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Abstract. In order to quantify the relative importance of in-
dividual boundary conditions and forcings, including green-
house gases, ice sheets, and Earth’s orbital parameters, on
determining Last Glacial Maximum (LGM) climate, we have
performed a series of LGM experiments using a state-of-the-
art climate model AWI-ESM, in which different combina-
tions of boundary conditions and forcings have been applied
following the protocol of Paleoclimate Modelling Intercom-
parison Project phase 4 (PMIP4). In good agreement with ob-
servational proxy records, a general colder and drier climate
is simulated in our full-forced LGM experiment as compared
to the present-day simulation. Our simulated results from
non-full-forced sensitivity simulations reveal that both the
greenhouse gases and ice sheets play a major role in defining
the anomalous LGM surface temperature compared to today.
Decreased greenhouse gases in LGM as compared to present
day leads to a non-uniform global cooling with polar amplifi-
cation effect. The presence of LGM ice sheets favors a warm-
ing over the Arctic and northern Atlantic oceans in boreal
winter, as well as a cooling over regions with the presence of
ice sheets. The former is induced by a strengthening in the
Atlantic meridional overturning circulation (AMOC) trans-
porting more heat to high latitudes, whilst the latter is due to
the increased surface albedo and elevation of ice sheets. We
find that the Northern Hemisphere monsoon precipitation is
influenced by the opposing effects of LGM greenhouse gases
and ice sheets. Specifically, the presence of ice sheets leads

to significant drying in the Northern Hemisphere monsoon
regions, while a reduction in greenhouse gases results in in-
creased monsoon rainfall. Based on our model results, con-
tinental ice sheets exert a major control on atmospheric dy-
namics and the variability of El Nifilo—Southern Oscillation
(ENSO). Moreover, our analysis also implies a nonlinearity
in climate response to LGM boundary conditions and forc-
ings.

1 Introduction

The Last Glacial Maximum (LGM), approximately
21000 years before present, was the most recent extremely
cold period when the Northern Hemisphere ice sheets
reached their maximum size; therefore, it has been a focus
of the Paleoclimate Modelling Intercomparison Project
(PMIP). Compared to today, the LGM climate is character-
ized by global cooling and dryness (Clark et al., 2009). A
surface cooling of 4.0 £ 0.8 K between the LGM and today
is estimated by synthesizing various proxy data both on
land and in the ocean (Annan and Hargreaves, 2013). By
combining an extensive collection of geochemical proxies
with isotope-enabled model results, a constraint on global
mean LGM cooling of —6.5 to —5.7K was estimated
(Tierney et al., 2020). Noble gases in groundwater indicated
that the low-altitude, low-to-mid-latitude land surface cooled
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by 5.8 £0.6K during the LGM (Seltzer et al., 2021). In
a more recent study in which model results and proxy
records were blended via a data assimilation approach, a
global annual mean surface air temperature anomaly of
—4.5+0.9K relative to today is suggested (Annan et al.,
2022). A question that arises here is why was the LGM
climate so different from today?

Several factors can affect the temperature changes on re-
gional and global scale. According to the Milankovitch the-
ory, the Earth’s orbital changes are the primarily driver for
the past glacial cycles (Clark et al., 2009). The LGM epoch
corresponds to a period of relatively low obliquity, which
reduces the high-latitude temperature from an annual mean
perspective. Additionally, during the LGM, aphelion took
place in the Northern Hemisphere summer, helping to main-
tain a relatively cool boreal summer (Berger, 1977) and pro-
moting the growth of Northern Hemisphere ice sheets. In ad-
dition to the Earth’s orbital changes, strong cooling during
the LGM could also be induced by the reduced greenhouse
gases with respect to the preindustrial era, as well as the ex-
istence of the Laurentide and Fennoscandia ice sheets, which
are absent today. The additional land—ice coverage during the
LGM contributed to a global mean sea level drop by about
130 m and changes in the land—sea distribution (Yokoyama
et al., 2000).

Besides the temperature differences, pollen-based precipi-
tation reconstructions indicate global dryness with local wet-
ting during the LGM with respect to present day (Bartlein
et al.,, 2011). On one hand, changes in greenhouse gases
and orbital parameters lead to changes in the net energy
input (NEI) into the atmospheric column (i.e., the differ-
ence in radiative fluxes between the top of the atmosphere
and the Earth’s surface), which further modify the atmo-
spheric general circulation and dynamically driven precipi-
tation (D’ Agostino et al., 2019). On the other hand, the pres-
ence of the ice sheets over North America and Fennoscan-
dia redirects the low-level winds, which have a strong in-
fluence on moisture transport and regional precipitation (Li-
akka and Lofverstrom, 2018). Moreover, thermodynamic ef-
fects associated with changes in specific humidity can also
play a role in modifying the precipitation (D’ Agostino et al.,
2019, 2020).

Climate models have long been useful tools to better un-
derstand past, present, and future climate; 2 decades ago,
most LGM simulations were performed with standalone at-
mospheric or oceanic models with prescribed boundary con-
ditions at the air—sea interface (Werner et al., 2001). To date
it is still a challenge to reproduce the LGM climate, al-
though more advanced coupled models have been developed
(Kageyama et al., 2017, 2021). The reason lies in the uncer-
tainties associated with the reconstructed LGM topography
(Werner et al., 2018), as well as the large heterogeneity in
the simulation results of various climate models (Kageyama
et al., 2021). Spatial resolution is also an important factor af-
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fecting the modeled climate of the past (Shi and Lohmann,
2016; Shi et al., 2020; Lohmann et al., 2021).

Although cold and dry LGM climates have been captured
in most modeling studies (Kageyama et al., 2021), in good
agreement with the proxy record (Bartlein et al., 2011; Wael-
broeck et al., 2009), one question to be addressed here is
what the relative contribution of individual factors is in de-
termining the anomalous LGM temperature and precipitation
from its modern-day condition, such as greenhouse gases, ice
sheets, and orbital parameters. The model results, based on
NESM vl, underscored the significant influence of green-
house gases and ice sheets in shaping the anomalous LGM
climates in contrast to the present day (Cao et al., 2019). Con-
ducting additional sensitivity experiments with various mod-
els would facilitate model intercomparisons and provide a
more comprehensive understanding of the impact of individ-
ual forcings and boundary conditions on the LGM climate.
For this purpose, in the present study, we use a state-of-the-
art climate model AWI-ESM with an unstructured ocean grid
to perform simulations under preindustrial and LGM bound-
ary conditions. We also conduct several sensitivity experi-
ments to examine the role of individual or combined bound-
ary conditions and forcings of the LGM.

2 Methodology

2.1 Model description

AWI-ESM is a state-of-the-art Earth system model devel-
oped at the Alfred Wegener Institute (Sidorenko et al.,
2015; Rackow et al., 2018). The atmospheric component of
AWI-ESM is represented by the general circulation model
ECHAMBG (Stevens et al., 2013), which has been mainly de-
veloped at the Max Planck Institute for Meteorology (MPI-
M). The model also includes a land surface model (JSBACH)
that is based on a tiling of the land surface and includes dy-
namic vegetation with 11 plant functional types and 2 types
of bare surface (Loveland et al., 2000). The ice ocean com-
ponent is the Finite Element Sea Ice-Ocean Model (FESOM)
formulated on unstructured meshes (Sidorenko et al., 2015).
FESOM uses a multi-resolution approach, and it therefore
allows us to increase the resolution locally over the area of
interest, while keeping the resolution elsewhere unchanged
(Sidorenko et al., 2011). The coupled model AWI-ESM has
been validated under modern climate conditions (Sidorenko
et al., 2015, ?; Rackow et al., 2018) and applied widely in
simulating the climate of the past (Lohmann et al., 2020;
Otto-Bliesner et al., 2021; Brierley et al., 2020; Renoult et al.,
2020; Yang et al., 2022a), present (Shi and Lohmann, 2017),
and future (Yang et al., 2020, 2022b).

2.2 Experimental design

The atmosphere grid applied in the present study is T63L47,
which has a global mean spatial resolution of 1.875 x 1.875°
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with 47 vertical levels. A spatially variable resolution is used
for the ice ocean component (Fig. S1 in the Supplement),
ranging from about 100 km in the open ocean to 25 km over
polar areas and 35 km for the equatorial belt and along coast-
lines. Vertically, there are 46 uneven layers in the ocean.

We first perform a background LGM and a preindus-
trial (PI) simulation following the protocol of the Paleocli-
mate Modelling Intercomparison Project phase 4 (Kageyama
et al., 2017). The land—sea mask, ice sheets, and topography
are prescribed according to the ICE6G reconstruction (Peltier
et al., 2015). Orbital parameters are calculated based on the
Berger equations (Berger, 1977). The initial conditions for
atmosphere and ocean in our PI experiment are derived from
the Atmospheric Model Intercomparison Project (AMIP) and
the World Ocean Atlas (WOA), respectively. We initiate our
LGM simulation from a previous LGM run using ECHAMS-
MPIOM (Werner et al., 2016). Both the LGM and PI simula-
tions are integrated for more than 1300 model years, with the
simulated climate being in a quasi-equilibrium state for the
final 100 years. The climatology of each climate variable is
then represented by its average over the last 100 model years.

Four additional sensitivity experiments have been con-
ducted according to the PMIP4 protocol (Kageyama et al.,
2017), in which the land—sea mask stays the same as in the
LGM experiment, but with different ice sheets, greenhouse
gases, or Earth orbital parameters prescribed (Table 1). In
detail, this includes the following sensitivity experiments:

a. the LGM_G experiment, in which all boundary condi-
tions and forcings are set to the LGM values except for
the greenhouse gases, which are the same as for PI;

b. the LGM_I experiment, in which all boundary condi-
tions and forcings are set to the LGM values, but the ice
sheets are the same as for PI;

c. the LGM_O experiment, in which all boundary condi-
tions and forcings are set to the LGM values, but the or-
bital parameters are the same as for PI (note that this ex-
periment is not proposed by PMIP4 in Kageyama et al.,
2017, but it is included in our experimental setup as it
can offer an indication of the effect of a changed astro-
nomical forcing; Fig. S2);

d. the LGM_GI experiment, in which all boundary condi-
tions and forcings are set to the LGM values except for
the greenhouse gases and ice sheets, which are the same
as for PL

We integrated each sensitivity simulation for at least
400 model years. The climatological patterns derived from
the last 100 model years are used for the following analyses.
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Table 1. List of experiments and their boundary conditions/forc-
ings.

Name Greenhouse Ice Orbital
gases sheets  parameters

P1 0k 0k 0k

LGM 21k 21k 21k
LGM_G 0k 21k 21k
LGM_I 21k 0k 21k
LGM_O 21k 21k 0k
LGM_GI 0Ok 0k 21k

3 Result

3.1 Full-forced LGM

Our full-forced LGM experiment simulates a mean global
cooling by —4 K in comparison to PI, which meets the esti-
mate based on various proxy reconstruction (Annan and Har-
greaves, 2013; Annan et al., 2022) but is not consistent with
the estimate of —6.5 to —5.7 K cooling from Tierney et al.
(2020). With respect to PI, our LGM simulation yields a re-
duction in global precipitation by 6.5 %. Thus, the hydrolog-
ical sensitivity of our model, defined as the slope between
changes in global mean precipitation versus surface temper-
ature, has the value of 1.625 % K~!, which is relatively small
compared to other model studies. For example, Cao et al.
(2019) yields a hydrological sensitivity of 2.2% K~!. Ac-
cording to Li et al. (2013), the values obtained from model
ensemble mean are 2.64 % K~ and 2.28 % K~! for ocean
and land, respectively. To assess the model’s performance in
representing spatial surface air temperature and precipitation
changes in LGM versus PI over continents, here we use a
set of pollen-based proxy records (Bartlein et al., 2011). Fig-
ure la and b represent the simulated and reconstructed annual
mean surface air temperature anomalies between the LGM
and PI experiments. In response to the full LGM boundary
conditions and forcings, our simulated LGM surface air tem-
perature is overall colder than for PI climate conditions, in
good agreement with reconstructions. The most prominent
characteristic is a pronounced cooling over the Laurentide
and Fennoscandia ice sheets (up to —34 K). The simulated
temperature anomalies over glacier-free areas range from 0 to
—10 K. Our model shows good agreement between the sim-
ulated and observed temperature anomalies over the tropics
but tends to underestimate the cooling in some subtropical
regions, such as the northernmost and southernmost parts of
Africa and the areas adjacent to the Northern Hemisphere ice
sheets. Additionally, two proxy records show warming over
Alaska that may be due to the different land—sea distribu-
tion caused by the sea level drop between the LGM and PI
periods. In general, model and proxy agree on the dryness
across most continents in the LGM versus PI (Fig. 1b). The
most significant precipitation reduction occurs over Northern
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Hemisphere land ice regions, northern Africa, southern Asia,
the Tropical Warm Pool (TWP). Southern North America,
the western Indian Ocean, and the southern edge of the Pa-
cific rain belt experience more precipitation in the LGM than
in the PL.

In terms of LGM sea surface temperature (SST), we eval-
uate the performance of our model in comparison to re-
constructed data derived from the multi-proxy approach for
glacial ocean surface reconstruction (MARGO) (Waelbroeck
et al., 2009). In general, the simulated SST anomaly pattern
mimics the observation (Fig. le), showing global cooling in
the LGM compared to the present. The anomalies are rela-
tively large in the northern Atlantic and the Pacific oceans
and the Mediterranean Sea. The cooling across the tropical
oceans is relatively weak. In general, our model shows good
agreement with the SST reconstructions (Fig. 1e) but appears
to underestimate the magnitude of the SST difference be-
tween LGM and PI (Fig. 1f). Some of the local warming over
the Nordic Sea and Pacific Ocean, as indicated by proxy data,
is not captured by our model.

In addition, the PMIP4 model ensemble also shows a
global cooling, which finds its largest expression over ice
sheets and polar regions, and pronounced dryness over trop-
ical monsoon domains and subpolar areas (Kageyama et al.,
2021). Therefore, our model agrees well with other climate
models participating in the PMIP4.

3.2 Sensitivity experiments

In this section we examine the contributions of individual
boundary conditions and forcings, including the orbital pa-
rameters, greenhouse gases, and ice sheets, to the simulated
LGM climate.

3.2.1 Surface air temperature

As mentioned, our model yields a global mean surface tem-
perature anomaly between the LGM and PI period of —4 K.
Here, our sensitivity experiments show that the LGM green-
house gases, ice sheets, and orbital forcings contribute to
a global mean cooling of —2.05, —1.34 and —0.03 K, re-
spectively. The combination of LGM greenhouse gases and
ice sheets lead to a global mean temperature anomaly of
—3.32 K. The additional cooling of —0.68 K is likely con-
tributed by the different land—sea distribution between LGM
and PI, which is not investigated in the present study (since
the PI land—sea mask cannot be combined with the LGM ice
sheet). This indicates the dominating effects of both green-
house gas and ice sheets on determining the global mean sur-
face temperature change between LGM and PI, with the for-
mer playing a more important role.

Spatially, the full-forced LGM simulates a general global
cooling compared to PI, with the largest change occurring
over the Laurentide and Scandinavian ice sheets, both in
winter and in summer (Fig. 2a—c). Figure 2d—f illustrate the
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differences in surface air temperature between LGM and
LGM_G, highlighting the effect of greenhouse gases. As in-
dicated in Fig. 2d—f, the reduction in greenhouse gases con-
tributes to an overall cooling of the globe, with an amplified
effect over the polar regions. Comparing LGM and LGM_]I,
we find that the pronounced negative temperature anoma-
lies over North America and northern Eurasia are driven by
the presence of the Laurentide and Scandinavian ice sheets
due to their high elevation and surface albedo (Fig. 2g-i).
Moreover, localized cooling is observed over Greenland and
Antarctica, led by an increase in land ice extent and elevation.
Another intriguing feature induced by the LGM ice sheets is
a warming over most glacier-free continents of the North-
ern Hemisphere during boreal winter (Fig. 2g). The under-
lying mechanism for this warming lies in the intensification
of the Atlantic Meridional Overturning Circulation (AMOC)
(Fig. S3c), which gives rise to a stronger poleward heat trans-
port and thus to a warmer Northern Hemisphere. The effect
of the LGM ice sheets (especially the topographical influ-
ence of the Laurentide ice sheet) on the AMOC is through
the strengthening of westerly winds over the North Atlantic
(Fig. S4). In particular, the North Atlantic subpolar gyre is re-
inforced by the strengthened zonal winds and tends to trans-
port more saline seawater from low to high latitudes. As a
consequence, salinity increases in the North Atlantic subpo-
lar zone, resulting in a less stratified ocean column and thus
enhanced mixing at the main convection sites. Moreover, the
cold air transported from the glaciers is advected towards the
subpolar region of the North Atlantic, resulting in an increase
in seawater density in the upper layers. This, in turn, serves to
further enhance the strength of the AMOC. When comparing
LGM and LGM_O we find no direct influence of the orbital
parameters (Fig. 2j-1). Finally, Fig. 2m—o shows the temper-
ature response to the combined forcings of LGM greenhouse
gases and ice sheets, resulting in patterns similar to Fig. 2a—
¢, emphasizing the key role of greenhouses and ice sheets
in determining LGM surface air temperatures. As indicated
above, our sensitivity experiments suggest that changes in
greenhouse gases and ice sheets are the main drivers of the
anomalous LGM surface temperature relative to PI. The solar
insolation change does not have direct impact on LGM sur-
face temperatures but could shape the LGM climate via its
long-term influences on the ice sheets. In addition, by com-
paring the global mean surface temperature between LGM
and LGM_GI, the change in land—sea distribution might have
a non-negligible impact.

Simulated sea ice anomalies are closely related to temper-
ature changes. In general, in the LGM simulation we observe
more sea ice coverage over both the Arctic and Southern
oceans with respect to PI (Figs. 3a and 4a). The reduction
in LGM greenhouse gases contributes to positive anomalies
in sea ice concentration (Figs. 3b and 4b). The cooling ef-
fect of LGM ice sheets results in increased sea ice coverage
over Baffin Bay and the Nordic Seas (Fig. 3c). Reduced sea
ice cover is evident in the northern Pacific when comparing
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plot of modeled versus reconstructed annual mean (b) surface air temperature, (d) precipitation, and (f) sea surface temperature.

LGM and LGM_I (Fig. 3c); this is due to the regional warm-
ing, as shown in Fig. 2g—i. Moreover, the increased concen-
tration of sea ice over the Southern Ocean indicated in Fig. 4¢
is due to enhanced northward heat transport associated with
AMOC intensification, as well as hemispheric cooling facili-
tated by increased elevation of the Antarctic ice sheet. The
combined effect of greenhouse gas and ice sheet forcings

https://doi.org/10.5194/cp-19-2157-2023

contributes to a pattern of sea ice concentration anomaly re-
sembling that of the full-forced LGM simulation (Figs. 3e
and 4e). However, for the Arctic coastal areas, due to the
different land—sea distribution, negative anomalies of sea ice
concentration are found in the full-forced LGM compared to
PI. The decreased sea ice in the northern Pacific induced by
LGM ice sheets is not evident in LGM and LGM_GI, indi-
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Figure 2. Surface air temperature anomalies for (a—¢) LGM-PI, (d—-f) LGM-LGM_G, (g-i) LGM-LGM_I, (j-1) LGM-LGM_O, and (m-
0) LGM-LGM_GL. Panels (a, d, g, j, m) are for DJF, panels (b, e, h, k, n) are for JJA, and panels (c, f, i, 1, 0) are for annual mean. The
marked area has a significance level of greater than 95 % based on Student’s ¢ test (values are given in K).

cating a nonlinear response of sea ice to LGM forcings. Note
that in our sensitivity experiments, the land—sea masks re-
main the same as in the LGM; therefore, the differences in
sea ice concentration do not reflect the influence of sea level
changes.

3.2.2 Precipitation

Compared to PI, our full-forced LGM experiment repre-
sents a generally drier tropical climate in the boreal sum-
mer. Less precipitation is simulated in LGM over the trop-
ical rain belt (Fig. 5b), which dominates the annual anomaly
pattern (Fig. 5c). Drying over the Arctic, Southern Ocean,
and glacier-covered regions can be observed throughout the
year (Fig. 5a—c). The global mean precipitation as simu-

Clim. Past, 19, 2157-2175, 2023

lated in our full-forced LGM experiment is 2.62mmd~!,
0.199mmd~! lower than the PI condition. The mean pre-
cipitation anomaly between LGM and LGM_G (LGM_I)
is —0.086 (—0.083)mmd~!. The global mean precipitation
change due to solar radiation forcing is only —0.0015 mm per
month and is not statistically significant based on Student’s
t test. Finally, comparing LGM versus LGM_GI, we find that
the LGM greenhouse gases and ice sheets together lead to a
global drying by —0.181 mmd~!. Our results suggest that
both the LGM greenhouse gases and ice sheets are respon-
sible for the drying conditions during the LGM. However,
we find different spatial patterns of precipitation anomalies
induced by the two forcings: greenhouse gas forcing con-
tributes to negative anomalies over the TWP, the Southern

https://doi.org/10.5194/cp-19-2157-2023
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(b) LGM-LGM_G

-08-04 0 04 0.3

Figure 3. Anomalies in annual mean Arctic sea ice concentration for (a) LGM-PI, (b) LGM-LGM_G, (¢) LGM-LGM_], (d) LGM-LGM_O,
and (e) LGM-LGM_GI. The marked area has a significance level of greater than 95 % based on Student’s ¢ test (values are given in %).
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Figure 4. Anomalies in annual mean Southern Ocean sea ice concentration for (a) LGM-PI, (b) LGM-LGM_G, (¢) LGM-LGM_], (d) LGM-
LGM_O, and (e) LGM-LGM_GI. The marked area has a significance level of greater than 95 % based on Student’s ¢ test (values are given
in %).
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(c) LGM-PI (annual)

(a) LGM-PI (DJF)

Full forcing

(b) LGM-PI (JJA)

Greenhouse gases

Ice sheets

Orbital foricng

Greenhouse gases
and ice sheets

Figure 5. Precipitation anomalies for (a—c) LGM-PI, (d—f) LGM-LGM_G, (g-i) LGM-LGM_I, (j-1) LGM-LGM_O, and (m-0) LGM-
LGM_GIL. Panels (a, d, g, j, m) are for DJF, panels (b, e, h, k, n) are for JJA, and panels (c, f, i, 1, 0) are for annual mean. The marked area
has a significance level of greater than 95 % based on Student’s ¢ test (values are given in millimeters per month).

Ocean, and northern Eurasia but positive values over North-
ern Hemisphere monsoon regions, i.e., tropical North Amer-
ica, northern Africa, and parts of southern Asia (Fig. 5d—f).
Ice sheet forcing causes dryness over most monsoon regions
(i.e., northern Africa, southern Asia) and the northern part
of North America and Australia, as well as wetness over the
southern part of North America (Fig. 5g—i), resembling the
precipitation anomaly pattern between full-forced LGM and
PI. Thus, our results suggest an important role played by
the LGM ice sheets in deviating precipitation patterns. The
dipole pattern of precipitation anomalies over North Amer-
ica is associated with reoriented winds led by the presence
of the Laurentide Ice Sheet in the LGM. LGM ice sheets and
greenhouse gases lead to drying and wetting, respectively,

https://doi.org/10.5194/cp-19-2157-2023

over northern Africa and southern Asia during boreal sum-
mer. However, the combination of the two forcings results in
an even more pronounced dryness over northern Africa and
southern Asia (Fig. 5n—o) than the ice sheet forcing does,
indicating a nonlinear response of precipitation to multiple
LGM boundary conditions and forcings.

The general dryness due to the LGM ice sheets and green-
house gases is caused by a weakening in the hydrological
cycle: as the climate cools, the moisture of the air decreases.
Figure S5 indicates an overall decrease in low-level specific
humidity when either LGM ice sheets or the LGM green-
house gases are imposed, with the former leading to a much
larger anomaly. One question arises here as to why the re-
duced greenhouse gases give rise to increased precipitation

Clim. Past, 19, 2157-2175, 2023
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Figure 6. Regionally averaged changes in boreal summer net pre-
cipitation (dPE) and its thermodynamic (dTH), dynamic (dDY), and
the residual (Res) components for LGM-LGM_G. Variances are
represented by error bars (values are given in mm d—h.

over Northern Hemisphere monsoon regions during boreal
summer. To answer this question, we perform a moisture de-
composition analysis between LGM and LGM_G for each
Northern Hemisphere monsoon domain using the method de-
scribed in D’ Agostino et al. (2019). Following D’ Agostino
et al. (2019), the monsoon domain is defined as the conti-
nental area where the annual precipitation range (i.e., the dif-
ference between summer and winter precipitation) exceeds
2mmd~" for the following regions:

1. northern Africa (5-23.3° N, 20° W to 40° E),
2. southern Asia (5-23.3° N, 70-120° E),
3. North America (5-30° N, 120-40° W).

Following D’Agostino et al. (2019), we decompose the
anomalous moisture budget into thermodynamic (dTH) and
dynamic (dDY) components and a residual (Res) term:

Ps Ps
pugd(P — E) = - / v (5qm)dp — f v@@dp—Res (1)
0 0

where P, E, p, and g denotes precipitation, evaporation,
pressure, and specific humidity, respectively; u stands for the
horizontal vector wind; and py is the water density. § indi-
cates the difference between the two simulations and over-
bars indicate monthly means. The first term on the right-
hand side of Eq. (1) describes the contribution from the ther-
modynamic component (dTH), which is associated with dif-
ferences in moisture convergence arising from specific hu-
midity changes, and the second term represents the dynamic
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contribution (dDY) involving changes in mean atmospheric
flow with unchanged moisture. The third term is the resid-
ual (Res) that mainly accounts for contributions from surface
quantities and transient eddies, which are normally of minor
importance. For more detailed information about the decom-
position analysis we refer to D’ Agostino et al. (2019).

As shown in Figs. 6 and S6, the reduction in LGM green-
house gases leads to an increase in net precipitation across
all Northern Hemisphere monsoon regions. The only excep-
tion is the South Asia Monsoon, which show no obvious
tendency resulting from a partial compensation between the
thermodynamic component (i.e., the one associated with hu-
midity change) and the dynamic component (related to atmo-
spheric mean flow). Surprisingly, most LGM precipitation-
minus-evaporation (P — E) changes relative to LGM_G in the
different monsoon domains are dynamically induced rather
than thermodynamically constrained by the temperature drop
(Fig. 6). In contrast, the thermodynamic term contributes to
a drying over most monsoon domains, and only in North
America does this component favor an increased net precip-
itation. This indicates that changes in the mean atmospheric
flow (i.e., enhanced Hadley circulation) are responsible for
the simulated monsoon strengthening. Moreover, over North
America the residual term, associated with transient eddies
and surface quantities, contributes to a dryness. In the next
section we explore the responses of the Hadley circulation to
individual LGM boundary conditions and forcings in more
detail.

3.2.3 Changes in the tropical atmospheric mean flow

Monsoon has been widely considered a unique phenomenon
in the Tropical Convergence Zone (ITCZ) where trade
winds from the Northern Hemisphere and Southern Hemi-
sphere converge, coinciding with the ascending branch of the
Hadley circulation. Here, we investigate the Hadley circula-
tion based on the meridional mass stream function calculated
by Eq. (2) according to D’ Agostino et al. (2017), in which v
denotes the meridional wind; g stands for the gravitational
acceleration; a is the radius of the Earth; and p and ¢ repre-
sent latitude and pressure, respectively.

P
Yn = —2”";°S¢’ / vdp @)
0

The anomalies of the JJAS mean meridional mass stream
function Y, between the LGM and other experiments are
illustrated in Fig. 7. Relative to PI, our simulation with
complete LGM boundary conditions and forcings suggests
a weakening of the Southern Hemisphere Hadley cell,
which dominates the tropical circulation pattern during warm
months (Fig. 7a). Such weakening is mainly due to the pres-
ence of LGM ice sheets (Fig. 7c). In contrast, the reduction
in greenhouse gases reinforces the ascending branch of the
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Southern Hemisphere Hadley cell (Fig. 7b). This is consis-
tent with previous studies indicating that increased CO, can
result in larger gross moist stability in the tropics and thus a
more stable atmosphere (Chou et al., 2013; D’ Agostino et al.,
2017). Overall, the effect of the LGM ice sheet forcing over-
whelms that of the greenhouse gases and dominates the full-
forced LGM tropical circulation (Fig. 7e).

Interhemispheric energy asymmetries, either in top-of-
atmosphere radiation or in surface turbulent fluxes, alter
the strength of the cross-equatorial Hadley circulation (see
Hill et al., 2019, and literature therein). In the energy flux
framework, for a given interhemispheric energy asymmetry,
e.g., less energy in the Northern Hemisphere due to cold
northern Atlantic sea surface temperature and/or increased
ice sheets, requires the ITCZ to shift equatorward, towards
the more energetic hemisphere and a less intense southward
cross-equatorial atmospheric heat transport (AHT_eq) oper-
ated by the Hadley cell (the strength of which is a proxy for
AHT_eq).

In our simulations we find that the Southern Hemisphere
Hadley cell is weaker in JJAS than the PI period because
the atmospheric heat transport across the Equator is also
less intense. The full-forced LGM experiment has a reduced
hemispheric energy contrast by 3.02W m~2 compared to
the PI period, with LGM ice sheets being the dominant
driver, contributing by 84 % to the overall reduction. This de-
crease in hemispheric energy contrast favors a reduced cross-
equatorial southward energy flux, leading to a equatorward
contraction of the Hadley cells. Consequently, this induces a
weakened (strengthened) Hadley circulation in the Southern
(Northern) Hemisphere.

The energy flux framework has been widely used for
explaining ITCZ shifts and Hadley circulation strength in
response to a variety of forcing, e.g., AMOC weakening,
changes in ice sheet cover, orbital forcing, volcanic erup-
tions, and aerosol distribution (see Kang et al., 2008, 2009;
Donohoe et al., 2013; Frierson et al., 2013; Marshall et al.,
2014; McGee et al., 2014; Schneider et al., 2014; Boos
and Korty, 2016; Jacobson et al., 2020; D’Agostino and
Timmreck, 2022), in present climates and also at geologi-
cal timescales in both paleoclimate records and simulations
of the mid-Pliocene (Han et al., 2021), Younger Dryas (~
11 kyr BP), Last Glacial Maximum (~ 21 kyr BP), Heinrich
stadials (HS 1-4, e.g., ~ 18, 24, 31, 39kyr BP), and some
Dansgaard—Oeschger events (see Fig. 5 of Lynch-Stieglitz,
2017).

Furthermore, our results in terms of the Hadley cell
changes can partly explain the precipitation anomalies. When
the LGM ice sheets are imposed, the weakened mean at-
mospheric flow, together with the reduced specific humid-
ity (Fig. S5) caused by the temperature drop, contribute to
a drying condition, whereas reduced greenhouses gases tend
to reinforce the mean tropical circulation and dynamically
enhance the summer monsoon precipitation in the Northern
Hemisphere.

https://doi.org/10.5194/cp-19-2157-2023
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Following D’ Agostino et al. (2020), we also compute the
Pacific Walker circulation (PWC), and analyze the zonal
mass stream function (¥,) — calculated using divergent
component of the wind (#p) as in Eq. (3) — integrated over
equatorial Pacific region (10° S—10° N, 110° E-90° W):

p
1//W=2na/upijp. 3)

0

The large-scale pattern of the annual mean zonal mass
stream function v, along the Equator in the LGM is char-
acterized by an overall weakening and eastward shift of the
PWC with regards to PI: negative anomalies are found in
Fig. 8a for the western part of PWC between 110°E and
150° W, with the most prominent changes occurring around
the ascending branch, while positive anomalies can be ob-
served east of 150° W. Such patterns of anomaly are in agree-
ment with most PMIP models (Tian and Jiang, 2020). Sim-
ilar results regarding the response of the PWC to LGM ice
sheet forcing are found in Fig. 8c. In contrast, the reduction
in LGM greenhouse gases has the opposite effect (Fig. 7b),
which can, however, be counteracted by the topographical
influence (Fig. 7e). Moreover, the effect of the astronomical
forcings on PWC is negligible (Fig. 7d). The PWC changes
are closely related to changes in sea level pressure (SLP). As
shown in Fig. 9, the forcing of the LGM ice sheets (green-
house gases) results in negative (positive) SLP anomalies
over the northern Pacific and thus weakened (strengthened)
low-level trade winds over the equatorial Pacific. In addi-
tion, previous studies have shown the relationship between
PWC intensity and the summer monsoon in southern Asia
and northern Africa (Tian et al., 2018; Chang and Li, 2000).
More specifically, increased summer monsoon precipitation
favors enhanced convective heating in the monsoon regions,
which induces anomalous easterly winds at the equatorial
plane over the western Pacific through a Kelvin wave re-
sponse. Thus, the decrease (increase) in summer monsoon
intensity is also responsible for the weakened (strengthened)
PWC when the LGM ice sheets (greenhouse gases) are im-
posed.

3.2.4 EIl Nino—Southern Oscillation (ENSO) variability

El Nifio-Southern Oscillation (ENSO) is a major source of
global interannual variability. In this section, we aim to quan-
tify the response of the ENSO variability to individual LGM
boundary conditions and forcings. The ENSO variability is
represented by the standard deviation of monthly sea sur-
face temperature (SST) while removing seasonal variance.
Our analysis reveals that the ENSO variability is substan-
tially stronger in the full-forced LGM than in the PI (Fig. 10a
and b). Even after removing the effects of LGM greenhouse
gases or orbital parameters, the magnitude of ENSO remains
high (Fig. 10c and e). This suggests minor impacts from the
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greenhouse gases and orbital parameters in driving ENSO
variability during the LGM. Furthermore, we find that the
ENSO variability in both flat-ice experiments, i.e., LGM_I
and LGM_GI, is comparable to that in the PI experiment,
indicating a predominating influence from the LGM conti-
nental ice sheets. Previous model studies using CSM1.4 and
ECBilt-CLIO concur with our finding that ENSO was more
intense in the LGM than at present (Otto-Bliesner et al.,
2003; An et al., 2004; Peltier and Solheim, 2004). How-
ever, a later simulation using CCSM (version 3) showed the
opposite result (Otto-Bliesner et al., 2006), demonstrating a
model dependency of ENSO behavior under LGM climate
background, a point that was further confirmed by intercom-
parison of multiple LGM simulations (Zheng et al., 2008).
In a more recent study, foraminifera-based LGM tempera-
ture variability for equatorial Pacific sites implied a weak-
ened ENSO during the LGM relative to the middle to late

Clim. Past, 19, 2157-2175, 2023

Holocene (Ford et al., 2015). However, the oxygen isotopic
ratios of individual foraminifera obtained from deep-sea sed-
iments provide evidence of increased LGM ENSO activity
(Koutavas and Joanides, 2012). The large heterogeneity in
LGM ENSO intensity across different studies emphasizes the
importance of considering multiple factors when examining
ENSO variability and its determinants. Further research is
needed to fully understand the complex interactions between
various factors and their impact on ENSO variability.

4 Discussion and conclusions

As the most recent glacial interval, the LGM has been exam-
ined in many previous studies with numerous models (Sime
et al., 2016; Kageyama et al., 2021). Based on both obser-
vational reconstructions and model results, the LGM had a
colder and drier climate relative to present (Bartlein et al.,

https://doi.org/10.5194/cp-19-2157-2023
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2011; Waelbroeck et al., 2009). However, less is known
about the individual contribution of LGM boundary condi-
tions and external forcings such as orbital parameters, green-
house gases, and ice sheets, which have only been examined
by a few studies to date. An example is the lowered-CO,
experiment, which pointed to the important role of reduced
CO; on global cooling (Brady et al., 2013). The relative role
of oceanic heat transport and orography on the LGM climate
was examined by using an atmospheric general circulation
model of low resolution and intermediate complexity (Ro-
manova et al., 2006), their results indicated a strong depen-
dence of the hydrological cycle and Northern Hemisphere at-
mospheric circulation on the orography and different oceanic
heat transports. Similarly, some other studies also revealed
that the northern Atlantic westerlies during the LGM can be

https://doi.org/10.5194/cp-19-2157-2023

largely affected by the Laurentide Ice Sheet (Cook and Held,
1988; Marsiat and Valdes, 2001; Kageyama and Valdes,
2000), with a profound impact on Atlantic storm tracks and
northern European snowfall (Kageyama and Valdes, 2000).
The LGM Northern Hemisphere atmosphere circulation pat-
tern can also be shaped by different prescribed sea surface
temperatures, leading to regional climate changes during bo-
real winter (Marsiat and Valdes, 2001). In a more recent
study, multiple sensitivity experiments using the coupled cli-
mate model NESM-v1 were performed to assess the relative
influence of different external forcings (Cao et al., 2019),
which suggested that the LGM cooling and dryness is mainly
caused by changes in greenhouse gases and ice sheets, while
solar radiation has only a minor impact.
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In the present study we quantify the relative importance
of Earth’s orbit, as well as other impactful elements such as
greenhouse gases and ice sheets, in determining the LGM
climate. For this purpose, we perform a series of LGM ex-
periments using a state-of-the-art Earth system model AWI-
ESM, in which different combinations of boundary condi-
tions and forcings have been applied in accordance with the
protocols of PMIP4 (Kageyama et al., 2017). In good agree-
ment with proxy records (Bartlein et al., 2011; Waelbroeck
et al., 2009), as well as other PMIP4 models (Kageyama
etal., 2021), a generally colder and drier climate is simulated
in our full-forced LGM experiment compared to the present.
Our sensitivity experiments indicate that the LGM ice sheets
and greenhouse gases together determine the general cooling

Clim. Past, 19, 2157-2175, 2023

and drying of the LGM in comparison to the PI, but with re-
gional differences. The reduction in greenhouse gases in the
LGM leads to non-uniform global cooling with a polar am-
plification effect. The presence of LGM ice sheets, primarily
the Laurentide and the Scandinavian ice sheets, leads to lo-
cal cooling due to their high surface albedo and elevation. We
find substantial drying of the Northern Hemisphere monsoon
regions, resulting from a compensation between the oppo-
site influences of LGM ice sheets and greenhouse gases. A
drying related to LGM ice sheets is associated with weak-
ened atmospheric circulation and reduced moisture caused
by the temperature drop. An analysis of LGM moisture bud-
get changes indicates that enhanced atmospheric mean flow
is responsible for the wetting tendency when LGM green-
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house gases are imposed. Combining the two forcings, the
effect of the ice sheets dominates over that of the greenhouse
gases and drives an overall decrease in LGM precipitation.
Additionally, we observe that both the LGM ice sheets and
the reduction in greenhouse gases contribute to the intensi-
fication of the AMOC (Fig. S3b, c and e). This intensifica-
tion occurs through the strengthening of the northern Atlantic
westerlies and the increase in surface water density, respec-
tively. In contrast, changes in orbital parameters have mini-
mal impact on the meridional circulation of the ocean (Fig.
S3d). However, in the full-forcing experiment, the enhance-
ment of the AMOC is not as pronounced as that caused by
greenhouse gas forcing alone (Fig. S3b), ice sheet forcing
alone (Fig. S3c), or the combination of the two (Fig. S3e).
This phenomenon suggests either a nonlinear response of the
AMOC to individual LGM boundary conditions and forcings
or a significant influence exerted by the changes in land—sea
distribution between LGM and PL

Simulations of the Representative Concentration Path-
way (RCP) global warming scenario indicated a positive
correlation between global warming and monsoon rainfall
(Acosta Navarro et al., 2017). But it should be noted that
the monsoon precipitation change under global warming is
not spatially uniform. For example, under future warming
scenarios, The South Asian Summer Monsoon was found
to be weakened but the East Asian Summer Monsoon and
the North African Summer Monsoon strengthened (Li et al.,
2022; Han et al., 2023). Previous studies have shown that
increased CO, gives rise to enhanced moisture flux conver-
gence resulting from increased atmospheric moisture and en-
hanced surface evaporation (Hsu et al., 2013; Lee and Wang,
2014), helping to increase monsoon precipitation. On the
other hand, the CO; rise weakens the atmospheric circula-
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tion, which is caused by increased stability in the tropical
region where lapse rate of temperature follows moist adi-
abats (Held and Soden, 2006). The weakened atmospheric
circulation tends to dynamically reduce the tropical rainfall.
Therefore, the change in regional monsoon precipitation in a
warmer climate results from the compensation between the
effects from enhanced moisture flux convergence and weak-
ened atmospheric circulation (D’ Agostino et al., 2019; Endo
and Kitoh, 2014). Our model results, despite being based on
a LGM background state, show that the decrease in green-
house gases projects wetting of the Northern Hemisphere
monsoon regions. Our analysis of moisture budget decom-
position shows that reduction in greenhouse gases leads to
a positive contribution from the dynamic component (i.e.,
strengthening of mean atmospheric circulation) to net pre-
cipitation over monsoon domains, which cancels the negative
contribution from reduced specific humidity (the thermody-
namic term). Thus, our results indicate a potential climate
dependency of the Northern Hemisphere summer monsoon
response to changes in greenhouse gases.

In agreement with previous studies (Romanova et al.,
2006; Cook and Held, 1988; Kageyama and Valdes, 2000),
the large-scale atmospheric circulation of the LGM as sim-
ulated in the present study is largely shaped by the presence
of the LGM ice sheets. Although the direct impact of orbital
forcings on LGM temperature, precipitation, ENSO, and at-
mospheric circulation is considered negligible due to the
small change in precession between the LGM and PI periods,
it is important to acknowledge that Earth’s orbital changes
primarily influence the glacial climate indirectly through in-
ternal climatic feedback processes (e.g., via its long-term in-
fluences on the ice sheets and greenhouse gases).
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