.0 O C  in the northern 

hemisphere. The more accurate simulation of the observed SSTs between the two experiments can 

be ascertained from a direct comparison of the differences between the observed and simuiated SSTs 

in each of the two eyeriments. The .t\IIPSl simulated SSTs are in very good agreement with the 

.Ai\lIP2 observed vaiues (Fig. F.lc), whiie the -UlS9 simuiated SSTs are colder by approximately 

0.5 O C  than those fiom the correspondhg Alexander and Mobley observed SSTs (Fig. F.ld). The 

disagreement in the second simulation is Iikely a result of the changes that have occurred to this 

community version of the model (AMSg), which has been modified in a nurnber of minor respects 

after the slab ocean model implied ocean heat transport was configureci to reproduce the Alevander 

and Mobley SSTs. The simuiated SSTs at high latitudes in both evperiments display some consider- 

abIe disaepancy with the observed SSTs (Figs. F.lc and F.ld) because of the diffidty in obtaining 

correct sea ice distributions with these limited thermodynamic modeIs, dong with the fact that 

there is more Mnability at high poIar latitudes. 

h scatter plot of the mean northern hemisphere winter and summer temperatures over land and 

sea (Fig. F.2) reveais the extent of the differences between control climates. Each of the simula- 

tions was mended ten model years after statisticai equiiibrium was achieved and each oi the ten 

individual seasonai average is plotted in Fig. F.2 to reveal the naturai variability present in the 

simulations. This variability can be used as a qualitative indicator of the importance of the paieodi- 

mate temperature perturbations which are reveaied in the n e .  section of the results. Fig- F.2a and 

F.2b illustrate the northern hemisphere July-AugustSeptember (JAS) and January-February-March 

(JF%f) land verses ocean modern simuiated surface temperatures, respectively. .Usa displayed are 

reIated results for two observed land surface temperature data sets (XCAR; Legates and Wllmot 

1990)[126] and three observed SST data sets (Shea et al. 1992; Alexander and Mobley 1976; .Qt\rIIP2: 

Fiotùio 1996)[2061[3][61]. The intersection of the data sets that are displayed by the shaded regions 

give an estimate of where the position of the modem control ciimates shouid lie with respect to 

the northern hemisphere land and ocean observed means for JFhl and JAS. Fig. F.2a reveals an 

approxümtely 3 OC spread in both ocean and land temperatures in the 3 control simuiations with 

the AhiIPSl control simulation being in best agreement with the obswed suIIlIIler means. This is 

crucial to verifying the hIiIankovitch hypothesis of .$&id inception which maintains that summer 

conditions should be cruaal to adüeving perennïal snow cover. The other two simuiations, AMS1 

and M S 9 ,  are respectiveIy warm and cold biased as compared with the çummer obsxved climat@- 
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Figure F.2: A scatter plot of modern northern hemisphere land vs. ocean surface temperatures 
in the warm (-OlSI), cold (AMS9) and unbiased (-4MiPS1) experiments for (a) summer and (b) 
winter. Each point in the ciuster of ten points in each simulation represents tbe average kom each 
of the ten equilibrium years obtained for each simulation. The vertical and horizontal lines represent 
land and ocean temperature fiom observed data sets. The grey areas of intersection represent the 
b est observed estimates. 



hMS1 has northeni hemisphere land temperatures which are within approximateIy 1 OC of the ob- 

served Iand temperatures and 2 O C  of observed ocean temperatures. AMS9 has northem hemisphere 

land temperatures which are within approximately 2 OC of the observed land temperatures and 1 "C 

of the observed ocean temperatures. In winter (Fig. F.2b), there is a much greater spread between 

the models, more interannual variability and less agreement with observed values. APviIF'Sl has 

northem hemisphere winter SSTs that are constrained to fit the best observed wuiter SSTs but land 

surface temperatures that depart more than 4 "C from the observed values. Zncidentaliy, the Shea 

et aI. (1992)[206] data set appears to be in considerable disagreement with the other more recent 

and reliable data sets and therefore is not accepted as valid for the purpose of winter anaiyses. The 

cold biased AMS9 mode1 is close to the observed SSTs but is more that 3 OC colder than the land 

surface temperatures in winter. The warm biased AMSl simulation is close to the observed land 

surface temperatures in winter but is approximateIy 3 degrees warmer than the winter observed 

SSTs. The winter simulated temperatures are not as crucial to achieving glacial inception as long 

as they are below freezing, but are nevertheless iiiely to impact upon the location and amount of 

perenniai snowfall if they are wann biased as is the case with the SSTs characteristic of the AMS1 

sùnulation. 

It is expected that the modem simulated surface temperatures withi  the Xrctic c i d e  wiU sig- 

nificantly impact the response of the simulations to the 116 ka BP anomaly in insolation forcing. 

Fig. F.3 illustrates the merences between observed June-July-August (55.4) temperatures (Legates 

and W i o t  1990)[126] and summer temperatures in the three control simulations. The modern 

observed data set (Fig. F.3a) demonstrates the existence of regions within which the land ternpera- 

t ue s  are just above O "C and these locations are likeIy to nucIeate ürst at 116 ka BP. These regions 

include the Queen Elizabeth Islands and Baffin island of Canada as weU as Central Siberia. Cen- 

trai Greenland has coid s u e r  temperatures well below O OC but is of course covered at present 

by a continental ice sheet. Eastern Siberia, .Aiaska and Scandinavia aii have mean temperatures 

of more than 8 OC in summer and are therefore ükely to require a larger response to the 116 ka 

BP orbital configuration than is required to induce perenniai snow cover in more critical regions if 

gIacial inception is to occur in these areas. The modern simulated summer temperatures in the three 

experiments (Figs. F.3b, F.3c and F.3d), which range Eiom warm to coId biased, are aii character- 

ized by ciifferences which are much the same when compared with observed summer temperatures. 

The temperature anomalies over GreenIand in aii three euperiments are simiiar and are likely the 

r d t  of inaccuracies in both the observed data set and inaccwacies in the spectral topography in 

that region. The Hudson Bay and B a f h  IsIand region also have spurious anomalies that are likely 
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Figure F.3: (a) Northern hemisphere polar contour plots of summer surface temperature for modem 
observed vaiues in O C -  The contour i n t d  is 4 "C. The modern control temperature anomalies with 
respect to observed are dispIayed for the (b) warm, (c) unbiased and (d) cold biased simulations. 
The anomaIy contour i n t d  is 2 OC. Positive vaiues are shaded in the observed data, while negative 
anomalies in the modem simulated are shaded (i.e. simdated - observed). 



the result of spectral topographic deviations and incomplete observed data in this region. In ail 

three experiments the Queen Elizabeth Islands and B a h  island regions of Canada are in good 

agreement with the observed data. Similarly the Scandinavian region is also in good agreement with 

obsemtions except for the warm bias in the AMS1 eyeriment (Fig. F.3b). Other notable features 

include the cold modem temperature anomaly maxima of between 4 and -8 "C in Eastern Siberia, 

Western Canada and Alaska. The AMSl and .44ZIPS1 simulations (Figs. F.3b and F.3c) have 

similar temperature anomalies over Centrai and Eastern Siberia of 4 OC. The AhiIIPSl and .kiS9 

simulations (Figs. F.3c and F.3d) have similar temperature anomalies over .&laska of approximately 

-8 OC. These anomalies, which represent si@cant disagreement with observations are likely to 

impact strongly upon snow accumulation in these regions when boundary conditions are changed to 

those characteristic of conditions at 116 ka BP. 

The simulated Muter temperatures in the Arctic region (Fig. F.4) are also likely to have an effect 

on snow accumulation. The regions that exhibit the coldest depressions of more than -30 to - 
40 OC are located in the Canadian Arctic .Archipelago and in Central and Eastern Siberia (Fig. 

FAa). Scandinavia and Alaska are moderated by ocean SSTs and ocean circulation and thus are 

considerably warmer. .Maska, however, has much stronger inland temperature gradients than those 

over Scandinavia since the Atlantic Gulf Stream exports large amounts of heat to ivestem Europe. 

The three modem control simulations have whter anomalies that are similar in spatial extent but 

vary in magnitude Erom warm to cold biased as in summer. In the XhIS1 warm biased control (Fig. 

F.4b), much of the land areas are above observed temperature values in the Arctic region except 

in Central and Eastern Siberia. In the other two simulations, AMIF'S1 and .L;LIS9 (Figs. F.4c and 

F.4d), there are Iarge cold biases over much of the land area enclosed by the Arctic circIe. There 

are also very large coId biased anomalies over Greenland of -20 to -30 OC that are likely a resdt 

of a combination of the topographic anomalies and missing observed data as previously mentioned. 

There are also large cold bises of berneen -6 and -15 OC in Central and Eastern Siberia and in the 

Canadian ,Arctic ,Archipelago. The cold biases over land are consistent with those changes that were 

described in the plots of Northern Hemïsphere iand and ocean temperature average (Figs. F.1 and 

F.2)- 

Another crucial variable that w ü i  certainly Wuence perennial snow cover is the poIar summer 

precipitation (Fig. F.5). Precipitation is one of the most diflicnit Mnables to modei in AGC;LIs 

for a number of reasons. One sigdicant factor lies in the coarse GCM resolutions that resuit in 

simulated precipitation patterns which £rom a Iack of mesoscale details (Goyette and Laprise 

1996)[74]. Precipitation, dong with other vatiables in the model, also d e r s  the same physical 
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Figure F.4: Northern hernisphere polar contour plots of winter surface temperature for modern 
observed d u e s  in OC. The contour intend is 10 OC. The modern contro1 temperature anomalies 
with respect to obsemed are displayed for the (b) warm, (c) unbiased and (d) cold biased simulaeions. 
The anomaly contorv i n t d  is 4 OC. Negative values and negative anomalies are shaded. 
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Figure F.5: Noahern hemisphere polar contour plots of summer precipitation for the modem ob- 
served climate. The modern control precipitation anomaiy (simulateci - o b s d )  for the (b) warm, 
(c) unbiased and (d) cold biased simulations. Positive values are shaded. The contour intervai is 1 
mm/day- 



misrepresentation as temperature along rapidly varying orography due to Cibbs phenomena. In 

summer, the observed data (Legates and W i o t  1990)[126] reveals that much of the land north 

of the Arctic Circle experiences summer precipitation of 1 to 2 mm/day (Fig. F.Sa). Scandinavia 

and ..lash receive about 2 to 3 mm/day due to oceanic effects. The colder more arid Canadian 

Arctic Archipelago receives amounts of between 0.4 to L mm/day. Upon examination of the modern 

simulated precipitation in the three control simulations (Figs. F.5b, FSc, and F.Sd), it becomes 

apparent that there are striking similarities between the anomalies in all three simuIations. All 

thee  simulation posses =cessive summer precipitation over the majority of the polar land areas. 

Likewise, a plot of the annual mean precipitation in this region of the globe (not shown) indicates 

that the CCCma model is in general wet biased in the Arctic Region. It has previously been 

demonstrated that the CCCma GCMII model also has a hydroIogical cycle which is mow vigorous 

than that which is observed (see Chapter 3). The similar spatid patterns between the anomalies 

in the annuaI and summer means indicate that the maxima that exist over Scandinavia, Central 

Siberia, Eastern Siberia, -Alaska, Xorthern Canada and Southern Greenland are a consequence of 

the effect of the spectrally truncated topography in the model (e.g. see Fig. E.la). The Canadian 

Arctic Archipelago and the most northerIy regions of CentraI Siberia are regions that are in fairly 

good agreement with observations. These spurious precipitation maxima are often of the same order 

as the observed precipitation and this must be taken into account when investigating the spatial 

distribution of perennial snow cover under 116 ka BP boundary conditions. 

The modern simulated summer snow cover and snow depth reveal information that is also certain 

to influence the response of the mode1 in regards to its ability to deIiver perenniai snow cover at 

116 ka BP (Fig. F.6). The JJA observed snow ciimatobgy by US.W/ETAC (Faster and Davy 

1988)[66] indicates that there are o d y  a few land areas that have summer snow cover north of the 

.Arctic CircIe (Fig. F.6a). In particular, Centrd Siberia and the Canadian Arctic north of 60 ON 

latitude have o d y  a few centimeters of summer snow cover. More advanced observed data sets 

from the Xiibus-7 Scanning Multichannd Microwave Radiometer (SBIMR) are usually about ten 

percent Iess than those measured by earlier data such as the US.AE'/ETAC data set based on the 

Fact that passive microwave sensors often canst detect shallow dry snow that is less than about 5 cm 

deep. This poses a problem in utilizing such satellite data in the present study as the summer snow 

depth is usually Iess than this threshotd amount in many of the critical regions which are of interest 

with respect to  &acid inception. In comparing the o b s e r d  climatology with model simdated snow 

cover there is aIso iikely to be some disagreement because of the modelling inaccuracies invotved in 

the Iand surface parameterization (McFarIane et al- 1992; Chapter 2) and due to the sparseness 



JJA Observed Snow Depth (cm) JJA Model Snow Depth (cm) [AMSI] 

JJA Model Snow Depth (cm) [AMIPSI] JJA Model Snow De~th (cm) IAMS91 

Figure F.6: Northern hemisphere poIar contour plots of summer snow depth for the modern ob- 
served dimate, The modem control snow depth for the (b) warm, (cl unbiased and (d) cold biased 
simulations. Vdues above 1 cm depth are shaded. The contour intenial is 2 cm. 



of the observed data in this polar region. The simulated snow cover in each of the three control 

simulations (Figs. F.6b, F.6c and F.6d) is simiiar since the solid precipitation is directly dependant 

on the spatial distribution of the modelied precipitation, which was shown to be quite similar for d 

these models in the previous figure. 

The extent of the summer snow cover is also influenced by the mean temperatures determined by 

the radiative balance at the surface in each of the control simulations. This is readily apparent in 

the warm biased (-kiIS1J control simulation (Fig. F.6b), which has much less areal snow extent 

than the cold biased (-LiIS9) controL (Fig. F.6d). The unbiased simulation (AhIIPSl) has the 

best agreement with the observed data in t e m  ofsnow depth and is in better agreement with the 

observed areai extent especidy in the Canadian ..&tic -4.rchipelago region (Fig. F.6c). dIi three 

simulations have two large maxima of summer snowfd in Eastern Siberia which are inconsistent 

with observed surnrner snowfail. This anomaiy is prccisely correlated with the precipitation maxima 

over this region and it is not dear why this distribution results but it may be associated with the 

spectral inaccuracies desdbed previously. The simulated Centrai Siberian summer snowfall also 

covers a much larger areal extent than the observed. The unbiased and cold biased experiments 

(AhIIPSl and AMS9) in Figs. F.6c and F.6d have much more simiIar snow distributions than those 

of the warm biased e.xperiment (AMS1; Fig. F.6b). In particdar, in each of these two modern 

simulations, the Canadian Arctic ArchipeIago has snow depth on the order of 5 to 10 cm over 

Northem Labrador, Baffin lsland and Queen Elizabeth Islands. The southern tip of Greenland is 

in negative mass baiance in the m e r  .L\iSl eqeriment but not in the colder AMS9 experiment. 

dthough there is significant snow present in summer in the control simulations, there is no land 

area except for Greenland in the .kctic which preserves snow cover through the month of August 

(not shown). In the foilowing subsection of this results section the iduence of 116 ka BP orbital 

parameters on the accumuIation of permanent August snow cover for each of the three e-xperiments 

wiii be described. 

For a more complete description of the modei behaviour on a gIobal scale and its ability in repro- 

ducing the modem climate the reader is advised to review McFarlane et al. (1992) [l461, Vettoretti 

et al. (1998)[229] and also Chapter 2 and Chapter 3, 
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