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ARTICLE INFO ABSTRACT

Editor: Dr. Howard Falcon-Lang The understanding of the relationship between the variation of precipitation stable oxygen isotope ratio (6180p)
and monsoon activity in the Asian monsoon region is crucial for an in-depth comprehension of the regional
hydrological cycle processes and for reconstructing the history of Asian paleomonsoon changes. Based on the
1979-2017 summer 6180p output by two isotope-enabled atmospheric general circulation models nudged to
climate reanalysis data, this study explores the associations of the Indian summer monsoon (IM) and western
Tnterannual variability North Pacific summer monsoon (WNPM) intensities with the interannual variations of the rfsgional 8'80, and
Walker-type circulation their possible physical mechanisms. Statistical analyses demonstrate that the East Asian 5 °Op is negatively
AGCM correlated with the IM intensity while the Indian 5180p is positively correlated with the WNPM intensity.
Moreover, the underlying mechanisms linking the monsoon and 8180p vary in different regions. In strong IM
years, with the intensified convection and increased precipitation near the Indian peninsula, the water vapor
isotope ratio (6'%0,) transported to East Asia has lower values, resulting in the depletion of 6180p there. The
opposite is true for weak IM years. In years of strong WNPM, the intensified convection over the tropical western
Pacific and the suppressed convection over the western Indian Ocean may be linked to a Walker-type circulation
anomaly, accompanied by the enlarging of the vertical wind shear between the western Pacific and the western
Indian Ocean. Accordingly, the decreasing of convection and precipitation over the Arabian Sea results in higher
5180, values in the upstream area of India, which ultimately increases 61801, values in the Indian peninsula
through the monsoonal moisture transport; and vice versa.
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1. Introduction et al., 2017), water vapor transport of oceanic and terrestrial sources

(Coleetal., 1999; Lietal., 2016), and upstream rainout effects (Hoffmann

As a natural tracer, the stable oxygen isotope ratio in precipitation
(6180p) is widely used for analyzing modern hydrological cycle processes
(Gat, 1996; Salamalikis et al., 2016) and reconstructing paleoclimate
history (Yang et al., 2016; Ruan et al., 2019). Various observations are
used to understand the spatiotemporal characteristics of Slsop, such asin
situ observations (Hughes and Crawford, 2013; Bedaso et al., 2020) and
observation networks (Johnson and Ingram, 2004; Gastmans et al.,
2017). In recent years, atmospheric general circulation models equipped
with stable water isotopes have been extensively used to explore the
spatiotemporal variation of 6180p and its influencing factors, including
local and/or regional meteorological elements (Risi et al., 2010; Yang

and Heimann, 1997; Vuille et al., 2005).

The climate is complex and diverse in Asia, with both monsoon and
arid regions where the Slsop variations patterns are distinct and
controlled by various factors (Liu et al., 2022). In the Asian inland arid
region, the seasonal and interannual variations of SISOP values are
usually positively correlated with local air temperature (Wang et al.,
2016; Jia et al.,, 2019), indicating an apparent temperature effect
(Dansgaard, 1964). Nonetheless, in the Asian monsoon region (AMR),
the 6180p values are mainly low in summer and high in winter (Pos-
mentier et al., 2004; Tian et al., 2021), and primarily dominated by
processes related to precipitation formation or water vapor transport
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(Cai and Tian, 2016a), yet the specific physical mechanisms are
complicated. This paper focuses on the June-July-August (JJA) 6180p
variability in the AMR, where precipitation appears mainly in summer
and the summer 6180p is the main contributor of the annual mean signal.

To explain the controlling factors of AMR 6180p, previous studies
focused on the amount effect—the inverse correlation between §'%0,
and rainfall (Dansgaard, 1964; Araguds-Araguas et al., 1998; Liu et al.,
2008). However, recent studies have suggested that the effects of up-
stream large-scale atmospheric processes are more profound, especially
the upstream convection and rainout that deplete downstream 6180p
(Midhun and Ramesh, 2016; Yang et al., 2016; Zhou et al., 2019). The
strong interannual variation of AMR 6180P and its connection with the
atmospheric circulation patterns regulated by the El Nino-Southern
Oscillation (ENSO) phenomenon have attracted much attention. As a
coupled oscillation in the tropical Pacific Ocean and atmosphere, ENSO
significantly affects the Asian monsoons by modulating the Walker cir-
culation (Webster and Yang, 1992; Lau and Nath, 2003). It has been
proposed that ENSO could influence AMR 6180p by adjusting the relative
contributions of water vapor from different source regions (Tan, 2014;
Zhou and Li, 2018), the convective activities in moisture source regions
(Ruan et al., 2019) or the distillation processes during the transport
(Ishizaki et al., 2012). Some studies have explored the link between the
Asian monsoon circulation and 6180p. For example, from the perspective
of intra-seasonal and seasonal changes, there are significant 6180p var-
iations when the summer monsoon is established (Yang et al., 2012; Yu
et al., 2016). However, the interpretation of the interannual 618OP
variation in the AMR remains controversial. Some studies indicated that
the SlsOp signals respond to the monsoon activity that changes the
contribution of water vapor sources (Tang et al., 2017; Kathayat et al.,
2021). Several investigators showed that the change of upstream pre-
cipitation (Yang et al., 2016; Wang et al., 2020) could be transmitted to
downstream 6180p variations. Also, Tan (2014) suggested that the 6180p
variations might reflect the relative contributions of different monsoon
subsystems modulated by ENSO. During El Nino (La Nina) events, the
enhanced southeast (southwest) monsoon promotes (restrains) the long-
distance transportation of water vapor and leads to more negative
(positive) 6180p values (Tan, 2014).

The Asian summer monsoon consists of three relatively independent
and interactive subsystems: the tropical Indian summer monsoon (IM),
the tropical western North Pacific summer monsoon (WNPM) and the
subtropical East Asian summer monsoon (EAM) (Murakami and Mat-
sumoto, 1994; Wang and LinHo, 2002). Among them, the IM and the
WNPM correspond to the continental monsoon system and the oceanic
monsoon system, respectively (Wang and LinHo, 2002). The changes in
the intensity of these two monsoon systems have diverse impacts on the
regional climate (Wang et al., 2001). During strong IM, precipitation
increases from India to the Bay of Bengal; while during strong WNPM,
precipitation increases in the South China Sea and the Western Pacific.
The EAM is regulated by these two tropical monsoon sub-systems to a
certain degree, and the WNPM has a more profound impact on the EAM
than the IM. Therefore, the WNPM index with a reversed sign can be
used to represent the EAM intensity (Wang et al., 2008). Although the
AMR 6180P has been shown to have relations with the monsoon circu-
lation and its associated moisture transport, comparative researches
involving the effects of these monsoon subsystems on 6180p in various
regions are still rare. In this study, we utilize the simulation results from
two isotope-enabled atmospheric general circulation models (AGCMs)
to explore the regional differences in the associations of the IM and
WNPM intensities with the interannual variations of §'80, and their
physical mechanisms.

2. Materials and methods
2.1. Study area

This study mainly focuses on the Asian monsoon area where the
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climate is controlled by tropical and subtropical monsoons. Two specific
regions are selected as representatives of tropical IM (75°-80°E and
13°-20°N) and subtropical EAM (105°-115°E and 25°-35°N) (see below
for details), with strong seasonality of precipitation (i.e., wet summers
and dry winters). These areas receive abundant moisture during the
summer monsoon season from the Indian Ocean, the Bay of Bengal, the
South China Sea and the western North Pacific (Wang and LinHo, 2002).
In addition, the 6180p values are very distinct seasonally and spatially in
different parts of Asia (Liu et al., 2022). For example, summer 6180p
values in South Asia are generally higher than those in East Asia.

2.2. Simulated 6'80, and 5'%0,

In this study, the monthly 6180p and 5'80, values for the period
1979-2017 were taken from the outputs of two AGCMs, ECHAM6-wiso
and isoGSM2, in order to take into account possible model dependence
of the simulation results and to confirm the robustness of our analysis
results. ECHAMS is the sixth-generation atmospheric circulation model
developed by the Max Planck Institute for Meteorology (Stevens et al.,
2013) and its isotope-enabled version is called ECHAM6-wiso (Cauquoin
et al., 2019). The temperature, vorticity, divergence and logarithm of
surface pressure fields have been nudged to the 6-hourly ERA5 meteo-
rological data, provided by the ECWMF (Hersbach et al., 2020). The sea
surface temperature (SST) and sea ice area fraction fields from ERA5
have been used as sea surface boundary conditions for the model. Since
the model spatial resolution has a significant impact on the regional-
scale simulation (Werner et al., 2011), a relatively high resolution
(T127L95, ~0.9° x 0.9° horizontal resolution and 95 vertical levels)
with better simulation performance was selected. A detailed description
of the ECHAM6-wiso model and the simulation experiments that we
used in this study can be found in Cauquoin and Werner (2021).

The isoGSM2 is the second-generation Global Spectral Model incor-
porating isotopic processes developed by the Scripps Experimental
Climate Prediction Center (Yoshimura et al., 2008). SST and sea ice area
fractions from the National Center for Environmental Prediction (NCEP)
reanalysis 2 (Kanamitsu et al., 2002) have been used as boundary con-
ditions. The model has been nudged to the 6-hourly NCEP2 meteoro-
logical data (Chiang et al., 2020), including temperature, zonal and
meridional winds. It has a horizontal resolution of T62 (~200 km) and 28
vertical layers. Further information on the isoGSM2 model and the
simulation experiments can be found in Yoshimura et al. (2008) and
Chiang et al. (2020). The simulated isotope values constrained by the
observed atmospheric fields are in good agreement with the isotopic
observations (Yoshimura et al., 2008; Risi et al., 2010; Yang et al., 2016),
and bring an important added value for understanding the spatiotem-
poral variation characteristics of 6180p (Yoshimura et al., 2008).

2.3. Climate data

In the following, we used meridional and zonal wind fields, air
temperature and relative humidity from NCEP/DOE reanalysis data
(Kanamitsu et al., 2002), as well as calculated vertically integrated
moisture flux (1000 hPa-300 hPa, same below). Global precipitation
data were obtained from the CPC Merged Analysis of Precipitation
(CMAP) (Xie and Arkin, 1997). Besides, we also used outgoing longwave
radiation (OLR) data provided by NOAA satellites (Liebmann and Smith,
1996). The OLR reflects the strength of convective activity (Wang and
Xu, 1997) by measuring the cloud-top temperature. The lower (higher)
the cloud-top temperature, the stronger (weaker) the convective activ-
ity. The above data are monthly values during 1979-2017 with a hori-
zontal resolution of 2.5° x 2.5°.

2.4. Data processing and statistical methods

The monsoon intensity is generally reflected by the monsoon index.
We calculated the Indian Monsoon Index (IMI) and the western North
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Pacific Monsoon Index (WNPMI) for each year in the period 1979-2017
using the NCEP/DOE reanalysis data, as in Wang et al. (2001). The IMI is
defined as the difference of 850 hPa zonal winds between 5°-15°N,
40°-80°E and 20°-30°N, 70°-90°E in summer. The WNPMI is defined as
the difference of 850 hPa zonal winds between 5°-15°N, 100°-130°E
and 20°-30°N, 110°-140°E in summer. The larger the monsoon index,
the stronger the monsoon intensity. The definitions of these indexes
have been widely used to investigate the time variations of the Asian
regional monsoons and their mechanisms (Wang et al., 2001; Terray
etal., 2003; Yim et al., 2008; Sheng et al., 2022). It should be noted that
the monsoon index series calculated with the NCEP/DOE data are highly
correlated with those calculated using the ERAS reanalysis data or the
corresponding simulated data from ECHAMG6-wiso or isoGSM2 (see
Fig. S1, Tables S1 and S2 of the supplementary material).

In this paper, the monthly values weighted by the monthly precipi-
tation rates were used to calculate the summer 6180p values (e.g.,
Rozanski et al., 1993). The linear relationships between 6180p and
climate variables were evaluated by the Pearson correlation coefficient
and tested for significance by Student’s t-distribution (Wilks, 2019). The
responses of climate variables to monsoon intensities were assessed by
unary linear regression, and the corresponding regression coefficients
were calculated by the least squares method (Wilks, 2019) and tested for
significance by Student’s t-distribution.

3. Results and discussion

3.1. Distribution of Asian summer 5180p and its correlation with regional
monsoon intensity

To understand the variation of summer §'80,, we first analyzed its
spatial distribution in Asia and the Indo-Pacific region (Fig. 1). Both
model results show similar spatial patterns and some common charac-
teristics. (1) The 5180p values are more positive in the tropical Indian
Ocean than in the western Pacific warm pool, due to different oceanic
evaporative source regions (Gimeno et al., 2012; Castillo et al., 2014)
and to strong convection over the western Pacific warm pool that
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Fig. 1. Spatial distribution of summer-averaged 6180p over the Asia and trop-
ical Indo-Pacific region from 1979 to 2017 simulated by (a) ECHAM6-wiso and
(b) isoGSM2.
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amplifies the amount effect (Sutanto et al., 2015). (2) Relatively low
8'80,, values are modeled over the Tibetan Plateau, due to a combina-
tion of the altitude and continental effects (Araguas-Araguas et al.,
2000). (3) The 6180lJ values are more negative in East Asia and less
negative in South Asia. The isotopic content of precipitation in these
areas is affected by moisture sources, moisture transport paths, and at-
mospheric circulation patterns (Tan, 2014; Cai and Tian, 2016b; Midhun
et al., 2018; Rahul and Ghosh, 2019).

We noticed differences in the modeled §!0 values between the two
model simulations, too. For example, the values of ECHAM6-wiso are
higher by ~1.67 and lower by ~0.57 than those of isoGSM2 from the
Arabian Sea to India and in the Tibetan Plateau, respectively. This is
possibly due to the differences in the driving fields and physical pa-
rameterizations of the models, including the spatial resolution. The
overall 6180p distribution characteristics are consistent with those of
June-September 8180p simulated by the SWING2 models in Midhun and
Ramesh (2016).

Then, we examined the responses of 5180, to different Asian monsoon
subsystems (Fig. 2). As shown in Fig. 2a and b, the correlation distribu-
tions between the IMI and 6180p exhibit similar characteristics for the two
AGCMs, with significant negative correlations from the Bay of Bengal to
Indochina and extending to East Asia (r = —0.4 to —0.6, p < 0.01). That is,
the stronger the IM, the more depleted the 6180p values are. This is in
agreement with Wang et al. (2020) who also found a negative correlation
between local 6180p and the IM intensity through a fixed-point observa-
tion study in eastern China. Since our study focuses on the §'%0,, varia-
tions in the monsoon region on land, the area with high negative
correlations (105°-115°E; 25°-35°N; red box in Fig. 2a and b) was
selected as the EAM representative area (abbreviated as EA below).

For the WNPMI, the correlation coefficients with 6180p (Fig. 2c and
d) are generally similar regardless the model used. We find positive
correlation coefficients in the Indian Ocean and from the Indian
Peninsula to western Maritime Continent (r = 0.4 to 0.8, p < 0.01), and
negative correlations in the tropical western Pacific (r = —0.4 to —0.6, p
< 0.01). During strong WNPM, 618Op is enriched over the Indian Ocean
and depleted over the Western Pacific warm pool, and vice versa. Pre-
vious observational studies also revealed that the SISOP signals in the
western Pacific stations are negatively correlated with rainfall (Araguas-
Araguas et al., 1998). Because the precipitation rates increase in the
western North Pacific when the WNPM intensifies, this reflects the
relationship between 6180p in the tropical western Pacific and WNPM,
supporting our conclusion. Similar to EA, we chose the area with high
positive correlations on land (75°-80°E; 13°-20°N; blue box in Fig. 2c
and d) as the IM representative area (hereinafter referred to as ID).

To evaluate the interannual relationships between 6180p and
monsoon intensities in different monsoon regions, we compared the
time series of two model-averaged EA (ID) SlsOp and the IMI (WNPMI).
During our period of interest, the two monsoon indices and the regional-
averaged slsop of the representative area show prominent interannual
variations (Fig. 3). The IMI is negatively correlated with EA 6180p r=
—0.55, p < 0.01; Fig. 3a) while the WNPMI is positively correlated with
ID 618Op (r=10.62, p < 0.01; Fig. 3b). The IMI (WNPMI) monsoon index
series have similar correlations with the EA (ID) 6180p series from each
individual model (not shown). The robustness of the monsoon—6180p
relationships has been tested by calculating the correlations between
differently defined monsoon indices and 6180p (not shown). In the
following, we will further investigate the link between the IM (WNPM)
intensity and EA (ID) 6180p changes.

3.2. Effect of the IM intensity on the East Asian 5180p and its mechanism

In this section, we analyzed the high temporal correlation between
the IMI and EA 6180p variations and the underlying physical processes.
The regional precipitation and convection are closely associated with
the IM intensity, as shown in Fig. 4. When the IM strengthens, precipi-
tation (Fig. 4a) and convection (Fig. 4b) are increased from the Indian
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Fig. 2. Spatial distribution of correla-
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Fig. 3. (a) Normalized time series of summer-averaged IMI and two model-averaged EA 61801, from 1979 to 2017, (b) Same as (a), but for WNPMI and ID SISOP. The
1 is the correlation coefficient between the two series, and the “*” means exceeding the 99% confidence level.

peninsula to the Bay of Bengal. The areas with high correlation in Fig. 4a
and b are consistent with each other, namely the intensification of
convection in South Asia corresponds to the increase in precipitation
(Prasad and Bansod, 2000). On the other hand, we noticed that the IM
does not affect the precipitation or convection in East Asia, since there is
no significant correlation in the red box in Fig. 4. Therefore, the 6180p
changes of EA do not respond directly to the variations of IM intensity
through the amount effect.

To understand how the IM-induced precipitation and convection
anomalies in upstream South Asia (Fig. 4) affect the 6180P variations in
downstream East Asia (Fig. 2a and b), we conducted a correlation
analysis of the IMI with modeled 5'%0, and a regression analysis with
the vertically integrated moisture flux (Q flux) (Fig. 5). We found that
the IMI is negatively correlated with EA and its upstream 880, (Fig. 5a
and b) in both models. The source of moisture for the EA comes mainly
from South Asia. It is the upstream 5'%0, depletion that leads to 5!%0,
depletion in the EA through monsoon advection during periods of
enhanced IM. However, our regression analysis indicates that the
moisture transport from South Asia to East Asia is reduced in response to
the enhanced IM (Fig. 5¢). Therefore, the 6180p depletion of EA mainly
depends on changes in §!%0, caused by upstream convection and pre-
cipitation rather than moisture transport. Previous studies have also
indicated that this upstream effect can alter SISOP in East Asia (Lee et al.,
2012; Wang et al., 2020). Furthermore, an isotopic study of the simu-
lated Heinrich event influencing the Asian paleoclimate also supports
this explanation (Pausata et al., 2011).

3.3. Association of WNPM intensity with south Asian 6180p and its
mechanism

In Section 3.1 we have shown that the WNPMI is strongly correlated
with the ID 61801,. We analyze here the mechanisms underlying this
correlation. The correlation between the WNPMI and rainfall is positive
in the western Pacific warm pool and negative from the Arabian Sea to
the Maritime Continent (Fig. 6a), which is opposite to the correlation
between WNPMI and convection (Fig. 6b). Although the WNPMI may
have a weak correlation with ID precipitation (blue box in Fig. 6a), the
South Asian 6180p is only partly modulated by local precipitation (Ish-
izaki et al., 2012; Midhun and Ramesh, 2016). Therefore, the link be-
tween the WNPMI and ID 6180p (as shown in Figs. 2¢-d and 3b) should
depend on other physical processes.

We analyzed the physical processes behind the ID 6180P change
associated with the WNPM in Fig. 7. The correlation fields between the
WNPMI and 8'%0, (Fig. 7a and b) indicate that changes in WNPM and
variations in §!%0, are closely related on a wide spatial range, with
negative and positive correlations over the western Pacific warm pool
and the Indian Ocean, respectively. The latter covers the main moisture
source areas of the IM precipitation (Pathak et al., 2017). There is no
increase in northward moisture transport over the western Indian Ocean
as the WNPM strengthens (Fig. 7c), which means that the changes in ID
8'80,, cannot be attributed to those in the moisture transport. The sig-
nificant positive correlations of WNPMI with rainfall and convection in
the Arabian Sea upstream of the ID (Fig. 6a and b) suggest that the
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Fig. 4. Distributions of correlation coefficients between IMI and (a) summer
rainfall as well as (b) summer OLR during 1979-2017. The black dots represent
values exceeding the 95% confidence level.

rainout processes in the Arabian Sea related to changes in WNPM are the
direct cause of the variations in ID 6180p.

Next, we discuss how the precipitation and convection in the Arabian
Sea are associated with the WNPM. The western Pacific warm pool is one
of the regions with the highest sea surface temperature and most active
convection in the world, and plays a major role in driving tropical cir-
culation anomalies (Webster, 1994). Previous studies have shown that
the WNPM is closely connected with convective activity over the west-
ern Pacific warm pool (Wang et al., 2022). A strong (weak) WNPM is
usually accompanied by an anomalous cyclonic (anticyclonic) circula-
tion over the western North Pacific (Wu et al., 2009), corresponding to
an intensification (a suppression) of the convection in the western Pa-
cific warm pool (Wang et al., 2013). To examine the link between
convection and the WNPM in the Indo-Pacific, we performed a linear
regression analysis of OLR versus the WNPMI (Fig. 8a), representing the
OLR mean change in response to the WNPM intensity. For example, a
regression coefficient of +2.0 corresponds to an increase of 2 W/m? in
OLR for one unit increase of the WNPMI value. The results show that the
convective activities in the Pacific warm pool and the Arabian Sea—-
tropical Indian Ocean are distinct and present opposite changes relative
to WNPM variations. The convective activities are enhanced (reduced)
in the Pacific warm pool and reduced (enhanced) in the Arabian Sea—
tropical Indian Ocean region under strong (weak) WNPM conditions.
Using the differences in OLR (denoted as AOLR) between the western
Pacific warm pool (orange box in Fig. 8a, 62°~72°E; 10°~15°N) and the
Arabian Sea (green box, 130°-145°E; 10°~15°N) to reflect the intensity
of see-saw changes in east-west convective activity, we can see that the
interannual variations of the WNPMI and AOLR are highly correlated
(Fig. 8b). This may be the role of the zonal Walker-type circulation in the
equatorial Indian Ocean (Hastenrath, 2000; Pohl and Camberlin, 2011)
or the tropical Pacific-Indian Ocean (Li and Zhou, 2014).

According to previous studies, the zonal circulations in the upper
(150 hPa) and lower (850 hPa) atmosphere pressure levels over the
tropical Indian Ocean have reverse signals (Pohl and Camberlin, 2011).
In the climatological wind fields (Fig. 8c), the westerly and easterly
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Fig. 5. Spatial distribution of correlation coefficients between IMI and §'80,
simulated by (a) ECHAM6-wiso and (b) isoGSM2 throughout the Asian and
Indo-Pacific region during the period 1979-2017 (shaded, only correlation
coefficients above the 95% confidence level are shown) and vertically inte-
grated climatological summer moisture flux (vector, 10? kg m! 5'1); (c) The
summer vertically integrated moisture flux (102 kg m™ s) regressed against
IMI during 1979-2017, the shading represents values exceeding the 95% con-
fidence level.

winds prevail at the upper and lower levels in the tropical Indian Ocean
(purple box, 70°~130°E; 10°-15°N), respectively. Hence, referring to
Pohl and Camberlin (2011), we constructed a zonal wind (the “U”
component, i.e., the east-west component of the wind vector) shear
index (abbreviated as USI) based on the difference between the
normalized zonal winds of the upper and lower levels averaged in this
region. The higher the USI, the greater the zonal wind shear over the
tropical Indian Ocean. The time series in Fig. 8d indicate that the WNPM
intensity is highly negatively correlated with the zonal circulation
changes over the Indian Ocean. Overall, in years of strong WNPM, the
upward motion of the Pacific warm pool and the simultaneous subsi-
dence over the Arabian Sea are relatively strong, resulting in a stronger
easterly (westerly) wind anomaly at the upper (lower) level of the
tropical Indian Ocean and, correspondingly, a strengthening of the
Walker-type zonal circulation; and vice versa. Thus, the Walker-type
circulation changes synchronously with the WNPM intensity and links
the convective activities over the Pacific warm pool and the Arabian Sea.
It influences the precipitation rates and §'%0, values upstream of the
Indian peninsula, which ultimately leads to a change of 6180p in ID.
This tentative explanation needs further verification, and the
mechanisms linking convection over the Pacific warm pool to the §'%0,
over the Arabian Sea also merit further investigation in the future. For
example, it is possible that convection anomalies over the Arabian Sea
and the Pacific warm pool are jointly influenced by a large-scale



Y. Liet

40N

20N

40N

al.

90E 120E 150E
Corr OLR v

180

s. WNPMI

I l ] [T

90E 120E 150E

-0.8 -06 -04 -02 02 04 06 038

Fig. 6. Same as Fig. 4, but for WNPMIL.

(@) Corr 8"%0, (ECHAMG6-wiso) vs. WNPMI

TG T e T
N

L
> > v a2 e a T
LSRN L o v v T v |

20N -
0 .
208 7 . ; —
30E 60E 90E 120E 150E 180
(®) Corr 80, (isoGSM2) vs. WNPMI
40N ey : '
20N A
0 -
208 . : . .
30E 60E 90E 120E 150E 180
©) Reg Q flux on WNPMI
40N v ‘ -

90E 120E 150E 180

Fig. 7. Same as Fig. 5, but for WNPMIL

180

Global and Planetary Change 227 (2023) 104187

circulation, although there is evidence to suggest that the anomaly of the
tropical mid-eastern Pacific Ocean SST precedes the tropical Indian SST
anomaly by 3 months through the Asian monsoon circulation and the
Walker circulation (Feng et al., 2012). Anyway, the relationship be-
tween the interannual variations in convective activities over the trop-
ical western Pacific and western Indian Oceans remains to be clarified.

4. Conclusions

Based on statistical analyses of modeled 1979-2017 summer 61801,
values from nudged ECHAM®6-wiso and isoGSM2 simulations as well as
NCEP/DOE reanalysis data, we investigated the modulations of the IM
and WNPM intensities on the interannual variations of the Asian sum-
mer 6180p and the underlying mechanisms. We found that the EA 6180p
was negatively correlated with the IMI while the ID SISOP was positively
correlated with the WNPML Further analyses indicate that EA §'%0,
responds to the IM mainly through the upstream depletion effect. We
also suggest that the concomitant variations in ID 6180p and WNPM,
attributed to the anomalous convective activities over the Arabian Sea
and the Pacific warm pool, may be linked to a Walker-type circulation
anomaly over the tropical western Pacific-Indian Ocean.

We summarized our findings in the schematic diagram in Fig. 9.
When the IM strengthens, convection and precipitation processes near
the Indian Peninsula increase, leading to a depletion of the upstream
5180,. The latter is transported to East Asia by the monsoon airflow and
results in depleted 6180p values (Fig. 9a), and vice versa (Fig. 9b). There
is a close association between the WNPM and the convection intensity
over the western Pacific warm pool. When the WNPM strengthens (an
anomalous cyclone occurs in the western North Pacific), the anomalous
airflows converge and rise over the Pacific warm pool, but sink and
diverge over the western Indian Ocean, promoting tropospheric wind
shear across the two regions. That is, a Walker-type circulation anomaly
is formed. Correspondingly, convection and precipitation processes in
the Arabian Sea are diminished, resulting in less isotopically depleted
water vapor transported westward, and ultimately a higher ID 5180p
(Fig. 9¢), and vice versa (Fig. 9d).

This study only qualitatively analyzes the effects of convection and
moisture transport related to regional monsoon activity on 6180p vari-
ations. Yet, our results strongly suggest that the interannual variation of
8180p in different AMRs is associated with the variation in intensity of
different monsoon subsystems. However, due to the limited time range
of the research data, it remains unclear whether the same mechanisms
exist on decadal or longer timescales. In addition, there are many factors
influencing the variations of AMR 6180p, although this study only fo-
cuses on the modulating role of the monsoons. Therefore, it is necessary
to further explore the in-depth physical mechanisms and longer time
scale relationships between 6180p and the monsoon, which are of crucial
importance in reconstructing and understanding the history of changes
in the Asian paleomonsoon.
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