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Abstract

The Last Glacial Maximum (LGM; 21 ka BP) was the most recent glacial period when the global ice sheet volume was at a
maximum. Therefore, the LGM can be used to investigate atmospheric dynamics under a climate that differed significantly
from the present. This study quantitatively compares pollen records of boreal summer (June-July—August) precipitation
with the PMIP3 LGM simulations. The data-model comparison shows an overall agreement on a drier than pre-industrial
East Asian summer monsoon (EASM) climate. Nevertheless, 17 out of 55 records show a regional precipitation increase
that is also simulated over the additional land mass area due to sea level drop. The thermodynamic and dynamic responses
are analyzed to explain a drier LGM EASM as a combination of these two antagonistic mechanisms. Relatively low atmos-
pheric moisture content was the main thermodynamic control on the lower LGM (relative to pre-industrial levels) EASM
precipitation amounts in both the reconstructions and the models. In contrast, two dynamic processes in relation to stationary
eddy activity act to increase EASM precipitation regionally in records and simulations, respectively. Precipitation increase
in records is explained by dynamic enhancement of the horizontal moisture transport, while dynamic enhancement of the
vertical moisture transport leads to simulated precipitation increase over the specific region where landmass was exposed
during LGM along continental coastlines of China due to significant drop in sea level (relative to pre-industrial levels).
Overall, the opposing effects of thermodynamic and dynamic processes on precipitation during the LGM provide a means to
reconcile the spatial heterogeneity of recorded precipitation changes in sign, although data-model comparison suggests that
the simulated dynamic wetting mechanism is too weak relative to the thermodynamic drying mechanism over data-model
disagreement regions.

Keywords Water vapor budget - Moist static energy - Monsoon - Data-model comparison - Last glacial maximum -
Thermodynamic effect - Dynamic effect
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Quantitative data-model comparison of EASM precipita-
tion shows an overall agreement on a drier China

Distinct regions for precipitation increase in data and
model

Decrease in EASM precipitation in data and model regu-
lated by thermodynamic processes

Increase in EASM precipitation in data and model due to
two different stationary eddy related dynamic processes

1 Introduction

The Last Glacial Maximum (~21 ka BP, LGM) was the
most recent glacial period, when global ice sheets reached
a maximum extent and the global sea level was ~130 m+5
lower than present (Clark and Mix 2002; Clark et al. 2009).
Both the presence of large Northern Hemisphere ice sheets
and low atmospheric CO, concentrations (~180-185 ppmv
compared with 280 ppmv during the pre-industrial period)
contributed to the LGM being cooler than the pre-industrial
period (Monnin et al. 2001; Jahn et al. 2005; Liu et al. 2002).
Thus, the LGM provides an ideal opportunity to study the
interactions between ice sheets and climate (Clark et al.
1999), and investigate how the Earth system responds to
CO, concentrations that are below present levels (Peteet
2018).

Global and regional paleo-datasets documenting the
spatial climatic patterns during the LGM have been assem-
bled in recent decades with a specific focus on quantita-
tive paleoclimatic reconstruction (CLIMAP 1976; Farrera
et al. 1999; MARGO 2009; Bartlein et al. 2011; Shakun
et al. 2012). Such reconstructions are crucial for evaluat-
ing changes in the Earth’s climate system on different time
scales. However, reconstructions based on proxy data alone
cannot explain how the dynamic mechanisms behind climate
changes at the LGM.

As the most recent extreme cold and dry period in the last
glacial-interglacial cycle during the Quaternary, the LGM
has been one of the foci of the Paleoclimate Modelling Inter-
comparison Project (PMIP) since its inception (Kageyama
et al. 2017). This has enabled the evaluation of model perfor-
mance with respect to the LGM climate changes using pale-
oclimate data (Kageyama et al. 2001, 2006; Ramstein et al.
2007; Wu et al. 2007; Braconnot et al. 2012; Harrison et al.
2015; Chevalier et al. 2017), and an improved understanding
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of the large-scale dynamics of the LGM climate changes
(Otto-Bliesner et al. 2006; Braconnot et al. 2007a, b; Kag-
eyama et al. 2013; Cao et al. 2019).

In addition to the study of large-scale climate responses,
there have been increasing attempts to use modern meth-
ods of climate dynamic diagnosis to uncover the underlying
mechanisms associated with regional climate changes under
paleoclimate conditions (Ludwig et al. 2019; Zheng et al.
2004). For example, one recent study used a weather typing
approach to point out regional differences in the precipitation
patterns over Europe under the LGM climate condition and
their linkage to the North Atlantic storm track (Ludwig et al.
2016). Other studies investigated genesis potential indices
as factors for tropical cyclone formation in simulations of
the LGM (Korty et al. 2012; Yan and Zhang 2017). Another
powerful tool is the water vapor budget that can be used to
improve our understanding of physical processes associated
with monsoon precipitation changes under past warm/cold
climatic conditions, which are related to the sources and
sinks of water vapor content in the atmospheric column (Sun
et al. 2016, 2018; Burls and Fedorov 2017; Yanase and Abe-
Ouchi 2007; Yan et al. 2016; Adam et al. 2019). Changes
to the East Asian summer monsoon (EASM) at the LGM
have been widely characterized as a reduction in precipita-
tion (Jiang et al. 2015; Lu et al. 2013) with a weakening in
the monsoon circulation intensity (Jiang and Lang 2010).
However, the relative contributions of thermodynamic and
dynamic processes to EASM precipitation decline during
the LGM remain unknown.

In this study, we first provide a quantitative data-model
comparison of the summer monsoon climate changes over
China during the LGM period. We then clarify the opposing
roles of thermodynamic and dynamic processes in EASM
precipitation decline using the decompositions of the water
vapor budget. Finally, we unveil the underlying physics of
these two contrasting processes.

2 Materials and methods
2.1 Pollen-based reconstruction

Fossil pollen records provide evidence of changes in
vegetation distribution over time, which are accessible
sources for quantitative spatial paleoclimate reconstruc-
tions. In this study, we systematically collected fossil
pollen datasets over China (35 new pollen sites) for the
LGM period published in the last decade, to replenish the
Chinese Quaternary Pollen Database (33 original pollen
sites) (MCQPD 2000).

An Inverse Vegetation Model (IVM) is used for our
paleoclimate reconstruction (Guiot et al. 2000; Wu et al.
2007), which is based on the physiological-process
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vegetation model BIOME4 (Kaplan 2001). The principle
behind this method is that we can attempt to estimate the
inputs for the vegetation model (i.e., the seasonal climate)
if we know the information related to the output of the
model (i.e., biome scores at pollen site). IVM makes it
possible to reconstruct seasonal climates for the LGM,
therefore it increases the reliability of pollen-based recon-
structions. The method has been validated in Eurasia,
Africa (Guiot et al. 2000; Wu et al. 2007; Lin et al. 2019)
and North America (Izumi and Bartlein 2016). The IVM
method is based on a total distance between the simu-
lated biome scores and pollen biome scores; although
sometimes the total distance is the minimum value, the
predicted biome is not the target pollen biome. Here 81%
of the biomes at pollen sites (55 sites/68 total sites) are
correctly predicted and thus successfully reconstructed
for the paleoclimate in China. This new dataset signifi-
cantly improves the spatial distribution of pollen records
in China, and thus enhances paleoclimatic reconstruction
during the LGM as demonstrated by the work of Wu et al.
(2019). All the reconstructed paleoclimate values includ-
ing annual and summer precipitation in Supplementary
Table S1 are the rainfall anomaly between the LGM and
the pre-industrial (PI) period over China and more detail
information on the IVM method can be found in Wu et al.
(2019).

2.2 PMIP3 simulations

LGM simulations involved in the PMIP Phase 3 (PMIP3)
framework were used to quantitatively compare model
results with reconstructions and provide a useful under-
standing of EASM precipitation changes between the
LGM and the preindustrial period. The LGM simula-
tions follow the common PMIP3 protocol (Braconnot
et al. 2012). Compared with pre-industrial levels, this
stipulated a sea level that was 130 m lower, lower green-
house gas concentrations (185 ppm for atmospheric
CO,, 350 ppb for CH,, and 200 ppb for N,0), a blended
CMIP5/PMIP3 ice sheet configuration (Abe-Ouchi et al.
2015), and small changes in global mean insolation. Nine
models are used in this study, for which the complete set
of monthly variables needed to conduct water vapor and
moist static energy budget analysis are currently avail-
able online (Table S2). For each model, the last 30 years
of LGM and pre-industrial simulations are analyzed. All
model outputs are interpolated from the original hori-
zontal model grid to a horizontal grid of 2.5° in latitude
by 2.5° in longitude before calculating the multi-model
ensemble (MME) mean. These nine models are able to
reproduce the present-day EASM climate as demonstrated
in Sun et al. (2018; Fig. S1).

2.3 Diagnostic methodology

We used the water vapor budget equation to investigate
physical processes associated with the simulated response
of EASM precipitation to LGM cooling (Trenberth and
Guillemot 1995). Neglecting the tendency term in the
steady state, column-integrated moisture budget equation
can be expressed:

P=E —{wipq) — (VH *Vgq) + Res €))

where P is precipitation, E is evaporation, o is the vertical
velocity at a constant pressure coordinate, g is the atmos-
pheric specific humidity, VH is horizontal wind, and Res
is a residual term due to variation of submonthly transient
eddies (Li and Ting 2017). The angle brackets indicate that
the variables in Eq. 1 are integrated across the pressure (p)
levels throughout the troposphere (Chou and Lan 2012).
Changes in precipitation amounts (3P) through the LGM
can be derived from Eq. 1 as follows:

6P = SE — 8(wdpq) — 5(V,, » Vq) — 6Res 2)

To further examine the relative contributions of
changes in specific humidity and atmospheric circulation
to changes in precipitation, both (horizontal and vertical)
advection terms in Eq.2 were further decomposed into: (1)
thermodynamic contribution (TC) caused by changes in
specific humidity with unchanged circulation, (2) dynamic
contribution (DC) from atmospheric circulation changes
with unchanged specific humidity, and (3) non-linear (NL)
effects related to simultaneous changes in atmospheric cir-
culation and specific humidity (Seager et al. 2010).

Within such a decomposition framework, the horizontal
advection of humidity —(\—}H » Vg) can be written as:

PA
TC = —(V, « V8g) = ——— / V, « Vogdp 3)
8. ),
P.Y
DC = —(§V, « Vg) = ——— / 5V, » Vadp @)
s )
PA
NL = —(3V, « V8q) = ——— / 5V, « Vogdp )
2o
0

where p,, is the density of water, g is gravity. Similarly, the
vertical advection —(@d,q) is also decomposed into TC and
DC and NL:
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«Fig. 1 Precipitation (mm/day) for PI (preindustrial, top) and the
change (middle and bottom) from LGM (last glacial maximum) to
PI for the annual mean (left panels) and boreal summer mean (June-
July—August, JJA; right panels). All panels are based on MME (multi-
model ensemble) from PMIP simulations. Dotted zones at middle
panels are statistically significant at 99% confidence level (Student’s
t-test). Solid colored circles in the panels of the middle row represent
pollen-based precipitation reconstructions for a few available sites.
Box-and-whisker plots on bottom panels show the minmum, 25th,
50th, 75th, and maximum of reconstructed and simulated precipi-
tation for annual mean and JJA. The East Asian Summer Monsoon
(EASM) domains in PI (black curve) and LGM (blue curve) are also
shown in middle panels and Figs. 3, 5, and 6. The land-sea mask in
b-d during LGM is in brown contour (source: https://wiki.lsce.ipsl.fr/
pmip3/doku.php/pmip3:design:21k:final)

PT
TC = —(w0pdq) = —L/wdpéqdp 6)
s )
P.\'
DC = —(5wdpq) = ——— / Swdpqdp %)
sl
P.Y
NL = —(60dp6q) = ——— / 5wdpSgdp ®)
g,
0

Moist static energy (MSE), due to its excellent property
of conservation in the atmospheric circulation, can be used
to diagnose large-scale and long-term mean atmospheric
vertical motion, which is strongly associated to position,
intensity and variation of the EASM precipitation (Chen
and Bordoni 2014; Sun et al. 2016, 2018). The MSE budget
equation, for our purpose of diagnosing atmospheric vertical
motion, can be written as follows:

(@d,MSE) = Fri — (V « VE) )

where the overbar “ ” indicates the time mean and angle
brackets “ < > indicate the vertical integral of the vari-
ables in the atmospheric column, F”¢ is the net heat flux
into the atmospheric column, and E is moist enthalpy. MSE
decreases with pressure in the troposphere, which is identi-
fied as the physical basis of MSE applied to monsoon pre-
cipitation. i.e., ascending (descending) motion results from
the diabatic heating (cooling) caused by the combined net
effects of F7¢t and —(V « VE).

The definition of the East Asian monsoon domain requires
two conditions (Wang et al. 2012): (1) an annual range of
precipitation rates exceeding 2 mm/day; and (2) local sum-
mer precipitation exceeding 55% of the total annual amount.
The annual range of precipitation is defined as the local sum-
mer (May—June—July—August—September) minus the local

winter (November—December—January—February—March)
precipitation. In addition, given the difference in the EASM
domain between the LGM and pre-industrial periods, as well
as the inter-model spread of the EASM domain, the moisture
budgets of the LGM and pre-industrial periods were calcu-
lated based on the EASM domain for each model (Fig. S2).

3 Results
3.1 Proxy data-model comparison over China

To evaluate the consistency of model simulation against
proxy data for the LGM EASM region, a data-model com-
parison over China is displayed in Fig. 1 for annual and
seasonal (June—July—August, JJA) precipitation. There is an
overall agreement between model and precipitation proxy
data in showing general dry conditions in LGM (relative
to pre-industrial PI; Fig. 1, top panels) for the whole year
and JJA (Fig. 1, bottom panels). There is however an obvi-
ous disagreement in southern China and in the southwestern
margins of the EASM domain (Fig. 1, middle panels). We
can further see that the overall decrease of annual precipita-
tion (Figs. 1b—e) is mainly due to the decrease in summer
(Fig. 1d-f), which is consistent with what is reported by Wu
et al. (2019). In the following, we will present our diagnos-
tics in terms of thermodynamic and dynamic contributions
to variation of precipitation in JJA, which permits us to gain
a mechanistic understanding of the precipitation decline in
LGM, and to reveal some insights about the regional disa-
greement of rainfall changes between pollen-based recon-
struction and model simulation.

3.2 Decomposition of EASM precipitation changes
into thermodynamic and dynamic contributions

We used a decomposition of the water vapor budget to iden-
tify relevant physical processes influencing the mean EASM
precipitation for LGM, and compared them with the pre-
industrial situation. Figure 2a displays the different terms
of the water vapor budget equation at equilibrium for both
LGM and PL. It can be seen that the precipitation eliminating
water vapor from the atmospheric column is mainly bal-
anced by the surface evaporation and the vertical moisture
transport, whereas horizontal moisture advection contributes
relatively less to the balance of water vapor.

Decreases in evaporation and vertical moisture transport
both contributed to EASM precipitation decline during
the LGM (Fig. 2b). In contrast, there is large uncertainty
in the contributions of horizontal moisture transport to the
simulated precipitation decline in the LGM, as manifested
by inter-model spread for this term (Fig. 2b). In addition
to quantifying the relative contribution of thermodynamic

@ Springer


https://wiki.lsce.ipsl.fr/pmip3/doku.php/pmip3:design:21k:final
https://wiki.lsce.ipsl.fr/pmip3/doku.php/pmip3:design:21k:final

Y.Sun et al.

1308

N LGM

Pl

Res

—(wdpq)

—

—~(Va' V)

EN
Y-23-SSID
26-5v004
ENODO-TIN
dWSTIdW
WS3-O0HIN
HT-VSNO-1Sd!
SINO-NEND
OSY-SOWNSOQ
PINSOD

ENT
4-Z3-SSI9
26-5v094
ENODO-TIN
dWST-ldW
WS3-O0HIN
H1VSNO-1SdI
SINO-NEND
OSY-SOWNSOQ
PINSOD

ENT
4-Z3-$S19
26-57v094
EINODO-TIN
dWSTldW
WS3-O0HIN
H1VSNO-ISdI
SINO-NEND
OSY-SOWNSOQ
PINSOD

EN0
4-23-SS19
26-57v094
ENODD-1HN
d-WS3-IdW
WS3-O0HIN
H1VSWO-1Sd!
SWO-WEND
OSV-SONSOD
+YINSOO

ENT
4-23-SSI9
26-51v094
ENODO-THN
dWSTIdW
WS3-O0HIN
YTYSNO-ISdI
SINO-NEND
OSY-SOWNSOQ
PINSOO

[ LGM-PI

=

ﬁﬂﬂ 1 1

B DWH T

6Res

oE

6P

5(—<wap<I>)

S(—(Vve)

1.5

9
0.5 —
0

-0.5 —

EN
4-23-SSID
26-5v0D4
ENDDD-IHN
dWSI-dIN
NS3-004IN
YT-VSNO-TSdl
SWO-WHNO
OSV-SONSOO
¥INSOO

INN
4-23-5819
26-5v0D4
ENODO-IHIN
d-WSTIdIN
WNS3-00HIN
YTYSNO-T1SdI
SWO-WHNO
OSV-SONS0D
¥INSOO

EN
4-23-8819
26-5v0D4
ENODO-IHIN
dWSTIdIN
INS3-00HIN
YT-VSNO-1Sdl
SINO-WHND
OSY-SONSOD
PINSOD

EI
4238819
26-5v0D4
ENODO-IHIN
JWSTIdIN
WNS3-004IN
YTYSNO-1Sdl
SINO-WHNO
OSV-SONSOD
¥INSOO

EI
4-23-$SI9
26-5¥0D4
ENODO-IHIN
dWSTIdIN
WS3-00dIN
Y1VSNO-1Sdl
SINO-WHNO
OSV-SONS0O
#INSOO

=3 LGM-PI

il

NL

DC

TC

NL

DC

TC

NL

DC

TC

TTTTTTTTTT TTTTTTTTTT

TTTTTTTTTT

TTTTTTTTTT TTTTTTTTTT

TTTTTTTTTT

TTTTTTTTTT

TTTTTTTTTT

TTTTTTTTTT

1.5

1
0.5 —
0
.05 —

-1.5

I
dz3-ssio
26-57v094
ENSO0THN

EN
d2assio

EN3O0THN

)
d23-SsID
20-57¥004
ENSOOTHN
d-NST 1A
WS3-00HIN
HTVSNOISdI
SND WHNO
OSV-SONS00
VNSO

YTVSNO-1SdI
SNO-WHNO
OSV-SONSO0
VNSO

E)

H23sSID

26-919004
I

HTVGNO-1Sdl
SNO-WHNO
OSV-SONS00
VNSO

I
dzassio
20-97v004
ENSOOTHN
J-NST1dN
WS3-00IN
H1VSNO-1SdI
SNO-WHNO
OSV-SONS00
¥NSOD

)
dzassio
20-57v004
ENBOOTHN

—

8(~(wdpg)) 8(—(Vir V@) +6(—(wdpq))

5(—(Vuve)

pringer

Qs



The contrasting effects of thermodynamic and dynamic processes on East Asian summer monsoon... 1309

«Fig.2 a Decomposition of water vapor budget equation into its dif-
ferent constituent terms (mm/day, red bars for PI and blue bars for
LGM) for JJA seasonal mean in the EASM domain for each of the
PMIP models. b The same as in panel a, but expressed as the dif-
ference LGM minus PL. ¢ The two advection terms shown in the
panel b, horizontal advection 8(—V ¢ Vg) and vertical advection
8(—wapq) (also their sum with final results shown at the right end of
the panel), decomposed into contributions related to changes in spe-
cific humidity with constant circulation (7C, thermodynamic con-
tribution) and changes in circulation with constant specific humidity
(DC, dynamic contribution), and into a non-linear term related to
simultaneous changes in specific humidity and circulation (NL, non-
linear contribution)

and dynamic processes to the differences in precipitation
between the LGM and pre-industrial periods, we completed
another decomposition to reveal possible causes of uncer-
tainty in the changes of the horizontal advection term (i.e.,
TC, DC and NL of 8(—(7;, *Vq))). We found the nearly
consistent (negative) sign in the change in vertical mois-
ture transport across models (Fig. 2b) mainly results from
the contribution from the thermodynamic component (TC),
compensated by the dynamic component (DC) (Fig. 2¢). Dif-
ferent from effects of TC and DC, the effect of non-linear
(NL) processes on vertical moisture transport exhibits large
inter-model uncertainty in sign (Fig. 2c). Overall, the inter-
model spread associated with changes in horizontal moisture
transport (Fig. 2b) is largely the result of divergent impacts
of the three processes (Fig. 2¢), as manifested by a consistent
increase in DC and decrease in NL and slight inter-model
spread in sign of TC (Fig. 2c).

The net effect of TC and DC on the enhancement of the
horizontal moisture transport is dominated by DC (Fig. 2c¢).
As a whole, the total thermodynamic contribution, which is
to weaken the net effect of moisture transport, mainly results
from the decrease of vertical moisture transport, whereas
the total increase of DC is from both terms of horizontal
and vertical moisture transports (Fig. 2c). In addition, the
decrease of total NL effect is from that of the horizontal
moisture transport (Fig. 2¢), which is much weaker than that
of TC in vertical moisture transport. This makes TC domi-
nate a decrease of precipitation at the LGM.

Thanks to the decomposition into thermodynamic and
dynamic effects, the decrease in vertical moisture transport
is revealed to be in relation with thermodynamic processes
which are from water vapor changes and are responsible for
EASM precipitation decline in LGM. The enhancement of
horizontal and vertical moisture transports due to increases
in horizontal circulation and vertical motion in the atmos-
phere is revealed to two dynamic processes that contribute
to the increase of precipitation for LGM. To further examine
the extent to which those two dynamic processes favor LGM
precipitation increase, Fig. 3 shows the spatial distributions
of the dynamic terms in shaping horizontal and vertical
moisture transports. The total dynamic effect of horizontal

and vertical moisture advections contributes to precipitation
increase over most parts of EASM domain (Fig. 3a), There
are distinct regions for the dynamic enhancements on the
horizonal and vertical moisture advections (Fig. 3b—c). The
dynamic enhancement of the horizonal moisture transport
is generally significant along the middle and lower Yangtze
River (Fig. 3b), while significant enhancement of vertical
moisture transport due to the dynamic effect is confined
to the regions where the continental coastline of China
expanded during LGM (relative to pre-industrial levels) due
to a sharp decline in sea level (Fig. 3c).

To examine the role of stationary eddy circulation in
dynamic increase in the horizontal and vertical moisture
transports, we compared the spatial patterns of dynamic
contribution (DC; Fig. 3, left panel) with those of DC due
to corresponding stationary eddy component (eddyDC;
Fig. 3, right panel). The spatial comparisons show remark-
able resemblance regarding DC and eddyDC to changes in
two moisture advections (Fig. 3). This finding leads to a
dominant control of increased stationary eddy horizontal
circulation and vertical motion on the dynamic increase in
the horizontal and vertical moisture transports.

3.3 Underlying physics of thermodynamic
and dynamic processes

We will now consider the key physical processes involved in
regional precipitation formation to uncover the underlying
mechanisms associated with the TC and DC that contributed
to EASM precipitation changes during the LGM. Here we
focus mainly on the thermodynamic control on the decrease
in water vapor content in the atmosphere and the dynami-
cal control on moisture advections related to precipitation
changes in the LGM.

3.3.1 Decrease of EASM precipitation
under thermodynamic control

As the climate cools, the atmospheric moisture content
decreases as described by the Clausius—Clapeyron (C—C)
equation. The reduction in water vapor in response to LGM
cooling contributes to reduced large-scale water vapor sup-
ply for EASM precipitation during the LGM (Figs. 4a-b).
This is the primary cause of the lower EASM precipitation
at the LGM, as compared with the pre-industrial period.
Moreover, a regional decrease of water vapor in the atmos-
phere over East Asia leads to weakened vertical moisture
transport during the LGM compared with the pre-industrial
climate (Fig. 5a). Thus, a thermally controlled decrease in
vertical moisture transport contributed to EASM precipita-
tion decline at the LGM.
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Fig.3 The MME-based spatial distributions of two dynamic com-
ponents (DC, left panels) of moisture budget against those of DC in
relation to stationary eddy (eddyDC, right panels) in the boreal sum-
mer (mm/day). Middle panel: DC and eddyDC of horizontal mois-
ture advection. Bottom panel: DC and eddyDC of vertical moisture
advection. Top panel: sum of DC (eddyDC) of horizontal and vertical

3.3.2 Increase in EASM precipitation regulated by dynamic
processes

DC contributes to increase the EASM precipitation dur-
ing the LGM via different processes based on the regula-
tion of horizontal moisture transport and vertical moisture
transport. The DC-related increase in horizontal circulation

@ Springer
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moisture advections. Stippling denotes regions where the DC in each
plot contributes significantly at 5% level (Student’s t-test) to moisture
advection differences between LGM and PI (Student’s t-test). Colored
circles are 17 sites of reconstructed LGM precipitation increase in
boreal summer compared to PI. Brown contour in each plot is the
land-sea mask during LGM

is largely the result of an enhancement of stationary eddy
horizontal circulation over the EASM domain (Fig. 3b), as
manifested by enhanced southerly on the southeastern flank
of an anomalous cyclone occupying the EASM domain
(Fig. 5b). It is reported that ice sheet growth during LGM
in the Northern Hemisphere acts to increase stationary
eddy meridional velocity (Gao et al. 2020). In essence, we
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Fig.4 The MME-based large-scale moisture transport in the boreal summer for (a) the PI and (b) LGM minus-PI, as represented by vertical
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Fig.5 The MME-based vertical integral of three variables (specific
humidity, stationary eddy horizontal circulation and air tempera-
ture) in the boreal summer over the troposphere to show differences
between LGM and the PI period: (a) atmospheric moisture content
(8¢(g); units: | 10‘3 gekg™), (b) stationary eddy horizontal circula-
tion (8(U ,V ); units: m s~') and stationary eddy air temperature
(shading, units: °C). Brown and green circles in a-b indicate 38 and

identify this cyclonic anomaly as a part of a wave train struc-
ture emanating from a warm-core anticyclone over Central
Asia and surrounding regions to a cyclone with southeastern
part penetration into EASM domain, then an anticyclone
over southeastern China, and finally to see a cyclone over
the Western Pacific (Fig. 5b).

In contrast, the increased stationary eddy vertical motion,
that contributed to the greater increase in vertical moisture
transport during the LGM (Fig. 6, right panel) compared with
the pre-industrial period (Fig. 6, left panel) was identified as

70N

60N
50N
40N
30N
20N

10N

13 proxy records with precipitation (units: mmy/day) decrease and
increase, associated with 8{¢) decrease and (U ,V ) increase over
EASM domain, respectively. The red curve in b indicates the Cen-
tral Asia domain (retrieved from http://www.geodoi.ac.cn/WebEn/doi.
aspx?1d=1390). The dashed blue line indicates the trajectory of the
stationary eddy wave train, which consists of anticyclones (red “+)
and cyclones (red “-”)

the result of diabatic heating (W) over the additional land
mass area (ocean adjacent to Northeastern China in PI) due to
the lower sea level at the LGM (Fig. 6, right panel) compared
to pre-industrial period (Fig. 6, left panel). This remarkable
heating center over the such region corresponds to an area of
simulated rainfall increase during the LGM (Fig. 1d). How-
ever, we note the dominant role of F”¢ in inducing vertical
motion changes at the LGM differs markedly from the similar
determining role played by the horizontal advection of moist
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«Fig. 6 The MME local and remote energy terms of the MSE budget
equation formulated to analyse vertical motion (units: W m~2) for
JJA in PI (left panel), and the differences between LGM and PI (right
panel). Top row: the net heat flux into the atmospheric column (F"¢,
local energy). Middle row: the horizontal advection of moist enthalpy
(—(V «VE), remote energy). Bottom row: vertical advection of
MSE calculated as the sum of F"¢ and —(V « VE). Green circles in
d indicate 4 proxy records with precipitation increase matching the
dynamic process. The brown contour in right panel is the land-sea
mask during LGM. The dotted areas at right panels are significance
above the 5% level (Student’s t-test)

enthalpy (—(V « VE)) under the past (mid-Piacenzian) and
future (ECP4.5 scenario, extended RCP 4.5 pathway) warm
climate scenarios (Sun et al. 2016, 2018). Such different
causes of enhanced vertical motion in warm (mid-Piacenzian
and ECP4.5 scenario) and cold (LGM) climates (1) indicate
relative importance of F* (local heating) and —(V « VE)
(remote heating transport) in inducing regional vertical motion
are dependent on climate backgrounds (2) make stationary
eddy horizonal circulation via two different ways contribute
to EASM precipitation increase in warm and cold climates.
One was identified as enhancement of vertical motion mainly
induced by warm advection via (\_/*) in two warm climates
(deduction from the highly simplification of —(V ¢ VE)) (Sun
et al. 2018); and the other as revealed by increased moisture
advection of stationary eddy horizonal circulation in LGM
(Fig. 5b).

3.4 Implications for reconciling model-data
discrepancies

Given the opposing impacts of the TC and DC on EASM pre-
cipitation changes during the LGM (Fig. 2¢) and the inconsist-
ent signs of precipitation differences among the proxy records
(Fig. 1d), one instinctive deduction is that the precipitation
reconstructions show spatial variability in their ability to cap-
ture these two contrasting influences. That is, sites over cen-
tral and northern China, showing precipitation decline, could
reflect the dominant control of TC (Figs. 1d; 5a: brown dots).
In contrast, the remaining records with precipitation increase
are generally consistent with a dynamic enhancement on
the horizontal moisture advection (Figs. 3b—f and 5b, green
circles), and dynamic increase in vertical moisture transport
due to diabatic heating (F¢") could also explain a few pollen
records showing precipitation increase (Fig. 6d, green circles).
Meanwhile diabatic heating (F"¢') induced dynamic increase
in vertical moisture transport is identified as dominant con-
tributor to significant increase in the simulated precipitation
along the exposed landmass area due to sea level drop during
LGM (Figs. 1d and 6d).

4 Summary and conclusions

This study used paleoclimatic reconstructions and
numerical simulations to analyze the East Asian monsoon
changes during the LGM. The strong thermal climate fea-
tures of the LGM contrast with those of the current anthro-
pogenically induced warming climate (Sun et al. 2018).
Our physical interpretation provides a new insight into
the monsoon dynamics and shows that the LGM monsoon
climate is far from the inverse of past and future warm
climates. This finding improves our understanding of the
dynamic complexity of monsoon evolution from past into
future. Our key findings are summarized as follows.

1. A climate that was drier in China during the LGM than
the pre-industrial period was confirmed by our quanti-
tative data-model comparison over China. The signs of
precipitation changes from various records generally fol-
low the two contrasting physical processes, as revealed
by a decomposition of the thermodynamic and dynamic
water vapor budgets, which make opposing contribu-
tions to precipitation decline.

2. Thermodynamic processes dominate in the explanation
of the decrease of EASM precipitation in data and mod-
els at the LGM. As climate cools, the water vapor hold-
ing capacity of air decreases with temperature (accord-
ing to C—C relation). This leads to decrease of EASM
precipitation during the LGM under thermal control
mainly due to decrease in vertical moisture transport.

3. In contrast, there are distinct regions for EASM pre-
cipitation increase between data and models, which
are regulated by two different dynamic processes. Both
dynamic processes are mainly related to stationary eddy
activity. Reconstructed precipitation increase in pollen
records is explained by the strengthening role of station-
ary eddy horizontal circulation in horizontal moisture
transport in the LGM (i.e., dynamic increase in horizon-
tal moisture transport). The enhancement of stationary
eddy vertical velocity strengthens the vertical moisture
transport and thus increases the LGM-simulated precipi-
tation over the exposed landmass along the continental
coastline of China due to sea level drop during LGM
(i.e., dynamic increase in vertical moisture transport).

4. There are also distinct regions for the relative magni-
tude of dynamic wetting and thermodynamic drying
mechanisms in the simulations. The net decreases in
precipitation are observed over the most part of EASM
domain where thermodynamic decreases exceed the
dynamic increases in precipitation. This finding is con-
sistent with our previous statement that an overall drier
LGM (relative to the pre-industrial period) EASM cli-
mate in data and models is mainly under the thermo-
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dynamic control. Data-model comparison also shows
that dynamic wetting mechanism is overpowered by the
thermodynamic drying over data-model disagreement
regions where models show net decrease and some data
show net increase. Nevertheless, dynamic wetting and
thermodynamic drying mechanisms could explain the
spatial spread of reconstructed precipitation changes in
sign. Meanwhile, thermodynamic drying mechanism is
overwhelmed by dynamic wetting over the additional
land mass area due to sea level drop during the LGM.

5. The relative importance of remote energy advection
and local diabatic heating in inducing monsoonal verti-
cal motion during LGM differs from the relative role
of those in warm climates. Remote warm air advection
undertaken by stationary eddy horizontal circulation acts
the dominant role in inducing vertical motion increase
in past (mid-Piacenzian) and future (ECP4.5 scenario)
warm climates. In contrast, local diabatic heating (due
to radiative heat flux and turbulent heat flux) is the main
driver of intensified vertical motion at the LGM and
is identified as the other contributor to an increase in
EASM precipitation during the LGM.
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