atmosphere

A

Article

Model Uncertainty in the Projected Indian Summer Monsoon
Precipitation Change under Low-Emission Scenarios

Shang-Min Long ! and Gen Li ">*

check for

updates
Citation: Long, S.-M.; Li, G. Model
Uncertainty in the Projected Indian
Summer Monsoon Precipitation
Change under Low-Emission
Scenarios. Atmosphere 2021, 12, 248.
https:/ /doi.org/10.3390/
atmos12020248

Academic Editor: Satyaban
Bishoyi Ratna

Received: 30 December 2020
Accepted: 6 February 2021
Published: 12 February 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

Key Laboratory of Marine Hazards Forecasting, Ministry of Natural Resources/Key Laboratory of
Ministry of Education for Coastal Disaster and Protection, College of Oceanography, Hohai University,
Nanjing 210098, China; smlong@hhu.edu.cn

Southern Marine Science and Engineering Laboratory (Zhuhai), Zhuhai 519082, China

*  Correspondence: ligen@hhu.edu.cn

Abstract: The projected ISM precipitation changes under low-emission scenarios, Representative
Concentration Pathway 2.6 (RCP2.6) and Shared Socioeconomic Pathway 1-2.6 (SSP1-2.6), are investi-
gated by outputs from models participating in phases 5 and 6 of the Coupled Model Intercomparison
Project (CMIP5 and CMIP6). Based on the high-emission scenarios like RCP8.5, the Intergovernmen-
tal Panel on Climate Change Fifth Assessment Report suggests a wetter Indian summer monsoon
(ISM) by the end of 21st century. Although the multi-model ensemble mean (MME) ISM precipitation
under RCP2.6 and SSP1-2.6 is still projected to increase over 2050-2099 referenced to 1900-1949,
the intermodel spread of the ISM precipitation change is tremendous in both CMIPs. Indeed, the
signal-to-noise ratio (SNR) of ISM precipitation change, defined as the MME divided by its inter-
model standard deviation, is even below 1 under the low-emission scenarios. This casts doubts
on a future wetter ISM in a warmer climate. Moisture budget analyses further show that most of
the model uncertainty in ISM precipitation change is caused by its dynamical component from the
atmospheric circulation change. As expected, the interhemispheric surface warming contrast is
essential in causing the intermodel differences in ISM circulation and precipitation changes under
low-emission scenarios. In addition, the projected wetter ISM is prominently enhanced from CMIP5
to CMIP6, along with reduced model uncertainty. However, the resultant increased SNR in CMIP6 is
still low in most ISM regions. The results imply that ISM precipitation change is highly uncertain
under low-emission scenarios, which greatly challenges the decisions-making in adaptation policies
for the densely populated South Asian countries.

Keywords: Indian summer monsoon; precipitation projection; model uncertainty; low-emission
scenarios; interhemispheric warming contrast

1. Introduction

The Indian summer monsoon (ISM), or south Asian summer monsoon, is one of the
most striking monsoon systems on earth, which typically lasts from June to September and
brings a large amount of moisture to the Indian subcontinent and its surrounding regions.
Therefore, its variability or change can substantially affect the wet and drought events, food
security and human health over densely populated South Asian countries. Future changes
of ISM precipitation under global warming can exert pronounced impacts for regions being
vulnerable for water supplies. However, large uncertainty lies in the projected precipitation
change [1-8], lowering the reliability of models” future projections [9] and causing a great
challenge for adaptation planning.

Model uncertainty, measured by the spread of multiple models’ projections, is deemed
the major source of uncertainty in long-term precipitation response to global warming
at both global mean and regional spatial scales [10-13]. This is because climate models
display striking differences in projecting both the sign and magnitude of precipitation
change [5,6,14]. These differences originating from the reality that models differ in, for
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example, physical and numerical formulations, parameterization schemes, horizontal and
vertical resolutions and tunning method [15-17]. Model uncertainty in the projected ISM
precipitation change may arise from model biases in simulating the Indian Ocean (IO)
climatology [9,16,18-23], climate variability [1,24,25], sea surface temperature warming
pattern [4,6,7] and associated water vapor and atmospheric circulation changes [7,26].

Under global warming, the increased atmospheric water vapor due to enhanced
surface evaporation is supposed to increase precipitation everywhere [27]. However, the
advection of moisture by atmospheric circulation complicates the precipitation responses
at different regions. The climatological circulation and circulation change both strongly
shape the spatial structure of future precipitation change [7,26,28,29]. For example, de-
spite the fact that the increased moisture would promote ISM precipitation [30-32], a
possibly weakened ISM due to a reduced upper tropospheric temperature gradient can
largely suppress the precipitation increase [2,33]. The inconsistency in projected moisture
increase and atmospheric circulation changes is termed a paradox of ISM response to global
warming [31,33,34], which is an important source of the model-to-model differences in ISM
precipitation change.

To understand the underlying mechanisms controlling the precipitation response
and its model uncertainty, precipitation change is usually diagnostically decomposed
into the sum of evaporation change, a thermodynamical component due to moisture
change and a dynamical component due to atmospheric circulation change [7,26,29,32].
Under high-emission scenarios, like Representative Concentration Pathway 8.5 (RCP8.5)
where radiative forcing (RF) increases monotonically, the ISM precipitation is projected
to increase in nearly all models [3,35]. The thermodynamical component consistently
leads to precipitation increase over ISM regions among models, while the dynamical
component may dampen or promote the precipitation increase due to monsoon circulation
slowdown and displays large intermodel spread and regional variations [4,32]. As a
result, intermodel differences in the atmospheric circulation change and thus dynamical
component dominates the intermodel spared in precipitation change under high-emission
scenarios [6,7,32].

Most previous studies on ISM precipitation projections and model uncertainty are
based on middle- and high-emission scenarios, which design no decrease in RF and lead
to a high rate of global warming through 2100 in phases 5 and 6 of the Coupled Model
Intercomparison Project (CMIP5 and CMIP6). In comparison, RF is designed to decrease
in the near future under low-emission scenarios and leads to a weak global warming by
2100. Recently, concerns on the climate responses under the low-emission or low-warming
scenarios motivate studies on global and regional climate changes [36—41], especially after
the 2015 Paris Agreement. These studies imply that the spatial patterns and underlying
mechanisms of regional climate responses are substantial different between low- and high-
emission scenarios [3,36,41-44]. However, the ISM precipitation response and associated
model uncertainty under low-emission scenarios have not been systematically studied.

Therefore, the present study investigates the model uncertainty in ISM precipitation
change by outputs from 25 models under RCP2.6 in CMIP5 and 30 models under Shared
Socioeconomic Pathway 1-2.6 (SSP1-2.6) in CMIP6 [45,46]. The ISM precipitation change
over 20502099 referenced to 1900-1949 is investigated, with a focus on its model uncer-
tainty as the intermodel spread in ISM change is supposed to be significant under weak
RE. This may lead to distinct decisions in adaptation policies compared to those under
high-emission scenarios for South Asian countries. The comparison between results from
CMIP5 and CMIP6 are further explored as the two CMIPs displaying large differences in
cloud simulation, parameterization, resolution, etc.

The rest of this paper is organized as follows. Section 2 describes the CMIP model
outputs used in the present study. Section 3 compares the MME ISM precipitation re-
sponse in CMIP5 and CMIP6. Section 4 investigates the origins of the model uncertainty
in ISM precipitation change and the underlying mechanisms. Section 5 is a summary
with discussions.
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2. Datasets and Models
2.1. Model Simulations and Outputs

The model outputs from simulations of historical period and future low-emission
scenarios, RCP2.6 and SSP1-2.6 [45,46], are analyzed in the present study. The model
outputs analyzed in the present study are all based on global earth system models or
climate models. In both RCP2.6 and SSP1-2.6, RF is prescribed to first increase to a peak
around 2045 and then decrease (Figure 1, black lines). During 2050-2100, the multi-model
ensemble mean (MME) global mean surface temperature (GMST) change is weak, the
GMST trajectory holds nearly flat in CMIP5 and slightly increases in CMIP6 [41]. Note
that there is pronounced differences in the GMST responses between CMIP5 and CMIP6,
possibly due to differences in models’ climate sensitivity to external forcing like greenhouse
gases and aerosols and cloud simulations [47].
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Figure 1. Global-mean annual-mean surface temperature change (°C) relative to preindustrial level
(1850-1899 mean) in each model (colored thin lines) and its multi-model ensemble mean (MME)
results (colored thick lines) in (a) CMIP5 and (b) CMIP6. The black thick lines indicate the radiative
forcing (RF, W m~2) pathway, and the red dotted lines indicate the time of year 2050.

Monthly mean outputs of 25 models from CMIP5 and 30 models from CMIP6 (Table 1),
including surface temperature, precipitation, evaporation, vertical velocity and winds are
used. Some models conduct several members of the historical and scenario experiments, to
ensure equal weight, only one member of each CMIP model is analyzed to ensure equal
weight. All model outputs are interpolated onto a common 2° longitude x 2° latitude
grid by linear method for easy comparison, the analyses based on the interpolated grids
cause only slight differences from those based on model’s original grids over ISM regions
(not shown).
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Table 1. A list of the models used in the present study.

CMIP5 (25) CMIP6 (30)

1 bee-esml-lm 16 HadGEM2-ES 1 ACCESS-CM2 16  GISS-E2-1-G
ACCESS-ESM1- HadGEMS3-

2 becesml-l 17 IPSL-CM5A-LR 2 s 17 CCILLL

3 BNU-ESM 18 MIROC-ESM 3 BCC-CSM2-MR 18  INM-CM4-8

MIROC-ESM-
4 CanESM2 19 CHEM 4 CanESM5 19 INM-CM5-0
5 CCSM4 20  MIROCS 5 CamESMS o0 Ipsi-oMea-LR
CanOE
6 CESMI-CAM5 21  MPLESM-LR 6 CAMS-CSM1-0 21  KACE-1-0-G
7 CNRM-CM5 22 MPLESM-MR 7 CESM2 22 MIROC-ES2L
CESM2-

8 CSIRO-Mk3-6-0 23 MRI-CGCM3 8 WACCM 23 MIROC6

9  FGOALS-g2 24 NorESMI-M 9  CNRM-CMé-1 24 MPI-ESMI1-2-LR

10 FIO-ESM 25 NorESMIME 10 CNRMCMEd- 0 MPIESMI-2-

HR HR

11 GFDL-CM3 11 CNRM-ESM21 26  MRI-ESM2-0

12 GFDL-ESM2M 12 ECEarth3 27 NESM3

13 GFDL-ESM2G 13 EC-Earth3-Veg 28  NorESM2-MM

14 GISS-E2-H 14  FGOALS-g3 29  NorESM2-LM

15  GISS-E2-R 15  GFDL-ESM4 30 UKESMI-0-LL

2.2. Method

In the present study, the changes in ISM precipitation and associated variables are
calculated by subtracting the June-July—August-September (JJAS) mean in 1900-1949
(historical period) from that in 2050-2099 (future period). It is clear that the magnitude of
GMST increase after 2050 significantly differs between models and shows larger magnitude
in CMIP6 than CMIP5 (colored thin lines in Figure 1a, b). To eliminate the effect of the
differences in GMST on the model uncertainty, the GMST increase during 2050-2099
under RCP2.6 or SSP1-2.6 referenced to 1900-1949 is first calculated. For each model, all
future changes are then normalized by its GMST increase. Thus, the normalized changes
indicate the responses per 1K of global mean surface warming, which mainly focus on the
uncertainty in the spatial variation of ISM precipitation change [7,35].

The magnitude of model uncertainty is estimated by the intermodel standard deviation
(STD) of MME. To trace the source of the uncertainty in ISM precipitation change, the
moisture budget analysis is applied in the present study to diagnostically decompose
precipitation change into the sum of different components [7,26]:

AP = AE + APyer + APgyy + res. 1)

The A denote the future change, P, E, Py, Pyyn, and res are precipitation, evaporation,
the thermodynamical component due to moisture change, the dynamical component due
to atmospheric circulation change and the residual term, respectively. In the tropics, the
thermodynamical and dynamical components can be well approximated as [7,26,29,35]:

1

APyper = _P gWSOO'AqS/ 2)
w
1

APgyy = —ﬁAWSOO"h 3)
w

where py, wsgo, and gs are water density, pressure velocity at 500 hPa and surface specific
humidity, respectively. The 500 hPa pressure surface may not be available over part of high
mountain regions such as the Tibet plateau, but this issue causes negligible influences on
the analyses over the ISM domain analyzed in the present study (65-90° E and 10-30° N,
black box in Figure 2).
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Figure 2. Normalized multi-model ensemble mean (MME) ISM precipitation change (JJAS APn,
mm day'l) (a) under RCP2.6 in CMIP5, (b) under SSP1-2.6 in CMIP6 and (c) their difference. The
black cross indicates at least 2/3 models show the same sign with MME results. The domain for
calculating area-mean ISM precipitation is 65-90° E and 10-30° N, indicating by the black box.

As surface specific humidity is not available in some models, the vertically integrated
water vapor through the atmospheric column (prw) can be used to replace g5 based on the
approximation below:

. l Ps N qs.ps
prv= Jy 1P 5 “)

Therefore, Equations (4) and (5) can be estimated by the product of wsgy and prw:

APyer = — wsoo-Aprw, 5)
wrFs
2

APy = — o Awsgo-pruw. (6)
wFs

Therefore, uncertainty in the precipitation can be traced into uncertainty from
different sources.
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3. ISM Precipitation Change

Figure 2 shows the normalized MME JJAS precipitation change under RCP2.6 in
CMIP5 and SSP1-2.6 in CMIP6. Consistent with previous results under high-emission sce-
narios [3,35], a wetter ISM is projected in both RCP2.6 and SSP1-2.6 scenarios (Figure 2a,b).
Precipitation generally increases north of the equator and decreases in the eastern In-
dian Ocean south of the equator. Moisture budget analyses reveal that the wetter ISM
is primarily contributed by the thermodynamical component (Figure 3d,e), with a minor
contribution from the enhanced local evaporation (Figure 3a,b). In contrast, the dynami-
cal component suppresses the increase in ISM precipitation over most regions in RCP2.6
(Figure 3g), especially over the warm pool. The dominance of the thermodynamical com-
ponent mainly results from the significantly increased atmospheric moisture in a warmer
climate (Figure 4d,e), while the negative contribution from the dynamical component
may indicate the slowdown of Walker circulation [7,48] and monsoon circulation under
low-emission scenarios (Figure 4g,h).

CMIP5RCP2.6 AE (b)) CMIP6 SSP1-2.6 (¢  CMIP6-CMIP5
= & |

-*

APther

50°E

90°E 110°E 50°E 70°E 90°E 110°E 50°E 70°E 90°E 110°E

Figure 3. Subcomponents of MME ISM precipitation change (mm day~!): (a—c) evaporation change (AE, mm day 1), (d—f)
thermodynamical component (APy;,,, mm dayfl), (g-i) dynamical component (AP, mm dayil) and (j-1) residual term
(res, mm day‘l) under RCP2.6 in CMIP5 and SSP1-2.6 in CMIP6 and their differences.
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Figure 4. June-July—August-September (JJAS) mean (a—c) climatological vertical velocity at 500 hPa (clim —cwsg, positively
upward, hPa day_l), (d—f) water vapor change (Aprw, g kg‘l), (g-i) vertical velocity change at 500 hPa (—Awsq, hPa
day~!) and (j-1) climatological water vapor (prw, g kg~!) under RCP2.6 in CMIP5 and SSP1-2.6 in CMIP6 and their
differences.

However, the magnitude and spatial pattern of the ISM precipitation change differ
between CMIP5 and CMIP6 models as well as the model consistency in the sign of precipi-
tation change. For MME, the CMIP6 models display much larger precipitation increase
and higher model consistency in the sign of change than CMIP5 models over ISM region
(black box in Figure 2c). This striking difference is mainly caused by the distinct dynamical
components (Figure 3g—i) but not thermodynamical components (Figure 3d—f). Specifically,
the dynamical drying effect in CMIP5 turns into wetting effect in CMIP6 over the west
India and is largely reduced in the east India. As the difference in the climatological water
vapor is negligible (Figure 4j-1), the distinct dynamical components between two CMIPs
can be further explained by the enhanced circulation or reduced circulation slowdown
from CMIP5 models to CMIP6 models (Figure 4i).

To quantify the relative role of each component on the ISM precipitation change, area-
averaged precipitation change and its components over ISM region are further calculated
(Figure 5). The area-weighted-mean results show that in both CMIP5 and CMIP6, the
MME ISM precipitation increase is clearly dominated by the thermodynamical component
(Figure 5a,b), with minor positive contribution from the enhanced local evaporation. How-
ever, the dynamical component dampens the ISM precipitation in CMIP5 but enhances it in
CMIP6 (Figure 5¢), which largely explains why the wetter ISM is much more pronounced
in CMIP6 than CMIP5.
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Figure 5. Histograms for area-weighted-mean (65-90° E and 10-30° N, regions indicated by the black
boxes in Figures 2—4) MME ISM precipitation (mm day_l) and its subcomponents under (a) RCP2.6
and (b) SSP1-2.6 and (c) their differences.

The ISM precipitation generally increases under both RCP2.6 and SSP1-2.6 but dis-
plays distinct spatial pattern and magnitude between CMIP5 and CMIP6 models. The
similarity in the ISM precipitation change is mainly due to the high consistence in pro-
jecting the thermodynamical component in both CMIPs, while the differences in their
magnitudes are primarily explained by the differences in the MME monsoon circulation
change between CMIP5 and CMIP6. This calls for further in-depth investigation on what
causes such distinct monsoon circulation change between two CMIPs but is not the focus
of the present study.

4. Model Uncertainty in ISM Precipitation Change

In both CMIP5 and CMIP6, despite the fact that a wetter ISM is projected to occur
(Figure 2), large spread in the sign and magnitude of ISM precipitation change may
challenge the reliability of such projections, especially under low-emission scenarios where
RF is much weaker than high-emission scenarios. It is of great importance to evaluate the
uncertainty caused by the intermodel spread and trace its sources.

4.1. Sources of the Model Uncertainty

Figure 6 displays the magnitude of model uncertainty (i.e., intermodel standard
deviation) and the SNR of ISM precipitation change under low-emission scenarios in
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CMIP5 and CMIP6. In both scenarios, precipitation uncertainty is large over the warm pool
and South and East Asia (Figure 6a,b). In addition, the magnitude of the model uncertainty
is prominently larger than the MME results in Figure 2, leaving the SNR to be well below
1 over most regions (Figure 6e,f). Low SNR suggests large inconsistency among models
and hence low reliability in the climate models’ projections, casting doubt on the results
that precipitation would increase in all ISM regions. This is distinct from the results under
high-emission scenarios that the increase in ISM precipitation is relatively robust [3,35].

()

CMIPS RCP2.6 STD
<]

CMIP5 RCP2.6 SNR

40°N

30°N
20°N
10°N

EQ~

10°S

20°8

40°N

30°N

Figure 6. Intermodel standard deviation (STD, mm day ') of precipitation change under (a) RCP2.6
and (b) SSP1-2.6 and (c) their differences. Signal-to-Noise ratio (SNR) of the MME precipitation
change under (e) RCP2.6 and (f) SSP1-2.6 and (g) their differences.

The magnitude of the model uncertainty in precipitation is clearly reduced over
most IO and its surrounding regions and slightly enhanced over land regions and central
equatorial IO in CMIP6 compared to CMIP5 (Figure 6¢c). As the MME precipitation change
is much more enhanced in CMIP6 than CMIP5, the SNR significantly increases over most
regions (Figure 6g), suggesting an increase in the model consistency of the precipitation
projections. However, the enhanced SNR in CMIP6 stays at around 1 over most ISM region,
indicating the MME results still remains highly uncertain. Figure 7 shows the intermodel
STD of the components of precipitation change. The dynamical components stand out as the
dominant source of uncertainty in ISM precipitation change under both RCP2.6 and SSP1-
2.6 (Figure 7g,h), with relatively small contribution from other components. Besides, the
overall reduced model uncertainty in ISM precipitation change is also mostly contributed by
the dynamical component (Figure 7i), which is further related to the suppressed intermodel
spread in ISM circulation change.



Atmosphere 2021, 12, 248

10 of 17

40°N
30°N
20°N

. @
10°N | \)0/-

EQ |/ - Nw A7 =
10°S -

(a) STD AE CMIP5 RCP2.6 (b) CMIP6 SSP1-2.6 (c) CMIP6-CMIPS
S 3 S = LS

50°E 70°E 90°E 110°E 50°E 70°E 90°E 110°E 50°E 70°E 90°E 110°E
—1 [ T [ ———— T
0.1 0.15 0.2 0.25 0.3 0.35 0.4 045 0.5 0.55 0.6 0.65 0.7 0.75 0.8 -03 -02-01 0 0.1 02 03

Figure 7. Intermodel standard deviation (STD, mm day_l) for the subcomponents of precipitation
change under (a,d,g,j) RCP2.6 and (b,e,h, k) SSP1-2.6 and (c,f,i,1) their differences.

The above results are also confirmed by the uncertainty analyses for area-weighted-
mean ISM precipitation change (Figure 8a,b). Under both RCP2.6 and SSP1-2.6, the in-
termodel STD of the dynamical component is around two times of that of the thermody-
namical component. In addition, the uncertainty caused by the evaporation change is
relatively small. From CMIP5 to CMIP6, the magnitude of intermodel STD reduces in ISM
precipitation and all of its components except evaporation change (Figure 7c).

For SNR, the thermodynamical component displays the largest ratio, above 1.5 in
RCP2.6 and 2 in SSP1-2.6 (Figure 8), suggesting relatively high model consistency in
projecting the thermodynamical conditions for ISM precipitation increase. The SNR of
other components is well below 1, even for evaporation change which displays the smallest
magnitude of intermodel STD. It is worth noting that the SNR of ISM precipitation change
significantly increases from 0.3 to 1.6 (Figure 8d,e), which is jointly contributed by the
significantly enhanced precipitation increase (Figure 5) and reduced model uncertainty
(Figure 8a,b) in CMIP6 than CMIP5. The MME thermodynamical component remains
nearly the same but its model uncertainty is reduced from CMIP5 to CMIP6, causing
increased SNR in thermodynamical component in CMIP6. The SNR of evaporation change
is also slightly increased mainly due to enhanced evaporation from CMIP5 to CMIP6. For
the dynamical component, its SNR slightly reduces from CMIP5 to CMIP6, mainly due
to dynamical wetting in CMIP6 is smaller in magnitude than the dynamical drying effect
in CMIP5.



Atmosphere 2021, 12, 248

11 0f 17

04 (a) CMIP5 RCP2.6 55 (d) CMIPS5 RCP2.6
Inter-model STD| ) SNR
0.3
0.2 1.5
0.1 !
0.5
0
0
-0.1
-0.5
AP AE  APther APdyn  res AP AE  APther APdyn  res
04 (b) CMIP6 SSP1-2.6 55 (e) CMIP6 SSP1-2.6
0.3 2
0.2 1.5
01 I . !
0.5
0
0
-0.1
-0.5
AP AE  APther APdyn res AP AE  APther APdyn res
(c) CMIP6-CMIPS ® CMIP6-CMIP5
0.4 2.5
0.3 2
0.2 L5
0.5
0
== | _m N
-0.1
-0.5
AP AE  APther APdyn  res AP AE  APther APdyn  res

Figure 8. Histograms of (a—c) intermodel standard deviation (STD, mm day‘l) and (d—f) Signal-
to-Noise ratio (SNR) for area-weighted-mean (65-90° E and 10-30° N) MME ISM precipitation
(mm dayil) and its subcomponents under RCP2.6 and SSP1-2.6 and their differences.

4.2. Physical Processes for the Model Uncertainty

High model uncertainty indicates large intermodel spread but cannot explain what
causes the spread across models. The intermodel correlation analyses can throw light
on the relationship of relevant processes that may produce the model-to-model differ-
ences. Figure 9 shows the intermodel relationship between ISM precipitation change and
its components in RCP2.6 and SSP1-2.6. The correlation coefficient is relatively low be-
tween precipitation change and evaporation change and thermodynamical component
(Figure 9a—d), suggesting that them explain a small portion of the intermodel variance in
ISM precipitation change. In contrast, the dynamical component displays a high correlation
coefficient (above 0.85) with ISM precipitation change in both RCP2.6 and SSP1-2.6. There-
fore, the intermodel differences in the dynamical component dominates the intermodel
variance in ISM precipitation change. Moreover, the thermodynamical component (evap-
oration change) promotes ISM precipitation increase in all (most) models (Figure 9a-d),
while the dynamical component strikingly differing in its sign across models (Figure %e,f).
In CMIP5, more than two thirds of models (19 out of 25) project that the dynamical com-
ponent dampens the ISM precipitation. In contrast, the dynamical component promotes
ISM precipitation in nearly two thirds of models (22 out of 30) in CMIP6. This leads to a
reversion of the MME dynamical component from drying effect in CMIP5 to wetting effect
in CMIP6 on MME ISM precipitation. Moreover, the intermodel spread in the dynamical
component mainly follows that of the ISM circulation change, with intermodel correlations
coefficients up to nearly 1 in both RCP2.6 and SSP1-2.6.
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Figure 9. Scatterplot of intermodel relationship between ISM precipitation change and (a-b) evap-
oration change (AE, mm day_l), (c-d) thermodynamical component (AP, mm day_l) and (e—f)
dynamical component (AP, mm day~1). The blue and red stars, respectively, indicate the CMIP5
and CMIP6 MME results. The least squares fitting lines are shown on panels where the intermodel
correlation is significant at 95% confidence level. The red fitting line and correlation coefficient in the
bracket in Figure 9e are based on the analyses excluding the outlier at the bottom-left corner.

Furthermore, it is natural to ask what leads to the model-to-model differences in
ISM response and why CMIP5 and CMIP6 models display distinct MME ISM circulation
changes. Given that surface warming pattern is tightly coupled with atmospheric circula-
tion change [7,28,29,48,49]. The ISM circulation change index, defined as area-weighted-
mean —ws( over ISM regions, is thus correlated with surface temperature change among
models at each grid (Figure 10a,b). The ISM circulation change generally positively corre-
lates with surface temperature change in the Northern Hemisphere (NH) while negatively
correlates with surface temperature change in the Southern Hemisphere (SH). Specifically,
the positive (negative) intermodel correlation is prominent north (south) of 20° N in CMIP5
models at nearly all longitudes (Figure 10a). In CMIP6, this interhemispheric contrast
in the correlation coefficient is much weaker than that in CMIP5 and the dividing line
centers around 10° N (Figure 10b). Significant positive (negative) correlation appears over
the North Pacific and Atlantic Oceans (SH subtropics) in CMIP6. Indeed, the interhemi-
spheric surface warming contrast, defined as the differences in surface temperature change
between 40° 5-10° N and 10-60° N, is significantly correlated with the ISM circulation
change among models (Figure 10c,d). The intermodel correlation coefficient between them
is 0.75 in CMIP5 and 0.61 in CMIP6, suggesting that the interhemispheric surface warming
contrast is important in explaining the intermodel variance in ISM circulation change.
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Figure 10. Spatial pattern of intermodel correlation coefficients between area-weighted-mean ISM circulation change
(AISM) and surface temperature change (ATS) in (a) CMIP5 and (b) CMIP6. (c) and (d) are the scatterplots of AISM and
Northern Hemisphere (NH) minus Southern Hemisphere (SH) surface warming contrast among models. The black dots
indicate the correlation coefficients significate at 95% confidence level. The blue and red stars, respectively, indicate the
CMIP5 and CMIP6 MME results.

To further explore the underlying processes, the changes in precipitation and 925 hPa
wind are regressed onto the interhemispheric surface warming index among models at
each grid, all based on variables normalized by GMST rise at 2050-2099 referenced to
1900-1949 (Figure 11). In response to the interhemispheric warming contrast, there is
strong cross-equatorial southerly wind in all three basins. As a result, the precipitation
generally increases in the NH and decreases in the SH, especially between 20° S-30° N. In
the IO, the cross-equatorial southerly wind increases the ISM circulation and hence ISM
precipitation in both CMIPs. Therefore, models displaying a large NH minus SH warming
contrast tend to project a wetter ISM and vice versa.

In particular, the regressed ISM precipitation increase over the Bay of Bengal and east-
ern IO is not presented in CMIP5 models. Indeed, the interhemispheric surface warming
contrast is overall larger in CMIP6 than CMIP5 (Figure 11c,d). Besides, the anticyclonic
wind response over the Northwestern Pacific also largely promotes the ISM circulation and
hence precipitation in CMIP6 models. These two factors may jointly contribute to explain
why the ISM circulation and precipitation are largely enhanced from CMIP5 to CMIP6 mod-
els. Following an increased NH-SH warming gradient in CMIP6 compared to CMIP5 (blue
and red stars in Figure 11d), the ISM precipitation also increases significantly. This suggests
that the distinct ISM circulation and precipitation change between CMIP5 and CMIP6 can
be largely explained by the differences in interhemispheric warming contrast, which may
be further related to the enhanced Arctic warming (Figure 10b), substantially different
cloud simulation, deep convective schemes in CMIP6 compared to CMIP5 [46,47,50]. In-
deed, the CMIP6 models is revealed to be more capable than CMIP5 models in reproducing
the spatial and temporal pattern of ISM [16], this may also contribute to some extent.
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Figure 11. Spatial pattern of regressed precipitation change (AP, shading, hPa/day) and 925 hPa winds (vectors, m s~ 1)
onto the NH minus SH surface warming contrast indices among models in (a) CMIP5 and (b) CMIP6. Note that only zonal
or meridional winds significate at 90% confidence level are plotted. (c) and (d) are the scatterplots between ISM AP and NH
minus SH surface warming contrast among models. The blue and red stars, respectively, indicate the CMIP5 and CMIP6

MME results.

5. Summary and Discussion

The ISM precipitation is vital for densely populated South Asian countries due to its
enormous impacts on agriculture, freshwater availability, ecosystems and human health.
Reliable future projections of ISM precipitation under global warming are of great im-
portance for decision-making of adaptation policies to climate change for South Asian
countries. Under high-emission scenarios, previous studies suggest that models consis-
tently project a wetter ISM due to favorable conditions of increased moisture from enhanced
surface warming [3,19]. However, large intermodel spread or model uncertainty lies in the
climate models’ projections of precipitation change. Therefore, the model uncertainty in
ISM precipitation change under low-emission scenarios in CMIP5 and CMIP6 is analyzed
and its underlying mechanisms are investigated in the present study.

The results show that the MME ISM precipitation is still projected to increase under
low-emission scenarios in both CMIP5 and CMIP6, similar to the results under high-
emission scenarios. Moisture budget analyses show that the thermodynamical component
due to moisture increases dominate the increase in ISM precipitation. However, the
intermodel spread of the projected ISM precipitation change is tremendous. The SNR
of precipitation change is still around 1 in most ISM regions. This casts doubts on a
wetter ISM in a warmer climate under low-emission scenarios. Moreover, most of the
model uncertainty in ISM precipitation change can be traced back to the intermodel
differences in the dynamical component due to the atmospheric circulation change but
not the thermodynamical component, different from the MME case. The present study
further shows that the interhemispheric surface warming contrast is important in causing
the intermodel differences in ISM circulation change and hence precipitation change. This
is because models displaying large NH minus SH warming contrast tend to produce strong
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cross-equatorial southerly wind change that would intensify the meridional wind and,
thus, promote ISM precipitation and vice versa. The importance of the interhemispheric
temperature gradient change in regulating the spread in ISM circulation change across
models is consistent with previous studies [51-56].

An important result is that the wetter ISM is clearly enhanced in CMIP6 compared
to CMIP5, mainly due to the transition of the dynamical component from drying effect in
CMIP5 to wetting effect in CMIP6. In addition, model uncertainty is significantly reduced
from CMIP5 to CMIP6. As a result, the SNR of ISM precipitation strikingly increases in
CMIP6. However, the SNR of precipitation change is still low over most ISM regions,
suggesting highly uncertain ISM change under low-emission scenarios. This may due to
the fact that natural variability would large disturb the climate change signal under weak
anthropogenic RF. Therefore, despite that the model consistency is increased in CMIP6
compared to CMIP5, it is still unclear how the ISM will change when RF is relatively weak,
such as under low warming scenarios or 1.5 °C and 2 °C low warming target. For decision
makers, a highly uncertain ISM change implies that a drier ISM is also possible in the
future, which would make it hard to make decisions in adaptation policies for South Asian
countries. It also requires inspection and investment in infrastructures, water supplies,
agriculture and human health to prepare for both a wetter and drier ISM conditions.

The present study also highlights that ISM precipitation change displays large dif-
ferences between CMIP5 and CMIP6 models, which is also confirmed by results under
high-emission scenarios [50]. The reasons causing the distinct ISM response between
CMIP5 and CMIP6 models, especially the interhemispheric warming contrast, is worthy
of further in-depth study. Indeed, the increased complexity model physics in CMIP6
compared to CMIP5 may not directly lead to increased model consistency and hence re-
duced uncertainty, because the improvement in one aspect of model may be incompatible
with existing model physics and hence new errors in other aspects and hence increased
uncertainty. Moreover, as the ISM circulation change involves complicated processes or
factors, like the monsoon physics, cloud feedback, convection schemes and topography,
the ISM circulation change may also display substantial spread across models even under
the same surface warming pattern. This calls for systematical and in-depth investigations
the underlying reasons of the distinct ISM response between two CMIPs in the future.
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