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How is the cause the regional changes in precipitation??
• Precipitation increase along the monsoon trough (like CMIP5 models)
• The future changes in tropical disturbances (Tropical Storms + weaker 

tropical disturbances) can explain the regional changes in precipitation.
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Figure Legend:
How would SST changes determine the regional 
changes??
• Decompose the GW response (d) to SST warming into 

uniform +4K (e) and spatial pattern (f). (d)=(e)+(f)
• Uniform +4K mostly explains the GW response, mainly 

monsoon trough.
• The response over South Asia is due to the spatial 

pattern (CMIP3).
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Monsoon Trough 
of the Asian monsoon

Fig. Future changes in the tropical cyclone 
activity (See detailed Takahashi et al. 2020)

oAlong the monsoon trough, tropical cyclones 
are developed in northern summer. Also, this 
tropical cyclone activity bring abundant 
precipitation there, which can control the 
precipitation 
variability over
the Asian 
monsoon 
region. 



oTo understand the tropical cyclone activity 
over the western North Pacific, the monsoon 
trough of the Asian monsoon can be a key 
factor. For the tropical cyclone activity, the 
condition of the monsoon trough can be 
understood as the environmental factor. 

oHowever, the monsoon trough can also be 
understandable as the result of the tropical 
cyclone activity over the western North Pacific, 
which was explained by some previous studies 
(e.g., Takahashi et al. 2015).



oAlso, the precipitation from the tropical 
cyclone activity can control the precipitation 
over the Asian monsoon regions. 

oThus, there may be an interaction among the 
Asian monsoon precipitation, the monsoon 
trough, and the tropical cyclone activity. This 
study discusses the interaction between them 
and their future changes under a warming 
climate.



Interannual variability associated 
with Precip. South Asia 

Fig. Atmospheric 
ciruclation related to the 
interannual variability of 
precipitation of South 
Asia in JJA (Kamizawa & 
Takahashi 2018)

oInterannual Precipitation variability over 
South Asia is not related to the that over the 
western North Pacific.



Interannual variability associated 
with Precip. over WNP

Fig. Atmospheric 
ciruclation related to the 
interannual variability of 
precipitation of the WNP 
in JJA (Kamizawa & 
Takahashi 2018)

oInterannual Precipitation variability over the 
western North Pacific (WNP) like to be related 
to the monsoon trough.



Fig. Regression 
map of 
precipitation 
showing similar 
interannual 
variation 
(Takahashi et 
al.  2015)

oInterannual Precipitation variability over the 
Asian monsoon precipitation is in phase along 
the monsoon trough.

Coherence of the interannual 
variability in precipitation



Fig. Regression 
map of 850-
hPa winds 
showing similar 
interannual 
variation 
(Takahashi et 
al.  2015)

oInterannual precipitation variability is related 
to the cyclonic circulation anomalies along the 
monsoon trough, but the intensification of the 
monsoon westerlies are unclear.

Related atmospheric circulations



Regional characteristics of the 
interannual variability over the 

Asian monsoon precipitation
oInterannual Precipitation variability over the 

Asian monsoon has regional characteristics. 
One of the major regions is a tilting zonal band 
along the monsoon trough.

oThus, to understand the precipitation 
variability, we should focus on the 
precipitation along the monsoon trough. The 
precipitation variability along the monsoon 
trough is associated with the tropical cyclone 
activity, including the many weaker tropical 
cyclones. 



Future changes in precipitation by a 
global non-hydrostatic model

Fig. Future 
changes in JJA 
precipitation 
(Takahashi et al. 
2020)

oBy using a global non-hydrostatic model 
(better representation of TCs), the Asian 
monsoon precipitation increased under the 
warming 
climate along 
the monsoon 
trough.

45–47), although the somewhat weakening of monsoon
westerly corresponded to the observation.
Although the bias can be observed, the seasonal evo-

lutions of the monsoon westerly and convective activity
were simulated in NICAM. Specifically, timings of mon-
soon onset and peak almost corresponded to the obser-
vation. Sperber et al. (2013) showed that too-latemonsoon
onset over South Asia in CMIP3 and CMIP5 models,
although we cannot simply compare an atmosphere–
ocean coupled climate model and an atmospheric model.
Thus, these evaluations suggest that the Asian monsoon
system can be simulated in the model, although the
monsoon system is generally tricky to simulated in cli-
mate models. In addition, a wet bias was found over the
equatorial Indian Ocean during the summer monsoon
season. This bias is still one problem on the Asian mon-
soon simulation, although this bias was improved from
the previous version of NICAM (e.g., Oouchi et al. 2009).
Thus, our climate simulation can contribute to under-
stand the Asian monsoon in terms of a high-resolution

experiment, although we have many subjects to improve
the reproducibility more.

b. Rainfall response to global warming

This section examines the response of Asian monsoon
to global warming as simulated by NICAM. Figures 5a
and 5b show the climatology of the Asian monsoon
under global warming conditions and differences in
rainfall and low-level circulation over the Asian mon-
soon region between the CTL and GW experiments.
Area-averaged precipitation over the Asian monsoon

region (408E–1808, 208S–508N) increased by 0.268mmday21

(5.85% relative to the present-day climatology). This in-
crease in precipitation over the Asian monsoon is con-
sistent with the results of previous studies (e.g., Ogata
et al. 2014).
An increase in simulated rainfall was identified along

the latitudinal band from 108 to 258N across the Arabian
Sea, Indian subcontinent, Bay of Bengal, Indochina
Peninsula, South China Sea, and western North Pacific.

FIG. 5. (a) As in Fig. 2a, but under global warming climate conditions. NICAMGWexperiment results for the 28-yr
period from 2075 to 2102 were used for climatology calculations. (b) Differences in precipitation (mmday21) and low-
level winds (m s21) between present and global warming climate conditions (GW2 CTL) were used to examine Asian
monsoon responses to global warming. (c) As in Fig. 2a, but for simulated climatological vertical winds at the 500-hPa
surface over the Asian monsoon region during JJA under present-day climate conditions. Because NICAM is a non-
hydrostatic atmosphericGCM,moist convection is explicitly calculated in themodel. Note that positive vertical velocity
indicates upward motion. (d) Differences in vertical winds (m s21) at the 500-hPa surface between the present-day and
global warming climate conditions (GW 2 CTL). Values were multiplied by 103 before plotting.
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Future changes in TC activity 
including the weaker TCs

Fig. Future changes in the tropical cyclone activity (Takahashi et 
al. 2020)

oPerturbation kinematic energy (PKE) increased 
under the warming climate along the monsoon 
trough.



Future changes in precipitation by 
CMIP5 climate models

Fig. Future changes in JJA precipitation (Kamizawa & Takahashi 
2018)



The precipitation variation over 
the Asian monsoon region

o In the context of climate change, the monsoon 
trough is one of the keys to understand the 
precipitation variability over the Asian 
monsoon not only the western North Pacific.

oFor understanding the precipitation variability 
along the monsoon trough, the many weaker 
tropical cyclones may also quantitatively 
contribute to the precipitation variability 
(Kamizawa & Takahashi 2018; Takahashi et 
al. 2020). 
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