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Asymmetric response of South Asian summer monsoon
rainfall in a carbon dioxide removal scenario

Sugin Zhang'*3*, Xia Qu@®"***, Gang Huang ®'*** and Peng Hu>®

The reversibility of South Asian summer monsoon (SASM) precipitation under the CO, removal scenario is critical for climate
mitigation and adaptation. In the idealized CO, ramp-up (from 284.7 to 1138.8 ppm) and symmetric ramp-down experiments, SASM
precipitation is largely reversible while exhibiting strong asymmetry: it may overshoot the unperturbed level when CO, recovers.
Such asymmetric response is mainly due to the enhanced El Nifio-like and Indian Ocean dipole-like warming during the ramp-down
period. The uneven sea surface warming weakens Walker circulation, with anomalous sinking over the SASM region. Meanwhile, the
warming also affects the rainfall over the Maritime Continent and tropical western Indian Ocean. The suppressed rainfall over the
Maritime Continent triggers the equatorial Rossby wave, which weakens the ascent over the SASM region; the increased rainfall
over the tropical western Indian Ocean excites the equatorial Kelvin wave, which reduces moisture transport. Additionally, tropic-
wide warming reduces the land-sea thermal contrast and weakens monsoonal circulation. Consequently, the combined effects of
the weakened ascent and moisture transport lead to the overshooting of SASM rainfall. Our results suggest that symmetric CO,
removal, although unlikely in the foreseeable future, may result in a risk of local drought over the SASM region.
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INTRODUCTION

The concentration of Carbon Dioxide (CO,) in the atmosphere has
been increasing since the Industrial Revolution. It exerts severe,
widespread, and irreversible influences on climate and human
society'. To avoid or lower these influences, the Paris Agreement
proposed a strict target, i.e., holding the increase in the global
average temperature to well below 2 °C above pre-industrial (Pl)
level and pursuing efforts to limit the temperature increase to
1.5°C above PI. Such long-term temperature goals call for
reaching the global peak of greenhouse gas emissions as soon
as possible to achieve a climate-neutral world by the middle of the
21st century. Achieving this target requires Carbon Dioxide
Removal (CDR) methods to decrease atmospheric CO, concentra-
tion in the future'®. Due to its huge heat capacity, the ocean acts
as heat storage which absorbs most of the redundant energy
arising from the CO, concentration increases'”. In particular, the
response of the ocean is much slower, with a timescale of decades
to millennia®°, If CDR methods are applied, the excess heat
accumulated in the ocean would affect the climate response
during the CO, ramp-down period''~'3. At present, the climate
effect of CDR is still inconsistent and inadequately understood in
the scientific community'*'>.

The South Asian summer monsoon (SASM), a crucial compo-
nent of the global monsoon system, directly affects the lives of
more than one billion people. Slight changes in SASM precipita-
tion can cause tremendous socioeconomic impacts, including
impacts on agricultural production, water resources, and basic
human needs'®'”. Hence, understanding the response of SASM
precipitation to climate change is of great importance. Under a
global warming scenario where the CO, concentration increases
monotonically, SASM precipitation is projected to increase in

nearly all models, despite a weakening of SASM circulation'®°,

Previous studies have reported that enhanced atmospheric water
vapor content and the larger moisture convergence into the SASM
region?’=23 are responsible for the increased rainfall, which is
consistent with the “wet-get-wetter” mechanism?*-2%. However,
the positive contribution of the thermodynamic effect is partially
offset by the dynamic effect due to the weakened circulation,
which results in a lower increase in SASM precipitation than water
vapor content?”?8, The enhanced upper-tropospheric warming
over the tropical Indian Ocean?®, as well as the mean advection of
the stratification change mechanism3°, may all contribute to the
weakened SASM circulation.

Under the CDR scenario, SASM precipitation displays an
overshooting relative to that during the CO, ramp-up period®’,
namely, SASM precipitation may fully recover and exhibit
drought when the CO, concentration recovers. This is signifi-
cantly different from that of the global hydrological
cycle'?133235 |n the idealized experiment in which the CO, rise
is followed by a symmetric decline, global precipitation continues
to rise for decades after CO, peaks and cannot return to the
initial level when CO, recovers. Such an asymmetric response of
global precipitation originates mainly from the ocean, and
precipitation on land is nearly symmetrical''3®. The response of
rainfall at the regional scale has a similar response to global
precipitation, including the Intertropical Convergence Zone
(ITCZ)*, East Asia®*, and the Korean Peninsula®>. For example,
the location of the ITCZ changes minimally during the CO, ramp-
up period; in contrast, it shifts rapidly to the south during the CO,
ramp-down period and resides in the south when the CO,
concentration recovers to the initial level, leading to the
asymmetric responses of the ITCZ-related precipitation®’.
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Fig. 1

The global mean surface temperature and precipitation changes in the idealized CO, ramp-up and ramp-down experiments. a The

evolution of the atmospheric CO, concentration (unit: ppm) in CDR experiments. b The global mean surface temperature (GMST; unit: K) and
precipitation (GMP; unit: mm day ') responses in CO, ramp-up and ramp-down experiments relative to the Pl from the MME. Time series of
the CO, concentration (black line; unit: ppm), annual GMST (red line), and GMP (blue line) anomalies. A 3-point (1/4,1/2,1/4) filter with 40 times
is used to remove interannual variability. The vertical dashed line denotes Year 140 when CO, peaks.

Researchers have inferred that both the accumulated heat in the
deep ocean during the CO, ramp-up period'"'® and the rainfall
sensitivity to CO, forcing through tropospheric adjustment
processes>® are responsible for such asymmetric responses. For
the distinct response of SASM precipitation, the HadCM3 output
suggested that it may result from the lag recovery of Pacific and
Indian Ocean Sea Surface Temperature (SST)3'. The weakened
moisture flux convergence related to the southward ITCZ shift
during the CO, ramp-down period compared to the ramp-up
period also plays a role®®, As a part of Coupled Model
Intercomparison Project phase six (CMIP6), the Carbon Dioxide
Removal Model Intercomparison Project (CDRMIP) was spon-
sored'”. To date, eight models have participated in this project
and have conducted CDR experiments (see “Methods”). The
evolution of CO, concentration of these experiments is presented
in Fig. 1a, which increases for 140 years and then gradually
decreases to the initial level. It is a good opportunity to verify the
robustness of the response of SASM precipitation under the CDR
scenario. Moreover, there is the possibility of uncovering other
process responsible for the asymmetric response. Therefore, this
study aims to address the following two scientific questions: (a)
How does SASM rainfall respond to CDR in multiple models? How
is the inter-model consistency? (b) What major processes are
responsible for this response?

RESULTS

Asymmetric response of temperature and rainfall

The global mean surface temperature (GMST) and precipitation
(GMP) responses during the CO, ramp-up and ramp-down
experiments from the Multi-Model Ensemble (MME) are presented
in Fig. 1b. Both the GMST and GMP respond asymmetrically and
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show hysteresis concerning symmetric CO, forcing, which is
consistent with previous studies®>>3>37, The GMST and GMP
increase consistently with CO, but continue to increase for about
10 and 20 years, respectively, after CO, peaks and show significant
positive anomalies after CO, recovers. Such GMST and GMP
hysteresis can be interpreted by the release of heat stored in the
deep ocean'"'33', The brief increase in GMP after CO, peaks is a
consequence of rainfall sensitivity to CO, forcing through tropo-
spheric adjustment processes®3.

However, compared to the GMP, SASM precipitation evolves
quite differently. SASM precipitation is the area average of land
rainfall over the domain (7.5-30.5°N, 73-90°E; see the red
rectangles in Fig. 3). It increases during the CO, ramp-up period;
after CO, peaks, it continues to increase for approximately a
decade before diminishing rapidly; it overshoots an unperturbed
level before CO, recovers to the PI (Fig. 2). We select two 40-year
periods with the same CO, concentration to analyze the
reversibility of SASM precipitation: year 21-60 in the CO, ramp-
up period (hereafter RU) and year 220-259 in the CO, ramp-down
period (hereafter RD; gray bands in Fig. 2). Precipitation increases
consistently across the SASM region relative to the PI during the
RU period (Fig. 3a), which agrees with the results under the global
warming scenario'®193°, During the RD period, precipitation over
South Asia (SA) displays a “decreased-increased-decreased”
tripolar response from southwest to northeast relative to the Pl
(Fig. 3b). Overall, despite the CO, concentration being the same in
both periods, SA is significantly drier in the RD period than in the
RU period (Fig. 3¢). If we change the length of the two periods
with equivalent CO, concentration levels to 30 years and 50 years,
the asymmetric response of precipitation is still significant
(Supplementary Fig. 1). Thus, the model simulations imply that if
CDR is applied, SASM precipitation may gradually decline to a
level below the unperturbed level when CO, recovers to the PI.
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Fig. 2 The evolution of SASM precipitation in the idealized CO,
ramp-up and ramp-down experiments. Time series of the CO,
concentration (blue line; unit: ppm) and rainfall (red line; unit:
mm day~') anomaly compared to PI. Pink shadings indicate the
ensemble spread of the seven models. A 3-point (1/4,1/2,1/4) filter
with 40 times is used to remove interannual variability. The vertical
dotted line denotes the CO, peak year (Year 140). Two gray shadings
in Year 21-60 (RU) and Year 220-259 (RD) indicate the two 40-year
periods with the same average CO, concentration during the ramp-
up and ramp-down periods.

Under global warming scenario, the precipitation change
mainly comes from the contribution of the dynamic term related
to the circulation and the thermodynamic term related to the
moisture according to the moisture budget. To understand the
asymmetric response of SASM precipitation, the simplified
moisture budget equation is employed*°:

AP ~ —(Aw - g+ Aq - w) (1

Where A represents the departure from the Pl; P, w and g are
precipitation, pressure velocity at 500 hPa, and surface specific
humidity, respectively. Horizontal moisture advection and quadratic
(nonlinear processes) terms were omitted because they are
insignificant compared with the thermodynamic and dynamic
components in the tropics?>4%4. The sum of the thermodynamic
and dynamic terms (Fig. 4c) resembles the contemporary precipita-
tion distribution (Fig. 3c) with a small difference in magnitude, which
indicates that the linear approximation of the moisture budget (Eq. 1)
can well represent the total precipitation change. The thermody-
namic component (—Agq - w, Fig. 4a) shows increased precipitation
over the region where ascent prevails climatologically. This can be
explained by the “wet-get-wetter” mechanism. According to the
Classius—Clapeyron equation, a higher GMST may lead to more water
vapor in the atmosphere during the RD period than during the RU
period (Fig. 1; Fig. 4d). Supposing that the ascent remained fixed,
more water vapor may contribute to a wetter SA during the RD
period (Fig. 4a). The results of the dynamic component (—Aw - g,
Fig. 4b) indicate that the weakening of the ascent (Fig. 4e) in SA leads
to less precipitation during the RD period relative to the RU period,
which is partly offset by the thermodynamic effect. Moreover, the
spatial pattern of the dynamic component (Fig. 4b) resembles the
contemporary precipitation change (Fig. 3¢; Fig. 4c). This indicates
that the asymmetric response of SASM precipitation is mainly the
result of the dynamic component, which is dominated by changes in
vertical motion.

Atmospheric circulation change and its driving mechanisms

We found that the asymmetric response of SASM precipitation
mainly comes from the contribution of vertical circulation;
therefore, the causes of change in vertical velocity are further
explored. Figure 5 displays the difference in upper-level (200 hPa)
velocity potential and divergence winds between the RU and RD
periods. The large-scale circulation features a weakened Walker
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circulation. Over SA and MC, anomalous upper-level convergence
favors local precipitation suppression (Fig. 3c). Divergence
anomalies exist over the tropical central Pacific. The TWIO has
increased rainfall (Fig. 3c) due to anomalous rising motion, and the
delayed response of moisture (Fig. 4d) further strengthens such
positive rainfall anomalies.

In the lower troposphere, an anomalous anticyclone is evident
with its center in the northeastern part of SA during the RD period
relative to the RU period (Fig. 6a). Via the effect of Ekman
downwelling, the anomalous anticyclone contributes to a wea-
kened ascent on the top of the planetary boundary layer, which
also favors rainfall suppression over the SASM region. In addition,
the anomalous easterlies (Fig. 6a) over southern SA hinder local
southwesterly water vapor transport. Since the moisture is mainly
confined in the lower troposphere, the pattern of the vertically
integrated moisture flux (vectors in Fig. 6b) highly resembles the
horizontal wind pattern at 850 hPa. The responses of atmospheric
horizontal wind and vertical velocity over the SASM region are well
coupled, which corresponds to the divergence of moisture flux
suppressing rainfall (shadings in Fig. 6b).

What causes the asymmetric response of the SASM horizontal
circulation? As shown in Fig. 3¢, the decreased precipitation over
the MC and the enhanced precipitation over the TWIO are
hypothesized to be responsible. The suppressed precipitation over
the MC induces an equatorial Rossby wave response with an
anomalous anticyclone over SA2'2, The positive rainfall over the
TWIO may induce an equatorial Kelvin wave response with
easterly anomalies over southern SA. To test these hypotheses, we
employed the LBM, which is widely used in studying tropical
dynamics***4. The climatology of the RU period is set as the
model basic state since we focus on the asymmetric response
between the RU and RD periods. The LBM is forced by (1) cooling
over the MC (—10°5-0°, 90-130°E, Fig. 7a), with a maximum
cooling rate of —2.67K day~', and (2) heating over the TWIO
(—10°S-10°N, 50-70°, Fig. 7c), with a maximum heating rate of
2.67 K day~". The vertical profiles of atmospheric diabatic heating
(cooling) follow the gamma distribution, and their maximum
(minimum) is at o= 0.45 (Fig. 7b, d).

The forced results of the LBM reproduced the key features of
lower-level horizontal wind over SA well in the CMIP6 results
(Fig. 7e). The cooling over the MC excites an equatorial Rossby
wave response to its northwest. Over northeastern SA, a
pronounced anomalous anticyclone occurs (Fig. 7a). The Rossby
wave response is substantially stronger north than south of the
equator due to the effects of monsoon easterly vertical shear mean
flows*>*6, The warming over the TWIO triggers an equatorial Kelvin
wave response to its east. Easterly anomalies as part of the Kelvin
wave response exist over southern SA (Fig. 7c). According to the
theories of Matsuno®’” and Gill*8, in a resting basic state without
mean flow, the Kelvin wave response is confined to the vicinity of
the equator and shows remarkable symmetry with respect to the
equator. However, because of the strong monsoon circulation,
the low-level circulation shows a stronger response north of the
equator, with a remarkable asymmetry*®. Equatorial symmetry
strengthens in the upper level (Supplementary Fig. 2). Therefore,
the two numerical experiments support the hypothesis that the
rainfall responses over the MC and TWIO induce weakened SASM
circulation, including the anomalous anticyclone and easterly
winds, which leads to drier condition over SA.

In addition to the forcings over the equatorial regions, the
land-sea contrast may be responsible for the asymmetric
responses of SASM precipitation during the two periods. Previous
studies suggested that the land-sea thermal contrast plays a
crucial role in SASM circulation changes®'*°. Following their
definitions, we use thicknesses between 200 and 500 hPa to
represent the thermal conditions. The thickness anomalies center
over the tropical western and central Indian Ocean (Fig. 8a). The
stronger warming over the Indian Ocean leads to a weaker
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Fig. 3 The rainfall response (unit: mm day ') to the CO, forcing. The RU (a) and RD (b) periods rainfall anomalies compared to PI.
c Difference in rainfall between the RU (20-60) and RD (220-259) periods. Black dots in (a, b) denotes the regions where more than 70%
ensemble members agree with the sign of the MME. The regions denoted by the black dots in (c) indicate where the rainfall difference
between the RU and RD periods are statistically significant at a 90% confidence level and more than 70% ensemble members agree with the

sign of the MME. The red rectangles highlight the SASM region.

land-sea thermal contrast over the Indian Ocean and SA sector.
We defined the land-sea thermal contrast index (TCypper) as the
difference of 200-500 hPa thickness between northern SA
(20.5-40.5°N, 55-100°E; northern box in Fig. 8a) and the TWIO
(10.5°5-10.5°N, 40-85°E; southern box in Fig. 8a). TC,pper decreases
as the CO, concentration increases and shows noticeable inertia
after CO, peaks (Fig. 8b). The inertia may be due to the strong
warming over the TWIO during the RD period led by local
enhanced latent heating (Fig. 3¢). TCypper during the RD period is
markedly weaker than that in the RU period. The weaker land-sea
thermal contrast decreases the baroclinicity in the troposphere

npj Climate and Atmospheric Science (2023) 10

and decreases the low-tropospheric westerly (Fig. 6a) and the
upper-tropospheric easterly>'. Finally, the weakened circulation
leads to drier conditions over the SASM region during the RD
period relative to the RU period.

The tropical SST response in the CO, ramp-up and ramp-down
experiments

Under global warming scenario, the rainfall change over the Asian
monsoon regions mainly consists of two components: the rapid
adjustment associated with CO, radiative forcing and the slow
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response associated with the SST changes®®3. The rapid  follows the evolution of the CO, concentration'®, making it
adjustment has a timescale of less than one year and the slow difficult to produce the asymmetric response of SASM precipita-
response has a timescale of decades to millennia’®>% Under the tion. In contrast, the contribution of the slow response lags the
scenario that the CO, concentration evolves symmetrically (1% evolution of CO, concentration remarkably and dominates
CO, and 1%CO,-CDR experiments), the rapid adjustment largely the total climate response during the CO, ramp-down period'®.
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The red rectangles highlight the SASM region.

In particular, the ocean continues to absorb heat after the CO,
peaks'''3, Therefore, to understand the asymmetric response, it is
necessary to analyze the SST response in the CO, ramp-up and
ramp-down experiments.

The tropical Pacific and Indian Ocean SSTs all warmed (left
panel in Fig. 9) and featured El Nifo-like and Indian Ocean dipole
(IOD)-like warming patterns (right panel in Fig. 9), respectively, in
the RU and RD periods. Furthermore, the magnitude of SST
warming over the tropics, as well as El Nifo-like and IOD-like
warming, is larger during the RD period than during the RU period
(Fig. 9c, f). This indicates that the tropical SST displays an
asymmetric response in the CO, ramp-up and ramp-down
experiments, consistent with previous studies'?>>=>7,

For the asymmetric response of El Nifio-like warming in the
tropical Pacific Ocean, the continued accumulation of heat in the
ocean after the CO, peaks plays an important role'"'3, During
the RU period, the Walker circulation weakens due to temperature
and precipitation constraints, accompanied by the decrease in
upwelling intensity, which ultimately results in an El Nifo-like
warming in the tropical Pacific*>?°. In addition, the upper ocean
warms faster than the deep ocean (Fig. 10), resulting in a sharp
increase in vertical temperature stratification; it transmits heat
downward by thermal diffusion or other ocean dynamic
processes, allowing the deep ocean to warm and accumulate
heat. The faster warming in the upper ocean and the climatolo-
gical upwelling contribute to a cooling in the central and eastern
Pacific. But this effect is overwhelmed by the warming effect led
by Walker circulation (its slowdown leads to anomalous westerlies
and results in an anomalous warm horizontal advection)**. Thus,
an El Nifo-like warming occurs in the tropical Pacific. After the CO,
peaks, the upper ocean continues to warm for about a decade and
then begins to cool. In contrast, the deep ocean response is much
slower, which continues to warm for about 70 years before it
begins to cool. During the RD period, the deep ocean continues to
warm and warms stronger than the upper (Fig. 10), which
generally weakens the vertical temperature gradient and hence
reduces the cooling effect led by the climatological upwelling in
the central and eastern Pacific’®. It contributes to an enhanced El
Nifo-like warming pattern during the RD period compared to the
RU period.

The asymmetric response of the tropical SST affects the SASM
rainfall via atmospheric circulation, showing drought in the RD
period. During the RD period, the warmer SST (Fig. 9¢c) leads to
more water vapor in the atmosphere (Fig. 4d) and a larger
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contribution of the thermodynamic component (Fig. 4a). Follow-
ing an approximately moist adiabatic lapse rate, tropic-wide
warming increases with height in the atmosphere3>°€°, which
leads to the enhanced warming center in the middle-to-upper
troposphere over the Indian Ocean (Fig. 8a). Meanwhile, the
enhanced El Nifo-like and 10D-like warming patterns (Fig. 9f)
cause the Walker circulation to weaken during the RD period
(Fig. 5). Therefore, on the one hand, the decreased Walker
circulation directly weakens the ascent in SA; on the other hand, it
influences the rainfall in the MC and TWIO through anomalous
convergence and divergence motion, thereby indirectly affecting
SASM circulation. The contribution of the weakened circulation is
stronger than the positive contribution of the thermodynamic
component, which leads to the drier condition over the SASM
region during the RD period compared to the RU period.

DISCUSSION

We investigated the response of SASM precipitation based on
CO, ramp-up (1%CO,) and ramp-down (1%CO2-CDR) experi-
ments in CMIP6. The results show that if CDR is applied, SASM
precipitation is largely reversible although it exhibits asymmetry
about symmetric CO, forcing. Despite the CO, concentration
being the same in the RU and RD periods, precipitation over the
SASM region is significantly reduced during the RD period
relative to the RU period. The diagnosis reveals that thermo-
dynamic and dynamic components contribute oppositely: the
thermodynamic effect favors the increased rainfall, while the
dynamic effect favors the decreased rainfall. The asymmetric
response of SASM precipitation in the CO, ramp-up and ramp-
down experiments mainly originates from the dynamic effect (i.e.,
atmospheric circulation) rather than the thermodynamic effect
(i.e., moisture change), which is different from that under the
global warming scenario.

Subsequently, the possible mechanisms of anomalous atmo-
spheric circulation are revealed. Figure 11 is a schematic diagram
illustrating the key processes. Owning to the continued accumula-
tion of heat in the ocean after the CO, peaks, which feedback to
the surface ocean causing the asymmetric response of the
SST'25658  Relative to the RU period, the tropical Pacific and
Indian Ocean show stronger warming during the RD period,
featuring an enhanced El Nifo-like and IOD-like warming pattern,
respectively. Following the moist adiabatic lapse rate, tropical-
wide warming increases with height. The enhanced warming
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periods compared to P, respectively. ¢ The difference between the RU and RD periods. The right panel (d-f) is the same as the left panel, but
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Fig. 10 The response of the oceanic potential temperature. Time
evolution of tropical Pacific Ocean mean (—10.5°5-10.5°N,
180°-100°W) potential temperature change (APT; unit: °C) profile
in CO, ramp-up and ramp-down experiments at all depths, based on
repeated application of 3-point (1/4, 1/2, 1/4) filter with 40 times.
APT is relative to the PI. The black dashed line indicates the CO,
peak year (Year 140). Black dots indicate more than 70% ensemble
members agree with the sign of the MME. Note that the vertical
depth coordinate is logarithmic.

center over the Indian Ocean weakens the SA-Indian Ocean
thermal and thus SASM circulation. The uneven enhanced
warming leads to anomalous sinking, as well as decreased
precipitation over the SASM region directly. Additionally, over
the Pacific and Indian Ocean sectors, the weakened Walker
circulation affects SASM circulation indirectly. It suppresses the
rainfall over the MC and increases the rainfall over the TWIO. The
suppressed precipitation over the MC triggers an equatorial
Rossby wave response to generate an anomalous lower-level
anticyclone, which weakens the ascent on the top of the planetary
boundary layer, via the effect of Ekman downwelling. The
increased rainfall over the TWIO triggers an equatorial Kelvin
wave response to hinder water vapor transport to SA. The
enhanced IOD-like warming pattern may reinforce the anomalous
easterly over the tropical Indian Ocean and further weaken water
vapor transport. The combination of the weakened ascent and
water vapor transport caused by the enhanced uneven SST
warming leads to the asymmetric response of SASM precipitation.

npj Climate and Atmospheric Science (2023) 10

In the present study, our results are mainly based on the MME
of seven models participating in the 1%CO, and 1%CO,-CDR
experiments. Compared to studies based on a single model, the
MME analysis can partially exclude the model-dependent
response and the role of internal variabilities in the climate
system, indicating the robustness of the asymmetric response to
SASM precipitation. This study systematically reveals the promi-
nent dynamic processes (e.g., equatorial waves) in the formation
of the asymmetric response of SASM precipitation. In particular,
we highlight the role of atmospheric thermal forcings on SASM
circulation induced by uneven tropical SST warming. These
important thermal forcings, including rainfall anomalies over the
MC and TWIO, have not been mentioned by previous studies
concerning the asymmetric response of SASM precipitation.
However, we cannot completely eliminate model dependence
due to the limited number of models, which may disturb
the response of SASM precipitation under the CDR scenario. The
internal variabilities of the climate system, such as the Inter-
decadal Pacific Oscillation and Atlantic Multidecadal Oscillation,
are associated with the SASM®'-53, Despite this, it is necessary to
understand the sources of model uncertainty and the effects of
internal variabilities in future studies. In addition to this, the
detailed processes leading to an enhanced IOD-like warming
pattern during the RD period compared to the RU period remain
to be understood. We infer that this may be related to the slow
recovery of Walker circulation and the enhanced El Nino-like
warming pattern during the RD period.

Although the scenario used in this study is idealized, it is useful
for exploring the reversibility and hysteresis of the climate system,
especially in providing insight into the CDR scenario. It is
noteworthy that SASM precipitation overshoots the unperturbed
level before the CO, concentration returns to Pl. This indicates that
the symmetric CDR may increase the risk of drought and may
affect water management in the SASM region. This gives us a hint
that one should consider the side effects of climate mitigation
when making climate change policies.

METHODS
Observation and reanalysis datasets

The observational and reanalysis data used in the present study
include (1) the Global Precipitation Climatology Project (GPCP)
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Fig. 11

Schematic diagram showing the key processes involved in the asymmetric response of SASM precipitation under the CDR

scenario. The processes at the 200 hPa (a), 850 hPa (b), and surface (c), respectively.

monthly precipitation dataset®®; (2) the National Centers for
Environmental Prediction-Department of Energy (NCEP-DOE)
reanalysis®®>; and (3) the Hadley Center Global Sea Surface
Temperature (HadISST) dataset®®. All the above datasets cover
1979-2014.

CMIP6 model datasets

The present study is mainly based on the monthly outputs of the
following experiments (Supplementary Table 1) of CMIP6: (1)
historical experiment, in which time-dependent observed anthro-
pogenic and natural forcings are specified to reflect observational
estimates valid for the historical period (i.e., 1850-2014)%7; (2) pre-
industrial control (piControl) experiment (global mean atmo-
spheric CO, concentration of 284.7 ppm), started from initial
conditions obtained from a spin-up with the same, which should
ideally represent a near-equilibrium state of the climate system
under imposed year 1850 conditions®’; (3) 1%CO, experiment, in
which the climate (including CO, concentration) initiates from the
end of the piControl experiment and the CO, concentration

Published in partnership with CECCR at King Abdulaziz University

gradually increases at a rate of 1% per year for 140 years until it
quadruples (i.e, 1138.8 ppm; all other forcing is kept at that of the
year 1850)%7, which is named the ramp-up period; and (4) 1%CO,-
CDR experiment, in which the climate (including CO, concentra-
tion) initiates from the end of the 1%CO, experiment and the
evolution of CO, concentration is the mirror of that in the 1%CO,
experiment (all other forcing is kept at that of the year 1850),
which is named the ramp-down period'”. The evolution of the CO,
concentration in the 1%CO, and 1%CO,-CDR experiments is
displayed in Fig. 1a. The total time of these two experiments is 280
years (140 years for ramp-up and 140 years for ramp-down). Seven
models (ACCESS-ESM1-5, CanESM5, CNRM-ESM2-1, GFDL-ESM4,
MIROC-ES2L, NorESM1-LM, and UKESM1-0-LL) participated in the
present study (Supplementary Table 2). CESM2 is excluded
because the differences between ramp-down and ramp-up
periods are exaggerated (Supplementary Fig. 3). If it is involved
in the calculation, the MME is dominated by the results of CESM2.
UKESM1-0-LL does not participate in vertical-velocity-associated
calculations due to data unavailability.
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To obtain the MME, the outputs are regridded to a common
1° % 1° grid. We consider the results to be robust when more than
70% of the models (5 out of 7) agree on the sign of the MME. For
convenience, we defined the st year of the 1%CO, experiments
as Year 1. To examine the reversibility of SASM precipitation, we
select two periods during which the mean CO, concentration is
identical: CO, ramp-up (year 21-60; RU) and ramp-down (year
220-259; RD) periods. It is reasonable to choose the periods at the
beginning of the CO, ramp-up and the end of the CO, ramp-
down. However, to increase the magnitude of the response signal,
we shift these two periods to the middle by 20 years. A repeated
application of the 3-point filter is used to remove interannual
variability, and the results do not fundamentally change when the
21-year running mean is applied. The two-sided Student’s t-test is
used to evaluate the statistical significance of the difference. The
climatology of the last 100 years in the piControl experiment is
defined as the baseline (PI). The analysis focuses on the average
boreal summer (June-August) because the precipitation over
South Asia is mainly concentrated in summere,

Model evaluation

Before analyzing the response of SASM precipitation to CO, forcing,
we examine the performance of models based on the CMIP6 MME.
SASM precipitation and its associated variables are compared and
examined (Supplementary Fig. 4). The CMIP6 MME can grasp the
spatial distribution of variables, but with slight differences in
magnitude. The spatial correlation coefficients of the individual
models with reanalysis all exceed 0.71, and those of the CMIP6 MME
all exceed 0.84 (Supplementary Fig. 5). Overall, the CMIP6 MME is
capable of investigating the SASM response to CO, forcing.

The Linear Baroclinic Model

To investigate the effects of heat forcing on the atmosphere, the
Linear Baroclinic Model (LBM) is employed. This model has 20
vertical levels based on the sigma coordinate system and a
horizontal resolution of T42. The horizontal diffusion has an e-
folding decay time of 6h for the largest wavenumber. The
Rayleigh friction and Newtonian damping have a time-scale of
1 day~" for sigma levels below 0.9, 5 day~' for sigma levels of
0.89, 15 day ™' for sigma levels of 0.83, 30 day™' for sigma levels
between 0.83 and 0.03, and 1 day~ for sigma levels above 0.03.
Further information on the model is given in Watanabe and
Kimoto (2000)%°. In the present study, the model is integrated for
36 days, and the average from 25 to 35 days is displayed.

DATA AVAILABILITY

The CMIP6 outputs are available online at https://esgf-node.linl.gov/projects/cmip6/.
The observational and reanalysis data that examine the performance of models are
openly available at https://psl.noaa.gov/data/gridded/data.gpcp.html (GPCP), https://
psl.noaa.gov/data/gridded/data.ncep.reanalysis2.pressure.html ~ (NCEP-DOE)  and
https://www.metoffice.gov.uk/hadobs/hadisst/data/download.html  (HadISST). The
LBM is available online at https://ccsr.aori.u-tokyo.ac.jp/~lbm/sub/lbm_4.html.
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