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Abstract Monsoon rainfall proxy records show clear millennial variations corresponding to abrupt
climate events in Greenland ice cores during Marine Isotope Stage 3 (MIS3). The occurrence of these abrupt
climate changes is associated with Atlantic Meridional Overturning Circulation (AMOC) strength variations
which greatly impact the global oceanic energy transport. Hence, the AMOC most likely plays a key role in
modulating the global monsoon rainfall at millennial time scale. No modeling work has hitherto investigated
the global monsoon system response to AMOC changes under a MIS3 background climate. Using the coupled
climate model CCSM3, we simulated MIS3 climate using full 38 ka before present boundary conditions and
performed a set of freshwater hosing/extraction experiments. We show not only agreement between modeling
results and proxies of monsoon rainfall within the global monsoon domain but also highlight a nonlinear
relationship between AMOC strength and annual mean global monsoon precipitation related to oceanic heat
transport constraints. During MIS3, a weakened AMOC induces a decrease in annual mean global monsoon
rainfall dominated by the northern hemisphere, whereas southern hemisphere monsoon rainfall increases.
Above about 16 Sverdrups a further strengthening of the AMOC has no significant impact on hemispheric
and global monsoon domain annual mean rainfall. The seasonal monsoon rainfall shows the same nonlinear
response like annual mean both hemispherically and globally.

Plain Language Summary Approximately from 57 to 29 thousand years before present, fast
warming events of around 10°C in Greenland temperature occurred on time scales of 1,000 years. The Atlantic
Ocean circulation which transport heat northward could greatly impact global energy balance and a change

in its strength is one plausible explanation for the occurrence of the warming events. The rainfall in monsoon
regions also showed variations on the same time scale. So far, no study has investigated the linkage between
monsoon rainfall and climate shift in high northern latitudes on such time scale with a specific background
setup in a climate model. We show that ocean circulation change during the warming events could significantly
impact global monsoon rainfall. When the ocean circulation slows down, northern/southern hemisphere
monsoon rainfall decreases/increases linearly to circulation strength change. Interestingly, when the ocean
circulation strengthens, monsoon rainfall in both hemispheres does not show obvious change. This nonlinear
behavior is controlled by northward heat transport associated with the Atlantic Ocean circulation.

1. Introduction

The concept of “global monsoon” has been intensively studied during recent years either from a modern or paleo-
climate perspective due to its great importance within the climate system and to human activities and livelihoods.
From the paleoclimate community, different types of proxy records from various locations have been studied
to examine monsoon rainfall variations over different time scales. Monsoon rainfall proxies have demonstrated
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millennial scale monsoon oscillations globally (Cheng et al., 2012; Voelker, 2002). Such millennial variation in
precipitation could be forced by climate condition change in the North Atlantic associated with abrupt climate
shifts during the last glacial, namely, Dansgaard-Oeschger (D-O) events and ice melting events during Heinrich
Stadials (HSs, Mohtadi et al., 2016; Y. J. Wang et al., 2001). D-O events featured fast (within decades or less)
shifts from cold stadials to mild interstadials which lasted for several centuries in Greenland ice cores. These
events were especially pronounced during Marine Isotope Stage 3 (MIS3, approx. 57-29 ka before present,
X. Zhang & Prange, 2020). Heinrich Stadial 4 (HS4) occurred within MIS3 and was characterized by large
iceberg-derived freshwater flux into the North Atlantic and a massive reduction of North Atlantic Deep Water
(Elliot et al., 2001). The mechanisms behind millennial-scale monsoon variations and their linkage to high lati-
tude forcing are still under debate and one potential candidate to explain such coupling process is the Atlantic
Meridional Overturning Circulation (AMOC, Sun et al., 2012), which is responsible for more than half of the
global oceanic heat transport toward high northern latitudes (Ganachaud & Wunsch, 2000).

One robust but incomplete picture shown in proxy records is that Northern Hemisphere (NH) summer monsoon
was drier and Southern Hemisphere (SH) summer monsoon was wetter during HSs and D-O cold phases (Kanner
etal.,2012;Y.J. Wangetal., 2008). During D-O cold phases and HSs, the AMOC slowed down (Elliot et al., 2002).
SST in the North Atlantic along with Greenland surface temperature dropped dramatically (Schulz, 2002) whereas
the SH surface temperature increased (Voelker, 2002). Such so called bipolar seesaw pattern could substantially
change meridional temperature gradients, transport the signal from the North Atlantic to the low latitudes, push
the Intertropical Convergence Zone (ITCZ) into the SH (warmer hemisphere) and led to a drier African, Asian
and North American summer monsoon and a wetter South American and Indo-Australian monsoon (J. C. H.
Chiang & Friedman, 2012; Mohtadi et al., 2016; Otto-Bliesner et al., 2014; Wen et al., 2016).

The AMOC is suggested to slow down in recent years (Praetorius, 2018) which might induce a bipolar seesaw
and affect the monsoon rainfall. If this weaker AMOC continues to decrease in its strength, it might collapse and
switch to an “off” mode (Hofmann & Rahmstorf, 2009; Prange et al., 2003). However, the future of the AMOC
is highly uncertain and an increase in its strength cannot be ruled out either (Bakker et al., 2016). The global
monsoon system in a stronger than present day AMOC situation has rarely been analyzed systematically although
a persistently stronger AMOC could have existed during the last glacial cycle (Bohm et al., 2014). MIS3 serves
as an ideal background climate to study the following questions due to its abrupt climate oscillations associated
with AMOC strength variations: (a) How does the global monsoon rainfall respond to AMOC strength variations
associated with forcing from the high latitudes? (b) Especially important, if the AMOC were to become stronger,
how would the global monsoon rainfall be affected?

2. Experiment Design and Methods

The NCAR Community Climate System Model Version 3 (CCSM3, Collins et al., 2006; Yeager et al., 2006) is
a full-complexity global general circulation model (GCM), which includes atmosphere, land, ocean and sea ice
components. The atmosphere and land components share the T31 resolution in the horizontal (3.75°) and there
are 26 vertical layers in the atmosphere and 10 soil layers in the land with activated dynamic vegetation module
(Rachmayani et al., 2015). The ocean model has 25 vertical levels with layer thickness increasing from 8 m at
the surface to around 500 m at the ocean bottom. The horizontal resolution is 3° at mid and high latitudes and
around 0.9° around the equator with displaced North Pole over Greenland (Smith et al., 1995).

Using this model, we performed a 38 ka B.P. boundary condition control experiment, which represents the mid
MIS3 period (referred to as MIS3 in the manuscript), and 12 freshwater hosing/extraction experiments with
freshwater perturbation in the Nordic Seas. The freshwater perturbation amounts and experiment lengths are
listed in Table S1 in Supporting Information S1. We use freshwater amount to refer to the specific sensitivity
experiment, for example, +0.2 Sv test indicates we put 0.2 Sv freshwater into the Nordic Seas, whereas —0.2 Sv
means we extract 0.2 Sv freshwater from the Nordic Sea surface. These model experiments applied different
boundary conditions compared to present day, that is, sea level and land-sea distribution, greenhouse gas concen-
trations, orbital forcing (Figure S1 and Table S2 in Supporting Information S1) and continental ice sheets (Figure
S2 in Supporting Information S1). All experiments were integrated long enough (>500 years) to reach new equi-
libria, which has been tested by a Student's #-test (i.e., trend in the AMOC strength time series is not significant
for the last 100 years of each simulation). The applied positive and negative freshwater perturbations ranged from
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Figure 1. Atlantic Meridional Overturning Circulation (AMOC) strength as a
function of freshwater perturbation. Positive/negative freshwater perturbation

Same amount negative forcing (—0.2 Sv) had weaker impact on the AMOC
strength which resulted in an increase of the AMOC strength from 15.38 to

indicates freshwater input/extraction. The AMOC strength was defined as the 21.45 Sv. We interpreted the weak AMOC state as cold stadials and strong

maximum value of the overturning stream function below 300 m depth in the circulation as mild interstadials in this study. Greenland surface temperature

North Atlantic. Figure adapted from X. Zhang et al. (2014).

and NH winter sea ice cover also showed nonlinear shape as a function of
freshwater perturbation (not shown here). Such abrupt change in temper-
ature and ice cover was related to observed D-O events during MIS3 (X.
Zhang et al., 2014) and the +0.2 Sv hosing experiment is interpreted as a simulation of HS4. The asymmetry in
AMOC-freshwater response (e.g., limited change in AMOC strength in response to negative freshwater flux vs.
stronger reduction in AMOC in response to positive freshwater flux) is seen in models of different complexity.
Hofmann and Rahmstorf (2009) tested the sensitivity of the AMOC to freshwater injection latitude, advection
scheme and mixing parameterization in an intermediate complexity coupled model. Their results showed similar
asymmetry regardless of model setup since salt advection dominates the circulation. The AMOC strength was
positively correlated to maximum mixed layer depth in the North Atlantic but increasing freshwater extraction
was not able to significantly affect the former. Using a more complex coupled GCM, Jackson and Wood (2018)
showed that the method of freshwater injection does not impact hysteresis either. The AMOC stayed at a constant
rate as negative freshwater increased due to a surface salinity constraint. As we extracted freshwater in the North
Atlantic, the AMOC became stronger. Consequently, it transported more energy to the NH mid and high latitudes
and led to higher salinities and temperatures at surface and intermediate depths there. However, with stronger
AMOC the evaporative subtropical Atlantic becomes fresher due to relatively low-salinity inflow from the south,
such that the salt transport from the subtropics to the high northern latitudes “saturates” for strong AMOC, which
makes it more difficult to further speed up the AMOC with freshwater extraction.

3.2. Nonlinear Response of Global Monsoon Precipitation and ITCZ Latitude to AMOC Strength
Change

Freshwater forcing did not affect the AMOC strength symmetrically in our model runs. More importantly, both
seasonal and annual global monsoon precipitation also show a nonlinear response to AMOC strength. Figure 2a
shows annual mean precipitation in the MIS3 control run.

The global monsoon domain (red contour) was defined using the following criteria (P. X. Wang et al., 2014; Y. J.
Wang et al., 2008): (a) annual mean local summer (May to September in NH, November to March in SH) minus
winter (May to September in SH, November to March in NH) precipitation is greater than 300 mm and (b) local
summer precipitation exceeds 55% of annual total rainfall. Compared to present day conditions, the monsoon
domain generally retreated in the north and expanded to the south over land due to decreased summer to annual
precipitation ratio in a colder climate (Yan et al., 2016; Figure 2a). We note however, that the global monsoon
domain is not the focus of this study since the area of the global monsoon domain does not vary much over all
the model experiments.

The global monsoon region annual averaged rainfall rate is 3.43 mm/day in MIS3. When the AMOC decreased
to 4.24 Sv during HS4 in the model, local summer monsoon precipitation was generally reduced in the north and
increased in the south. The strongest change in boreal summer monsoon precipitation was observed in tropical
America and the tropical North Atlantic Ocean, featuring more than 3 mm/day precipitation decrease. The central
equatorial Atlantic experiences maximum rainfall increase, which is larger than 3 mm/day. The Asian monsoon
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Figure 2. Annual total precipitation and anomalies between different experiments. (a) Marine Isotope Stage 3 (MIS3) control run; (b) difference between +0.2 Sv
experiment and MIS3 control run during May to September; (c) difference between +0.2 Sv experiment run and MIS3 control run during November to March; (d)
difference between —0.2 Sv experiment and MIS3 control run during May to September; and (e) difference between —0.2 Sv experiment and MIS3 control run during
November to March. Red contour area indicates the global monsoon region calculated by modeled rainfall data. Dots in panel (b) are the proxy record locations as it is
discussed in Section 3.3. Black indicates drier summer monsoon and blue indicates wetter summer monsoon.
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rainfall generally decreases especially over southeast Asia (Figure 2b). During boreal winter, the strongest rainfall
change moves southward over the Pacific and the Atlantic associated with the seasonal shift of the ITCZ and a
strong rainfall increase is simulated over Northeast Brazil (Figure 2c).

In the case that AMOC strength increased to 21.45 Sv in the —0.2 Sv experiment, the monsoon precipitation
responded generally oppositely and about one order of magnitude weaker compared to the 4+-0.2 Sv run in boreal
winter and summer. The most significant increase in rainfall was observed in the African monsoon region in
boreal summer (Figures 2d and 2e).

The statistical significance (at 95% confidence level) of the surface temperature differences between the +0.2 Sv
runs and the MIS3 control run, calculated using a #-test, is shown in Figure 3. The same test is applied for surface
wind differences. In the +0.2 Sv experiment, during May to September, Northern Indian Ocean surface temperature
slightly decreased and continental surface temperature increased, which resulted in a stronger meridional temper-
ature gradient and westerly wind anomalies, thus strengthening regional summer monsoon surface flow. Weaker
monsoon winds were observed over East Asia and western Africa associated with weaker land-ocean temperature
contrasts compared to the unperturbed MIS3 control run. The wind anomalies blew toward the Australian continent,
indicating a weaker local winter monsoon surface wind (Figure 3a). As for November to March, wind anomalies
were directed away from the continent in the East Asian and African monsoon regions whereas over Australia, a
northwest wind anomaly was seen. However, temperature and wind changes in northern Australia were not signifi-
cant (Figure 3b).

For an AMOC stronger than the MIS3 baseline state, simulated winds and temperatures showed changes gener-
ally in opposite direction compared to weaker AMOC condition. Global monsoon surface flow became generally
stronger in boreal summer and weaker in boreal winter. However, with the same magnitude of freshwater pertur-
bation (—0.2 Sv), the monsoon responses were much weaker. Between May and September, most of the SH ocean
experienced a cooling of less than 1°C and NH warming was generally seen only above 20°N with maximum of
around 3°C in the central North Atlantic. Surface wind change was less than 1 m/s (Figure 3c). During November
to March, NH warming was slightly stronger than in boreal summer in mid and high latitudes over the North Atlan-
tic and surface wind change had a similar pattern as during May to September in the monsoon regions (Figure 3d).

The annual mean precipitation in the global monsoon domain decreased rather linearly when the AMOC strength
was below 15.38 Sv but kept at a steady level at around 3.4 mm/day when we imposed negative forcing in the
Nordic Seas (Figure 4a). The mean ITCZ latitude (defined as the median latitude of maximum annual mean
precipitation between 20°N and 20°S) was constantly around 0.3°N when the AMOC increased from 15.38 to
21.45 Sv, but it moved southward and reached the SH with decreasing AMOC strength. Separating local summer
and winter precipitation in the NH and SH gave a quite similar figure. In both hemispheres, local summer and
winter monsoon precipitation no longer significantly increases or decreases when the AMOC reaches ca. 16 Sv.
However, in both seasons, monsoon precipitation decreased linearly in the north and increased in the south when
the AMOC strength decreased with positive freshwater forcing (Figures 4b and 4c¢). The NH monsoon rainfall
dominated the annual mean global monsoon rainfall since the north experiences significant drying when the
ITCZ moved southward in response to AMOC weakening.

3.3. Model-Proxy Data Comparison of Global Monsoon Precipitation During MIS3

There are only a few rain-related proxy records spanning MIS3 allowing to reconstruct monsoon precipitation
variability on millennial time scale (An et al., 2015). They all demonstrated a linkage between AMOC strength
related abrupt climate shifts and monsoon precipitation. Though interpretation of oxygen isotopes (8'%0) is still
under debate, theoretical and empirical studies support the idea that lower isotope values are associated with
wetter summer monsoon globally, especially in the Asian monsoon region (e.g., Cheng et al., 2009; C. H. Chiang
et al., 2015; Orland et al., 2015). There are several such records from South American sites at Botuvera (X.
Wang et al., 2006, 2007), Peru (Cheng et al., 2013), Pacupahuain Cave (Kanner et al., 2012), Bahia State (X.
Wang et al., 2004), and central eastern Brazil (Strikis et al., 2018). All these data showed a more humid South
America when the NH was cooler connected to iceberg melting events in the North Atlantic during HSs.

In the Asian monsoon region, oxygen isotopes from Hulu cave (Y. J. Wang et al., 2001) and Songjia cave (Zhou
et al., 2014) varied out-of-phase with records from South America above. A sharp increase in 8'80 during HSs
represented a weaker and drier east summer Asia monsoon during the NH cold phases. Meanwhile, two records
from the Indian Monsoon region, Xiao Bailong Cave (8§'30 from Cai et al. (2006)) and Arabian Sea sediment core

ZHANGET AL.

Sof 14

85UB017 SUOWILLIOD BAIIER1D 3|qedldde ay3 Aq peusenob afe ssjoiie O ‘8sn Jo Sa|nJ Joj Akeiqi78uljuO AB]IM UO (SUORIPUOD-PU-SWLBIWI0D A8 | I AReiq U UO//Sd1y) SUORIPUOD puUe SWB L 8U138S *[£20Z/TT/YT] Uo AfiqiTauljuo A8 (1M YRUI0IQIGSTRISBAIUN Pun SIS Aq TZS8E0Are20Z/620T OT/I0p/Wod A8 Are.qieuljuo'sgndnBe//sdny wouy papeojumoq ‘0z ‘€202 ‘96686912



Aru g
AUV
ADVANCING EARTH

AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres

10.1029/2023JD038521

60N

a) TS and surface wind diff +0.2Sv - MIS3 95% significant level (May - Sep.)

30S

1 L
%) P .y» f _1>

SR SR T
R SR

WSS
S

180 150w 120W

b) TS and surfa
60N =

30N

308

180 150w 120W

ce wind

S5

oA

S

Al [ {ﬁ
7 _‘v PR KA ARAAAd)
o ML

30W 0 30E 60E 90E 120E 150E 180
diff +0.2Sv - MIS3 95% significant level (Nov. - Mar.)

30W 0 30E 60E 90E 120E 150E 180

-1.5 -1 -0.5 0 0.5 1 1.5 2 25 3

K
¢) TS and surface wind diff -0.2Sv - MIS3 95% significant level (May - Sep.)

60N 1=Sas5dve = n'«

30N 4 "

. S
3 X éa
10«‘» G SSRRNAR >
[ £
L
7

Senia M

7r>>
SN AN
30S Mgﬁ?‘:’:‘iy“‘w vg
T T T T T
180 150W  120W 90w 60W 30W 0 30E 60E 90E 120E 150E 180

60N

CITIAIIF s

S RA Yr>>rrs
A > >
2712

30N -
0
30S 1 cteesX
e s L
180 150W 120W

a1,
T

0W

60W 30W 0 30E 60E 90E 120E 150E 180

Figure 3. Surface wind and surface temperature differences. (a) May to September difference between +0.2 Sv experiment
and Marine Isotope Stage 3 (MIS3) control run; (b) November to March difference between +0.2 Sv experiment and MIS3
control run and; (c) same as panel (a) but for the —0.2 Sv experiment; and (d) same as panel (b) for the —0.2 Sv experiment.
Wind difference vector unit: meter per second. Values above 95% confidence level are shown. Pink contour area indicates the
global monsoon region as the same in Figure 2.
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Figure 4. Climate responses to Atlantic Meridional Overturning Circulation
(AMOC) strength change. (a) Mean Intertropical Convergence Zone latitude and
annual mean precipitation rate in global monsoon region as indicated in Figure 3
as a function of AMOC strength; (b) average summer (May to September for
Northern Hemisphere [NH] and November to March for Southern Hemisphere
[SH]) precipitation rate in global monsoon region as a function of AMOC
strength in the two hemispheres; and (c) same as (b) but for hemispheric winter
(November to March for NH and May to September for SH).

SO130-289KL (sediment reflectance from Deplazes et al. (2016)) indicated a
drier Indian summer monsoon during the cold stadials. Several lake records
over land from east and south Asian monsoon regions, which are sensitive
to millennial monsoon rainfall change also demonstrated drier conditions
during the HSs (°Be from Beck et al. (2018); Ca/K and Fe/K ratios from Sun
et al. (2021) and sediment analyzes from Zhao et al. (2020)). Loess records
highlighting millennial scale rainfall variation and monsoon weakening during
the stadials are also presented in several studies including elemental ratios (Guo
et al., 1996; Sun et al., 2021), carbonate carbon isotopes (Sun et al., 2019),
and microcalcareous oxygen isotopes (Z. Zhang et al., 2022). Moreover, bulk
Fe/K ratios from the north African monsoon region (marine sediment core
GeoB9508-5, Mulitza et al., 2008) correlating with oxygen isotope values in
the NGRIP ice core (Andersen et al., 2004) showed arid conditions during the
HSs, whereas higher Fe/K ratios in core CD154-17-17K indicated more humid
south African conditions during the same intervals (Ziegler et al., 2013).
Overall, millennial-scale resolution proxies in the two hemispheres varied
anti-phased with each other in response to millennial-scale North Atlantic
condition changes. An abrupt cooling in the North Atlantic surface corre-
sponds to a weakening of NH summer monsoon and an intensified SH summer
monsoon and vice versa. Such dipole pattern change in monsoon precipitation
is associated with an AMOC-driven southward shift of the ITCZ and more
asymmetric Hadley cells during the HSs. Most of the oxygen isotope records
showed 2-3%o differences comparing the cold HSs with warm interstadials,
indicating a drop in seasonal precipitation in the NH and an increase in the SH.
Xiao Bailong cave record experienced an especially strong change in the §'%0
signal, implying a significant weakening of the Indian summer monsoon when
the AMOC was presumably weaker (Cai et al., 2015).

In our simulation results, for all records within the global monsoon region,
model results are consistent with most of the reconstructions, featuring
enhanced SH summer monsoon rainfall and drier NH summer monsoon
during the HSs. However, the model produced drier conditions during austral
summer in western South America. Hence, at two sites (Pacupahuain cave and
north Peru) the model showed less precipitation during HS4, which seems to
contradict the proxy records. The reconstructed enhanced precipitation could
also be related to austral winter precipitation, as previously suggested (Campos
et al., 2019). Though at Hulu cave location (within the South Asian Monsoon
region), summer monsoon precipitation slightly increased during HS4 which
is inconsistent with the proxy record, the simulated Indian monsoon precipi-
tation is largely reduced in the HS4 experiment compared to the MIS3 control
run. It should be noted that model-data comparison in this study only aims
at verifying simulated rainfall change between stadials and interstadials. The
proxy records do not allow validation of the modeled nonlinearity. Recent
studies have suggested that 5'0 records do not correlate well with either local
precipitation amount or local temperature at reconstruction sites. Variation of
580 values could reflect processes that are independent of rainfall (e.g., J.
C. Chiang et al., 2020). However, oxygen isotope records mentioned in this
manuscript were all interpreted as precipitation in the corresponding studies.

3.4. Mechanism of Global Monsoon Precipitation and ITCZ Change as
Response to AMOC Strength Variation

The monsoon-ocean coupled system is influenced by tropical SSTs and
polar ice (Pierrehumbert, 2000; Webster, 1994). The AMOC can affect
both by redistributing ocean heat content. A weaker AMOC, less northward
oceanic heat transport, larger sea ice cover and colder surface temperature
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16 4=t e} in Greenland is associated with D-O cold phases and vice versa. D-O event

] o [ signals could be found in the tropics over the monsoon region (X. Zhang

1% R \ E et al., 2015). The spread of their impact from the high latitudes to the trop-

12 N - ics due to AMOC strength variations could be a plausible explanation of

(% ; ] \ [ millennial scale global monsoon variability as it is observed in the proxy

6’ & B : E records. Taking the +0.2 Sv freshwater hosing experiment as an example,

O 8- GMOC — the AMOC strength significantly decreased mimicking the effect of melted

= " 1 A amoc ] ice which has greatly reduced North Atlantic Deep Water Formation during

1 O pmoc —0 HS4. North Atlantic surface temperatures dropped by more than 20°C at

4 4 - high latitudes since the freshwater decreased ocean shallow layer salinity

] 3 and hampered convection. A bipolar seesaw pattern was shown due to less

2 ' ' ! C LT ' oceanic heat transport to the north (Stocker & Johnsen, 2003) and amplifying

-0.20 -0.10 0.00 0.10 0.20

Freshwater perturbation (Sv)

Figure 5. Cross equator meridional overturning circulation strength as a
Sfunction of freshwater perturbation. Circulation strength was defined as the

feedbacks like a higher albedo. The temperature seesaw also led to a specific
humidity seesaw in the model featuring less atmospheric water vapor in the
north, while the SH became wetter. Moreover, a colder NH led to stronger
subsidence and a warmer SH favored uplifting of moist air in the tropics.

maximum of streamfunction in the ocean below 400 m at the equator. Green Therefore, the NH/SH summer monsoon rainfall was reduced/increased. The
square is global, red triangle is Atlantic, and blue circle is Pacific. Note: above process became stronger when we put more freshwater into the North
Atlantic Meridional Overturning Circulation in Figure 1 indicates maximum Atlantic as it is shown in Figure 4. The opposite (D-O warm phase) is true

of streamfunction in the ocean below 300 m in whole North Atlantic.

for a stronger AMOC. The NH became warmer and wetter which led to more
monsoon rainfall. By contrast, the SH became cooler, drier and the monsoon
rainfall was reduced. As a result, the ITCZ moved to the warmer hemisphere.
A similar surface temperature seesaw and southward shift of the ITCZ in hosing experiments were shown under
pre-Industrial and Last Glacial Maximum conditions performed by atmosphere-ocean general circulation models
and ITCZ latitude changes were attributed to enhanced/weakened NH/SH Hadley cells (J. Chiang et al., 2003; R.
Zhang & Delworth, 2005). However, intermediate complexity model simulations did not show changes in ITCZ
location due to simplified atmospheric dynamic processes (e.g., Stouffer et al., 2006).

Above a certain threshold (ca. 16 Sv), the global cross equator oceanic heat transport does hardly increase though
the AMOC strengthened. This can partly be attributed to a compensating effect of the Pacific Meridional Over-
turning Circulation (PMOC, defined as maximum meridional ocean streamfunction in the Indo-Pacific basin
below surface level), which increases with decreasing AMOC (Figure 5). This Atlantic—Pacific overturning
seesaw has been described in previous studies and attributed to a positive feedback between ocean circulation and
salinity contrasts (Saenko et al., 2004). Consequently, cross equator oceanic heat transport changes in the Pacific
and Atlantic partly compensated each other over a wide range of freshwater forcing, such that the global cross
equatorial heat transport became almost steady (Figure 6). A weaker AMOC transports less heat to the NH which

was indemnified by more northward heat in the Pacific. Since net radiation

at the top of the atmosphere is almost identical in the northern and southern

g 1.2 e TS S S NS hemispheres, a change in cross equator oceanic heat transport could affect
& 4 - - the low latitude mean atmospheric circulation pattern (Frierson et al., 2013).
% 1.0 N Reduced northward oceanic heat transport is thus associated with enhanced
= 1 e r atmospheric heat transport across the equator. The atmospheric transport
b 1 i . . . .
@ 0.8 \\ B even changed its direction from southward to northward (Figure 7).
o 1 O Ppadiic i . . -
S 0.6 - The changes in the cross equatorial atmospheric heat transport are accom-
§_ . A Atlantic - plished by reorganizations of the Hadley circulation. The Hadley cell became
2 04 Global ¥ weaker in the SH and stronger in the NH in the HS4 (+0.2 Sv) run since
g ] ? the temperature seesaw induced anomalous surface southward flow at the
w5 02 y il equator. Associated northward atmospheric heat transport also increased
:‘E T (L L U (Figures 8a and 8c). Corresponding to the shift of the rising branch of the
-0.20 -0.10 0.00 0.10 0.20 Hadley cell, the mean ITCZ stayed in the SH and the annual mean rain-
Freshwater perturbation (Sv) fall within the global monsoon domain decreased. The opposite is true in
the —0.2 Sv test since the tropical atmosphere transported heat to the south
Figure 6. Cross equator heat transport as a function of freshwater -
. . . . . . . (Figures 8b and 8d).
perturbation. Green square is global, red triangle is Atlantic, and blue circle is
Pacific.
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Figure 7. Global cross equatorial oceanic, atmospheric, and total heat transports as a function of Atlantic Meridional
Overturning Circulation strength.

The annual mean rainfall in the global monsoon domain did not further increase and the ITCZ stayed around
0.4°N when the AMOC strength reached ca. 16 Sv and above. Corresponding to the southward shift of ITCZ
when the AMOC slows down, the tropical meridional SST gradient became sharper between the two hemi-
spheres. The asymmetrical monsoon precipitation response is constrained by a nonlinearity in oceanic and atmos-
pheric heat transport as it is shown in Figure 7. Beside the heat transport constraint other components in the
climate system that influence monsoons and exhibit nonlinear behavior can add to the nonlinear global monsoon
response, in particular sea ice. A stronger AMOC reduces North Atlantic sea ice cover until a minimum is reached
beyond which there is almost no sea ice response to further AMOC increase (X. Zhang et al., 2014) and hence no
further sea ice effect on the global monsoon. An increase of sea ice in HS4 could reduce ocean convection and
have more significant impact on the global monsoon.

To further investigate monsoon rainfall and circulation changes in individual monsoon domains, 1,000-500 hPa
water vapor flux along with 500 hPa vertical velocity in the +0.2 Sv experiments was compared with the MIS3
control run. The MIS3 control experiment showed strong water vapor convergence toward individual local
summer monsoon domains accompanied by upward motion (Figures 9a and 9b). In the +0.2 Sv case during
boreal summer, anomalous water vapor transport was directed away from Asian and African monsoon regions
accompanied by weaker upward motion (except eastern part of Asia) whereas in the SH, more water vapor was
transported toward the monsoon regions and vertical motion was strengthened (Figure 9c). Decreased summer
monsoon rainfall over Indonesia was associated with weakening and southward shift of the Walker circulation
in southern Pacific and further reduced Indian summer monsoon through Rossby wave propagation (Lau &
Nath, 2000). R. Zhang and Delworth (2005) found reduced summer rainfall over eastern Asia and the western
Pacific Warm Pool due to strengthened Walker circulation over the northern tropical Pacific. In boreal winter,
though vertical motion increased over India, large parts of Asia experienced anomalous subsidence. In the SH,
stronger vertical motion and enhanced water vapor transport were simulated in the monsoon region (Figure 9d).
In general, the NH monsoon rainfall decreased and the SH experienced more monsoon rainfall in both seasons.
The —0.2 Sv case showed different and weaker responses. In both seasons, the NH experienced stronger upward
motion at the 500 hPa level in East Asian and African monsoon regions and water vapor converged toward
monsoon regions whereas in the SH water vapor was mostly transported away from the monsoon regions accom-
panied by weaker vertical motion (Figures 9e and 9f).

Overall, based on our results, the AMOC strength showed a strong nonlinear behavior to freshwater perturbation
and AMOC strength variations induced nonlinear responses in surface conditions including monsoon precipi-
tation (annually and seasonally) corresponding to cold stadial and warm interstadial conditions. Our simulated
ITCZ latitude shift in response to cross equatorial atmospheric heat transport change is about —3°/PW, which
is comparable to the PMIP2 Last Glacial Maximum ensemble mean (Donohoe et al., 2013). The seasonal cycle
of ITCZ latitude as function of cross equatorial atmospheric heat transport and meridional SST contrast also
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Figure 8. Mean meridional mass streamfunction differences. (a) +0.2 Sv—MIS3 control run (May to September); (b)
—0.2 Sv—MIS3 control run (May to September); (c) same as (a) but for November to March; and (d) same as (b) but for
November to March. Positive values indicate clockwise circulation and negative values indicate counterclockwise circulation.
matches the CMIP3 ensemble mean (McGee et al., 2014). Finally yet importantly, using other models to conduct
similar experiments, which is beyond the scope of our present study could improve reliability of the study since
there is large diversity in simulating glacial AMOC strength (Weber et al., 2007).
4. Conclusions
This study provides an integrated picture of global monsoon rainfall changes between cold stadials and mild inter-
stadials during MIS3 by combining modeling results and proxies. The modeled monsoon rainfall variations are
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Figure 9. 1,000-500 hPa water vapor flux and 500 hPa Q (vertical pressure velocity). (a) May to September mean in Marine
Isotope Stage 3 (MIS3) control run; (b) November to March mean in MIS3 control run; (c) May to September difference
between +0.2 Sv experiment and MIS3 control run; (d) same as (c) but for November to March; (e) same as (c) but for the
—0.2 Sv experiment; and (f) same as (d) but for the —0.2 Sv experiment. Vector unit: kg/m/s and omega unit: Pa/s.

ZHANGET AL.

11 of 14

85UB017 SUOWILLIOD BAIIER1D 3|qedldde ay3 Aq peusenob afe ssjoiie O ‘8sn Jo Sa|nJ Joj Akeiqi78uljuO AB]IM UO (SUORIPUOD-PU-SWLBIWI0D A8 | I AReiq U UO//Sd1y) SUORIPUOD puUe SWB L 8U138S *[£20Z/TT/YT] Uo AfiqiTauljuo A8 (1M YRUI0IQIGSTRISBAIUN Pun SIS Aq TZS8E0Are20Z/620T OT/I0p/Wod A8 Are.qieuljuo'sgndnBe//sdny wouy papeojumoq ‘0z ‘€202 ‘96686912



A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Journal of Geophysical Research: Atmospheres

10.1029/2023JD038521

Acknowledgments

Model simulations in this study were
carried out at Der Norddeutsche Verbund
fiir Hoch-und Hochstleistungsrechnen
(HLRN) and supported by the National
Natural Science Foundation of China
(42172205, 2081011619301, and
42111530182), the PalMod project
funded by the German Federal Ministry
of Education and Science (BMBF),

and the DFG Cluster of Excellence at
MARUM. The authors whose names

are listed certify that they have NO
affiliations with or involvement in any
organization or entity with any financial
interest in the subject matter or materials
discussed in this manuscript.

mostly consistent with proxy records. Such agreement provides further confidence in model simulations of global
monsoon changes under climates different from the modern one and may aid the current monsoon research. We
first recognize a nonlinearity in AMOC strength response to freshwater forcing in the North Atlantic, which
mimics stadial and interstadial states in D-O oscillation. The global monsoon precipitation response to AMOC
strength changes under MIS3 background climate was analyzed in detail. The most important finding of our study
is that total annual and seasonal rainfall within the global monsoon region show a nonlinear response to freshwa-
ter induced AMOC changes. Corresponding to D-O cold phases (stadials), positive freshwater perturbations in
the Nordic Seas slowed down the AMOC, decreased northward ocean heat transport, hence, cooled the NH and
warmed the SH, which led to a more southward positioned ITCZ along with a more asymmetrical Hadley cell and
an increase in annual global monsoon precipitation in the south and a decrease of monsoon rainfall in the north. A
more vigorous Atlantic circulation induced by freshwater extraction did not have significant impact on monsoon
rainfall globally and in the two hemispheres individually since the total oceanic heat transport was hardly affected.
The bipolar seesaw pattern was much less significant, meridional SST contrast in the tropics limited and the ITCZ
position stayed stable. As a result, the main factor affecting monsoon precipitation in the model is the oceanic heat
transport between the hemispheres associated with the AMOC and the PMOC. Combining both model data and
paleo records, our work showed a clear picture of global monsoon precipitation response to high latitude climate
variations tied to abrupt climate oscillations during MIS3, which provides insight into high-low latitude telecon-
nections for both present and past climates.

Data Availability Statement

All model output used in this study (X. Zhang et al., 2023) including rainfall, AMOC strength, atmosphere veloc-
ity etc. could be found at https://doi.org/10.5281/zenodo.8412325. We have also included several NCL scripts
used for this study in the same repository too.
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