Chapter 9

Sensitivity of South American Tropical
Climate to Last Glacial Maximum Boundary
Conditions: Focus on Teleconnections

with Tropics and Extratropics

Myriam Khodri, Masa Kageyama, and Didier M. Roche

Abstract We explore how the moist deep convection over the Amazonian region
responds to glacial forcings compared to the pre-indrustrial climate and how this
change might interact with the meridional shift of rainfall over Nordeste, Pacific
and Atlantic tropical Oceans. The objective is to assess and investigate the individual
contributions of greenhouse gases concentration, ice sheet topography and/or albedo
on the hydrological changes over tropical South America and their links to the
Hadley and Walker circulations. We employ coupled ocean-atmosphere simulations
for the Last Glacial Maximum and sensitivity experiments for each Last Glacial
Maximum forcing. We show that the Last Glacial Maximum reduced greenhouse
gases alone can explain the observed rainfall changes over tropical South America
through the induced increase in tropical and northern extra-tropical dry static sta-
bility and altered Hadley circulation. Furthermore, we show that the topography of
the North American ice sheet reinforces the equatorward shift of the descending
branch of the Hadley cell leading to stronger subsidence and drying over the north-
ern tropics. However, we show that the Laurentide ice sheet has also a significant
influence on the simulated enhanced rainfall over Nordeste and Southeastern Brazil
via the eastward shift of the Walker circulation, with a mechanism analogous to the
atmospheric thermodynamical response to El-Nifio conditions.

Keywords Last Glacial Maximum - Teleconnections - South America - Hadley
cell - Walker circulation - Inter Tropical Convergence Zone - Ocean atmosphere
general circulation model

9.1 Introduction

To date, results obtained from paleoclimate proxies in the Tropics throughout the
last glacial, deglacial and Holocene periods have largely been interpreted either in
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Fig. 9.1 Simulated precipitation during the Last Glacial Maximum by the IPSL-CM4 model
and land records of hydrologic change over South America. (a) The background map shows
Last Glacial Maximum December-January-February-Marsh (DJFM) mean precipitation. Contour
interval (CI) is 4 millimeters per day. (b) The background map shows Last Glacial Maximum pre-
cipitation changes respectively to pre-industrial (PI) conditions during DJFM. CI is 0.5 mm per
day. Blue shading indicates positive values. Red symbols indicate more arid conditions during the
Last Glacial Maximum, black symbols indicate a hiatus and blue symbols more humid conditions
compared to present day (Data compilation after Koutavas and Lynch-Stieglitz 2004, see their
Fig. 12-3 and Anhuf et al. 2006; The speleothem record in Nordeste and Southeastern Brazil by
Cruz et al. 2007 and Wang et al. 2006 are added to the previously cited compilations). Included
sites are: Cariaco Basin (Peterson et al. 2000); Laguna el Pinal, Columbia (Behling and Hooghiem-
stra 1999); Lagoa Pata, Lagoa Gragao, Lagoa Verde (Colinvaux et al. 1996; Santos et al. 2001;
Bush et al. 2004); Maicuru (Colinvaux and De Oliveira 2001); Carajas (Absy et al. 1991; Siffedine
et al. 2001); Katira (Van der Hammen and Absy 1994); Noel Kempff Laguna Bella Vista (Mayle
et al. 2000); Lake Valencia, Venezuela (Leyden 1985); El Valle Lake, Panama (Bush 2002); Lake
Fuquene, Colombia (van Geel and van der Hammen 1973); Huascardn, Peru (Thompson et al.
1995); Sajama, Bolivi (Thompson et al. 1998); Illimani, Bolivia (Ramirez et al. 2003); Lake Tit-
icaca, Bolivia (Baker et al. 2001); Lake Pata, Brazil (Colinvaux et al. 1996); ODP 932, Amazon
Fan (Haberle and Maslin 1999); GeoB 3912 (Arz et al. 1998); Northeast Brazil (Wang et al. 2004);
Southeast Brazil (Cruz et al. 2007)

terms of ENSO-like patterns or as changes in intensity and mean position of the
Intertropical Convergence Zone (ITCZ) (e.g. Stott et al. 2002, 2004; Lea et al. 2003;
Peterson et al. 2000; Koutavas et al. 2002; Koutavas and Lynch-Stieglitz 2003). For
South America (SA) during the Last Glacial Maximum (LGM), 21 000 years Before
Present (21 ky, BP) proxy data suggests a picture (Fig. 9.1b, symbols) with: (1) a
drier tendency of the northern part of the continent and Central America, (2) a per-
sistence of vegetation in the Amazon Basin, and (3) increased rainfall over southern
tropics including the Nordeste, south east Brazil and the Altiplano of Bolivia. Given
that the climate of the northern part of SA is affected mostly by the seasonal north-
ward migration of the ITCZ, the LGM hydrology inferred from continental data
has been interpreted as a southward shift of the ITCZ on annual mean (Koutavas
and Lynch-Stieglitz 2004). Along the same line, Wang et al. (2007), based on
speleothem records for the last glacial period, interpret the out of phase relationship
between paleorainfall variability in Brazil and Eastern China as a direct response to
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the reduced Atlantic meridional overturning circulation (AMOC) and its impact on
the ITCZ position.

The seasonal cycle and amplitude of insolation received at the top of the atmo-
sphere at the LGM is close to the present day one. The main LGM forcings are
extensive land ice sheets over North America and Eurasia (Peltier 2004) and a
reduced atmospheric concentration of greenhouse gases (GHG), notably of the
atmospheric CO;, which decreases by about 80 ppm (Fliickiger et al. 1999; Dal-
lenbach et al. 2000; Monnin et al. 2001). Both forcings and feedbacks within the
climate system influenced and maintained the LGM climate. Changes in vegeta-
tion types might have also played a significant role through their influence on soil
moisture variations, land surface albedo and evapo-transpiration (e.g. Kubatzki and
Claussen 1998; Levis et al. 1999; Wyputta and McAvaney 2001).

Previous modelling studies have helped quantifying the impact of the land ice
sheet and GHG forcings and their feedbacks on the LGM climate. Using atmo-
spheric general circulation models (AGCMs) forced with the CLIMAP proxy-based
reconstructions for LGM sea surface temperatures (SSTs), Hansen et al. (1984) have
shown that land ice sheets and sea-ice albedo account for most of the LGM cool-
ing. Coupling an AGCM to a slab ocean, other sensitivity studies has quantified
the impact of each forcing on the simulated global cooling, revealing in most cases
a strong influence of GHG on a global scale while land ice sheets lead to a cool-
ing more restricted to the Northern Hemisphere (e.g. Manabe and Broccoli 1985).
On the contrary, Hewitt and Mitchell (1997) relate most of the LGM global cool-
ing to the topography and albedo of the land ice sheets while Felzer et al. (1998)
argue for a combination between GHG and land ice influences. More recently, with
a coupled ocean atmosphere GCM model (OAGCM), Kim (2004) evaluates that
even though the bulk of global SST cooling is indeed due to reduced GHG, a larger
cooling in the Northern Hemisphere occurs as response to either GHG and land ice
sheets. The OAGCM results show greater cooling in the Northern Hemisphere in
response to decreased Atlantic Meridional Overturning (AMOC) and ocean current
heat exchange between both hemispheres.

According to tropical proxy data, such LGM global cooling correlates indeed
with a reduced thermohaline circulation and with a drier rainy season in many
tropical and monsoon regions between approximately 30°N and 5°N while wetter
conditions develop in the southern tropics including northeastern Brazil (Nordeste).
Chiang et al. (2003), based on paleoclimate observations and using an atmospheric
climate model coupled to slab ocean suggest that the present-day “meridional mode”
(labelled after Servain et al. 1999) of atmosphere-ocean variability in the tropical
Atlantic is a potentially useful model for understanding these paleoclimate changes.
The modern “meridional mode” corresponds to an anomalous meridional SST gradi-
ent across the equator, a displacement of the ITCZ and cross-equatorial flow toward
the warmer hemisphere. The use of the “meridional mode” to explain LGM ITCZ
mean position is largely based on the postulate that the dominant modern mode of
tropical Atlantic ITCZ variability on inter annual-decadal timescales can link the
climates of the tropical and North Atlantic. The marine-ITCZ, a tropical ocean-
wide belt of atmospheric intense moist convection nowadays bears a year-round
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Northern Hemisphere bias. It is located at the confluence of the northern and south-
ern trades that sustain the rising branch of Hadley cell, is strongly linked to the
South American Monsoon System and to the tropical seasonal emergence of cold
equatorial SSTs (cold tongues) in the Atlantic and Pacific oceans. In the modern
climate, very small interannual changes in tropical Atlantic SSTs (as small as 1°K)
linked to NAO or ENSO external forcings explain part of the important ITCZ inter-
annual to decadal variability observed in this ocean. Chiang et al. (2003), Chiang
and Bitz (2005, referred herein as CB0S5) and Broccoli et al. 2006, using AGCMs
coupled to a slab ocean, have shown that the Atlantic ITCZ response to LGM bound-
ary forcings is analogous to the present day meridional mode with a southward
displacement of the ITCZ. CB05 show that the North Atlantic cooling primarily pro-
moted by the land ice sheets, with a negligible effect of reduced GHG, induces an
asymmetric reorganisation of the Hadley circulation, a transfer of humidity toward
the Southern Hemisphere through modified equatorial SST gradient and trans-
equatorial winds.

Cruz et al. (cf. Chapter 2, this volume), based on this “ITCZ model”, argue that
the links between the weakening of the East Asian summer Monsoons and the in-
phase increased precipitation over Nordeste and in southern Brazil could be initiated
by the cooling of North Atlantic Ocean. The authors relate such a cooling either to
changes in the AMOC or to the “meridional mode”-like response to LGM forc-
ings in the tropical Atlantic. Even though the “ITCZ model” might indeed provide
some elements of explanation for the southward shift of the marine-ITCZ during the
LGM, previous modelling results are limited by the absence of a fully interactive
ocean and by a missing consistent mechanism for inland precipitation. Over SA, the
northern trade winds that feed the monsoons are also strongly linked to moist deep
convection processes over the Amazon basin, which could respond on its own right
to the LGM forcings. The present day monsoon and ITCZ systems may be related
and sometimes vary in pace over certain areas. However, their controlling factors
are different and the mechanisms of their variability are also different (cf. Chapter
8, this volume). These aspects are directly of concern for paleoclimate issues since
most recently published papers documenting past tropical climate changes tend to
confuse the ITCZ dynamics and the monsoon itself.

Using 5 different AGCMs coupled to fully interactive oceans from the PMIP2
data-base (http://pmip2.psce.ipsp.f2, Braconnot et al. 2007), Khodri et al. (2009)
have shown that the processes responsible for the LGM South American hydro-
logical changes are independent from their Atlantic Ocean-ITCZ counterpart. In
the 5 OAGCMs simulations, an intensification of the Hadley Cell and an equa-
torward shift of its northern boundary occur, caused by an increased northern
hemisphere static stability. A narrower Hadley cell forms at the LGM characterized
by a descending northern branch between 10°N and the equator. Such a subsidence
explains most of the drying over northern tropical SA (region 1 in Fig. 9.1). This
finding contrasts with the “meridional-mode” mechanism found by CBO05 with a
slab ocean, since in coupled models, the Hadley Cell response does not necessarily
rely on a trans-equatorial SST gradient, winds and moisture fluxes. In southern trop-
ical SA (region 2, Fig. 9.1), the drying tendency over the Amazon basin is shown
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to be rather due to a strengthening and eastward shift of the Walker circulation. The
eastward shift of the Walker circulation appears to be forced by the little cooling
in Southeast Central (SEC) Pacific, as compared to the West Pacific Warm Pool
(WPWP), reminiscent to an “El-Nifio like” pattern. Increased precipitation over the
Nordeste and southeastern Brazil (region 3, Fig. 9.1) is then favored since both
regions are out of reach of the stabilizing effects of the Walker and Hadley com-
ponents of the tropical circulation and are located right next to moisture sources
(namely the Amazon basin and the South Atlantic) needed to trigger moist con-
vection. The robustness of these physical processes across all models seems to be
confirmed by available data over land and over the Pacific Ocean. Over the trop-
ical ocean, recent proxy estimates indeed indicate a relatively uniform cooling of
about 1.7£1°C across the tropical oceans (with no trans-equatorial gradient in the
Atlantic), while SEC Pacific shows little or no cooling at LGM as compared to
modern times (Otto-Bliesner et al. 2009; MARGO Project Members 2009).

Numerous processes could affect the strength and extent of the Hadley cell and
Walker circulation during LGM, such as the changes in the tropography and/or
albedo of the ice sheets and reduced GHG. We cannot exclude either a specific
and more direct response of the moist deep convection over SA to the global mean
cooling during the LGM. This chapter builds upon a previous modelling study
(Khodri et al. 2009), by using one of the fully coupled PMIP2 OAGCMs used to
simulate the LGM climate. The objective is to assess and investigate the individ-
ual contributions of GHG concentration, ice sheet topography and/or albedo on the
hydrological changes over tropical SA and links to the Hadley and Walker circula-
tions. Here after, we show that the LGM reduced greenhouse gases forcing alone
can explain the observed rainfall changes over tropical SA through the induced
increase in tropical and northern extra-tropical dry static stability and altered Hadley
cell. Furthermore, we show that the topography of Laurentide land ice sheet rein-
forces the equatorward shift of the northern bound of the Hadley cell leading to
stronger subsidence and drying over northern tropics. Finally, we will also show
that the Laurentide ice sheet has a significant influence on the simulated enhanced
rainfall over Nordeste and Southeastern Brazil via the eastward shift of the Walker
circulation.

Section 9.2 describes the model and its applicability to our problem. Section 9.3
describes the results for the full LGM climate. Section 9.4 explores the impact of
individual LGM forcings on the Hadley cell, the Walker circulation and tropical
moist convection. Discussion and conclusions are given in Section 9.4.

9.2 Model Description and Simulated Thermo-Dynamical
Structure of the Atmosphere

9.2.1 The Model and Experimental Set Up

The model simulations analyzed in this chapter rely on the IPSL-CM4-V1 cou-
pled ocean-atmosphere general circulation model developed at the Institut Pierre
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Table 9.1 Boundary conditions for the Pre-industrial (PI) and Last Glacial Maximum (LGM)
climates

Angular
CO, CHy NO, Obliquity precession
Ice sheets Coastlines (ppmv) (ppbv) (ppbv) Eccentricity (°) (©)
PI Modern Modern 280 760 270 0.0167724  23.446 102.04

LGM  ICE-5G ICE-5G 185 350 200 0.018994  22.949 114.42
21ky)

Simon Laplace (Marti et al. 2005) that has been extensively used for present, future
and past climate studies. It is part of PMIP2 model simulation database for the
LGM and preindustrial (PI) conditions (http://www-Isce.cea.fr/pmip2/, Braconnot
et al. 2007). In the PMIP2 framework, all model simulations have the same bound-
ary conditions for both the LGM and PI climates (see Table 9.1). Details of the
experimental protocols are given in Braconnot et al. (2007). In the coupled ocean-
atmosphere experiments analyzed in the present chapter the vegetation is fixed and
prescribed to the present day distribution. The control simulation corresponds to a
pre-industrial climate with atmospheric trace gases concentrations of 1750 A.D. and
the 1950 orbital configuration (the 1750 and 1950 insolation difference is negligi-
ble). The LGM boundary conditions correspond to the topography and ice albedo
from the ICE-5G data set developed by Peltier (2004). Changes in coastlines due
to the decreased sea level induced by the large amount of frozen ice in continental
ice-sheets are also taken into account leading to additional land in the Tropics (in
the Indonesian Archipelago and between Australia and New Guinea). The specified
greenhouse gas concentrations were inferred from the Greenland and Antarctic ice
core records (Fluckiger et al. 1999; Dallenbach et al. 2000; Monnin et al. 2001)
showing reduced concentrations of atmospheric carbon dioxide (CO;), methane
(CHy), and nitrous oxide (NO;) (Table 9.1). Otto-Bliesner et al. (2006a) have shown
that LGM decreased greenhouse gases relative to PI resulted in a radiative forcing
of the troposphere of 2.8 W m™2. The orbital configuration of 21 ky BP is close to
the present day.

In addition to the full LGM climate simulation, four additional sensitivity exper-
iments have been performed (Kageyama et al. in prep), starting from PI conditions
and adding in each simulation either: (1) the LGM reduced concentrations of
atmospheric GHG (referred herein as LGMGHG); (2) the LGM land ice albedo
and topography but with pre-industrial GHG concentrations (referred herein as
LANDICE); (3) the topography of the ice sheet only without the corresponding
albedo forcing (referred herein as ICETOPO); and (4) the albedo of the land ice
distributed over the area of the ice sheet mask but without its topography (referred
herein as ICEALB). Table 9.2 summarizes the configurations used in each sensi-
tivity experiment. Each simulation is 500 years long and the last 50 years are used
to compute the mean seasonal cycle. To explore the models skills related to the
tropical climate, we choose to only examine quantities being useful diagnostics for
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Table 9.2 Configuration of the sensitivity experiments to the Last Glacial Maximum forcing
parameters

LGMGHG LANDICE ICETOPO ICEALB
Greenhouse Last Glacial PI PI PI
gazes Maximum
Topography PI ICE-5G ICE-5G PI
Albedo PI ICE-5G PI ICE-5G

tropical moist deep convection regions. In the following, we present the simulated
large-scale features of tropical precipitations and the thermo-dynamical structure
(static stability, stream function, 200 mb velocity potential and divergent winds) of
the atmosphere during the southern tropic rainy season (austral summer: December-
January-February-March, DJFM). Vimeux and Khodri (2009), have indeed shown
that it is the DJFM precipitation changes in the Tropics that imprint the simulated
LGM annual response over SA and surrounding tropical oceans.

9.2.2 Simulated Pre-industrial (PI) Climate

We remind the readers that the model configuration is for pre-industrial conditions,
which might induce some discrepancies when compared to present day observa-
tions. We do not present the results for the full seasonal cycle for the sake of
simplicity. The PI model simulation exhibits a realistic seasonal cycle of pre-
cipitation and of sea-surface temperature (not shown). Figure 9.2 shows that the
overall large-scale characteristics of the tropical precipitation for PI climate are
well depicted when compared to the CMAP precipitation data set (Xie and Arkin
1997). Over SA the model does a good job in representing the observed geograph-
ical and amplitude characteristics of the austral summer South American Monsoon
with precipitation spreading from the northern tropical Atlantic Ocean, into the
Amazonian Basin and prolonged to the southeast by the South Atlantic Conver-
gence Zone (SACZ). We note however, a strong positive precipitation bias on the
Pacific coast but the overall characteristics of the South American Monsoon are well
depicted.

Figure 9.3a and b display the vertical structure of the atmosphere static stability
in DJFM for ERA40 and as simulated for PI conditions respectively. Static stability
is one of the most fundamental quantities describing the state of the atmosphere. It
derives from the vertical equivalent potential temperature (6) structure of the atmo-
sphere and determines the buoyancy force in the vertical. The vertical buoyancy
force can be formalized as follow:

do/dt = gz(y — va)/Ta

where o is the vertical motion, y corresponds to the environmental lapse-rate,
va to the adiabatic lapse-rate and T4 the environmental atmospheric temperature.
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Fig. 9.2 Mean precipitation in DJFM. Colour shading interval is 2 mm per day. Solid line interval
is 3 mm per day. (a) CMAP precipitation data set. (b) Model simulated precipitation for pre-
industrial conditions

The atmosphere is stable (dw/dt<0) when y < yq, neutral when y = yq (dw/dt=0)
and unstable (dw/dt>0) when y > yq. Using the hydrostatic approximation (dp/dz
=—pg, with p being the air density and dp/dz the vertical pressure gradient), the
static stability converts to:

do/dt = g(p,_p)/p

pa 18 the density of the environment, p the density of the moving air parcel and g
(pa—p) the vertical buoyancy force.

The vertical structure of equivalent potential temperature (6), plotted on Fig. 9.3a
and b, can then be used to estimate the atmospheric static stability against deep
convection. The potential temperature of a parcel of air, 0, corresponds to the tem-
perature that the parcel would attain if it were displaced to the surface pressure
reference level Pyg (~ 1000 mb) in a reversible adiabatic process (i.e. no exchange
of heat with the environment atmosphere). It is defined as follow:

0 = T(Py/P)*.with k = Rd/C,,

where Rd corresponds to the gas constant for dry air and Cp to the specific heat of air
at constant pressure. 6 implicitly takes into account the effects of compressibility of
the air and it is used to remove the cooling (warming) effects associated to adiabatic
processes (compression for dry air). 0 therefore allows a direct comparison of air
parcels temperature at various levels in the atmosphere. Within tropical moist deep
convective regions the moist adiabat assumes that a local heating of an air mass
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can destabilize it if it becomes warmer than the surrounding air at the same altitude.
Being warmer it expands, which reduces its density (p < p,), which in turn increases
its buoyancy force, so it keeps rising (dw/dt > 0). When it rises it cools adiabatically
(i.e. no exchange of heat between a parcel of ascending air and the environment) at
the dry rate (—10°C/km) while the environment cools at the normal rate (—6°C/km).
So the air parcel becomes colder until p = p, and the buoyancy (dw/dt) decreases.
But if the dew point temperature is reached during the rising, the cooling lapse rate
slows down to the wet adiabat lapse rate, which is smaller than the environment
lapse rate and the energy released during condensation is used to warm the parcel.
The atmosphere remains unstable and the air continues to rise and remains buoyant.
At one point, at a certain altitude, the rising air temperature catches up with the
temperature of stable air, it looses its extra buoyancy, cease to rise further and the
atmosphere becomes stable.

So the static stability can be expressed by df/dz, with an unstable atmosphere
when d6/dz < 0, a stable atmosphere when d6/dz > 0, and a neutral atmosphere with
respect to deep convection when d6/dz = 0. As shown on Fig. 9.3 (upper panels),
the uniform vertical profile of 6 within the tropics between 30°S and 30°N illus-
trates that the temperature structure in the tropics is approximately given by the
moist adiabat (Xu and Emanuel 1989). Within tropical moist deep convection areas,
the warm sea surface temperature promotes strong surface buoyancy explaining the
quasi standardization of the vertical temperature profile of 6 between 30°S-30°N
(dry air following the dry lapse rate), which in fact reflects the surface 0. In addition,
as shown in Fig. 9.3a, b, the latitudinal and vertical structure of 6 show that moist
convection that occurs over tropical warm waters determine upper tropospheric tem-
peratures over mid-latitudes and is important in establishing the static stability from
tropical to extra-tropical latitudes.

On Fig. 9.3c, the bulk static stability, defined as the difference of 6 between the
upper troposphere (400 mb) and the surface (1000 mb) shows that the Tropics bear
minimum stability (d6/dz < 0, minimum vertical gradient of 0) while extra-tropical
latitudes are much more stable against convection (d6/dz > 0, maximum vertical
gradient of 6). Interestingly, the model does a fairly good job in representing the
thermal structure of the atmosphere even though it underestimates the latitudinal
extent of tropical moist deep convective region (blue area, Fig. 9.3d). The model
bears a much narrower tropical belt of unstable atmosphere relatively to observa-
tions. This difference is probably due to the overall cold SSTs bias of 1 K in the
tropics simulated with PI boundary conditions when compared to modern day (Otto-
Bliesner et al. 2009, their Fig. 9.2). The vertically integrated divergent latent heat
transport is overlaid as vectors on Fig. 9.3c and d. The low-level latent heat diver-
gence from eastern pacific upwelling regions towards the WPWP, illustrating the
low level flow of the atmospheric Walker Circulation is well captured in pattern
while its strength is underestimated.

The zonally-averaged atmospheric streamfunction displayed on Fig. 9.4a and b
features the DJFM Hadley circulation for NCEP and the PI run respectively. Positive
(negative) values represent a (counter) clockwise mass flux circulation. The Hadley
circulation is constrained by the requirement that diabatic heating in the Tropics
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sustaining the divergent flow in the upper troposphere balances the cooling leading
to subsidence in subtropics. The model simulation for PI conditions does a fairly
good job in representing the meridional extent and strength of the Hadley cell even
though the vertical component of the divergence within the Tropics is weaker than
observed. Along the same lines, the 200 mb velocity potential and divergent wind
vectors on the lower panels of Fig. 9.4, showing the upper tropospheric large-scale
motion, depict the links between the Hadley and Walker circulations and tropical
convective regions. The Hadley circulation follows the strong divergent flux from
the convective Amazonian basin and WPWP toward the subtropical latitudes of
both hemispheres, while divergent winds from the WPWP toward the eastern Pacific
illustrates the upper flow of the atmospheric Walker Circulation. The lower panels
of Fig. 9.4 confirm the underestimation of the extent and intensity of tropical moist
deep convective regions (seen with the bulk of dry static stability, Figs. 9.3c, d) by
the IPSL model. Over SA and the WPWP, the area of upper divergent flow (pink
and red shading) is smaller than observed.

To sum up, the large-scale features of the thermo-dynamical structure of the PI
tropical atmosphere simulated by the model, including its dry static stability, the
Walker and Hadley (upper and lower) tropical circulations are underestimated when
compared to observations and reanalyses of the present features. This overall weaker
tropical circulation could be related to the cold bias in the simulation due to PI
conditions.

9.3 Response of Tropical South American Climate to Last
Glacial Maximum Forcings

In this section we present the changes in surface temperature gradient, precipita-
tion, dry static stability, zonal and meridional atmospheric circulations in response
to the applied LGM forcings. For conciseness, the processes behind the simulated
SST changes are not fully developed here and will be the subject of an upcoming
paper. Only the impact of the applied forcings on the tropical climate of SA will be
discussed.

9.3.1 The Last Glacial Maximum

The simulated surface annual SST changes simulated for the LGM by the IPSL
model shows an uniform tropical (15°S—15°N) cooling of about 2.3°K, which com-
pares relatively well to the MARGO estimation of 1.7+1°K (MARGO project
members 2009; Otto-Bliesner et al. 2009). Concerning the regional patterns, Otto-
Bliesner et al. (2009) have shown that the inter basin and intra basin SST cooling
gradients are underestimated by coupled models when compared to MARGO
estimations. Here, we have chosen to focus on the sign of changes in surface tem-
perature gradient rather that the net values in order to get a better understanding of



9  Sensitivity of South American Tropical Climate to LGM Boundary Conditions 225

the processes controlling the zonally-asymmetric Walker circulation in the tropical
Pacific. Figure 9.5a displays the DJFM surface temperature gradient difference in
response to the applied LGM forcings (see caption for details). According to the
MARGO proxy data, the SST has greater LGM cooling in the eastern Pacific cold
tongue than in the WPWP, which suggests a stronger zonal SST gradient. Observa-
tions also indicate that there is little or no cooling over the Pacific subtropical gyres,
in the SEC and Northeast Pacific (MARGO project members 2009). For the full
LGM simulated climate, on Fig. 9.5a, smaller cooling in the WPWP is found com-
pared to the eastern Pacific cold tongue. Likewise, SEC and North Eastern Central

Fig. 9.5 Changes in surface temperature gradient respectively to the pre-industrial simulation.
The surface temperature gradient was computed by removing linearly the averaged global surface
temperature to each corresponding surface temperature field. The removal of the global average
facilitates the comparison of the regional pattern between the sensitivity experiments and PI con-
ditions. This shows the DJFEM mean difference between the (a) LGM (GHG, orbital, and land ice
forcing) and the PI run; (b) LGMGHG (GHG only) and the PI run; (¢) LANDICE (land ice forcing
only) and the PI run; (d) ICETOPO (land ice topography only) and the PI run; (e) ICEALB (land
ice albedo only) and the PI run. CI is 0.5 °K and regions above the thick zero line contour are
shaded



226 M. Khodri et al.

Pacific bear the least cooling as compared to the abovementioned regions. Rea-
soning in terms of gradient, the simulated DJFM pattern over the Pacific Ocean
might suggest an overall agreement with the MARGO data compilation, even if the
amplitude of the changes is weaker. Noteworthy over the Atlantic, the simulated
trans-equatorial SST gradient with stronger cooling in the Northern Hemisphere is
inconsistent with the MARGO data compilation. This is due to the fact that the PI
climate has a relatively weak thermohaline overturning (~12 sverdrup, Sv) while
the LGM has a strong one (~15 Sv).

Figure 9.6 shows the LGM response in atmospheric static stability (upper panels)
and circulation changes (lower panels) simulated by the IPSL model respectively to
PI conditions. On Fig. 9.6a, the changes in the vertical structure of the equivalent
potential temperature (0), reveal a robust increase in LGM dry static stability, with
the lower tropospheric cooling outpacing the upper troposphere by about 2 K on
a global average. The globally cooler and drier LGM climate promotes a contrac-
tion of the atmosphere, which becomes denser as evidenced by the lower tropopause
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Fig. 9.6 Changes in dry static stability and atmospheric circulation given LGM boundary con-
ditions. This shows the DJFM mean difference between the LGM (GHG, orbital, and land ice
forcing) and the PI run. (a) Vertical structure of the equivalent potential temperature (6) (CI 2 °K);
(b) Bulk static stability (CI 2 °K and the thick line is the zero contour) and vertically integrated
latent heat flux divergence overlaid as vectors (J m~! s~!, the reference vector is given on the
panel); (¢) Streamfunction (red shading indicates positive values); (d) 200 mb velocity potential
(CLis 1.10°m? s~1) and divergent winds (m s~1, reference vector is given on the panel) overlaid
as vectors
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Table 9.3 Simulated tropical (15°S—15°N) precipitation, (mm per day) and surface temperature
(°k) changes in each simulation respectively to PI conditions

LGMGHG- LANDICE- ICETOPO-

LGM-PI PI PI PI ICEALB-PI
Precipitation AN -0.39 -0.3 0 0.09 0
DIJIFM  -0.38 —-0.33 0 0.1 0
Surface AN 2.3 22 0.57 1.4 0.2
Temperature DJFM 2.2 22 0.32 1.4 0.28

height (positive values on Fig. 9.6a). Over tropical latitudes between 15°S and 15°N,
this results in a damping of the convective heating of the upper troposphere, explain-
ing the slight tropical mean decrease in precipitation especially over tropical Pacific
and northern SA (Fig. 9.1). Despite the slight net precipitation decrease on average
over tropical latitudes (Table 9.3), rainfall increases substantially over Nordeste and
Southeastern Brazil.

It is worth noting however that a larger thermal stratification occurs over north-
ern extra-tropics (+3.5 °K) as compared to the southern tropics (+0.8 °K) probably
because of the presence of large land ice cover in the Northern Hemisphere. An
intensification of the Hadley Cell and an equatorward shift of its northern boundary
are simulated (Fig. 9.6¢). This narrower Hadley cell feeds upon the core of baro-
clinic eddies developing south of the Laurentide Ice sheet. The resulting stronger
subsidence between 10°N and the equator (Fig. 9.6d) then provides a dynamical
feedback amplifying the drying tendency seen over northern tropical SA (region 1
in Fig. 9.1). Such an increased Hadley cell circulation seems to be a direct conse-
quence of the increased dry static stability over extra tropical latitudes, which pushes
the baroclinic instability zone and the outer limit of the Hadley cell equatorward.
This result confirms that tropical circulation may indeed depend on extratropical
climate since the boundary condition for the Hadley circulation is constrained by
the requirement that diabatic heating in the tropics balances cooling in subtrop-
ics. Such extratropic-tropic dependence is stronger at the LGM due to the stronger
perturbation of northern extra tropical thermal and dynamical equilibrium.

As expected from the reinforced tropical Pacific zonal SST gradient, a strength-
ening of the Walker circulation is simulated, as shown by the changes in the 200
mb velocity potential (Fig. 9.6d). The smaller SST cooling over SEC Pacific as
compared to the WPWP induces also a positive anomaly in diabatic heating for
the atmosphere and is responsible for an anomalous divergence east of 120°W
(Fig. 9.6d, pink shading). As a result stronger divergent mass flux from SEC Pacific
and stronger subsidence over most of the Amazon basin (Fig. 9.6d, blue shading)
are simulated consistently with an eastward extension of the Walker circulation.
Overall, the model shows a tendency towards a more “El Nifio-like” state in terms
of the perturbation of thermal structure of the tropical atmosphere. This is shown
by the meridional mean of tropical equivalent potential temperature displayed on
Fig. 9.7a,b. The equivalent potential temperature changes simulated at LGM are
reminiscent to the tropospheric temperature anomaly in response to an “El Nifio-
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Fig. 9.7 Changes in the tropical (15°S—15°N) meridional mean of dry static stability. This shows
the vertical structure of the tropical zonal mean of equivalent potential temperature (8) in DJFM
for (a) for the PI run. CI is 2 °K; (b) the difference between the LGM (GHG, orbital, and land
ice forcing only) and the PI run. Regions above the —7.5 °K contour are shaded; (c) the difference
between the LANDICE (land ice forcing only) and the PI run; (¢) the difference between the
ICEALB (land ice albedo only) and the PI run. CI is 0.5 °K and regions above the thick zero line
contour are shaded. Vertical coordinate is pressure in Pascal (Pa)
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like” state, which consists in a widespread warming of upper troposphere com-
pared to lower level, spreading outward from the central Pacific (Wallace et al. 1998;
Chiang and Sobel 2002; Su and Neelin 2002). However such an anomalous upper
tropospheric warming differs from a canonical “El-Nifio-like” state since here it is
due to warmer conditions in the SEC Pacific as compared the WPWP. This tropical-
tropical teleconnection provides a second mechanism by which the atmospheric
column is stabilized (both thermally and dynamically) against deep convection over
equatorial SA. As moisture accumulates in the boundary layer over the Amazon to
balance the reduced local moist deep convection, a transfer of humidity occurs from
the Amazon basin toward the Nordeste and Southeast Brazil. This is well illustrated
by the changes in the bulk of static stability and moisture divergence displayed on
Fig. 9.6b. The Amazonian moisture is removed by the low-level flow and transferred
into the Nordeste and southeastern Brazil where moist convection can occur.

In the following sections, the role played by each LGM boundary condition
on the abovementioned physical processes (damping of tropical convective heat-
ing, strengthening and contraction of the Hadley cell, strengthening and eastward
extension of the Walker circulation) are investigated.
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9.3.2 Sensitivity to Last Glacial Maximum Reduced
Greenhouse Gases

Figure 9.8a displays the DJFM precipitation changes simulated by the LGMGHG
run compared to the PI simulation. While the tropical average is negative (Table 9.3),
there is a substantial positive precipitation anomaly occurring along the border of the
Amazonian convection zone including the Nordeste and South East Brazil. These
features are similar to the full Last Glacial Maximum case (Fig. 9.1) although with
a weaker amplitude. The simulated tropical cooling reaches 2.2 °K with reduced
GHG, which is nearly equal to the full LGM tropical cooling (Table 9.3).

This suggests that the decreased absorption of infrared radiation induced by
lower GHG concentration is mostly responsible for the direct thermo-dynamical
adjustment of tropical moist deep convection, as shown on Fig. 9.9a (to be com-
pared with Fig. 9.6a). Indeed the tropical cooling due to reduced GHG, equivalent
to the full LGM case, results in a direct atmospheric column drying (low-level
specific humidity reduced by about 15%) following the Clausius-Clapeyron rela-
tionship and leading to increased tropical dry static stability (Figs. 9.9a, b). Such a
tropical atmospheric stabilisation also implies a reduction in water vapor low-level
convergence especially over tropical Pacific, which provides amplification for the
drying (Fig. 9.9b).

However across the Tropics, the bulk dry static stability anomalies are rela-
tively constant, with positive anomalies spreading between 30°N and 30°S, which
therefore do not, on their own, yield insight into the mechanisms for the strong
spatial structure in the precipitation signal over tropical SA. Interestingly, reduced
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Fig. 9.8 Simulated precipitation changes and land records (symbols) of hydrologic change over
South America (see caption of Fig. 9.1). This shows the DJFM mean difference between the (a)
LGMGHG (GHG only) and the PI run; (b) LANDICE (land ice forcing only) and the PI run. CI is
0.5 mm per day. Blue shading indicates positive values. Red symbols indicate more arid conditions
during the Last Glacial Maximum, black symbols indicate a hiatus and blue symbols more humid
conditions compared to present day
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Fig. 9.9 Same as Fig. 9.6 but given LGMGHG (GHG only) boundary conditions

GHG also leads to a stronger cooling of Northern Hemisphere compared to the
Southern Hemisphere, due to the presence of more land masses which on aver-
age respond more importantly to the radiative cooling that the southern oceans
(Fig. 9.5b; Lainé et al. 2009). As a result, the static stability increases more
in the Northern Hemisphere as compared to the Southern Hemisphere, which
pushes both the baroclinic instability zone and hence the northern boundary of
the Hadley cell southward as in the full LGM case (Fig. 9.9¢). A robust strength-
ening of the Hadley cell and subsidence occurring over equatorial and northern
SA (Fig. 9.9d, blue shading) provides therefore an amplifying feedback mecha-
nism (in addition to the direct impact of the cooling) for reduced precipitation.
These features resemble the mechanism presented by CB05 and Broccoli et al.
(2006), relying only on the asymmetric temperature changes between both hemi-
spheres to explain the net southward shift of the Atlantic ITCZ. However in the
full LGM and LGMGHG simulation, no southward shift of the Atlantic ITCZ and
trans-equatorial moisture transport are reproduced. Instead analysis of the bound-
ary layer moisture budget over the Amazon basin reveals that the accumulation
of moisture in the Amazonian boundary layer due to decreased local deep con-
vection is moved by the divergent flow (overlaid latent heat divergent transport on
Fig. 9.9b) into the Nordeste and southeast Brazilian coast, where moist instability
actually occurs.

The above mentioned physical processes due to reduced GHG alone (radiative
tropical cooling and damping of convective mass fluxes, strengthening but limited
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expansion of the Hadley cell, transfer of moisture and rainfall from the Amazon
basin toward the Nordeste) account for most of the LGM changes over the equatorial
Pacific and northern SA. However, the somewhat less pronounced enhanced rainfall
over southeast Brazil compared to the full LGM case could be due to the absence
of the Walker circulation feedback. This is well illustrated by the overall uniform
cooling across the tropical Pacific and the absence of eastward shift of the Walker
circulation (Fig. 9.9d). A similar analysis for the simulation taking into account the
Northern Hemisphere LGM land ice only as a boundary condition, shows that the
mechanism of teleconnection with the central Pacific applies essentially to southern
tropical latitudes of SA.

9.3.3 Sensitivity to Last Glacial Maximum Land Ice

On Fig. 9.8b the DJFM precipitation changes simulated in the LANDICE sensi-
tivity experiment reveals a balance between an increased precipitation over the
tropical Pacific and a drying tendency over most of tropical SA (Table 9.3). This
result confirms that net decreased tropical precipitation during LGM is mostly due
to the reduced GHG and induced radiative cooling. Similarly to the full LGM and
LGMGHG case however, a hemispheric asymmetry of static stability and limited
expansion of the Hadley cell (Fig. 9.10a—c) is simulated. The land ice forcing acts to
cool the northern lower troposphere while forcing a southeastward shift of the sub-
tropical jet and western ocean boundary currents (i.e the Atlantic Gulf Stream and
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Fig. 9.10 Same as Fig. 9.6 but given LANDICE (land ice forcing only) boundary conditions
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the Pacific Kuroshio, not shown) explaining the warmer SST over the subtropical
gyres of both hemispheres (Fig. 9.5¢). The impact on the bulk dry static stabil-
ity anomalies across the Tropics and on the Hadley cell subsidence over northern
tropical SA is nevertheless much weaker (Fig 9.10b, d) than for the full LGM and
LGMGHG cases and is confined north of the equator.

Precipitation changes for southern tropical SA (Fig. 9.8b) appears to be linked to
the teleconnection with the central Pacific. Despite the reduced zonal SST gradient
and intensity of the Walker circulation, the warmer SEC Pacific sustains an upper
tropospheric increase of 6 which reaches 1.5 °K over SA (Fig. 9.7c). The result-
ing eastward shift of the Walker circulation (Fig. 9.10d), amplified atmospheric
thermal stratification over southern tropical SA and reduced moisture conver-
gence (Fig. 9.10b), all induce a damping in moist deep convection including most
of the Nordeste and southeastern Brazil. Interestingly adding up LGMGHG and
LANDICE results (not shown) reveals that the precipitation field obtained is close to
the full LGM, which suggests a linear response to both forcings. Reduced GHG and
land ice at LGM both contribute to reduced precipitation over northern tropical SA
via the Hadley cell thermodynamical adjustments, but the net southeastward shift of
the precipitation towards Nordeste and southeast Brazil is amplified when involving
“El-Nifio like” teleconnection with SEC Pacific and gradient in the boundary layer
moisture.

Accordingly when separating the topography from the albedo forcing of land
ice, both forcings lead to similar precipitation responses. Increased rainfall over the
tropical Pacific is in both cases compensated by drying over tropical SA (Fig. 9.11,
Table 9.3). Adding the anomalies due to individual ice albedo and topography
forcings does not reproduce the LANDICE precipitation changes (not shown) sug-
gesting a non linear combination of their effects. Indeed while the higher topography
barrier in the ICETOPO experiment induces a local thermal stratification over the
northern extratropics and a southward shift of the jet stream and of the northern
boundary of the Hadley cell, the resulting subsidence over northern SA is weaker
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Fig. 9.11 Same as Fig. 9.8 but given (a) ICETOPO (land ice topography only) and (b) ICEALB
(land ice albedo only) boundary conditions
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Fig. 9.12 Changes in mean streamfunction and vertical structure of the equivalent potential tem-
perature () in ICETOPO (land ice topography only, upper panels) and ICEALB (land ice albedo
only, lower panels) boundary conditions. This shows the DJFM mean difference to the PI run. In
(b) and (d) Cl is 2 °K and the thick line is the zero contour. For the streamfunction, the red shading
indicates positive values

than in LANDICE (Fig. 9.12a, b). This suggests that the dynamical teleconnection
alone with the topography of the Laurentide Ice sheet through its influence on the
position of the outer boundary of the Hadley cell can explain only part of the drying
over northern SA. In the absence of global cooling, the transfer of moist deep con-
vection preferentially occurs towards the tropical Pacific Ocean (as in LANDICE),
where abundant moisture supply is not a barrier for convection and even tends to be
enhanced by the increased moisture convergence (not shown).

A most interesting result is that in response to the sole ice albedo forcing
(unlike in LANDICE or ICETOPO), there is a robust poleward expansion of the
Hadley circulation (Fig. 9.12c) despite the inter-hemispheric SST asymmetry and
strong surface temperature gradient on the southern limit of the Laurentide Ice
sheet (Fig. 9.5¢). The ice albedo alone then sustains a strong horizontal gradient
in northern static stability, which, in the absence of topographic barrier, pushes
the baroclinic instability zone and the northern limit of the Hadley cell poleward
(Fig. 9.12c, d). Therefore, in the ICEALB experiment, the Hadley cell subsidence
mechanism cannot explain the drying tendency over northern SA. The warm SST
in the SEC Pacific however leads to the positive upper tropospheric 6 anomaly over
tropical SA (Fig. 9.7d), as seen in the LANDICE case. This result confirms that
tropospheric warming spreading out from the Pacific and eastward extension of
the Walker circulation is the essential mechanism for the drying over equatorial
America and is due to the ice albedo.

These results show that the mechanisms of climate change over South America
can be broken down between a response to (1) the direct effect on tropical deep
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convection of global cooling and associated drying due to reduced GHG (Clausius-
Clapeyron relationship); (2) the effect of increased extra-tropical static stability on
the Hadley Cell and stronger subsidence over northern tropics due to both reduced
GHG and the topography of the ice-sheets; and (3) the influence of SEC Pacific
SST positive anomaly, probably due to the land ice albedo, on the strengthening and
eastward extension of the Walker circulation.

9.4 Summary and Conclusion

Proxy data over South America for the LGM has been interpreted as a southward
shift of the ITCZ, which has been so far linked to a trans-equatorial gradient in
the Atlantic Ocean, analogous to the modern day “meridional-mode” mechanism
(Chiang et al. 2003; Chiang and Bitz 2005). Here we have explored alternative
mechanisms, related to the direct impact of the LGM global cooling and changes
in the dry static stability on tropical moist deep convection. We have used a coupled
ocean-atmosphere model capable of capturing the thermodynamical structure of the
atmosphere and the tropical component of the Hadley and Walker circulations. In
each experiment, we have applied either all the LGM forcings, or the individual con-
tributions of greenhouse gases (GHG) concentrations, ice sheet topography and/or
albedo to explore the hydrological response over tropical latitudes with a focus on
South America.

The dominant forcing for the LGM tropical temperature and precipitation
changes is found to be due to the reduced GHG, which explains almost entirely
the simulated tropical cooling and drying. The LGM GHG is also responsible for a
stronger cooling in the Northern Hemisphere, inducing a stronger overall northern
tropical overturning atmospheric circulation. Such a stronger northern component
of the tropical Hadley cell appears to be caused by increased extra-tropical static
stability. Stronger subsidence over northern tropic then produces an amplification
of the northern tropical drying initially due to the direct cooling effect. The bound-
ary layer moisture accumulated in the Amazon basin is then transferred by the low
level circulation towards the Nordeste where rainfall increases. The land ice sheet is
also able to promote the Hadley cell feedback mostly via the topographic effect on
the extra-tropical dry static stability and on the position of the subtropical jets. Our
results therefore suggest that the communication between the extra tropics and the
tropics is tighter during LGM and does not necessarily rely on the “meridional-
mode” mechanism. The Hadley cell response is constrained by the requirement
that diabatic heating in the Tropics balances cooling in subtropics. We show that
such extratropic-tropic dependence is stronger at the LGM because of the stronger
perturbation of northern extra tropical thermal and dynamical equilibrium due to
both reduced GHG and land ice sheets. Such a mechanism is potentially useful to
explain northern tropical drying and seems to be confirmed by available proxy data.
Furthermore the MARGO data compilation indeed suggests a uniform latitudinal
cooling across tropical latitudes of the Atlantic Ocean, therefore inconsistent with a
“meridional-mode” mechanism.
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The role of the ice albedo appears to be nontrivial since, in the absence of the land
ice topographic barrier, its influence results in poleward extension of the Hadley cell
through the stronger horizontal gradient in static stability. As the topography and
albedo influences on the simulated changes are not linear and even lead to oppo-
site responses of the Hadley cell, it is difficult to interpret their respective role in
the total land ice forcing. This result sheds some light on the processes that could
be at work during the last deglaciation and on the possibility of a threshold from
which the land ice sheet would rather favour a northward expansion of the Hadley
cell and non-linear shift in the position of tropical drying. Such processes could also
be particularly relevant for warm stadials of Dansgaard-Oeschger events or even
for the Bglling-Allergd. Paleoproxy records show that warm events over Greenland
correspond to a northward shift of the ITCZ as recorded for example by the Cari-
aco basin sediments north to Venezuela (Peterson et al. 2000). To the extent that
Cariaco records can be translated into Amazon convection variations, we suggest
that this link could be related to the direct ice sheet impact on the atmosphere. Such
an extra-tropical tropical link could work as an additional process to the usually
incriminated impact of changes in overturning circulation (Rahmstorf 2002) on the
trans-equatorial ITCZ shift. The land ice directly influences the atmospheric circu-
lation in the mid-latitudes and tropics and because of the antagonist effects of its
topography and albedo could lead to nonlinear atmospheric circulation responses
when it collapses.

We also show that the overall tropical Pacific circulation response to land ice con-
sists in a substantial thermo-dynamical stabilisation of the tropical atmosphere over
the Amazon basin, resulting in reduced precipitation. The upper troposphere warm-
ing over tropical latitudes spreading out from the South East Central (SEC) Pacific,
reminiscent of the one occurring during an El-Nifio event, seems to be due to the
albedo component alone. We conclude with a cautionary remark related to the real-
ism of the simulated SST changes in the LGM simulations. We reasoned in terms
of gradient in order to decipher the processes, evaluate the response of the zonaly-
asymmetric Walker circulation and meridional tropical overturning associated with
the Hadley cell. We have shown that even though the SST gradient across the Tropics
and subtropical Pacific are reminiscent of those observed in MARGO data compi-
lations, the comparison for the Atlantic Ocean is however inconsistent. Sensitivity
experiments using an atmospheric only GCM directly forced by the MARGO SST
for each season will help in evaluating the realism of processes evidenced here. We
did not take into account the biosphere-atmosphere interactions but such interactions
would probably have strong implications for the South American Monsoon response
to glacial boundary conditions. For this reason biosphere-atmosphere interactions
need to be considered in future work.
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