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The mechanisms responsible for the East Asian Summer Monsoon (EASM) changes in
a global warming scenario are investigated. Previous studies have shown that the EASM
response to a warmer climate is primarily caused by the changes in western North Pacific
Subtropical High (WNPSH), and the variations of WNPSH is attributed to the mean state
of boundary conditions. However, none of these studies analyzed the impact of the remote
air-sea interactions over tropical areas on the WNPSH. The main objective of this study is
to investigate this remote air-sea interaction mechanism.

The EASM simulation under present climate using Super-Parameterized CCSM4 (SP-
CCSM4) is firstly evaluated. SP-CCSM4 is a coupled climate model which implements a
new representation of cloud-scale processes. It reveals that SP-CCSM4 captures the main
features of observed EASM climatology, as well as the mechanisms associated with the
northward propagation of the intraseasonal oscillation. Additionally, SP-CCSM4 has a
higher model skill in simulating the mean state and annual cycle of the EASM than the
conventionally-parameterized CCSM4.

The response of the EASM under the global warming scenario is analyzed using SP-

CCSM4. In the future warmer climate the mean state of the EASM is intensified, with



enhanced precipitation and stronger monsoon circulation. The Mei-yu season has longer
duration, and the precipitation over northern EASM domain is intensified and persists
longer. The interannual variability of the EASM is amplified, with enhanced precipitation

over northern East Asia.

Due to the influence of the WNPSH on the EASM, the mechanisms responsible for
the changes of WNPSH in the warmer climate are essential to understand the mechanisms
explaining the EASM variations. Based on the analysis of the EASM simulation under
various warming scenarios, a remote air-sea interaction mechanism is proposed. It reveals
that the changes in the WNPSH in the warmer climate are due to two factors: the warming
of the boundary conditions, and the convective activities over tropical South China Sea
(SCS) and West Pacific Ocean (WP). The warming of the boundary conditions is more
important than the atmospheric warming, and it favors the WNPSH extend westward in
the warmer climate. At meantime, the weak (strong) convection over tropical SCS and WP
favors (inhibits) the westward extension of the WNPSH.

In order to test this mechanism, two numerical experiments are designed. The control-
type experiment tests how the ocean mean state influences the atmosphere, and the sensitivity-
type experiment aims to prove that the weak convection over SCS and adjacent WP leads
to the westward extension of the WNPSH. This mechanism is confirmed by analyzing the
mean state and the interannual variability of the EASM in these model experiments. The
weaker convective activity over tropical SCS and adjacent WP induces an anti-cyclonic cir-
culation to its northwest, plus a Rossby wave train from tropical to mid-latitude Pacific
Ocean. The westerly anomaly on the northern side of the anti-cyclonic circulation intensi-
fies the prevailing westerly /southwesterly flow, amplifying the western edge of the WNPSH
and strengthening the monsoon circulation, thus favoring the westward extension of the
WNPSH. However, the impact of the convection over tropical area on the WNPSH persists
from May to June. During July and August, the changes in the WNPSH are affected by

the systems in mid-latitudes.



Chapter 1: Introduction

1.1 East Asian Summer Monsoon (EASM) in Observations

1.1.1 Mean State

The East Asian Monsoon is an important component of the global monsoon system (Ding,
1992; He et al., 2007; Tao and Chen, 1987; Wang et al., 2008). The well-known monsoon
regions are Asia, Australia, Africa, and America. The boreal summer monsoon over East
Asia, which is referred to as the East Asian Summer Monsoon (EASM), is a unique com-
ponent of the Asian climate system due to its complicated land-sea distribution (Tao and
Chen, 1987; Wang et al., 2005, 2008). The landmass has a “C” shape distribution, with the
Eurasian Continent located to its west, the Maritime Continent and Australia to its south,
and Pacific Ocean to its east. The EASM is also influenced by the Tibetan Plateau, the
world’s highest and largest plateau (Tao and Ding, 1981).

Figure 1.1 (Wang et al., 2005, Fig.1) shows the difference of the mean state of the precip-
itation and 925-hPa wind over the Asia-Australian monsoon regions between July-August
and January-February. In boreal summer, the southeasterlies to the north of Australia
flow across the equator, and change to southwesterlies in the Northern Hemisphere (cross-
equatorial flow). The large amount of precipitation over the South China Sea (SCS) and
the nearby West Pacific (WP) Ocean is referred to as the western North Pacific (WNP)
monsoon trough (Wang et al., 2005). To the north of the WNP trough lies the subtropical
monsoon trough, which is characterized by an east-west elongated rain belt extending from
Central China to southern Japan. The subtropical monsoon trough forms when the warm,
moist air from south meets the cold, dry air from mid-latitudes (Ding, 1992).

The strength, shape, and position of the western North Pacific subtropical high (WNPSH)
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influence the precipitation of the EASM system (Lu and Dong, 2001; Mao et al., 2010). The
WNPSH links the tropical and extra-tropical circulations (Sun and Ying, 1999), and the
low-level jet at the northwestern edge of WNPSH transports large amounts of moisture to
the region to its north (Lu, 2001; Lu and Dong, 2001; Lu et al., 2008; Zhang et al., 2009).
Also, the meridional shifts of WNPSH have been observed to be associated with the on-
set and retreat of the EASM (He et al., 2001; Lu and Dong, 2001; Yang and Sun, 2003;
Zhang and Tao, 1999; Zhou et al., 2009). Therefore, the EASM is affected by the systems
from tropics, subtropics, and mid-latitudes, which makes it a hybrid tropical-subtropical
monsoon system.

The domain of the EASM varies from study to study. Sometimes it only covers sub-
tropical East Asia (Wang et al., 2005, Fig.1) whereas other times it includes the SCS (Ding,
1992). In this study, we adopt the domain which covers both subtropical East Asia and
SCS (110°E-140°E, 10°N-45°N) to emphasize the hybrid subtropical-tropical characteristics

of EASM.

1.1.2 Omnset and seasonal march

The earliest onset of the Asian Summer Monsoon occurs at the end of April or early May, and
is characterized by an abrupt increase of precipitation in the central and southern Indochina
Peninsula. By mid-May the precipitation extends to the SCS, triggering the breakout of the
monsoon over the SCS region. After this sudden onset, the easterlies (westerlies) at lower-
level (upper-level) rapidly reverse direction to westerlies (easterlies). Meanwhile, the dry
season switches to wet season, initiating the rainy season over Asian-North Pacific monsoon
region (Ding and Chan, 2005; Ding et al., 2005; He, 2009).

The changes in precipitation associated with the sudden onset of Asian Summer Mon-
soon is illustrated in Figure 1.2. Over East Asia, there are two rain bands before mid-May.
One is located at tropics (15°S-10°N), and the other one at subtropics (20°N-28°N). The
subtropical rain band is called the pre-summer rainy season in South China (Lau et al.,

1988). Around mid-May, the tropical rain belt suddenly jumps northward and merges with
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Figure 1.1: Difference in climatological precipitation rates (color shading in mm/day) and
925 hPa wind vectors (arrows) between the July-August and January-February in the
Asian-Australian monsoon region. The precipitation and wind climatology are derived
from CMAP (Xie and Arkin, 1997) (1979-2000) and NCEP/NCAR reanalysis (1951-2000),
respectively. The three boxes define major summer precipitation areas of the Indian tropical
monsoon (5°N-27.5°N, 65°E-105°E), western North Pacific tropical monsoon (5°N-22.5°N,
105°E-150°E), and the East Asian subtropical monsoon. Figure from (Wang et al., 2005)

the precipitation over South China, bringing large amounts of precipitation there. This
process is accomplished within a short time period of about two weeks (Fig. 1.2). After the
onset, the Asian-Pacific monsoon evolves into two systems: one system propagates north-
westward to India, leading to the onset of the Indian Summer Monsoon (ISM), and the
other propagates northward and northeastward to East Asia, leading to the EASM.

The seasonal advance of the EASM shows a stepwise northward propagation, which is
characterized by two abrupt northward jumps and three standing stages (Ding and Chan,
2005; Ding et al., 2005). It is more clear to see this feature when only showing the pre-

cipitation over the subtropical region between April and September (Fig. 1.3). The first
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Figure 1.2: Latitude-time cross-sections of mean precipitation (1979-2001) along 110°E-
120°E. The CMAP precipitation dataset is used here. Unit: mm/day. Figure from (Ding
and Chan, 2005)

standing stage corresponds to the steep rise of precipitation over South China (18°N-25°N)
starting from the first ten days of May. It generally lasts up to the first ten days of June.
Afterwards, the rain belt jumps northward to Yangtze River valley and persists for around
20-30 days. This rainy episode represents the Mei-yu season and is also referred to as the
second standing stage of the EASM seasonal march. From early or mid-July, the rain belt
advances northward again to North China, reaching the northernmost position of EASM.
This rainy episode lasts for around one month, which represents the third standing stage of
the EASM seasonal march.

The Mei-yu rainy episode in the EASM’s seasonal march is a unique feature among
the monsoon systems (Ding and Chan, 2005; Ding et al., 2005). It is characterized by an
elongated low-pressure trough extending from the Yangtze River valley to Korean Peninsula
and Japan (reviews by Ding 1992; Ding and Chan 2005; Ding et al. 2005 provide a compre-
hensive description of these features). In different regions different terminologies have been
used to denote this seasonal rain belt, for instance, Baiu in Japan and Changma in Korea.
But there are regional difference in starting time and duration. In China, the Mei-yu season
is usually referred to as the rainy episode over the Yangtze River valley from mid-June to
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Figure 1.3: Latitude-time section of 5-day mean rainfall over eastern China (110°E-120°E)
from April to September averaged for 1961-1990. Regions of heavy rainfall (>50 mm) are
shaded. Unit: mm. Figure from (Ding and Chan, 2005)

mid-July (Ding et al., 2005; Tao and Chen, 1987), and this definition is adopted in this

study.

1.1.3 Intraseasonal Variability (ISV) of the EASM

The intraseasonal variability (ISV) of the EASM is closely related to the advance and retreat
of the EASM precipitation (Huang et al., 2003). The ISV of boreal summer is weaker and
more complex than in boreal winter. It exhibits northward and westward propagation in
addition to the underlying eastward Madden-Julian Oscillation (MJO) propagation. The
ISV over SCS and East Asia has several contributions: It triggers the monsoon onset
(Chan et al., 2002; Chen and Chen, 1995; Ju et al., 2005; Qian et al., 2002; Qian and
Lee, 2000), modulates the active and break cycles of the rainy season (Wang and Xu, 1997),
and connects the regional monsoon systems around SCS (Ding and Chan, 2005; Lau and

Weng, 2002; Li and Zhang, 1999).



The ISV of EASM is in general characterized by two modes of variability: the 10-20-day
mode (or the biweekly mode) (Xu and Zhu, 2002) and the 30-60-day mode (Ding and Chan,
2005; He et al., 2007; Xu and Zhu, 2002). The 30-60-day mode prevails over SCS and is char-
acterized by the northward propagation of enhanced and suppressed convection, whereas
the 10-20-day mode shows a westward migration of the cyclonic/anticyclonic systems from
tropical WP to SCS (Mao and Chan, 2005).

The 30-60-day mode associated with EASM is generally referred to as the Intraseasonal
Oscillation (ISO). The mechanisms proposed to explain the formation and propagation are
attributed to the atmospheric internal dynamics (Drbohlav and Wang, 2005; Jiang et al.,
2004; Wang et al., 2009) and to external influences, such as air-sea interactions (Hsu and
Weng, 2001; Kemball-Cook and Wang, 2001; Mao et al., 2010; Tsou et al., 2005; Wang

et al., 2009, 2000; Wang and Zhang, 2002; Zhang et al., 2009).

1.1.3.1 Air-Sea Interaction Mechanisms

Wang et al. (2009) divided the air-sea interaction theories into two categories: the prop-
agating air-sea interaction theory and the stationary air-sea interaction theory. In both
theories, a warm sea surface temperature (SST) anomaly leading the convective activity
favors the propagation of convection.

The propagating air-sea interaction theory was initially developed for explaining the
northward propagation of ISO in the Indian Ocean (I0) (Kemball-Cook and Wang, 2001),
and later extended to the northward propagation of boreal summer ISO over WNP and SCS
(Hsu and Weng, 2001; Wang et al., 2009). According to this theory, the heating associated
with the convection over the equatorial eastern 10 induces convectively coupled Kelvin
and Rossby waves. The Kelvin waves generate abnormal easterly flow to the east of the
convective anomaly, leading to the decrease (increase) of the southwesterly (southeasterly)
wind in the northern (southern) tropics during boreal summer. The changes of the low-
level circulation modify the upward latent heat flux (LHFLX) and thus change the thermal

conditions over the tropics. The LHFLX decreases (increases) in the northern (southern)
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tropics favor the positive (negative) SST anomaly to develop over the northern (southern)
tropics. Similarly, the Rossby waves induced by the ISV-related convection reduce the
surface wind and increase SST over the northern tropics. At the same time, the small cloud
cover to the north of convection allows the downward solar radiation to warm up the surface
and destabilize the low-level atmosphere, thus favoring the northward propagation of ISO.

The stationary air-sea interaction supports the ISO by providing a restoring mechanism
of the summer monsoon trough over SCS when perturbed by a high-pressure ISO anomaly.
Wang and Zhang (2002) defined this restoring mechanism as the collective effects of two
thermodynamic feedbacks: SST-cloud /radiation and SST-wind/evaporation, which change
the high-pressure anomaly into a low-pressure anomaly. Over the monsoon trough area, the
ISO-related high pressure anomaly reduces the surface wind and LHFLX loss, thus increases
the SST and decreases the pressure there. When this high pressure anomaly disappears,
the positive SST anomaly reaches the peak. The warming up of ocean surface induces

convective anomaly, and lowers surface pressure.

1.1.3.2 Internal Dynamics Mechanism

The theories based on the atmospheric internal dynamics include the vertical shear mech-
anism (Drbohlav and Wang, 2005) and the boundary layer moisture-convection feedback
mechanism (Jiang et al., 2004; Wang et al., 2009). The process associated with the vertical
shear mechanism is the generation of a positive (negative) barotropic vorticity to the north
(south) of the convection developing in a region dominated by vertical easterly wind shear.
The barotropic vorticity aloft triggers the moisture convergence in the boundary layer to
the north of the convection due to Ekman pumping, and favors the northward propagation
of convection. In the moisture-convection feedback mechanism, the northward propagation
of the convection is favored by the asymmetric distribution of the specific humidity in the

meridional direction.



1.2 EASM Simulations in Previous Studies

1.2.1 Present Climate

The complex characteristics of EASM pose numerous challenges for numerical models, and
most of the atmosphere-ocean general circulation models (AOGCMs) do not accurately
simulate the spatial and/or intraseasonal variation of the monsoon precipitation (Randall
et al., 2007).

Rajendran et al. (2004) analyzed the summer monsoon over South Asia, East Asia
and WNP in the MRI-CGCM2. This model simulates many of the observed features of
the South Asian summer monsoon and WNP summer monsoon, except for the EASM. The
model underestimates the precipitation over Southeast China and simulates an earlier onset
of EASM along with an earlier occurrence of the rainfall over Southeast China. In addition,
the model fails to simulate the northward propagation of the monsoon rain belt. Kusunoki
and Arakawa (2012) evaluated the June-July mean precipitation of EASM simulated by
the models in the Coupled Model Intercomparison Project 3 (CMIP3) and found that most
models underestimate the precipitation climatology and precipitation intensity over the
East Asian region (110°E -150°E, 20°N -50°N).

Previous modeling studies have identified the horizontal resolution and the representa-
tion of convection as the main causes of these model biases. Sperber et al. (2013) noted
that the multi-model mean of the CMIP5 models has a better simulation of seasonal mean
precipitation, large-scale circulation, and boreal summer [SO than the CMIP3 multi-model
mean. They attributed the improvements to the higher resolution of CMIP5 than CMIP3
models and different convective parameterizations. However, CMIP5 models still underes-
timate precipitation in the rainy season (Kusunoki and Arakawa, 2015), and Sperber et al.
(2013) attribute the error to the weaker than observed cross-equatorial flow in the models.
Zhou and Li (2002) used a resolution-varying atmospheric GCM with a local zoom centered
on China, where the resolution was 1.5° (longitude) x 1° (latitude). The model captures

the main characteristics of EASM such as the large-scale monsoon airflows and the cross



equatorial southwesterly flow, but is unable to simulate most of the characteristics of the
monsoonal precipitation. The observed heavy rain belt along the Yangtze River valley is
missed in the simulation because the model produces a weaker than observed WNPSH and
land-sea thermal contrast.

Chen et al. (2010) analyzed the ability of CAM3.5 to simulate the EASM and the sensi-
tivity of the simulation to changes in the convection scheme. The simulation of the seasonal
mean precipitation of EASM shows some improvements, but the magnitude of rainfall re-
mains smaller than observed over the tropical and subtropical regions. Additionally, the
seasonal march of precipitation does not improve with the changes in the parameterization
of convective processes. For example, the subtropical rain belt is located at a higher lati-
tude, the onset of the Mei-yu season begins three months earlier than in the observations,
and the precipitation is overestimated and lasts longer in the northern part of the EASM
region. The authors found that none of the changes in the parameterization of convection
improves the simulation of the meridional monsoon circulation in the EASM region, which

can be a source of error for the precipitation simulation.

1.2.2 Climate Change and EASM

As pointed out by the Fifth Assessment Report of the Intergovernmental Panel on Cli-
mate Change (IPCC AR5) (Stocker et al., 2013), the global-averaged surface temperature
shows an increasing trend since the 1950s. This globally warming trend is highly related
to the increased concentration of the greenhouse gases (Stocker et al., 2013). Under the
global warming background, the changes of EASM has been observed in recent decades
(e.g., Jiang and Wang, 2013; Li et al., 2010; Zhang et al., 2013; Zhang, 2015; Zuo et al.,
2012). Several studies found that the changes in EASM precipitation shows a “southern-
flooding-and-northern-drought” pattern (i.e. increased precipitation over southern China
and decreased precipitation over northern China) (Hu et al., 2003; Xu, 2001; Yu and Zhou,
2007). Such pattern is considered as a weakening EASM (Wang, 2001; Zuo et al., 2012).

This conclusion is in agreement with the findings by Jiang and Wang (2013), Xue (2001),



and Zhu et al. (2012). However, other studies pointed out that the summer-time mean
EASM does not show notable weakening or strengthening trend, but exhibits interannual-
to-decadal fluctuations during recent decades (Li et al., 2010; Zhang et al., 2013; Zhang,
2015) (a detailed description of the decadal variability is summarized by Zhang, 2015).

The difference in the observed EASM changes during recent decades may be related
to the definition of EASM intensity or the EASM index. For example, Li et al. (2010)
defined the EASM intensity based on the area-averaged June-July-August (JJA) mean
precipitation over tropical monsoon trough and subtropical monsoon trough. Zhang et al.
(2013) used an WNP-EASM index (Wang et al., 2001), which is defined as the “difference of
850hPa westerlies between a southern region (5°-15°N, 100°-130°E) and a northern region
(20°-30°N, 110°-140°E)”. They both found that the EASM shows interannual-to-decadal
variability in the past half century, rather than an obvious decreasing or increasing trend.
In addition, the spatial distribution of the EASM is changed (Li et al., 2010; Zhang et al.,
2013; Zhang, 2015). The leading mode of the EASM precipitation shifts southward from
the “cool epoch” (1958-1980) to the “warm epoch” (1980-2009), leading to an enhanced
rainfall over Southeast China and suppressed precipitation over SCS (Li et al., 2010).

In the studies which show the weakening of EASM in recent decades, various EASM
indices are used. For instance, Jiang and Wang (2013) used a sea level pressure (SLP) index
defined by Guo (1983). Xue (2001) used an index based on the 850-hPa wind defined by
Wang (2000). Zhu et al. (2012) applied an index based on the land-sea thermal contrast
defined by Zhu et al. (2005). Also the “southern-flood-and-northern-drought” pattern in
East Asia is considered as a weakening EASM (Wang, 2001; Zuo et al., 2012). However, as
pointed out by Wang et al. (2008), it is not appropriate to regard such pattern as a weak
EASM. Moreover, Wang et al. (2008) recommended an EASM index which can reflect the
EASM variability. This EASM index recommended by Wang et al. (2008) has a negative
correlation with the indices mentioned above. Therefore, if one uses the EASM index defined

by Wang et al. (2008) one should see a strengthening EASM during recent decades.
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1.2.3 Future Climate

Numerous efforts have been devoted to study how the EASM would change under various
global warming scenarios (e.g., Kripalani et al., 2007; Lee and Wang, 2014; Sun and Ding,
2010). Sun and Ding (2010) analyzed 12 models used in the IPCC Special Report on
Emission Scenarios (SRES) A1B (a medium emission scenario) and showed that EASM
will intensify in a warming climate due to enhanced monsoon circulation, water vapor, and
moisture transport into the EASM region. Their explanation is that, as temperature rises,
an El Nino-like pattern (increased sea surface temperature over eastern Pacific Ocean) will
develop more frequently. This pattern will reduce the SST gradient across the equatorial
Pacific Ocean and strengthen the downward airflow over the tropical western Pacific Ocean
and WNPSH, and thus enhancing the moisture transport.

In the study by Hu et al. (2003), the EASM changes in a global warming scenario
(2xCO3) was evaluated using 16 models in CMIP2. It reveals that the summer-time mean
surface temperature is increased in China, and the precipitation is also enhanced over almost
the whole country. In a subsequent study based on the models of CMIP3 and CMIP5, Lee
and Wang (2014) also found an intensification of EASM in response to global warming.
Their results indicate that the intensified EASM may be attributed to the enhancement and
westward displacement of WNPSH. Besides the intensification of the mean state of EASM,
its annual cycle would also change in future climate (Kitoh and Uchiyama, 2006; Kripalani
et al., 2007; Kusunoki and Arakawa, 2012). Kripalani et al. (2007) analyzed 22 models of
IPCC AR4 with doubled atmospheric CO9 and found that the EASM precipitation shows
longer persistence. It lasts from late spring to early fall. Using 15 coupled AOGCM under
the SRES A1B scenario at the end of the 215 century, Kitoh and Uchiyama (2006) showed
that the rainy season over Japan will be delayed. This result is consistent with Kusunoki

and Arakawa (2012) in which they used MRI-AGCMS3.1S with 20-km and 60-km resolution.
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1.2.4 Mechanisms related to EASM Changes

Previous model simulations generally attribute the variation of EASM in the global warming
scenarios to the enhanced and westward displaced WNPSH as well as the strengthening of
the moisture transport. The existing relationship between the EASM and WNPSH (e.g.,
Huang and Sun, 1992; Lu, 2001; Lu and Dong, 2001; Mao et al., 2010; Sun and Ying, 1999;
Yang and Sun, 2003; Zhang et al., 2009; Zhang and Tao, 1999; Zhou et al., 2009) implies
that the mechanisms explaining the changes in WNPSH in a warmer climate are essential
to understand the variations in EASM.

Li et al. (2012) proposed that the intensification of WNPSH in response to higher green-
house gas concentrations is primarily caused by the increase in the land-sea thermal contrast.
In a warmer climate, the enhanced diabatic heating (cooling) over land (ocean) induces an
anticyclonic anomaly over the ocean, leading to the strengthening of WNPSH.

Zhou et al. (2009) found that the westward extension of WNPSH is related to the Indian
Ocean-western Pacific (IWP) warming induced by the global warming. They designed a
numerical experiment in which an SST anomaly is added to SST climatology over IWP
region. The warmer SST over IWP increases precipitation locally and intensifies convective
heating. The positive SST anomalies over IWP affect the Walker Circulation and result in a
deficient precipitation over central and eastern tropical Pacific Ocean, leading to a negative
heating anomaly there. The negative heating anomaly induces a Gill-like response (Gill,
1980), generating an anticyclonic anomaly in the WNP. In addition, the low-level equatorial
flank of WNPSH can be partly interpreted as Kelvin wave response to the condensation
heating of South Asian monsoon (Zhou et al., 2009). The warming-up of the IWP induces
easterly anomalies to the east of the heat source, which intensifies the easterlies on the
equatorial flank of the WNPSH. This mechanism, proposed by Rodwell and Hoskins (1996),
plays a secondary role in the westward extension of the WNPSH. However, the increased
SST over IWP reduces the land-sea thermal contrast. As pointed out by Li et al. (2012)
the weaker land-sea thermal contrast is not favorable for the intensification of WNPSH.

Moreover, the air-sea interaction also plays an important role in the WNPSH variability
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(Wang et al., 2013; Xiang et al., 2013). To the southeast of the WNPSH anomaly, the
anomalous northeasterlies strengthen the mean easterly wind. The increased northeasterlies
enhance the evaporation/entrainment and reduce the SST. The cooling SST generates the
anticyclonic vorticity to its north (Gill-type) and further enhances the WNPSH anomaly.
Also to the southwest of WNPSH, the easterly anomaly weakens the mean southwesterly
flow and warms up the IO. The warming-up of IO induces Kelvin waves to its east and favors
to sustain WNPSH. These theories have been confirmed by numerical experiments (Wang
et al., 2013), in which the SST is reduced over central Pacific Ocean by adding an initial
SST perturbation to a coupled model. The results indicate that the WNPSH variation is
“primarily controlled by central Pacific cooling/warming and a positive atmosphere-ocean
feedback between the WNPSH and the Indo-Pacific warm pool oceans” (Wang et al., 2013).
In their model experiment the SST is decreased directly over the area where there is positive

GPH anomaly.

1.3 Objectives of this Study

The understanding of physical mechanisms underlying the formation and maintenance of the
EASM system is limited by the ability of current generation of climate models to simulate
the observed features associated with EASM. The representation of convective processes
in the model is one of the causes identified as a large source of errors in the simulation
of intraseasonal variability of the tropical atmosphere. In the conventional parameteriza-
tion of cloud processes, the intraseasonal variability tends to be damped by the various
assumptions used by the parameterization schemes. The multi-scale modeling framework
(MMF) (Grabowski, 2001; Khairoutdinov and Randall, 2001) or super-parameterization
(Grabowski, 2002) of cloud processes, which is a bridge between the conventional param-
eterization methods and the global cloud-resolving models, has shown significant improve-
ments in the simulation of many of the components of the global monsoon systems (DeMott

et al., 2011; McCrary et al., 2014). A climate model based on the super-parameterization
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of cloud processes is used in this study to explore the response of EASM and its variabil-
ity to climate change, and to validate a new mechanism explaining the EASM variability
induced by the global warming. The new mechanism emphasizes the role of remote air-sea
interactions in modulating the position WNPSH via the convective activity of the tropics.

The ability of the super-parameterized model to simulate the observed features of EASM
is not known. To demonstrate the adequacy of this model for the objectives of this study, the
EASM simulation of this model is first evaluated. The aims of the evaluation are twofold:
i) to identify the model skill in capturing the mean state, annual cycle, and intraseasonal
variability of EASM, and ii) to quantify the advantages of using super-parameterization
versus the conventional parameterization.

In addition, the response of the EASM to the global warming scenario is analyzed using
the super-parameterized model. It aims to explain how and why the EASM would change
in a warmer climate. As discussed in Section 1.2.4, the EASM changes in a future warmer
climate are closely related to the variations in WNPSH, which is attributed to the changes
in the mean state of the boundary conditions (Wang et al., 2013; Xiang et al., 2013; Zhou
et al., 2009). However, neither of these two mechanisms looked at the influence of the remote
air-sea interaction. Zhou et al. (2009) proposed that the warmer SST over IWP lowers the
SST over tropical eastern Pacific Ocean via Walker Circulation, and further intensifies the
WNPSH through a Gill-type response to this decreased SST. However they did not change
the SST over tropical eastern Pacific Ocean. In addition, in the studies by Wang et al.
(2013) and Xiang et al. (2013) the SST is changed directly over the region where there are
GPH anomalies, which will have a large impact on the WNPSH through the local air-sea
interaction. Therefore, in this study a new mechanism is proposed to explain the WNPSH
changes in a warmer climate. This mechanism focuses on the impact of the remote air-sea
interaction on the changes of the WNPSH.

To sum up, the objectives of this study include the following aspects:

e Evaluate the performance of SP-CCSM4 in simulating the EASM under present cli-

madte.
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e Study the intraseasonal variability of the EASM.
e Analyze the EASM changes under global warming scenario using SP-CCSM4.
e Study the mechanisms related to the future changes of the EASM.

The rest of the dissertation is organized as follows: Chapter 2 describes the models used
in this study, the validation dataset, and the methods applied to do the analysis. Chapter 3
discusses the EASM simulation in SP-CCSM4, including its comparison with observations
and CCSM4 in seasonal mean state, annual cycle, and intraseasonal variability. In Chapter
4 the EASM simulations under various warming scenarios are analyzed, plus a remote air-
sea interaction mechanism is proposed to explain the changes of the EASM. Chapter 5
shows how the proposed mechanism is tested. Conclusions and discussions are in Chapter

6.

15



Chapter 2: Model, Data, and Methods

2.1 Model Description

The model used in this study is the Super-Parameterized Community Climate System
Model version 4 (SP-CCSM4), which uses an explicit 2D cloud resolving model (CRM)
embedded in each GCM grid column. The CRMs are aligned in the east-west direction,
have a horizontal resolution of 4 km and 30 levels in the vertical. The simulation was carried
out at the horizontal resolution for the host atmospheric model of 2.5° (longitude) x1.9°
(latitude) using a finite volume representation of the dynamical core. The resolution of
the ocean model is 1° x 1° in the horizontal. The sea-ice model uses the same resolution
as the ocean model, and the horizontal resolution in the land model is the same as in the
atmosphere model. A complete description of the model is given by Stan and Xu (2014).
The simulation is initialized in January 2006, spans 150 years, and is driven by a constant
external forcing. In Chapter 3, the data between 2071-2100 were used for evaluating the
simulation of the EASM. In Chapter 4, the data between 2125-2154 were used to analyze
the EASM changes under various global warming scenarios.

To assess the performance of the SP-CCSM4, the EASM simulation by SP-CCSM4
is compared with that by CCSM4. In CCSM4, the cloud process is represented by the
conventional convection parameterization (Neale et al., 2013), while SP-CCSM4 uses a 2D
CRM embedded in each GCM grid column as described above. The CCSM4 used the same
initial condition and external forcing as that in SP-CCSM4. Therefore, the only difference
between SP-CCSM4 and CCSM4 is the representation of cloud-scale processes (Stan and

Xu, 2014).
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2.2 Data

The observational data used in this study consist of:

1. Monthly and pentad precipitation from the Global Precipitation Climatology Project
(GPCP) (Huffman et al., 1997). The precipitation data cover the period between 1983

and 2012, with 2.5° x 2.5° spatial resolution.

2. Monthly and daily 2D and 3D atmospheric variables from the National Centers for
Environmental Prediction (NCEP) reanalysis (Kalnay et al., 1996). The horizontal
resolution of the 3D data is 2.5° x 2.5°, and vertically, there are 17 levels. The 2D

data set has approximately 1.9° x 1.9° spatial resolution.

3. The European Center for Medium-range Weather Forecasts Reanalysis-Interim (ERA-
Interim) (Dee et al., 2011). Both 3D and 2D data have approximately 0.703° x 0.703°
spatial resolution, and vertically, there are 37 levels for 3D data. The 3D atmospheric
variables include geopotential height (GPH), wind, specific humidity and temperature,
while the 2D fields contain surface temperature, sensible heat flux and latent heat
flux. The ERA-Interim monthly data are for 1983-2012, while the daily data are from

1979-2006.

4. Daily mean Outgoing Longwave Radiation (OLR) data from National Oceanic and
Atmospheric Administration (NOAA) (Liebmann and Smith, 1996). The grid spacing
of OLR is 2.5° x 2.5° (longitude x latitude) and the time period spans from 1979 to
2006.

5. Daily SST data from NOAA Optimum Interpolation (OI) daily 0.25-degree SST

(Reynolds et al., 2002) from 1982 to 2006.

All data sets used in the analyses, including the model output, are interpolated from

their original grid to the 2.5° x 2.5° horizontal resolution.
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2.3 Methods

2.3.1 Climatology and Annual Cycle

The May-June-July-August (MJJA) climatological means were computed for observations,
SP-CCSM4, and CCSM4 using monthly data. The annual cycle of the EASM was evaluated
by constructing pentad means from daily averages and taking the zonal mean between

110°E-120°E (East China) and 120°E-140°E (WNP, Japan, and Korean Peninsula).

2.3.2 Diabatic Heating

The MJJA mean vertically integrated diabatic heating is calculated by using daily wind and
temperature data. It is firstly computed for each month, and then averaged for MJJA. The
diabatic heating is diagnosed as a residual in the thermodynamic equation, and is based on
the method by Nigam (1997) and Nigam et al. (2000). The equation below is the one given

by Nigam et al. (2000).

. AT - 9 —
Q=" +7-VT+ (p/po)(R/cp)wgp + (p/po) /) |V - 070 +

where

() = daily diabatic heating rate

T = temperature

v = horizontal wind

p = pressure

po = standard reference pressure, 1000 hPa

R = universal gas constant of dry air, 287J K~! kg~!

¢p = specific heat capacity at a constant pressure, 1004.J K~ 1kg™!
w = pressure vertical velocity

f# = potential temperature
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The overbar term denotes the monthly average, and the prime term denotes the depar-
ture of the daily data from the monthly mean. The first term on the right hand side of the
equation means the change of daily temperature between two consecutive days. The second
term is the horizontal advection of the temperature. The third term means the vertical
advection of the temperature. The fourth term in the bracket is the transient component,
which represents “both synoptic and low-frequency (but submonthly) fluctuations” (Chan

and Nigam, 2009). It denotes the horizontal and vertical heat transport.

2.3.3 850hPa GPH index

The position of the WNPSH can be described by the index of WNPSH (Zhang and Tao,
1999). The index is computed using the pentad mean zonal wind at 850hPa. Firstly,
for each longitude within a domain (115°E-140°E, 15°N-45°N), find the latitude where the
zonal wind changes from easterlies to westerlies. Then do a linear interpolation based on the
magnitude of the zonal wind at this latitude to find the latitude where the zonal wind equals
zero (yo) for each longitude. Afterwards calculate the mean of yo. This index indicates the

meridional movement of the WNPSH.

2.3.4 Trajectory of WNPSH

The trajectory of the WNPSH is denoted by the intersection of subtropical ridge and the
1540m isoline. It illustrates the movement of the WNPSH in both zonal and meridional
directions. It is calculated based on pentad mean GPH and zonal wind at 850hPa. Firstly,
find the the latitude (yo) where the zonal wind changes from easterlies to westerlies for each
longitude over (100°E-170°E, 5°N-40°N). Then, find the intersections of the curve defined

by yo with the 1540-m isoline. The intersection point is also based on linear interpolation.
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Figure 2.1: A sketch for the calculation of the WNPSH trajectory.

The steps of calculation are as follows, and a sketch is shown in Fig. 2.1.
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2.3.5 Composite Analysis

The evolution of the intraseasonal variability of EASM was evaluated in the composite
analysis (Hsu and Weng, 2001; Tsou et al., 2005) of 30-60-day (10-20-day) bandfiltered
daily anomalies. The daily anomalies were computed by removing the mean annual cycle
(mean plus the first three harmonics) from the daily data. Since the northward propagation
of EASM occurs mostly during May through July, the composite analysis is based on May,
June, and July (MJJ). The composite analysis of the EASM life cycle follows the method
of Kemball-Cook and Wang (2001). The life cycle of an event was defined based on an
OLR index. This OLR index was constructed by taking the area average (defined later) of
the 30-60-day bandfiltered OLR anomaly over SCS where the bandfiltered OLR variance
reaches the maximum. Day 0 of the cycle is centered on the day when the OLR index
during MJJ is less than a certain threshold (e.g., minus one standard deviation) over SCS.
The region and threshold are the same for observations and models. The life cycle of an
EASM event for 30-60-day (10-20-day) mode consists of 12 phases starting from 15 (10)
days before and 40 (12) days after Day 0. The statistical significance of the composite is

assessed using the Student’s ¢ test.

2.3.6 Multivariate Empirical Orthogonal Function (MV-EOF)

The multivariate Empirical Orthogonal Function analysis (MV-EOF), discussed by Wang
et al. (2008), is used to study the variability of the EASM. It extends the conventional EOF
by using various variables. It captures dominant patterns in the spatial phase relationships
among various fields (Wang, 1992). In this study the MV-EOF is applied on a set of three
variables: MJJA mean precipitation, zonal and meridional wind component at 850 hPa. To
emphasize the hybrid tropical-subtropical feature of the EASM, the domain of MV-EOF
is (105°E-140°E, 10°N-50°N), which includes both tropical and subtropical East Asia area.
All the three variables (precipitation, 850-hPa zonal wind, and 850-hPa meridional wind)

have been normalized before doing the MV-EOF. The covariance matrix is constructed by
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combing the three normalized variables. The spatial phase relationships among low-level
circulation and precipitation can be captured by using MV-EOF method (Wang et al.,

2008).

2.3.7 Canonical Correlation Analysis (CCA)

Canonical correlation analysis (CCA) is a method for measuring the linear relationships
between two multi-dimensional sets of variables (vectors). It calculates the maximum cor-
relation between two linear combinations of variables, thus identifying the maximized in-
terrelationship between two data sets. In practice, the CCA is applied to a truncated set
of principal components (PCs) (Barnett and Preisendorfer, 1987). The details of the CCA

method will be fully described in Chapter 5.
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Chapter 3: EASM simulation in SP-CCSM4 Under Present

Climate Condition

This chapter is focused on evaluating the ability of a model with explicit representation
of cloud processes, SP-CCSM4, to simulate the EASM. Previous studies using the super-
parameterization method (Grabowski, 2001; Khairoutdinov and Randall, 2001) showed that
the multi-scale representation of cloud properties improves the simulation of ISM and the
northward propagation of Boreal Summer Intraseasonal Oscillation (BSISO) (DeMott et al.,
2013; Krishnamurthy et al., 2014). However, the performance of SP-CCSM4 in simulat-
ing the EASM is unknown. In this chapter, the EASM simulated by SP-CCSM4 and
the conventionally-parameterized CCSM4 are evaluated against observations, including the
mean state, the annual cycle, and the ISO. The mechanisms related to the northward prop-
agation of the EASM are also investigated in order to understand which mechanism is
deficient in SP-CCSM4. In addition, the patterns of the northward propagation of the ISO
is further analyzed based on the different thermal conditions of the West Pacific Warm Pool
(WPWP).

This chapter is the basis of Jin and Stan (2016), which was published online in Journal

of Geophysical Research-Atmospheres.

3.1 Model Biases

The SP-CCSM4 and CCSM4 models’ ability to simulate the observed patterns of the clima-
tological means is measured by the difference between each model and observation, referred
to as biases, and by the centered pattern correlation (spatial mean removed). This section

evaluates the model biases in simulating the seasonal mean state, annual cycle, and ISV.
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The mean state includes precipitation, the large-scale monsoon airflows, meridional circu-
lation, surface temperature, and surface heat fluxes. Because EASM is characterized by a
northward propagation of the precipitation, the annual cycle of the zonal mean precipitation
and WNPSH index is compared between SP-CCSM4 and observation. Both the NCEP and
ERA-Interim reanalysis data are used as observation for the comparison, and they produce
similar results. For this reason, only the comparison between the models and ERA-Interim

is shown.

3.1.1 Seasonal Mean of EASM

Table 3.1 lists the pattern correlation coefficients between each of the two models and
observations for MJJA mean of different variables. Sperber et al. (2013) used the pattern
correlation to evaluate the CMIP3 and CMIP5 model skill in simulating the mean state of
EASM. Generally SP-CCSM4 has higher correlation than CCSM4, and the largest differ-
ence between the two models occurs in the field of precipitation, 850-hPa wind, meridional
circulation, and vertically integrated moisture transport.

Figure 3.1 shows the MJJA mean precipitation in observation and model biases, de-
fined as the difference between the values simulated by the model and the observed values.
Both models underestimate the magnitude of precipitation over Southeast China, Korean
Peninsula, and the region south of Japan, indicating a weak subtropical monsoon trough
in the models. The precipitation deficiency in CCSM4 is more intense and extends to
SCS (Fig. 3.1c). The SP-CCSM4 simulates excessive precipitation over WNP (Fig. 3.1b),
indicating a northward displacement of the tropical monsoon trough (figure not shown).
In CCSM4, the region with excessive precipitation is located over central China (figure
not shown). The pattern correlation of MJJA mean precipitation is higher in SP-CCSM4
than in CCSM4 (Table 3.1), which means that the spatial distribution of mean precipi-
tation is better simulated in SP-CCSM4. The area average of the model bias is smaller
in SP-CCSM4, and the visual inspection of Fig. 3.1b and Fig. 3.1c may suggest that, in

SP-CCSM4, the smaller value results from the cancelation of errors between the northern
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Table 3.1: Pattern correlation coefficients of MJJA mean state between models and obser-
vations.

Variable SP-CCSM4 CCSM4
Precipitation 0.629 0.238
850-hPa GPH 0.824 0.839
850-hPa wind magnitude 0.654 0.338
u-component 0.638 0.618
v-component 0.583 0.402
200-hPa wind magnitude 0.895 0.933
u-component 0.943 0.960
v-component 0.689 0.308
Meridional circu- | v-component 0.933 0.879
lation
w-component 0.859 0.213
Vertically  inte- | magnitude 0.516 0.617
grate moisture
transport
u-component 0.729 0.370
v-component 0.720 0.626
Latent heat flux 0.909 0.771
Sensible heat flux 0.969 0.792

The domain of each field is consistent with the spatial pattern of the mean state in Fig. 3.1
to Fig. 3.6. The domain is (110°E-150°E, 10°N-50°N) for precipitation, 850-hPa and 200hPa
wind fields, vertically integrated moisture transport, surface temperature, latent and sensi-
ble heat fluxes. The domain is (105°E-180°E, 10°N-50°N) for 850-hPa geopotential height
(GPH), and (110°E-120°E, 10°N-50°N, 1000 —100-hPa) for meridional circulation. The
model with the higher spatial pattern correlation coefficient is in bold.
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Figure 3.1: MJJA mean precipitation rate (unit: mm/day). (a) Observation, (b) the
difference between SP-CCSM4 and observation, and (c) the difference between CCSM4 and
observation. The grey dots in (b) and (c¢) denote the regions exceeding 95% significance
level. The value at the top-left corner denotes the domain-averaged mean precipitation
in observation (a) and the domain-averaged precipitation difference between model and
observation (b and ¢). The value at the top-right corner of (b and c¢) denotes the domain-
averaged root mean square of precipitation difference between model and observation.

and southern parts of the domain. The mean value of the precipitation bias for the region
between 20°N-50°N in SP-CCSM4 is —0.45 mm/day and —1.61 mm/day in CCSM4. The
evaluation of the two models with respect to the root mean square error (RMSE) reveals
that SP-CCSM4 (1.30 mm/day) has a larger value than CCSM4 (0.88 mm/day). Since, by
definition, RMSEs weigh more the errors with larger absolute values than the errors with
smaller absolute values (e.g., Chai and Draxler, 2014; Willmott and Matsuura, 2005), one
can speculate that RMSE in SP-CCSM4 is dominated by the outliers. The outlier may be
related to one of the limitations of the multi-scale framework, namely the periodicity of the
CRM domain. In some instances, the domain configuration may artificially amplify strong
events.

Following Lu et al. (2008), the GPH at 850 hPa is adopted to describe the WNPSH
characteristics. Figure 3.2a shows the isoline of 1500 m and the ridge line of WNPSH in

observation, SP-CCSM4, and CCSM4. The model biases for the 1500-m isoline are shown
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Figure 3.2: The MJJA mean GPH at 850 hPa (unit: m). (a) Observation, SP-CCSM4
and CCSM4, (b) the difference between SP-CCSM4 and observation, and (c) the difference
between CCSM4 and observation. In (a) the solid contours are the isolines of 1500 m and
dashed lines are the ridge line of the WNPSH for observation (black), SP-CCSM4 (red) and
CCSM4 (blue). The grey dots in (b) and (c) denote regions exceeding 95 % significance

level. The values at the top-left and top-right corners of (b) and (c) have the same meaning
as in Fig. 3.1, except for the 850-hPa GPH.

in Fig. 3.2b and Fig. 3.2c. In observations, the western edge of the 1500-m isoline reaches
130°E, and the ridge line is located between 20°N to 30°N. Compared to the observation,
the WNPSH in SP-CCSM4 is displaced northward (Fig. 3.2a) and is weaker (Fig. 3.2b). In
SP-CCSM4, the western margin of 1500-m isoline retreats to 140°E; the subtropical ridge
stays at approximately 30°N over the Pacific Ocean and tilts northward as it approaches
the East Asia continent. This northward shift of WNPSH was also found in AOGCMs
(Kusunoki and Arakawa, 2015) and AGCMs (He and Zhou, 2014; Song and Zhou, 2014) of
CMIP5. In CCSM4, the WNPSH expands northwestward while the 1500-m isoline extends
to the west of 120°E. The lower domain-averaged difference of 1500-m indicates that the
WNPSH is better simulated in SP-CCSM4 than in CCSMA4.

Figure 3.3 depicts the MJJA mean meridional circulation averaged between 110°E and
120°E in observation, SP-CCSM4, and CCSM4. Both models reproduce the observed cen-
ters of maximum ascending motion: one center is located between 10°N-20°N, and the other
one to its north. However there are noticeable biases in both models. In SP-CCSM4, the

rising motion between 25°N and 35°N is weaker than in observations, which is consistent
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Figure 3.3: The MJJA mean streamlines of meridional and vertical velocity averaged be-
tween 110°E-120°E. (a) observation, (b) SP-CCSM4, (c) CCSM4. The shadings represent

the magnitude of the vertical velocity (x-0.01 Pa s~!). The yellow-red color represents the
ascending motion and the blue color denotes the descending motion.

with the precipitation deficiency over the eastern coast of China (Fig. 3.1b). In CCSM4, the
magnitude of the ascending branch to the south of 20°N is underestimated, plus the upward
motion at around 30°N is displaced northward compared to observations. The bias in the
ascending branch is related to the intensified precipitation over central China in CCSM4
(Fig. 3.1c).

In observations, the horizontal distribution of the low-level circulation consists of a
southwesterly flow over the southern SCS, East Asia, and WNP, and a southeasterly flow
over the subtropical west Pacific Ocean (WP) (Fig. 3.4a). In SP-CCSM4, the westerly flow is
overestimated over SCS and the zonal wind is reduced over the region from 20°N to 40°N.
The CCSM4 is characterized by stronger easterly wind over WNP as well as intensified
southwesterlies over eastern China to Korean Peninsula. The lower-level wind pattern is
consistent with the position and spatial distribution of WNPSH (Fig. 3.2a). At upper levels,
the South Asian High (SAH) is the most prominent feature over the African-Asian region
in boreal summer. Over the EASM region, the westerly jet to the northern side of SAH
is underestimated in both models (Fig. 3.4e-f). The domain-averaged wind difference at
lower and upper levels are comparable in the two models (Fig. 3.4b-c, Fig. 3.4e-f). The

domain-averaged wind difference at lower and upper levels is comparable in the two models
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Figure 3.4: MJJA mean wind at 850 hPa (a-c) and 200 hPa (d-f) (unit: ms™!). The shading
denotes wind magnitudes and vectors are wind directions. (a) and (d): Observation, (b)
and (e): the difference between SP-CCSM4 and observation, (c) and (f): the difference
between CCSM4 and observation. The grey dots in (b), (c), (e), and (f) denote the regions
where the wind magnitude exceeds 95% significance level. The value at the top-left corner
denotes the domain-averaged wind magnitudes in observation (a and d) and the domain-
averaged wind difference between model and observation (b, c, e, and f). The value at the
top-right corner of (b), (¢), (e), and (f) denotes the domain-averaged root mean square of
wind difference between model and observation.

(Fig. 3.4b-c, Fig. 3.4e-f), whereas the spatial pattern correlation coefficients are generally
higher in SP-CCSM4 (Table. 3.1).

Simulation of the thermodynamic surface fluxes is shown in Fig. 3.5a-c for the sensible
heat flux and Fig. 3.5d-f for the latent heat flux. In both models, the sensible heat flux is
overestimated approximately between 20°N and 32°N and underestimated to the north of
this region. However, CCSM4 simulates a weaker sensible heat flux (Fig. 3.5b and Fig. 3.5¢).

Aside from the sensible heat flux, the latent heat flux over the central and eastern China
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Figure 3.5: MJJA mean sensible heat flux (a-c) and latent heat flux (d-f) (unit: W m~2).
(a) and (d): Observation, (b) and (e): the difference between SP-CCSM4 and observation,
(c) and (f): the difference between CCSM4 and observation. The grey dots in (b), (c), (e),
and (f) denote the regions exceeding 95% significance level. The value at the top-left corner
denotes the domain-averaged heat flux in observation (a and d) and the domain-averaged
heat flux difference between model and observation (b, ¢, e, and f). The value at the top-
right corner of (b), (c), (e), and (f) denotes the domain-averaged root mean square of heat
flux difference between model and observation.

is underestimated in SP-CCSM4 (Fig. 3.5) while it is overestimated in CCSM4 (Fig. 3.5f).
Therefore, over eastern China, CCSM4 simulates moist conditions and SP-CCSM4 simulates
dry conditions.

The moisture transport into the monsoon region is known to influence the precipitation.
In observations, the moisture transport from SCS splits into a branch that turns northward,
merging with the moisture transport from WNP (Fig. 3.6a). As mentioned above, the

moisture transport is associated with the spatial distribution of WNPSH. In SP-CCSM4,
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Figure 3.6: MJJA mean vertically integrated moisture transport (unit: Kg m~'s~!). The
shading denotes magnitudes of moisture transport and vectors are directions. (a) Observa-
tion, (b) the difference between SP-CCSM4 and observation, and (c) the difference between
CCSM4 and observation. The grey dots in (b) and (c) denote the regions here the magni-
tude of moisture transport exceeds 95% significance level. The value at the top-left corner
denotes the domain-averaged magnitude of moisture transport in observation (a) and the
domain-averaged difference of moisture transport between model and observation (b and
c¢). The value at the top-right corner of (b) and (c) denotes the domain-averaged root mean
square of moisture transport difference between model and observation.

the WNPSH is displaced northeastward (red contour in Fig. 3.2a), thus the northeastward
flowing moisture transport becomes weaker (Fig. 3.6b). While in CCSM4 (blue contour in
Fig. 3.2a), the WNPSH extends westward as well as northward, which induces larger amount
of moisture to the western and northern sides of the EASM area (Fig. 3.6¢c). Therefore,
the precipitation is reduced over Southeast China, Korean peninsula, and southern Japan
(Fig. 3.1c¢).

The above analysis indicates that SP-CCSM4 has better skill in simulating the MJJA
mean state of EASM due to higher spatial correlation coefficients in most of the variables
analyzed. The SP-CCSM4 has higher correlation coefficients than CCSM4 for 11 out of the
15 variables (Table 3.1). The analysis also reveals that both models have shortcomings in
simulating the observed features of EASM. The models’ biases in simulating the precipi-

tation field are largely due to the position and magnitude of the WNPSH, which influence
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the low level wind and moisture transport.

3.1.2 Annual Cycle of EASM

The annual cycle of EASM of each model is compared to observations. The time series
at each grid point is constructed using climatological pentad mean data. Figure 3.7 shows
the annual cycle of the zonal mean precipitation averaged between 110°E and 120°E. In
observations, after the first ten days of May, the equatorial rain belt propagates northward
rapidly and merges with the rain belt over South China, leading to an increase of precipita-
tion there. This rainy episode corresponds to the first standing stage of the EASM seasonal
march. Before mid-May, the rain band located between 20°N-28°N is called pre-summer
rainy season in South China (Ding and Chan, 2005). Around 10 June, the rain belt shifts
northward and stays between 28°N-32°N until early July. This rainy episode represents the
Mei-yu season and is also referred to as the second standing stage of the EASM seasonal
march. Afterwards, it advances northward again reaching to North China (Fig. 3.7a). The
seasonal march of the EASM rainfall described here has also been documented by Ding
et al. (2005) and Ding and Chan (2005).

Compared to the observations, SP-CCSM4 also simulates the sudden northward jump of
the tropical rain belt and its mergence with the South China rain belt, as well as the stepwise
march of the precipitation (Figure not shown). However, one can notice some differences
between SP-CCSM4 and observations (Fig. 3.7b). In SP-CCSM4, the pre-summer rainy
season over South China moves northward and the emergence of the two rain belts in mid-
May is not as fast as in the observations (Figure not shown). The subtropical branch is less
intense than in the observations while the tropical rain band is overestimated (Fig. 3.7b).
The Mei-yu season commences earlier (approximately 1 June) and spans a shorter time
period in SP-CCSM4, because it lasts only until around 20 June. Also, for the last rainy
period, the rain belt starts to shift in late June and reaches a higher latitude than in
observations. The bias in time and location leads to the rain deficiency over the EASM

region in the model (Fig. 3.7b). This deficiency in the seasonal march of Mei-yu is also
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Figure 3.7: Latitude-time cross-section of pentad mean precipitation rate averaged between
110°E and 120°E (unit: mm day~'). (a) Observation, (b) difference between SP-CCSM4
and observation, and (c) difference between CCSM4 and observation.

common to CMIP5 AOGCMs (Kusunoki and Arakawa, 2015).

In CCSM4, the tropical rain band is largely underestimated throughout the whole sum-
mer (Fig. 3.7¢). The large decrease of precipitation between 10°N and 25°N in early summer
implies that the merger of tropical and subtropical rain band at mid-May is missing, and
thus the monsoon onset is not simulated properly in CCSM4. In addition, the whole sub-
tropical rain band is displaced northward (Fig. 3.7¢).

The annual cycles of the wind and vorticity at 850 hPa are also characterized by the
northward propagation (Fig. 3.8a-c), consistent with the precipitation belt movement seen
in Fig. 3.7. In observations (Fig. 3.8a), the prevailing winds between 10°N and 20°N turn
from southeasterlies to southwesterlies in mid-May, indicating the onset of the SCS mon-
soon. One branch of the southwesterly flow shifts in steps toward the north over East Asia
while another branch remains in the subtropical region. The northward propagation is also
reflected in the migration of the low-level cyclonic vorticity.

SP-CCSM4 simulates the wind reversal over 10°N-20°N in mid-May, as well as the
southern branch of the southwesterly flow in the subtropics. Compared to the observations,
in SP-CCSM4, the southwesterly flow and cyclonic vorticity over subtropics move northward
(Fig. 3.8b), consistent with the northward shift in the position of WNPSH. However, the

southwesterly flow and the cyclonic vorticity are weaker over the EASM region starting
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Figure 3.8: Latitude-time cross-section of pentad mean 850-hPa vorticity (shading, unit:
1075s71) and 850-hPa wind (vectors, unit: ms™!) between 110°E and 120°E (unit: mm

day™1). (a) Observations, (b) difference between SP-CCSM4 and observations, and (c)
difference between CCSM4 and observations.

from mid-June. This feature is consistent with the deficient rainfall and shorter period of
the Mei-yu season in SP-CCSM4 (Fig. 3.7b).

In CCSM4, the easterly anomalies persist over 10°N-20°N from May to June (Fig. 3.8¢c),
which means that easterlies do not switch to westerlies there. This persistence indicates a de-
layed onset of SCS monsoon in CCSM4. In addition, in CCSM4, the northward propagation
of cyclonic vorticity over the EASM domain is displaced northward compared to observa-
tions, which is associated with the northward displaced subtropical rain band (Fig. 3.7¢).

The difference in the annual cycle of precipitation between the models and observation
can be partly explained by the migration of WNPSH, because the propagation of the rain
belt is related to the meridional displacement of the WNPSH ridge line. The position of
the WNPSH can be described by the index of WNPSH of Zhang and Tao (1999) applied to
the GPH at 850 hPa (description in Section 2.3.3). The annual cycle of the WNPSH index
is shown in Fig. 3.9 for observation, SP-CCSM4 and CCSM4. In observations, the WNPSH
starts shifting northward from mid-May, and reaches the northernmost position in August.
In SP-CCSM4, the WNPSH starts to jump northward in early June, and reaches 40°N
around mid-August, which is far more northward compared to observations. In CCSM4,
the WNPSH moves northward gradually from May to early June, and also reaches the

northernmost position in August. The WNPSH in CCSM4 is also displaced northward
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Figure 3.9: The WNPSH index based on climatological pentad mean GPH at 850 hPa,
showing northward migration in observation (black), SP-CCSM4 (red) and CCSM4 (blue).

compared to observations.

3.1.3 Intraseasonal Oscillation

To compare the 30-60-day oscillation in the model and observations, a composite analysis
is performed from 15 days before to 40 days after the maximum convection occurs in SCS
(the method is described in Section 2.3.5). The pattern of the large OLR variance over SCS
and the west Pacific is well simulated by SP-CCSM4 (Fig. 3.10a-b), but the OLR variance
is larger than in observations. Here, one can also speculate that the periodicity of the CRM
domain artificially enhances the variability. The maximum OLR variance in SCS present in

observations is not captured by CCSM4 (Fig.3.10c). Despite the fact that variance of the
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Figure 3.10: The variance of 30-60-day bandfiltered OLR daily anomaly during MJJ (unit:
W2m~4). (a) Observation. (b) SP-CCSM4. (c) CCSM4. The black box (112.5-120°E,
10-17.5°N) is the region where the OLR variance reaches maximum in the observations.

SP-CCSM4 model is larger than observed, this result suggests that ISO is sensitive to the
representation of cloud processes. The OLR index is defined as the area-averaged 30-60-day
bandfiltered OLR where the OLR variance reaches the peak in the observation (black box
in Fig. 3.10a, 112.5°E-120°E, 10°N-17.5°N). This area is unchanged when calculating the
OLR index for the models. The OLR index is —13.18 W/m? in observation, and this index
keeps the same for SP-CCSM4 and CCSM4. There are 36 events from 1979 to 2006 in
observations, 53 events in SP-CCSM4, and 30 events in CCSM4 during the 30 years used
in the analysis.

Figure 3.11 shows the ISO life cycle in the 30-60-day filtered OLR and 850-hPa wind field
for the observations, SP-CCSM4, and CCSM4. From day —15 to day —5, both observations
and models show that convection (negative OLR anomaly) over the tropical western Pacific
develops and moves northwestward. In SP-CCSM4, the convective anomaly is more intense
and extends further into the tropical and subtropical western Pacific. The convection starts
moving northward/northwestward from day —15 in SP-CCSM4, while in the observation,

the tropical convection does not propagate northwestward until day —10 when it moves
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eastward into the equatorial western Pacific. Therefore, the life cycle of the 30-60-day
oscillation is advanced by 5 days in SP-CCSM4. In CCSM4, the convective anomaly is
much weaker compared to observations (Fig. 3.11c) and moves northwestward from tropical
WP into SCS from day —15 to day —5.

In SP-CCSM4, between day —10 and day —5, when the convection is intensified and
moves to the tropical western Pacific, a westerly anomaly is located in the center and to
the south of the convective region, and an easterly anomaly forms to its north (Fig. 3.11b).
As noted in previous studies (e.g., Hsu and Weng, 2001; Kemball-Cook and Wang, 2001;
Mao et al., 2010) such a flow pattern is consistent with a Gill-type Rossby wave generated
by an off-equatorial heating source (Gill, 1980). However, the easterly anomaly which
represents the Kelvin wave to the east of the convection is not significant after day —5. The
accelerated northwestward propagation of the convection starts at around day —15 in SP-
CCSM4, while in the observation it begins at day —10. In CCSM4, there are similar features
in wind anomalies: cyclonic anomalies to the north of the convective center (Fig. 3.11c).
These cyclonic anomalies are mostly over SCS in CCSM4.

The convection in both observations and the models reaches the peak intensity in SCS
and extends to the subtropical WNP at day 0. In SP-CCSM4 (Fig. 3.11b), the convection
located in the subtropical WNP is stronger and tilts northward compared to observations.
The tilting can be favored by the suppressed convection (positive OLR anomaly) that SP-
CCSM4 tends to produce over the West Pacific Warm Pool (WPWP). This suppressed
convection appears rapidly during day 0. Afterwards, it amplifies and propagates north-
westward. Meanwhile in the 10, the suppressed convection propagates westward. In the
observation (Fig. 3.11a), the suppressed convection in WPWP originates from the I0 and
propagates eastward. Thus, the Rossby wave is more prominent in SP-CCSM4 (Fig. 3.11b).
In CCSM4 (Fig. 3.11c), the magnitude of OLR anomalies and wind anomalies is smaller
than observations and SP-CCSM4. Meanwhile, in CCSM4, there is no suppressed convec-
tion over WPWP as we see in SP-CCSM4. After day 0, the convection in SCS continues to

move northwestward and starts dissipating in both the models and observations.
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From day +5 to day +10, the dipole pattern of the active and suppressed convection
over SCS and WNP has a northwest-southeast alignment in SP-CCSM4 (Fig. 3.11b), while
in the observations (Fig. 3.11a) the pattern is aligned in the north-south direction. The
active and suppressed convection are both stronger in SP-CCSM4. Moreover, the suppressed
convection to the north of the convection dissipates rapidly in the model, whereas, in the
observation, the suppressed convection persists to the north and east of the convection until
day +15. It appears that the shrinkage of the northern suppressed convection favors the
faster northward propagation of the convection in SP-CCSM4. In CCSM4 (Fig. 3.11c¢) the
suppressed convection over the tropical west Pacific moves westward from day +5, and at
the same time the convection over SCS dissipates rapidly.

In SP-CCSM4 (Fig. 3.11b), at day +15, the convection over SCS moves northward
into Southeast China. Meanwhile the northeasterly anomaly at 30°N starts to turn into
southwesterly anomaly, initiating the Mei-yu season. The Mei-yu season lasts until about
day 425, and from day +30, the suppressed convection moves from WPWP into Southeast
China. In the observations (Fig, 3.11a), the southwesterly flow and the convection start to
develop over Southeast China at around day +20. However, the composite of band filtered
wind and OLR anomalies from day +30 to day 440 are below the significance test over
most regions. In CCSM4 (Fig. 3.11c¢), there are southwesterly anomalies and negative OLR
anomalies over Southeast China from day 420 to day +25. Later on most of the OLR and
wind anomalies are below 95% significance level.

The northward propagation of the active and break precipitation phases of the EASM
can be seen more clearly from the zonally averaged OLR and 850-hPa wind between 110°E-
120°E (Fig. 3.12a-c). In SP-CCSM4, before the Mei-yu onset, the suppressed convection
to the north of convection disappears quickly, favoring the convection to move further
northward. Meanwhile the convective activity at around 15°N propagates northward and
rapidly moves into the Mei-yu region (around 30°N). Therefore, in SP-CCSM4, the Mei-yu
season starts 5 days earlier and lasts for a shorter time period (10 days) than in observations

(15 days). A similar feature can be seen in CCSM4 (Fig. 3.12¢). The suppressed convection
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over 30°N at day 0 does not persist as long as that in observations (Fig. 3.12a), thus favoring
the northward propagation of the convective anomalies.

The mechanisms proposed to explain the northward propagation of the EASM are in-
vestigated in an attempt to understand which mechanism is deficient in SP-CCSM4. Fig-
ure 3.13 shows the spatial pattern of the ISO life cycle of surface temperature superposed
with OLR in observations and models. Before day 0, a warm SST anomaly is located to
the northern side of the region with active convection, leading the convection to propagate
northward from the Maritime Continent to SCS (Fig. 3.13a). This feature is also presented
in SP-CCSM4 and CCSM4 (Fig. 3.13b and c). In observations, the maximum convection
occurring in SCS is followed by a warming of SST to the south of Japan and over the
Maritime Continent, and a cooling of SST in between. This cold SST leads the suppressed
convection over the Maritime Continent and induces its northward propagation to SCS. At
the same time, the warmer SST to the south of Japan makes the convection move north-
eastward. The main difference between SP-CCSM4 and observation appears after day 0
when, in SP-CCSM4, negative SST anomalies form to the south of Japan. The cold SSTs
to the south of Japan do not favor the northeastward propagation of convection. In CCSM4
(Fig. 3.13c), there are positive SST anomalies to the south of Japan while negative surface
temperature anomalies over East China.

In combination with the life cycle of the low-level wind pattern (Fig. 3.11), Fig. 5.12
shows that SP-CCSM4 reproduces the air-sea interaction mechanism favoring the north-
ward propagation of the ISO. The convection (suppressed convection) induces a cyclonic
(anticyclonic) circulation anomaly to its northwestern side. The northeasterly (southwest-
erly) anomaly to the north of the convection reduces (enhances) the prevailing southwesterly
flow, and thus decreases (increases) the upward latent heat flux. The variation in latent
heat flux results in the warming (cooling) of SST to the north of convection (suppressed con-
vection), which increases (decreases) the convective instability, thus favoring the northward
movement of convection (suppressed convection).

Both the models and observations (Fig. 3.14) show that before the onset of the Mei-yu
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Figure 3.11: The composite of OLR (shading, unit: Wm™2) and 850-hPa wind (vectors,
unit: ms~!) of the 12 ISO EASM phases: (a) Observation, (b) SP-CCSM4 and (c) CCSM4.
Only areas above the 95% significance level are plotted.

season over Southeast China (day +20 in the observations and 415 in the models), easterly
wind shear prevails to the south of the convection center (Fig. 3.14a-c). This easterly wind
shear is accompanied by barotropic vorticity to the north of convection (Fig. 3.14d-f), which
is consistent with the vertical shear mechanism.

The patterns of circulation and convection (Fig. 3.15b and ¢) simulated by the model
are similar to observations (Fig. 3.15a). The cyclonic (anti-cyclonic) vorticity leads the
convection (suppressed convection), staying to the north of convection (suppressed con-

vection) and favoring the northward propagation of the convective activity. However, in
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Figure 3.12: The zonally averaged (110°E-120°E) 12 phases of the ISO EASM in OLR
(shading, unit: Wm~2) and 850-hPa wind (vectors, unit: ms~!) for (a) observations, (b)
SP-CCSM4, and (c) CCSM4.The wind magnitude smaller than 0.1 ms~! is not plotted.

SP-CCSM4, both the cyclonic and anti-cyclonic vorticity are more intense than in obser-
vations (Fig. 3.15a), while, in CCSM4 (Fig. 3.15c), the vorticity anomalies are relatively
weaker than in observations. In both models (Fig. 3.15b and ¢), the anti-cyclonic vorticity
before day +10 propagates faster than that in observations (Fig. 3.15a), creating conditions
for the northward movement of the cyclonic vorticity.

The composite of the zonally averaged low-level moisture convergence (Fig. 3.15d-f)
shows a similar pattern to the vorticity field. SP-CCSM4 (Fig. 3.15e) simulates a stronger
moisture convergence (divergence) compared to the observations (Fig. 3.15d), whereas in
CCSM4 (Fig. 3.15f), the magnitude of moisture convergence is comparable to observa-
tions. Meanwhile, the moisture convergence (divergence) is located slightly to the north
of convective (suppressed convection) center, which is similar to observation. The cyclonic
vorticity and moisture convergence to the north of the convection also tend to destabilize

the atmospheric boundary layer, thus driving the convection moving northward.
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Figure 3.13: Same as Fig. 3.11, but for the composite of surface temperature (shading, unit:
K) and OLR (contours, unit: Wm~2). The blue contours denote convective anomalies, and
the red contours represent suppressed convective anomalies. The contour interval is 5
Wm~2, and minimum (maximum) value for convective (suppressed convective) anomalies
is 5 (-5) Wm™2. The gray dots indicate the areas where the composite SST is above 95%
significance level.

3.2 Dry and Wet WPWP cases

In Subsection 3.1.3, it was mentioned that the most prominent difference in intraseasonal
variability of the EASM between observations and SP-CCSM4 is related to the suppressed
convection anomaly over WPWP. In SP-CCSM4, this suppressed convection could result
in the earlier onset of the Mei-yu season and in the faster northward propagation. This
hypothesis will be verified using observational data.

The dry and wet WPWP cases are defined based on the OLR anomaly over WPWP at
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Figure 3.14: (a)-(c) The zonally averaged (110°E -120°E) OLR (shading, unit: Wm~2) and
vertical wind shear based on the difference between the zonal wind at 200 hPa and 850
hPa (contours, unit: ms=!), (d)-(f) The zonally averaged 850-hPa vorticity (shading, unit:

107%s71) and 200-hPa vorticity (contours, unit: 107%s7!). (a) and (d): Observations. (b)
and (e): SP-CCSM4. (c) and (f): CCSM4. In (a)-(c) the solid contours denote westerly
wind shear, and the dashed contours denote easterly wind shear. The contour interval is 1
ms~!. In (d)-(f) the solid contours denote the cyclonic vorticity at 200 hPa, and the dashed
contours denote the anti-cyclonic vorticity at 200 hPa. The contour interval is 2x107 %51

day 0. When there is a positive OLR anomaly over equatorial WP to the east of 120°E it is
defined as dry WPWP case. Otherwise, it is wet WPWP case. In observation, during MJJ
from 1983 to 2012, there are 11 dry WPWP cases and 10 wet WPWP cases. Figure 3.16
shows examples of dry and wet WPWP cases. For the dry WPWP case on 7 July 2002,
the positive OLR anomaly is mainly located to the east of 120°E and extends to 180°E.
Whereas in the wet WPWP case on 22 June 2006, the center of the maximum negative
OLR anomaly is located to the east of 140°E.

The composite of the ISO life cycle is constructed for the dry and wet WPWP cases.
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Figure 3.15: Same as Fig. 3.14, but (a)-(c) are the zonally averaged (110°E-120°E) OLR
(shading, unit: Wm~2) and 850-hPa vorticity (contours, unit: 107%s71), (d)-(f) are the zon-
ally averaged OLR (shading, unit: Wm~2) and 1000-hPa moisture convergence (contours,
unit: 1078s71). (a) and (d): Observations. (b) and (e): SP-CCSM4. (c) and (f): CCSM4.
In (a)-(c) the solid contours denote cyclonic vorticity, and the dashed contours denote anti-
cyclonic vorticity. The contour interval is 2x107%s~!. In (d)-(f) the solid contours denote

moisture convergence, and the dashed contours denote moisture divergence. The contour

interval is 2x 10 8s~1.

Figure 3.17 shows the life cycle of the 30-60-day band filtered OLR and 850-hPa wind for
the dry and wet WPWP cases, respectively.

Before day 0, both the dry and wet WPWP cases show the dissipation of the suppressed
convection (positive OLR anomaly) over SCS from day —15 to day —10, and the subsequent
development of the enhanced convection (negative OLR anomaly) from day —15 to day 0.
The difference between the dry and wet WPWP cases before day 0 lies in the convective
activity over IO and tropical WP. Before day 0, in the dry WPWP case (Fig. 3.17a), there

is a suppressed convection over eastern 10 at day —15. It develops and covers almost the
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Figure 3.16: Examples of dry (left) and wet (right) WPWP cases at Day 0.

entire 10 at day —5. In addition, the enhanced convection over tropical WP amplifies and
moves westward into SCS. In the wet WPWP case (Fig. 3.17b), the IO is covered by the
enhanced convection at day —15. The enhanced convection propagates eastward, and at
day 0 the suppressed convection dominates the I0. Meanwhile, the suppressed convection
over tropical WP dissipates from day —15 to day —5.

At day 0, the convection reaches the maximum over SCS in both dry and wet WPWP
cases. As mentioned above, over WPWP, there is suppressed convection in the dry WPWP
cases, and enhanced convection in the west WPWP cases.

Later on, in the dry WPWP case (Fig. 3.17a), the suppressed convection over the
WPWP expands and propagates northward from day 5 to day 10. Then it moves quickly
from WNP to SCS at day 15, and reaches the peak at day 20. In the wet WPWP case
(Fig. 3.17b) the suppressed convection over 10 develops and propagates eastward. It reaches
the Maritime Continent at day 10. Then it moves northward into SCS at day 15 and reaches
the maximum at day 20.

The suppressed convection over SCS starts dissipating after day 20 in both dry and
wet WPWP cases. In the dry WPWP case (Fig. 3.17a), the suppressed convection over
SCS disappears at day 30, and meanwhile, the enhanced convection over WPWP migrates

northwestward into SCS. In the wet WPWP case (Fig. 3.17b), the suppressed convection
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over SCS disappears at day 35, and the enhanced convection over SCS is not as strong as
that in the dry WPWP case.

The northward propagation of the active and suppressed convection over East China can
be seen more clearly from the zonally averaged OLR and 850-hPa wind between 110°E and
120°E (Fig. 3.18). In the dry WPWP case, the convective activity and wind is more intense
than that in the wet WPWP case. In the dry WPWP case (Fig. 3.18a), the suppressed
convection over tropics propagates northward, pushing the active convection over SCS to
move. Meanwhile, the suppressed convection at around 30°N dissipates quickly, which also
favors the convection to move northward. At day 15, the convection and the southwesterly
flow reaches Southeast China, initiating the Mei-yu season which lasts around day 25. At
day 30, another active convection appears over SCS. In the wet WPWP case (Fig. 3.18b)
the northward propagation of OLR anomaly is not as prominent as that in the dry WPWP
case (Fig. 3.18a). The suppressed convection at 30°N prevents the convection moving
northward, and the Mei-yu onset is not clear. At day 35, the second convection appears
over SCS. Therefore, the cycle of the ISO in the dry WPWP case is about 5 days shorter
than in the wet WPWP case.

The northward propagation of ISO is also analyzed over WP by making the zonal average
between 120°E and 140°E (Fig. 3.19). The difference between the dry and wet WPWP
cases is prominent. In the dry WPWP case (Fig. 3.19a), the tropical suppressed convection
advances northward, favoring the northward propagation of the convection to its north.
In the wet WPWP case (Fig. 3.19b), the northward propagation is not clear before day
5, but after day 5, the active and suppressed convection moves northward. However, the
magnitude of the convection is smaller than that in the dry WPWP case.

In addition to the northward propagation of the ISO, the zonal migration is also analyzed
by taking meridional average between 10°S and 10°N, and between 10°N and 20°N (Fig. 3.20
and Fig. 3.21, respectively). The former one aims to track the zonal propagation in the
equatorial region, while the latter one intends to find out where the convection over SCS

comes from.
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Figure 3.17: he composite of OLR (shading, unit: Wm~2) and 850-hPa wind (vectors, unit:
ms~!) of the 12 ISO EASM phases: (a): dry WPWP case. (b): wet WPWP case. The
areas above the 95% significance level are highlighted by grey slashes.
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Figure 3.18: The zonally averaged (110°E-120°E) 12 phases of the ISO EASM in OLR
(shading, unit: Wm~2) and 850-hPa wind (vectors, unit: ms~!) for (a) dry WPWP case,
(b) wet WPWP case. The wind smaller than 0.1 ms™! is masked out.
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Figure 3.19: Same as Fig. 3.18, except the zonal average is computed between 120°E and
140°E.

In the dry WPWP case (Fig. 3.20a), the suppressed convection over tropical WP shows
eastward propagation, while the zonal movement over IO is not obvious. Over 10°N-20°N,
there is westward propagation of the ISO (Fig. 3.21a). The convective activity over SCS is
related to the westward propagation of active/suppressed convection over WNP.

In the wet WPWP case (Fig. 3.20b and Fig. 3.21b), the active and suppressed convection
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Figure 3.20: The meridionally averaged (10°S-10°N) 12 phases of the ISO EASM in OLR
(shading, unit: Wm~2) and 850-hPa wind (vectors, unit: ms~!) for (a) dry WPWP case,
(b) wet WPWP case. The wind smaller than 0.1 ms™! is masked out.

show eastward propagation. Over the equatorial region, the convective activity moves
eastward from 10 to WP (Fig. 3.20b), while over the region 10°N-20°N (Fig. 3.21b), the
eastward propagation cannot exceed SCS.

To summarize, in the dry WPWP case, the ISO of the EASM shows northward and
westward propagation, whereas in the wet WPWP case, the ISO is dominated by the

eastward propagation.

3.3 Summary and Discussion

The ability of SP-CCSM4 to simulate the observed features of EASM was evaluated by
comparing the model output with observations and CCSM4, including the seasonal mean
state, the annual cycle, and the ISO associated with the EASM variability. The model
captures the main features of the EASM observed climatology and the mechanisms related
to its northward propagation.

The MJJA mean state of EASM is better simulated by SP-CCSM4 than by CCSMA4.
However, both models underestimate the amount of precipitation over the EASM area.

In SP-CCSM4, the rainfall deficiency results from a combination of factors including a
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Figure 3.21: Same as Fig. 3.20, except the meridional average is computed between 10°N
and 20°N.

northward-displaced WNPSH and less moisture transport over the EASM region. In CCSM4,
the WNPSH extends westward, leading to a moist intrusion to central and northeastern
China as well as northern Japan.

The SP-CCSM4 also captures many aspects of the stepwise northward propagation of
the precipitation belt in the EASM region. The shortcomings of the model in simulating
the seasonal march are the early onset and shorter duration of the Mei-yu season and the
more extreme northernmost position of the subtropical rain belt. The northward expansion
of the edge of the subtropical rain belt is related to the northward migration of the WNPSH
ridge line simulated by the model. However, in CCSM4, the EASM onset at mid-May is
not reproduced, plus the whole rain band over subtropics is displaced northward.

The underestimation of the EASM precipitation is a common problem among the current
generation of climate models (Chen et al., 2010; Sperber et al., 2013; Zhou and Li, 2002).
The rainfall deficiency in models is largely related to the flaws in the WNPSH simulation.
In SP-CCSM4, there is a weaker low level southerly flow over SCS and cyclonic circulation
anomalies over WNP (Fig. 3.4a-c), which is similar to the multi-model mean of CMIP5 and
CMIP3 (Sperber et al., 2013, Fig. 2). The annual cycle of EASM is better simulated by SP-

CCSM4 than some other models. The SP-CCSM4 reproduces the northward propagation of
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the subtropical rain belt with a reasonable EASM onset, except for the bias in the Mei-yu
episode and the northernmost position of the rain belt. The super-parameterization shows
significant improvements over CAM3.5 with different convection schemes, where the whole
subtropical rain belt is displaced northward and the monsoonal precipitation lasts longer
(Chen et al., 2010).

The SP-CCSM4 captures the mechanisms related to the northward propagation of the
EASM ISO. In boreal summer, the ISO-related convective heating over the Maritime Conti-
nent and SCS induces a low-level cyclonic anomaly to the northwestern side of the convective
region. The induced northeasterly anomaly reduces the prevailing southwesterly flow. The
change in the low-level wind reduces the latent heat flux, leading to a warmer SST to the
north of convection. This warmer SST tends to destabilize the atmospheric boundary layer,
thus favoring the northward propagation of convection. Meanwhile, the presence of the
easterly vertical shear and the barotropic vorticity to the north of the convective activity
also contributes to the northward propagation of ISO. The difference between the model
and observation is that the northwestward propagation starting from WNP occurs earlier
and moves faster in the model. In addition, the Mei-yu season begins earlier and does not
last as long as that in the observation.

The analysis of mechanisms responsible for the northward propagation does not indi-
cate large discrepancies between their representation in SP-CCSM4 and observations. The
largest difference between SP-CCSM4 and observations is a region of suppressed convection
over WPWP, which is present only in SP-CCSM4 (Fig. 3.11). This suggests that the earlier
onset of the Mei-yu season and the faster northward propagation could be attributed to the
suppressed convection over this region.

To further investigate this hypothesis, a composite analysis was applied to the observa-
tional data. The ISO cases are divided into dry WPWP case and wet WPWP case based
on the convective activity over WPWP when the convection reaches the peak over SCS.
The result reveals that, in the dry WPWP case, the ISO shows faster northward propaga-

tion over East China and WNP, which is related to the earlier onset of the Mei-yu season.
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Also, the development of the convection over SCS is due to the northward and westward
propagation of ISO. While in the wet WPWP case the northward propagation occurs over
WNP, and it is not obvious over East China. The Mei-yu onset is not as clear as that
in the dry WPWP case. Additionally, the ISO movement is dominated by the eastward
propagation. However, there are not enough cases in the observations (11 dry WPWP cases
and 10 wet WPWP cases). If a statistically significant result is to be obtained, a longer

record of observations or a longer model simulation is required.
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Chapter 4: EASM simulation in SP-CCSM4 under Future

Climate Condition

In this chapter the EASM simulations by SP-CCSM4 under global warming scenario are ana-
lyzed, including its mean state, annual cycle, and intraseasonal variability. The global warm-
ing scenario is simulated by quadrupling atmospheric COs concentration in SP-CCSM4. In
addition the EASM responses to various global warming conditions are further investigated.
Based on the analysis a hypothesis is proposed to explain the changes of the EASM under
the global warming scenario. According to this hypothesis, the warming of surface bound-
ary plays a more important role in the changes of EASM mean state than the atmospheric
warming due to external forcing. Meanwhile, the EASM mean state is affected by the local
air-sea interaction over SCS and nearby WP. The local air-sea interactions over SCS and
WP modulate the convective activity in the region via surface evaporation. The occurrence

of convection then prevents the WNPSH from extending westward.

4.1 Model Simulations

In this section, four model simulations are used to study the changes of the EASM under
various global warming scenarios, including two coupled runs and two AMIP-type runs. The
initial conditions for all the four model simulations were taken from the CCSM4 twentieth-
century runs. They were initialized in January 2006. Two coupled simulations were run
for 150 years, and two AMIP-type simulations were run for 35 years. All the four model
simulations have the same resolution with 1.9° (latitude) x 2.5° (longitude).

A brief summary of these four model simulations is listed in Table 4.1. The coupled

runs are: coupled present-day control with atmospheric CO5y concentration of 368.9 ppmv
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Table 4.1: Brief information of four model simulations.

Model Simulation | Atmospheric CO2 | Initial Condition Boundary Condition

(ppmv)
pdControl 368.9

ocean model generated SST
cpl 4xCO9 1475.0
CCM4 20" century

amip_4x COq 1475.0 observed SST
amip_4K 368.9 observed SST + 4K

(pdControl), and the coupled warming scenario with the abrupt quadrupling of CO2 con-
centration used in the pdControl run (cpl-4xCQOg). The first AMIP run uses boundary
conditions derived from observed climatology and the same atmospheric COgy concentra-
tion as in cpl.4xCOq9 (amip-4xCO2). In the second AMIP run (amip_4K), the observed
boundary conditions are perturbed by a uniform 4K SST increase and the atmospheric CO»
concentration is the same as in the pdControl run. In the coupled runs, the atmosphere
and ocean are fully coupled. The heat, momentum, and moist are exchanged at the air-sea
interface. In the uncoupled runs, the air-sea interaction is cut off and the ocean cannot
respond to the atmospheric forcing. Thus, the amip_4xCQOs run shows only the impact of
quadrupling the CO3 level on the atmosphere, whereas the amip_4K run shows the direct
effect of SST warming on the atmosphere. The complete description of these runs is given
by Bretherton et al. (2014). Firstly, the EASM response to global warming will be analyzed
by comparing the EASM simulation in pdControl and cpl 4xCOa, including the seasonal

mean, annual cycle, and ISV.
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4.2 EASM Response to Global Warming

4.2.1 Seasonal Mean State

The climatological MJJA mean precipitation and 850-hPa GPH are illustrated in Fig. 4.1
for pdControl, c¢pl 4xCO2, along with their differences. The most prominent difference
in precipitation between them is that the Intertropical Convergence Zone (ITCZ) moves
equatorward in cpl_-4xCQOs. The precipitation over SCS and WP is significantly reduced in
cpl.4xCO2 compared to pdControl run between 10°-20°N, while it is intensified over the
EASM region to the north of 20°N and near the equator.

In pdControl run, maximum precipitation occurs over SCS and adjacent WP. There is
also large amount of rainfall over the area from South China to southern Japan. In cpl._-
4xCO- the precipitation is decreased significantly over part of the tropics, and increased
over East Asia area. The WNPSH also changes in response to the global warming conditions.
In the pdControl run, the western edge of the 1540-m isoline reaches 160°E. It is located
along 30°N and tilts northward when it approaches the East Asian continent. In the cpl._-
4xCO2 run, the WNPSH intensifies and extends westward: the isoline of 1540-m reaches
140°E and the western portion of the WNPSH tilts southward. Because precipitation tends
to form to the northwestern flank of WNPSH, the magnitude of precipitation over the
EASM area is larger in the cpl 4xCOs run.

The climatological MJJA mean state can be seen more clearly by zooming over the
EASM area (Fig. 4.2). In the warmer climate, the tropical monsoon trough is weakened
while the subtropical monsoon trough is strengthened (Fig. 4.2c). The precipitation is also
increased over northern China and Korean Peninsula. The intensification of monsoonal
precipitation in the warming climate scenario is related to the enhanced southwesterlies
and associated moisture transport to the EASM area (Fig. 4.2d-i). The changes in the
low-level wind and moisture transport is associated with the spatial distribution of the
WNPSH (Fig. 4.1). In boreal summer, the low-level wind prevailing over East Asia consists

of two branches. The westerly wind over SCS turns into southerly wind when it flows
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Figure 4.1: MJJA mean precipitation rate (shadings, unit: mm/day) and geopotential
height at 850 hPa (contours, unit: m) in (a) pdControl, (b) cpl. 4xCO3, and (c) the dif-
ference between cpl 4xCOy and pdControl. The dashed line in (a) and (b) denotes the
subtropical ridge. The grey slashes in (c) denote the regions where the precipitation ex-

ceeds the 95% significance level.
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into East Asia area, and the southeasterlies on the southern side of the WNPSH turn
into southerlies/southwesterlies on the western/northwestern side of the WNPSH. In the
pdControl run, most of the East Asian area is covered by southerly flow (Fig. 4.2d). Because
the subtropical ridge is located around 30°N, most part of the East Asian region between
20°N and 40°N is covered by southerlies because this region is located on the western side
of WNPSH. In the cpl 4xCO2 run, the East Asian area is dominated by southwesterlies
(Fig. 4.2e) because the westward extension of WNPSH puts the region to the northwest
flank of WNPSH.

The moisture transport over East Asia has a similar structure as the low-level wind. The
westerly flow brings moisture from IO and SCS, and the southeasterly flow transports mois-
ture from WNP. These two branches of moisture converge over East Asia and contribute to
the precipitation formation there. In the pdControl run, the moisture flows northward over
most part of the EASM area (Fig. 4.2g) whereas, in the cpl 4xCOg run, the moisture flows
northeastward and the magnitude of the moisture transport is largely amplified, especially
over northern China, Korean peninsula, and Japan (Fig. 4.2h-i).

Xiang et al. (2013) showed that WNPSH is influenced by a convection-wind-evaporation-
SST feedback occurring over the WNP, and Li et al. (2012) pointed out that the changes of
WNPSH in a warming climate is affected by the land-sea thermal contrast. The vertically
integrated diabatic heating (Fig. 4.3) shows that global warming induces the increase of
convective activity in the equatorial Pacific and suppression of convection in the WNP
between 10°N-20°N. In pdControl run, there is large diabatic warming over I'TCZ, which
is located at 5°N-10°N over Pacific Ocean and at 10°N-20°N over SCS. In cpl 4xCOs run,
the diabatic warming band moves to equatorial region, corresponding to the equatorward
displacement of the ITCZ (Fig. 4.1b). The southward movement of the ITCZ leads to a
diabatic cooling over tropical Pacific Ocean (10°N-20°N) and the resultant amplification of
the WNPSH, consistent with the findings of Xiang et al. (2013).

Figure 4.4 depicts the MJJA mean meridional circulation averaged between 110°E and

120°E in pdControl, c¢pl 4xCO2, and their difference. In pdControl run, there are two
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Figure 4.2: MJJA mean state over East Asia in pdControl, cpl 4xCQO2, and their difference.
(a-c): precipitation rate (unit: mm/day), (d-f): magnitude and direction of wind at 850 hPa
(unit: m/s), (g-1): magnitude and direction of the vertically integrated moisture transport
(unit: Kgm~!s™1). The grey slashes in (c),(f), and (i) denote the regions exceeding the 95%
significance level.
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Figure 4.3: MJJA mean vertically averaged diabatic heating (unit: K/day). (a): pdControl,
(b): cpl.ldxCOaq, (c): the difference between cpl 4xCOy and pdControl. The grey slashes
in (c) denote the regions where the diabatic heating exceeds the 95% significance level.

ascending branches: one is located over a broad area from equator to 30°N, and the other
one is located around 40°N. The center of maximum meridional moisture transport is located
between 10°N and 20°N. In c¢pl_4x CO4 run, the upward motion is enhanced near equatorial
region and midlatitudes, while it is reduced from 10°N to 20°N. Additionally, the meridional
moisture transport is amplified between 20°N and 30°N (Fig. 4.4b-c). The changes in
meridional circulation and moisture transport is consistent with the changes in precipitation

(Fig. 4.2¢), i.e., the rainfall is reduced over SCS and enhanced over East China.
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Figure 4.4: MJJA mean zonally averaged (110-120°E) meridional circulation and meridional
moisture transport (contours, unit: g/kgxm/s). (a): pdControl, (b): cpl-4xCOg, (c) the
difference between cpl-4xCO2 and pdControl. Shadings denote the ascending/descending
motions. The grey dots in (¢) denote the regions where the vertical motion exceeds the 95%

significance level.
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Therefore, in a future warmer climate, the seasonal mean state of the EASM is en-
hanced. The warming up of SST results in a diabatic cooling band over the tropical Pacific
Ocean (10°N-20°N), and a diabatic warming region over the equatorial Pacific Ocean which
is related to the equatorward displaced I'TCZ. The change of the diabatic heating in the
warming climate leads to a high pressure anomaly and thus an amplified WNPSH. The
southwestward extension of the WNPSH enhances the southwesterly flow as well as the
moisture transport over East Asia, increasing the monsoonal precipitation. While the dia-
batic cooling over the tropical WP is consistent with Xiang et al. (2013), the cause of the
cooling is different from their study. Xiang et al. (2013) suggest that a cold SST anomaly
in the western North Pacific favors the development of descending Rossby waves. The de-
scending waves suppress the development of convection and enhance the wind divergence at
the surface, which will continue to suppress the convective activity. In the global warming
scenario, the SST is warmer than in the present day conditions in both the equatorial Pacific
and the WNP. The WNPSH intensification due to diabatic cooling over tropical WP is also
consistent with the findings by Li et al. (2012). However, in their study, they did not show

the spatial distribution of the diabatic heating changes in the warming climate.

4.2.2 EASM Interannual Variability

The multivariate EOF analysis (MV-EOF), which is discussed by Wang et al. (2008), is
applied to study the variability of the EASM. The domain for the MV-EOF (105°E-140°E,
10°N-50°N) includes both tropical and subtropical East Asia area. The three variables used
in MV-EOF are precipitation, zonal and meridional wind at 850 hPa in MJJA (method
described in Section 2.3.6).

The first two modes of MV-EOF for pdControl and cpl_ 4x CO» are illustrated in Fig. 4.5.
For the pdControl run (Fig. 4.5a), the first mode accounts for 19.45% of the total variance,
and the second mode accounts for 10.92% of the total variance. The spatial pattern of the
first MV-EOF mode shows a tri-pole structure with a wet anomaly from South China to

Japan and two dry anomalies to its south (SCS and subtropical WP) and north (North
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China). At 850 hPa, there is an anomalous anti-cyclonic circulation over the area to the
south of 35°N, with its center at around (135°E, 25°N). This anti-cyclonic anomaly brings
an abnormal southwesterly flow over the region from South China to Japan. The spatial
pattern of the second MV-EOF mode shows another tri-pole structure, with enhanced
precipitation over the area from 25°N to 40°N, and diminished precipitation to its south
and north. At 850 hPa, there are three anomalous circulation systems: a cyclonic anomaly
over subtropical East Asia (25°N-40°N), and anti-cyclonic anomalies over SCS and nearby
WP, and northern part of EASM domain.

In cpl.4xCO2 run (Fig. 4.5b), the first mode explains 26.15% of the total variance, and
the second mode explains 12.48% of the total variance. The first two modes explain 38.63%
of the total variance, which is higher than in pdControl run (30.38% of the total variance).
The spatial pattern of the first MV-EOF mode shows a dipole structure, with intensified
precipitation over most portion of the East Asia continent, and reduced precipitation over
WP. At 850 hPa, there is an anomalous anti-cyclonic circulation over the EASM domain,
with southwesterly anomalies prevailing over most part of China, Korean peninsula, and
Sea of Japan. The center of this anti-cyclonic anomaly is located at around (128°E, 25°N),
which is displaced westward compared to pdControl run. The spatial pattern of the second
MV-EOF mode shows a different di-pole structure: positive rainfall anomalies between 25°N
and 40°N, and to the north of 45°N; negative rainfall anomalies over South China, SCS, and
adjacent WP. At 850 hPa, there are two abnormal circulation structures: cyclonic anomaly
between 25°N and 45°N, and anti-cyclonic anomaly to its south.

The PCs of the first two MV-EOF modes for pdControl and cpl_4xCO4 are also plotted.
The comparison of PCs between pdControl and cpl-4xCO3 indicates that in a warmer
climate condition there is larger year-to-year variation in these two modes.

Therefore, in the future warmer climate, there is larger interannual variability of the
EASM. The rainfall shows larger variation over the northern part of East Asia due to the

changes in the low-level circulation.
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Figure 4.5: Spatial patterns and Principle Components (PC) of multivariate EOF on a
set of three variables in MJJA, including precipitation (shadings) and 850-hPa zonal and
meridional wind component (vectors). (a): pdControl, (b): cpl.4xCOq. All the three
variables have been normalized before doing the EOF analysis. PCs are also standardized.
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4.2.3 Annual Cycle

The annual cycle of the monsoonal precipitation is compared between pdControl and cpl_-
4xCOgq runs. It is firstly calculated over the whole EASM domain (Fig. 4.6). In East Asia,
the precipitation rate is around 2 mm/day and remains stable from January to March. The
precipitation starts to increase from April, and keeps increasing during the following four
months. It reaches the peak in July or August, and the maximum value is around 8 mm/day.
Afterwards, the precipitation decreases and reaches around 3 mm/day in December. The
difference between cpl 4xCOy and pdControl during May to August shows that the peak
precipitation occurs at different time periods. The peak rainfall in c¢pl 4xCOq occurs in
mid-July, while in pdControl the maximum precipitation happens in early August. The
magnitude of the peak precipitation in c¢pl 4xCOQOq is larger than that in pdControl run.
The peak precipitation is around 8.5 mm/day in cpl-4xCOq, and is around 7.5 mm/day in
pdControl. Also there is more variability in precipitation in c¢pl.4xCQOs run.

The spatial pattern of the annual cycle is computed by zonally averaging precipitation
between 110°E and 120°E, and between 120°E and 140°E, respectively. The former shows
the meridional propagation of the rainband over SCS and East China, while the latter shows
the movement of the rain belt over the subtropical WP, Korean peninsular, and Japan.

In the pdControl run, between 110°E and 120°E (Fig. 4.7a), the large amount of precip-
itation jumps northward to about 25°N around mid-May, initiating the first standing stage
of the EASM. Then the rain belt moves northward in early June and stays between 28°-
32°N until mid-June. Afterwards, it jumps northward again and reaches the northernmost
position (around 45°N) in mid-July. In the cpl_4x COq simulation (Fig. 4.7b), the mergence
of tropical and subtropical rain belts is about 5 days later, and the precipitation is largely
enhanced between 20°N and 30°N. The Mei-yu onset is not as clear as in the pdControl run.
Additionally, the precipitation at 30°N lasts until early July, which means that the Mei-yu
season lasts longer in a warmer climate. In the beginning of July, the rain belt advances
northward again. The precipitation keeps staying around 37°N-43°N and lasts from July to

the end of August. This longer duration of the enhanced precipitation over northern China
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Figure 4.6: the area average of precipitation over the EASM area (105-140°E, 10-45°N) using
climatological pentad mean data. Blue line denotes the precipitation rate of pdControl, red
line denotes the precipitation rate of cpl.-4xCO2. They grey lines denotes the time period
May to August.
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is clearly illustrated in the difference between cpl 4xCO2 and pdControl (Fig. 4.7c).

The difference in the annual cycle of the precipitation shows the similar pattern over
the region 120°E-140°E (Fig. 4.7d-f). In the pdControl run (Fig. 4.7d), the subtropical rain
band shows the first northward jump (from 30° to 32°N-38°N) at the beginning of June, and
lasts until around 20 June. Afterwards, it jumps northward again. In the cpl . 4xCOs, the
precipitation is enhanced along the northward movement of the rain belt (Fig. 4.7e-f). The
precipitation is intensified over 25°N-30°N during May to mid-June. The first northward
jump of the rain belt in June is delayed. It jumps northward around mid-June, and stays
over 30°N-40°N until the beginning of July. This rainy episode (Baiu in Japan and Changma
in Korean) persists longer in the global warming scenario, plus the precipitation is largely
intensified (Fig. 4.7f). Then the rain belt moves northward around 10 July, but cannot
reach as high a latitude as in the pdControl run.

The annual cycle of the WNPSH index (description in Section. 2.3.3) is also plotted
in Fig. 4.7. Generally, it indicates the meridional migration of subtropical ridge. In the
pdControl run (Fig. 4.7a), the annual cycle of the WNPSH shows the first northward jump
in late May and the second northward movement in late June. It persists between 38°N and
42°N during July and August. In the c¢pl 4xCOg run (Fig. 4.7b), the ridge line remains
at around 28°N until late June when it shows the first northward jump. Then it jumps
again around 10 July. However, it cannot reach as high a latitude as in the pdControl
run. Compared with the pdControl run, the WNPSH is displaced southward throughout
the whole summer, especially from June to August (Fig. 4.7c). This southward shift of the
WNPSH favors the enhanced and longer persistence of Mei-yu (Baiu and Changma) rainfall
as well as the precipitation over northern East Asia.

The WNPSH index in Fig. 4.7 only shows the movement of the WNPSH in the meridional
direction. The zonal shift of the WNPSH, which is also important in determining the
moisture transport to FEast Asia, is masked by the above WNPSH index. Therefore, it
is necessary to use a parameter to express the trajectory of the WNPSH in both zonal

and meridional directions. The calculation of the WNPSH trajectory is described in detail
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Figure 4.7: Zonal mean of precipitation rate (shadings) and WNPSH index (black line)
in the coupled runs. (a)-(c) zonal mean between 110-120°E, (d)-(f) zonal mean between
120-140°E. (a) and (d) pdControl, (b) and (e) cpl-4xCOa3, (c) and (f) difference between
coupled runs, cpl-4xCO2 minus pdControl. The y axis on the right side in (c¢) and (f)

denotes the difference of the WNPSH index.
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in subsection 2.3.4. Generally, it is the position of the intersection point of subtropical
ridge and 1540-m isoline. The trajectories of the WNPSH in pdControl and cpl 4xCOQO¢ are
shown in Fig. 4.8. The most prominent difference between these two simulations is that, in
cpl_dxCO9, the WNPSH is displaced southwestward, which is also shown in MJJA mean
state (Fig. 4.1). Moreover, the WNPSH spans a different range in zonal and meridional
directions. In the pdControl run, the WNPSH moves from 25°N in early May to 40°N in late
August, spaning 15 degrees in latitude. However, in cpl_.4xCOs, the WNPSH moves from
19°N to around 31°N, the northernmost position, spanning around 12 degrees in latitude.
Additionally, the WNPSH in cpl_4x CO4 spans a broader range in zonal direction. It spreads
37 degrees in cpl_4xCOsq, while 18 degrees in pdControl.

One can also see the difference in the WNPSH advancement between pdControl and
cpl.4xCO2. In May, the WNPSH in pdControl shows an obvious northward as well as
eastward movement, while, in cpl_4x COy, the WNPSH shifts in the zonal direction but does
not have a big jump in the meridional direction. In June, the WNPSH in both pdControl
and cpl_4xCOsq shows a northward jump, and keeps moving northward in July. However,
along with the northward propagation, in pdControl, the WNPSH shifts eastward in June
and westward in July. However, in c¢pl 4xCQO4, the WNPSH moves westward in June and
eastward in July. In August, the WNPSH remains at the same latitude in pdControl, while
it moves southward and westward in c¢pl 4xCOs.

Therefore, the annual cycle of the EASM is changed in the global warming scenario.
There is a longer persistence of the Mei-yu season in East China, as well as the Baiu in
Japan, and Changma in Korean (Fig. 4.7). This result is consistent with the conclusion
in previous studies (e.g., Kitoh and Uchiyama, 2006; Kusunoki and Arakawa, 2012). In
addition, the precipitation is intensified along the northward movement of the subtropical
rain belt. The changes in the annual cycle of the precipitation are related to the changes
in the WNPSH migration. In the warmer climate, the WNPSH is displaced southward
throughout the whole summer (Fig. 4.7c and f). The longer persistence of the subtropical

ridge at a lower latitude during May and June influences the Mei-yu/Baiu/Changma rainy
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season, including the magnitude of the precipitation, the onset and time period. The
southward displacement of the WNPSH in July and August favors the formation of enhanced
precipitation over northern East Asia. In the warmer climate, the movement of the WNPSH

shows difference behaviors in both meridional and longitudinal directions (Fig. 4.8).

4.2.4 ISV

The ISV of the EASM in a warmer climate is analyzed using the same method as in Chapter
3 (method described in Section 2.3.5). Both the 30-60-day mode and 10-20-day mode are

computed for pdControl and cpl-4xCOs simulations.

4.2.4.1 30-60-day Mode

The variance of 30-60-day band filtered OLR during MJJ is shown in Fig. 4.9. In the

pdControl run, the OLR reaches maximum over SCS and adjacent WNP, with magnitude
around 450 W?/m? (Fig. 4.9a). In cpl 4xCO2, the maximum OLR variance is still located

at SCS and nearby WNP, but its magnitude is decreased to around 350 W2 /m?* (Fig. 4.9b).
The composite of 30-60-day oscillation is based on an OLR index, which is the area average
of the 30-60-day band filtered OLR over the black box (112.5°E-130°E, 12°N-22.5°N). This
area is kept the same in the OLR index calculation for pdControl and cpl-4xCOs. Day
0 of the cycle is centered on the day when the OLR index during MJJ is less than minus
one standard deviation (—15.43 W/m? in pdControl) over SCS. The life cycle of an EASM
event consists of 12 phases starting from 15 days before and proceeding 40 days after Day
0. In pdControl we identified 43 events from 2125 to 2154, whereas in cpl 4xCQOs9 there
are 38 events during the same time period. The statistical significance of the composite is
assessed using the Student’s ¢ test.

Figure 4.10 shows the life cycle of 30-60-day oscillation in OLR and 850-hPa wind in
pdControl and cpl 4xCOQO4. The life cycle in pdControl has been described in detail in
Chapter 3. Compared with the pdControl run, the 30-60-day oscillation in cpl_4xCQOs be-

comes weaker (Fig. 4.10b), which can be seen from the smaller magnitude of OLR and wind
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Figure 4.9: The variance of 30-60-day bandfiltered OLR daily anomaly during MJJ (unit:
W2m~4). (a) pdControl. (b) cpl 4xCOz. The black box (112.5-130°E, 12-22.5°N) is the
region where the OLR variance reaches maximum in the observations.

anomalies. Generally the pattern of the life cycle does not show much difference between
pdControl cpl_4x CO4. Both simulations show the northwestward propagation of the active
and suppressed convection, and the corresponding circulation system to the northwest of
the convection center, i.e., a cyclonic (anti-cyclonic) anomaly to the northwestern side of
the active (suppressed) convection center.

From day —15 to day —5, both simulations show that the suppressed convection over
SCS dissipates, and the active convection from WPWP propagates northwestward into SCS.
The convective activity in c¢pl 4xCOQO, is relatively weaker than that in pdControl, along
with a weaker cyclonic anomaly to its northwest (e.g. at day —10). Also, the convection
does not extend as far eastward as in the pdControl.

At day 0 when the convection reaches the peak over SCS, there are dry regions to its

south (over WPWP) and north (East Asia). Both the suppressed convections in cpl 4xCOq
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are not as strong as in the pdControl run. Afterwards, the suppressed convection over
WPWP develops and moves northwestward. In the pdControl run, at day 15, the convection
over SCS moves northward into Southeast China. In the meantime, the northeasterly
anomaly at 30°N turns into southwesterly anomaly, initiating the Mei-yu season. The
Mei-yu season lasts until about day 25, and from day 30 the suppressed convection moves
from WPWP into Southeast China. In cpl.4xCQOs, the Mei-yu season starts around day
20 when there is active convection and southwesterly anomaly over Southeast China. The
active convection over Southeast China lasts until day 35. However, the wind anomaly is
weaker and below the significance level after day 30.

The northward propagation of the active and break precipitation phases of the EASM
can be seen more clearly from the zonally averaged OLR and 850-hPa wind between 110°E-
120°E (Fig. 4.11). In the cpl.4xCOg2 run, the suppressed convection around 30°N prevents
the convection moving northward, while, in the pdControl run, the suppressed convection
dissipates quickly and favors the convection over SCS moving into East China. In addition,
in cpl.4xCO3, the convection over East China lasts until day 35, while, in pdControl, it
disappears after day 25.

The zonal propagation of the 30-60-day oscillation is also compared between cpl_ 4x COq
and pdControl by computing the meridional averaged OLR and 850-hPa wind between 5°N
and 20°N (Fig. 4.12). In the pdControl there is an eastward propagation to the west of
90°E and to the east of 150°E, and a westward propagation between 130°E and 150°E,
while, in c¢pl 4xCO2, these zonal propagations are weaker. In both simulations, the zonal
propagation is not obvious for the 30-60-day oscillation over the region between 90°E and
130°E.

Therefore, over the EASM area, the 30-60-day mode is dominated by the northward
and westward propagation. Generally the 30-60-day mode does not show a big difference
in a future warmer climate, except a longer duration of the Mei-yu season over Southeast

China.
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Figure 4.10: The 30-60-day mode composite of OLR (shading, unit: Wm™2) and 850-hPa
wind (vectors, unit: ms™') of the 12 ISO EASM phases: (a) pdControl. (b) cpl-4xCOs,.
The areas above the 95% significance level are highlighted by grey dots.
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(b) cpl 4xCOy. The wind which is smaller than 0.1ms™! is masked out.
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Figure 4.12: The meridionally averaged (5°N-20°N) 12 phases of the 30-60-day ISO EASM in
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4.2.4.2 10-20-day Mode

The intraseasonal oscillation on the 10-20-day time scale is analyzed for pdControl and
cpl.4xCOy. The variance of the 10-20-day band filtered OLR during MJJ is computed
(Fig. 4.13). In the pdControl run, the OLR reaches maximum over SCS and adjacent
WNP, with magnitude around 600 W?/m* (Fig. 4.13a). In cpl_4xCOs, the maximum OLR
variance is located over SCS with a smaller magnitude (Fig. 4.13b). The black box (110°E-
140°E, 10°N-25°N) encloses the area in which the OLR index for the 10-20-day mode is
calculated. Day 0 of the cycle is centered on the day when the OLR index during MJJ is
less than minus one and a half standard deviation (—14.14 W/m? in pdControl) over SCS.
The life cycle of an EASM event consists of 12 phases starting from 10 days before and
proceeding 12 days after Day 0. In pdControl, we identified 62 events from 2125 to 2154,
whereas in c¢pl 4xCQOy there are 71 events during the same time period. The statistical
significance of the composite is assessed using the Student’s ¢ test.

The life cycle of the 10-20-day mode is similar in pdControl and c¢pl 4xCOq (Fig. 4.14).
From day —10 to day —4, the suppressed convection moves from tropical WP into SCS.
Meanwhile, an active convection starts developing to the south of this suppressed convection.
The active convection strengthens at day —2. It moves to SCS and nearby WNP, and
reaches the maximum at day 0. At day 0, the active convection starts dissipating and
another suppressed convection starts developing to its south. Afterwards, it repeats almost
the same cycle during day —4 to day —2.

To make the meridional propagation more clear, zonal average (110°E-120°E) of the
10-20-day mode is computed (Fig. 4.15). Rather than the obvious northward propagation
shown in the 30-60-day mode (Fig. 4.11), the 10-20-day mode shows a southward propa-
gation of the convective activity over East China. The zonal migration of the 10-20-day
model is compared by calculating the meridional average between 5°N and 20°N (Fig. 4.16).
In both pdControl and cpl 4xCQOy the 10-20-day mode shows a westward migration of ac-

tive/suppressed convection. In cpl 4xCOsq, the magnitude of the convection and wind is
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Figure 4.13: The variance of 10-20-day bandfiltered OLR daily anomaly during MJJ (unit:
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Figure 4.14: Same as Fig. 4.10, except for the 10-20-day mode. The life cycle is from day
-10 to day 12.

slightly intensified compared to pdControl.
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Figure 4.16: Same as Fig. 4.12, except for the 10-20-day mode.

The 10-20-day mode contains eastward propagation over subtropics and southward prop-

agation over East China. In a warmer climate, the 10-20-day mode is intensified. However,
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the pattern of the life cycle does not change much.

4.3 A Proposed Mechanism

According to above analysis, the changes of EASM under the global warming scenario
indicate that the mean state of the EASM is intensified, including an increased precipitation
and stronger monsoon circulation. This result is consistent with other numerical studies
(Kripalani et al., 2007; Lee and Wang, 2014; Seo et al., 2013). In addition, the annual cycle of
the EASM shows that the precipitation over northern part of EASM domain persists longer.
The variations in the seasonal mean state of the EASM are related to a strengthening and
westward extension of the WNPSH. In this section, a mechanism is proposed to address
why the EASM shows such changes under the global warming scenario.

As presented in Chapter 1, the mechanisms associated with EASM can be associated
with the internal dynamics of the atmosphere and with atmospheric changes forced by
surface processes. The response of the climate system to an external forcing can also be
divided into a rapid response, in which the atmospheric processes respond to the forcing,
and a longer time scale response due to ocean-atmosphere feedbacks (Bretherton et al.,
2014). To understand the response of EASM to global warming, it is useful to examine
the EASM changes with respect to the rapid warming of the atmosphere and to the SST
warming. Therefore, EASM will be analyzed in the numerical simulations described in
Section 4.1.

As pointed out by previous studies (e.g., Lu and Dong, 2001; Mao et al., 2010; Zhang
et al., 2009), the position and strength of the WNPSH has a large impact on the EASM,
and thus the mechanisms responsible for the WNPSH changes in the warming climate are
crucial to understand the variations in the EASM. The MJJA means of precipitation and
850-hPa GPH are computed for three simulations: cpl 4xCQOsg, amip_4xCO3, and amip_4K
(Fig. 4.17). In the two AMIP-type runs (Fig. 4.17b and c), the air-sea interaction is cut off.

Only the atmosphere can respond to ocean. Both amip 4xCQO2 and amip_4K runs exhibit
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Figure 4.17: The MJJA mean precipitation (shadings, unit: mm/day) and 850-hPa GPH
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the enhanced precipitation extending from SCS to WNP (Fig. 4.17b and c), which is related
to the lack of air-sea interaction in these two simulations. In amip_4xCOqy (Fig. 4.17b),
which shows the response of EASM to the rapid atmospheric warming, the WNPSH is
displaced eastward compared with that in the cpl 4xCOy (Fig. 4.17a). In amip 4xCO,
(Fig. 4.17b), the western edge of the 1540-m isoline is located around 160°E, whereas,
in cpl 4xCO2 (Fig. 4.17a), the western edge of the 1540-m isoline reaches 140°E. This
implies that the enhanced precipitation over SCS and nearby WP due to the lack of air-sea
interaction prevents the WNPSH from extending westward. The amip 4K (Fig. 4.17¢) shows
the EASM response to the SST warming, and the precipitation over SCS and nearby WP in
this simulation is more intense than that in the amip_4xCQO4y. However, the WNPSH does
retreat eastward as expected. The western edge of the 1540-m isoline extends to around
150°E, which is displaced 10 degrees westward compared to amip 4xCOqy (Fig. 4.17b).
This indicates that the warming of boundary conditions plays a more important role in the
changes of EASM mean state under the warming scenario than the atmospheric warming
due to external forcing

Therefore, the changes of the WNPSH in the warming climate is influenced by two
factors, warming of boundary conditions, and the convection over SCS and adjacent WP
due to the lack of air-sea interaction. The warming of boundary conditions favors the
intensification and the resultant westward expansion of the WNPSH, whereas the convection
over SCS and WP prevents the WNPSH from extending westward. The EASM response to
these two factors are tested by numerical experiments, which will be discussed in Chapter

o.

4.4 Conclusion

In conclusion, the mean state of the EASM is intensified under the global warming scenario.
The precipitation is enhanced and the monsoon circulation is amplified. The annual cycle

of the EASM is also changed in the warming climate. For instance, the monsoon onset
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is delayed for about 5 days, the Mei-yu/Baiu/Changma lasts longer, as well as the rainy
episode over the northern East Asian. The changes of the EASM in a warmer climate
simulated by SP-CCSM4 is in agreement with other model simulations (e.g., Kitoh and
Uchiyama, 2006; Kripalani et al., 2007; Lee and Wang, 2014; Sun and Ding, 2010). In
addition, the interannual variability of the EASM varies in the warming climate. There
is more precipitation in the northern part of East Asia, and the year-to-year variability is
amplified. However, the intraseasonal variability of the EASM does not show a big difference
in the warming climate.

The variations in the mean state and annual cycle of the EASM are related to the
changes in WNPSH. The warming up of SST leads to a diabatic cooling area over tropical
Pacific Ocean and diabatic warming band along the equator. The pattern of the changes
in the diabatic heating leads to a high pressure anomaly over the WNP, which intensifies
the WNPSH. The amplification and the southwestward extension of the WNPSH enhances
the southwesterly flow and the resultant moisture transport over East Asia, increasing the
EASM precipitation.

A hypothesis is proposed to explain the future changes of the EASM based on the analy-
sis of its mean state under various global warming scenarios. Since the EASM precipitation
is tightly associated with the WNPSH, the mechanism responsible for the changes in the
WNPSH explains the EASM variation in the warmer climate. The changes of the WNPSH
are affected by two factors, one is the warming SST and the other is the convection over
tropical SCS and nearby WP. The warming SST favors the amplification of the WNPSH,
whereas the strong convection due to the lack of air-sea interaction prevents the WNPSH

from extending westward.
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Chapter 5: Sensitivity Experiments to Test Air—Sea

Interaction Mechanism

In Chapter 4, the changes in the EASM under various global warming scenarios were ana-
lyzed using SP-CCM4. Then a local air-sea interaction mechanism was proposed to explain
such changes. This chapter aims to test the proposed mechanism by designing two nu-
merical experiments. The first experiment tests how the ocean mean state influences the
atmosphere. The second one intends to prove that the suppressed convective activity over
SCS and adjacent WP favors the westward extension of the WNPSH. In this chapter, we
will describe how these two model experiments are designed, and analyze the results of two

experiments.

5.1 Model Experiments

The changes in the WNPSH under the global warming scenario are affected by two fac-
tors: the warming of the boundary conditions, and the enhanced convective activity over
tropical SCS and nearby WP due to the lack of air-sea interaction. The former favors
the amplification of the WNPSH, whereas the latter prevents the WNPSH from extending
westward.

This hypothesis can be tested by an intervention in the numerical model designed to
alter the air-sea interaction only over the region of interest. Because the mean SST used
to construct the boundary conditions of the amip_4K experiment is not consistent with the
mean state of the coupled run, the experiment was done in two steps: 1) The SSTs from
the cpl.4xCO- simulation are used as boundary conditions in an AMIP-type experiment,
amip_4xCOagsst run, in which the atmospheric CO2 concentration is the same as in the
pdControl simulation. The SST is taken from the last 30 years of the cpl_-4xCOy when the
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atmospheric warming in the coupled model is mostly in response to the surface warming. 2)
The amip_4x CO4_lhflx simulation which uses the same configuration as the amip_4x COaqsst
run, except that the surface evaporation is altered over a small region over SCS and WP to
restore the surface evaporation to the levels of the cpl 4xCO5 simulation.

The first experiment (amip_4xCOgsst) tests how the ocean mean state influences the
atmosphere. Because in the amip_4K run the SST is from observations, which cannot
be compared to the the coupled runs (SST is generated by ocean model). In the amip -
4xCOgsst, the SST is that of the cpl 4xCO9 run and the atmospheric CO2 concentration
is the same as in the pdControl run. In this experiment, the atmosphere can respond to the
ocean while the SST is prescribed. If the atmospheric CO» is quadrupled the atmospheric
response should be the same as in cpl 4xCOs.

The second experiment (amip_4x COssst_lhflx) is a sensitivity-type experiment, in which
the surface latent heat flux is changed over SCS and nearby WP. It has the same SST and
CO;, level as the amip 4 xCOagsst, except that the latent heat flux (LHFLX) is reduced by
10W/m? over the region (105°E-140°E, 5°S-12.5°N) (details below). This experiment aims
to prove that the convective activity over tropical SCS and adjacent WP affects the westward
extension of the WNPSH. The SST difference among ocean basins is not artificially enlarged
by adding or subtracting SST anomalies over a particular ocean domain as in previous
studies (Wang et al., 2013; Xiang et al., 2013; Zhou et al., 2009). Therefore, the difference
of the WNPSH between these two experiments is due to the convection variation over SCS
and WP, and the resultant changes of general circulation.

The magnitude and the domain of the LHFLX changes in amip_4x COssst_lhflx is based
on the difference between amip_4xCQOssst and cpl_ 4xCOs. Figure 5.1a shows the variance
of the MJJA mean precipitation difference between cpl.4xCOo and amip_4xCQOsgsst. The
maximum variance appears over tropical SCS and WP. Then an index of precipitation is
defined as an area average of the rainfall difference between cpl_.4xCO9 and amip_4x COqsst
over the area (115°E-135°E, 12.5°N-20°N). In order to determine the region where LHFLX

should be changed in amip_4xCOqsst_lhflx, the correlation between the rainfall index and
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Figure 5.1: (a) variance of the MJJA mean precipitation difference between cpl -4xCOq
and amip_4xCOagsst. (b) difference of MJJA mean LHFLX between cpl 4xCO9 and amip_-
4xCOgsst. (c) point correlation coefficient between precipitation difference index (area
averaged precipitation difference over the blue box in (a) ) and the LHFLX difference
between cpl 4xCOy and amip_4xCOssst. (d) point correlation coefficient between LHFLX
difference index (area averaged LHFLX difference over the blue box in (c)) and 850-hPa
GPH difference between cpl 4xCO2 and amip-4xCOgsst. In (a) the region enclosed by
the blue box is (115°E-140°E, 12.5°N-20°N). In (b) and (c) the region in the blue boxes is
(105°E-140°F, 5°S-12.5°N).
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Figure 5.2: Difference of MJJA mean area averaged LHFLX (105°E-140°E, 5°S-12.5°N).
(a) difference between cpl 4xCO2 and amip 4xCOgsst. (b) difference between amip -
4xCOgsst_lhflx and amip_4xCOsgsst. The blue dashed lines denote the mean of the dif-
ference. The red dashed lines denote the one standard deviation.

the LHFLX difference between cpl 4xCOy and amip_4xCOagsst is calculated (Fig.5.5¢).
The black contours enclosed the region where the correlation coefficient exceeds the 95%
significance level. The result shows that the maximum correlation is over the equatorial
WP, which means that the changes of precipitation over northern SCS and adjacent WP
are highly related to the changes of LHFLX over the tropics.

To confirm that the tropical LHFLX affects WNPSH, a similar correlation was com-
puted between the LHFLX index (area average of LHFLX difference over the blue box,
105°E-140°E, 5°S-12.5°N) and the 850-hPa GPH difference between cpl 4x CO9 and amip -

4xCOgsst (Fig.5.1d). It indicates that the high LHFLX over tropical WP is related to the
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weaker 850-hPa GPH over the subtropics, i.e., the strong (weak) convective activity over
tropical WP is related to the eastward (westward) displacement of WNPSH. The distribu-
tion of the MJJA mean LHFLX difference between cpl4xCO4y and amip_4xCOqsst shows
that, over tropical WP, the LHFLX in cpl 4xCO4 is around 10W/m? lower than that in
amip_4xCOgsst (Fig.5.1b).

The LHFLX deficiency over tropical WP was mimicked in amip_4xCQOssst_lhflx run.
Figure 5.2a shows the area average (105°E-140°E, 5°S-12.5°N) of MJJA mean LHFLX
difference between cpl 4xCO9 and amip_4xCOasst from 2121 to 2154. The average of the
LHFLX difference is around —10 W/m?2. This difference is added to the amip_4xCOagsst -
Ihflx run during MJJA in each year, thus reducing the latent heat flux in that run. The area
average of LHFLX difference between amip_4xCOssst and amip_4x COqsst_lhflx is depicted

in Fig.5.2b, which is around —12 W/m?.

5.2 Results

5.2.1 The amip_4xCQOssst experiment

The climatological MJJA mean precipitation is compared among pdControl, amip_4x COssst,
and cpl.4xCOgq (Fig. 5.3). The comparison to pdControl gives an estimation of the EASM
response to global warming whereas the comparison to cpl.4xCQs is intended to estimate
the effects of the air-sea feedbacks. The response of the EASM precipitation to the surface
warming in the amip_4xCOgsst experiment shows a large amount of precipitation over SCS
and adjacent WP, southern China, and south of Japan. The difference of precipitation
between amip_4xCOgsst and c¢pl 4xCOs2 (Fig.5.3e) shows that the lack of coupling induces
a stronger precipitation over SCS and WP, as well as the region to the north of 30°N in
response to the global warming.

Because the EASM precipitation is affected by the position of WNPSH and its associated
moisture transport, their response to global warming in the uncoupled simulation is also

compared to the coupled response (Fig. 5.4). In amip_4xCOgsst, the WNPSH is relatively
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Figure 5.3: (a)-(c) MJJA mean precipitation rate for pdControl, amip_4xCOgsst, and
cpl-4xCOq, respectively (unit: mm/day), (d) difference between amip_4xCOQOgsst and pd-
Control, and (e) difference between amip_4xCOssst and cpl-4xCOa.

weaker and displaced eastward compared with that in cpl_.4xCQOs. This indicates that the
warming up of the boundary conditions is favorable for the intensification and the westward
extension of the WNPSH. However, the lack of the air-sea feedback in amip_4xCOssst
inhibits the WNPSH from extending as far westward as in cpl_.4xCQOq

The westward extension of the WNPSH changes the low-level circulation and the mois-
ture transport. In pdControl, the moisture from SCS flows northward into East Asia, emerg-

ing with the northward moisture transport from WNP (Fig. 5.5a). In amip_4xCOssst run,
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Figure 5.4: MJJA mean GPH at 850-hPa in amip_4xCOagsst (red), and cpl 4xCOy (blue).
The dashed lines denote subtropical ridge.

the enhanced moisture is transported by southwesterly flow over East Asia (Fig.5.5b). This
northeastward moving moisture transport is further amplified in ¢pl_ 4xCO9, which leads to
a maximum moisture band from northern SCS to southern Japan (Fig. 5.5¢). In addition,
compared with c¢pl. 4xCOq, the moisture transport in amip_4xCOQOagsst is reduced over the
subtropical monsoon trough (South China to southern Japan), and is increased over eastern
SCS and adjacent WNP. The difference in the moisture transport between amip_4x CQOasst
and cpl 4xCQOs is related to the shape of the WNPSH. For instance, the isoline of 1520-m
in amip_4x CQOagsst is almost parallel to the 130°E longitude, while in c¢pl 4xCO2, the 1520-
m isoline tilts northeastward and is located closer to the East Asia continent (Fig. 5.4).
Therefore, in amip_4x COssst the moisture transport over South China to southern Japan

is weaker than in cpl_4xCOs.

5.2.2 amip_4xCOgsst v.s. amip_4xCOQOssst_lhflx

In this section, the EASM simulated by amip_4x COagsst and amip_4x COassst_lhflx will be
analyzed, including the seasonal mean state, interannual variability, and annual cycle. The

difference between these two experiments implies the influence of the convection over tropical
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Figure 5.5: MJJA mean vertically integrated moisture transport (unit: Kg m~*s~!). Shad-
ings denote the magnitude, and the vectors denote the direction.

SCS and adjacent WP on the EASM. Since amip_4xCQOssst_1hflx mimicks c¢pl 4xCOq, the

results of cpl_.4xCQOs are also compared with the above two model experiments.

5.2.2.1 Mean state

Figure 5.6 shows the westernmost and the easternmost contours of the 1540-m GPH isoline
in ¢pl.4xCO2, amip_4xCOssst, and amip_4xCOqsst_lhflx. This indicates the movement
range of the MJJA mean GPH at 850 hPa. In c¢pl 4xCO9, the 1540-m isoline moves within
the range between around 120°E and 150°E (red contours), whereas, in amip_4x COgsst, the
1540-m isoline migrates from 128°E to 155°E (green contours). In amip_4xCOssst_lhflx, it
moves between 120°E and 152°E (blue contours), which is closer to the range of the GPH
position in cpl.4xCO4. This implies that the lack of convective activity in SCS and nearby

WP favors the westward movement of the WNPSH.
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Figure 5.6: The westernmost and the easternmost contours of the MJJA mean 1540-m GPH
isoline in cpl 4xCOy (red), amip-4xCOssst (green), and amip_4x COgsst_lhflx (blue).

5.2.2.2 EASM Interannual Variability

Canonical Correlation Analysis (CCA) was used to investigate the linkage between WNPSH
and precipitation (description in Section 2.3.7). It is applied to the MJJA mean precipitation
and 850-hPa GPH. It describes the simultaneous response of the MJJA precipitation over
East Asia to the WNPSH anomalies. The domain for the precipitation is (110°E-135°E,
10°N-50°N), and the domain for the 850-hPa GPH is (110°E-180°E, 10°N-50°N). The time
mean of precipitation and GPH has been subtracted from each dataset, separately. The
CCA is carried out for five different datasets: observation, pdControl, cpl 4xCOQO5, amip_-
4xCOssst, and amip_4xCOgsst_lhflx. In observation, cpl 4xCOs, and amip_4xCOqgsst_-
lhflx, 2 PCs of precipitation and 3 PCs of 850-hPa GPH are selected. In pdControl the
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Figure 5.7: First pattern of CCA of precipitation and 850-hPa GPH. (a)-(b) observation.
(c)-(d) pdControl.

data is truncated to 3 PCs of precipitation and 3 PCs of GPH. In amip_4xCOQOssst 2 PCs
of precipitation and 4 PCs of GPH are selected. The canonical correlations based on the
above truncations exceed the 99% significance level.

Firstly, the result of pdControl was compared with observations to validate the models
performance. The first CCA pair in observation (Fig.5.7a and Fig.5.7b) accounts for 25.04%
of the total MJJA precipitation variance over East Asia and 28.77% of WNPSH variability.
The correlation between the precipitation and 850-hPa GPH coefficient time series of the
first CCA pair is 0.91 (Figure not shown). In pdControl, the first pair of CCA (Fig.5.7c
and Fig.5.7d) explains 13.25% of the total precipitation variance and 31.51% of the 850-hPa
GPH. It exhibits a correlation coefficient between the precipitation and 850-hPa GPH time

94



series of 0.72 (Figure not shown).

SP-CCSM4 captures the relationship between the EASM precipitation and WNPSH.
Both the observation and the pdControl show that the amplification of the WNPSH (around
20°N) is related to insufficient precipitation over tropical SCS and WP and excessive precip-
itation over Southeast China and southern Japan. The difference between the observation
and pdControl lies in the magnitude and the position of the GPH anomaly. In observation,
the maximum GPH anomaly is around 8 m, and its center is located around (130°E, 20°N).
In pdControl, the center of the maximum GPH anomaly is displaced northward, and the
magnitude of the maximum GPH anomaly is around 12m. Accordingly, the precipitation
anomalies over East Asia tilt northward.

The same method is applied to the other three experiments: ¢pl_4xCOs, amip_4x COssst,
and amip_4xCOgsst_lhflx (Fig. 5.8). The variance explained by the first CCA pair is com-
parable in three experiments, except that the variance explained by precipitation is higher
in amip_4xCOgsst_lhflx (Fig. 5.8¢). For precipitation (850-hPa GPH), the first CCA pair
accounts for 29.83% (26.1%), 25.71% (25.91%), and 36.3% (27.9%) of the total variance
for amip_4x COagsst, cpl 4xCOs2, and amip_4x COgsst_lhflx, respectively. For the first CCA
pattern of precipitation, all the three experiments show a dipole structure: negative anoma-
lies over SCS and tropical WP, and positive anomalies to its north.

One can still notice the difference among the three simulations. In amip_4xCOQOgsst_lhflx
(Fig. 5.8e-f), the region of the negative precipitation anomaly over SCS is mostly located to
the north of 10°N, which is similar to that in cpl 4xCOq (Fig. 5.8¢c-d). However, in amip_-
4xCOgsst (Fig. 5.8a-b), the negative precipitation anomaly over SCS is displaced south-
ward. In addition, compared with amip_4xCOgsst (Fig. 5.8a-b), in amip_4xCOssst_lhflx
(Fig. 5.8e-f), the center of the maximum GPH anomalies moves westward, and the magni-
tude of the GPH anomalies is enhanced. This pattern is closer to cpl 4xCOq (Fig. 5.8d).

The CCA reveals that the weaker convection over tropical SCS and WP is related to
the westward displacement of WNPSH, and thus influences the precipitation. Moreover,

it indicates that the changes of LHFLX in amip_4xCOQOasst_lhflx, although with a small
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magnitude, is trying to reproduce the features in cpl_-4xCOs.
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5.2.2.3 Annual Cycle

The annual cycle of the EASM precipitation has been described in detail by Ding et al.
(2005) and Ding and Chan (2005). Generally, the onset of the EASM occurs around the
end of April or early May in the central Indochina Peninsula. Then the rain belt propagates
northward and merges with the rain belt over South China, which represents the first
standing stage of the EASM. Around 10 June the rain belt jumps northward to Southeast
China and persists till early July. This rainy episode represents the Mei-yu season and is
also referred to as the second standing stage of the EASM annual cycle. Afterwards, the
rain belt advances northward again and reaches North China. This stepwise propagation
of the precipitation is a unique phenomenon of EASM. The annual cycle of the EASM is
usually depicted by the pentad mean precipitation averaged between 110°E-120°E (Ding
and Chan, 2005).

The meridional migration of the WNPSH can be described by an index based on the
GPH at 850-hPa (Zhang and Tao, 1999) (description in Section 2.3.3). Figure 5.9 shows
the annual cycle of the EASM precipitation superimposed with WNPSH index from May
to August for three model simulations, amip_4x COagsst, cpl_.4xCOs, and amip_4x COqsst _-
Ihflx. In all the three simulations, the advancement of the rain band reflects the monsoon
onset as well as the stepwise northward propagation. Also, the precipitation migrates with
the WNPSH ridge.

In amip_4x COgsst (Fig. 5.9a), the onset of the EASM occurs at around 16 May when the
tropical rain band merges with the rain band at 20°N. Around 16 June, the rain belt moves
northward and stays between 30°N and 34°N, indicating the Mei-yu season. It lasts until
the beginning of July when the rain belt jumps again and reaches 40°N. The precipitation
stays at 35°N-38°N during July and August.

In cpl.4xCO2 (Fig. 5.9b), the three jumps of the rain belt occur at similar times as
in amip_4xCOgsst (Fig. 5.9a). However, in cpl.4xCOq, there is excessive precipitation

during the first standing stage (mid-May to early June) between 20°N-30°N. The Mei-yu
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onset is not obvious because there is large amount of precipitation at 30°N before mid-
June. Meanwhile, the rain band reaches north of 40°N during July and August, and starts
retreating southward at early August.

In amip_4xCOgsst_lhflx (Fig. 5.9¢), the onset of the EASM is around 10 days later than
in the amip 4xCOagsst (Fig. 5.9a). Moreover, there is no obvious Mei-yu onset although
there are active and break phases of the precipitation at 30°N in June. At the beginning of
July, the rain band jumps northward and stays between 35°N-40°N during July and August,
and retreats southward after it reaches the northernmost position in late July.

The difference of precipitation and WNPSH index between cpl 4x CO9 (amip_4x COqsst_-
lhflx) and amip_4x COssst is shown in Fig. 5.9d (Fig. 5.9¢).The difference in the precipitation
is associated with the difference in WNPSH migration. There are some similarities in these
two difference plots. For instance, there is lack of precipitation between 10°N and 20°N,
especially during May and June, which is related to the weaker convection over tropical SCS
and WP in these two runs. Also, the precipitation between 35°N and 40°N is reduced in
cpl_dxCO9 and amip_4x COgsst_lhflx, which is related to the northward displaced WNPSH
in July and August.

Figure 5.10 shows the annual cycle of vertically integrated moisture transport and mois-
ture convergence of amip_4x COasst, cpl_ 4x COq, amip_4x COsgsst_1hflx, and their difference.
In all the three model experiments (Fig. 5.10a-c), there is northward propagation of mois-
ture over East China. The moisture convergence zone keeps staying between 25°N-33°N
until the beginning of July. Afterwards, the region of 30°N-40°N is dominated by moisture
divergence.

The difference between cpl 4xCOy and amip-4xCOgsst (Fig. 5.10d) indicates that, in
cpl 4xCOao, there is stronger northward moisture transport over the area 25°N-30°N from
May to June, which is related to the excessive precipitation in Fig. 5.9d. In amip_4xCOqsst _-
Ihflx (Fig. 5.10e), there is stronger northeastward moisture propagation over 30°N-40°N in
May, and over 20°N-30°N in June, which is consistent with the enhanced precipitation there

(Fig. 5.9¢).
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Figure 5.9: Annual cycle of precipitation and 850-hPa GPH index. (a) amip_4xCOasst, (b)
cpl-dxCOq, (¢) amip-4xCOsgsst_lhflx, (d) difference of precipitation between cpl-4xCOq
and amip 4xCOagsst, and (e) difference of precipitation between amip_4x COgsst_lhflx and
amip_4xCOgsst. The y axis on the right side in (d) and (e) denotes the difference of the
WNPSH index.
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Figure 5.10: Same as Fig. 5.9, but for the vertically integrated moisture transport (vectors,
unit: Kg m~!'s™!) and moisture convergence (shadings, unit: Kg m=2s~1).
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The changes in LHFLX over tropics result in the changes in vertical motion, and thus
has an impact on the local meridional circulation. Figure 5.11 shows the zonal averaged
(110°E-120°E) meridional circulation and meridional moisture transport at vertical levels
in amip 4xCOasst (Fig. 5.11a), and its difference between cpl-4xCOy (Fig. 5.11b) and
amip_4xCOgsst_lhflx (Fig. 5.11c).

In amip_4xCQOasst experiment, over EASM area, there is ascending motion over tropics
and also over the area between 20°N-30°N in May. In June, there is uniform upward
motion from equator to 30°N, along with another small branch at 40°N. The ascending
branch around 40°N amplifies in July and becomes weaker in August. The southerly flow
lasts for four months because East Asia is located to the western side of the WNPSH.
The magnitude of the southerlies intensifies in June, and reaches the maximum in July. In
August, it weakens. The meridional moisture transport shows the similar pattern with the
meridional wind (Fig. 5.11a).

In cpl 4xCOy (Fig. 5.11b), the southerlies between 10°N and 20°N strengthen in May.
In June, the increased southerly flow are located between 20°N-30°N. During July and
August, the maximum southerly anomalies occur around 40°N. The stronger meridional
wind comes with the stronger ascending motion to its north and descending motion to its
south. The moisture transport anomalies move with the merdional wind anomalies. The
changes of meridional circulation and meridional moisture transport between cpl_4xCO,
and amip_4x COssst are consistent with the changes in the annual cycle of the precipitation
(Fig. 5.9 and Fig. 5.10).

In amip 4xCOgsst_lhflx (Fig. 5.11¢), there are descending anomalies from equator to
15°N where the LHFLX was decreased, which confirms that, in the model, the reduced
LHFLX over tropical WP results in a weaker ascending motion above. The changes of
meridional wind and vertical wind have similar features as in cpl_.4xCO3 in May and June.
For instance, there is southerly anomaly and moisture transport at lower troposphere be-
tween 20°N-30°N. However, during July and August, the southerly anomalies are not as

strong as in ¢pl.4xCOsy. The changes at 40°N may be related to the circulation systems at
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Figure 5.11: (a) Meridional circulation and moisture transport from May to August in
amip_4xCOgsst. (b) difference of meridional circulation and moisture transport between
cpl-4xCO9 and amip_4xCOgsst, (c) difference between amip_4xCOgsst_lhflx and amip_-
4xCOgsst. Shadings denote the difference of meridional velocity. Contours denote the
difference of meridional moisture transport (unit: g/kgxm/s). The contour interval is 1.
The grey slashes in (b) and (c) denote the region where the difference of merdional velocity
exceeds the 95% significance level.
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mid-latitudes.

Therefore, in both cpl 4xCOs and amip_4xCOssst_lhflx experiments, the MJJA mean
LHFLX at tropics is reduced compared with amip_4xCQOagsst, and also the precipitation
between 30°N-40°N is decreased in late summer (July and August). In both experiments
the WNPSH reaches a higher latitude after July, which results in a divergence zone to the
south of the subtropical ridge. However, there are some differences between cpl 4xCO,
and amip_4xCOagsst_lhflx. In cpl 4xCOs the stronger northeastward flow transports more
moisture to the north, which creates more precipitation to the north of 40°N in late summer
and thus less precipitation between 30°N-40°N. In amip_4 x COgsst_1hflx, there is insufficient
moisture and also weaker northward moisture transport during July and August, leading
to decreased precipitation over 30°N-40°N.

The LHFLX changes in the tropics influences the precipitation over East Asia through
WNPSH. Figure 5.12 shows the monthly mean of the low level wind and 850-hPa GPH for
amip_4x COgsst and its difference between cpl 4xCOq (cpl 4xCO2 minus amip_4x COasst)
and between amip_4xCOgsst_lhflx (amip_4xCOgsst_lhflx minus amip 4xCOgsst). From
May to August, there is southwesterly flow over East Asia, which is located to the northwest-
ern edge of the WNPSH. The southwesterly flow changes its direction and magnitude with
the changes of the WNPSH. For instance, in July and August, the WNPSH moves north-
ward, and therefore, the southwesterlies over East Asia turn into southerlies (Fig. 5.12a).

In cpl.4xCOy (Fig. 5.12b), the WNPSH is strengthened from May to August. In May,
the positive GPH anomalies extend from SCS to mid-latitude WP, with the center of the
maximum anomalies located at around (150°E, 15°N). In June, the positive GPH anomalies
are strengthened, and expand northward. Accordingly, there are anti-cyclonic anomalies
over the region with positive GPH anomalies. In July and August, the anomalies of wind
and GPH show a wavy structure. From SCS to mid-latitude WP, there are anti-cyclonic,
cyclonic, anti-cyclonic anomalies.

In amip_4xCOgsst_lhflx, the WNPSH is also intensified, except in July (Fig. 5.12c).

The reduced convection over tropical SCS and WP induces an anti-cyclonic anomaly over
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Figure 5.12: The wind and GPH at 850 hPa from May to August in amip_ 4xCOagsst. (b):
The difference of meridional circulation and moisture transport between cpl.4xCQO9 and
amip_4xCOgsst, (c): the difference between amip_4x COagsst_lhflx and amip_4xCOssst. In
(a) shadings denote the magnitude of the wind, vectors are the directions of horizontal
wind, contours are the isolines of 1520, 1540, 1560m. In (b) and (c) shadings denote the
difference of 850-hPa, GPH, vectors denote the difference of wind. Grey dots denote the
region where the geopotential difference is above 95% significance level.
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northern SCS from May to August. However, the magnitude and the location of such
anomaly varies. In May, there are positive GPH anomalies over SCS and southern Japan,
along with anti-cyclonic anomalies there. In June, there are three centers of positive GPH
anomaly from SCS to the east of Japan. The westerlies (southwesterlies) on the northern
(northwestern) flank of the GPH anomalies strengthen the southwesterly flow over northern
SCS to southern Japan. In July, the anti-cyclonic anomaly over SCS is displaced westward.
There are two centers of negative GPH anomaly over subtropical WP, along with cyclonic
anomalies there. In August, there are anti-cyclonic anomalies over SCS and southern China.
However, the northerly anomalies on the eastern side of the anti-cyclonic anomaly reduce

the prevailing southerly flow.

5.3 Conclusion and Discussion

Because the amip_4x COssst_lhflx experiment mimicks the MJJA mean LHFLX over tropi-
cal SCS and nearby WP in cpl_4xCO», one would expect that the impacts of the differences
between amip_4xCQOasst_lhflx and amip_4x COssst may share similar features with the in-
fluences of the difference between cpl 4xCOs and amip_4xCOssst. The CCA reveals that
the reduced LHFLX over the tropics leads to larger positive anomalies of the GPH over
SCS and adjacent WNP (Fig. 5.8) during MJJA. Meanwhile, the annual cycle of the EASM
shows that the precipitation is increased over South/Southeast China in June, and is de-
creased over North China in July and August (Fig. 5.10).

The reduced LHFLX over tropical WP will decrease the ascending motion above, thus
affecting the local meridional circulation, for instance, the increased ascending motion in
subtropics (Fig. 5.11). Therefore, the stronger southerly flow at surface will transport more
moisture to the north. Although the LHFLX is reduced in the tropics, the moisture can
still be transported further north. This can been seen in cpl 4xCOy (Fig. 5.11b). However,
in amip_4xCOssst_lhflx, the northward moisture transport increase is not as strong as

in cpl.4xCO2 (Fig. 5.11c). Moreover, in cpl-4xCOq, the ascending anomalies at 25°N
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merge with the one in 40°N, amplifying the northward moisture transport (Fig. 5.11b).
In amip_4xCOa3sst_lhflx, the southerly and moisture transport becomes weaker after June
(Fig. 5.11c). This is consistent with the low level wind changes in amip_4xCOgsst_lhflx
(Fig. 5.12¢), where northerly anomalies are seen over East Asia in July and August, a
configuration which is not favorable for the northward propagation of moisture.

The decreased LHFLX over SCS and adjacent WP will induce a Gill-type anti-cyclonic
anomaly. Meanwhile, the changes of LHFLX over tropics result in a Rossby wave train
from tropical to midlatitude Pacific Ocean. The westerly anomalies on the northern side
of the anomalous anti-cyclonic circulation intensify the underlying southwesterly flow, thus
leading to the amplification on the western edge of the WNPSH. However, the changes of the
WNPSH depends on the position of the wind anomaly. For example, in amip_4xCQOgsst_-
Ihflx (Fig. 5.12¢), there are anti-cyclonic anomalies over SCS and eastern Japan in June,
leading to an intensified southwesterly flow from southeastern China to Japan. However, in
July, the anti-cyclonic anomaly is confined over southern SCS, and there is cyclonic anomaly
to its north, which results in a northeasterly anomaly over East Asia.

The difference between amip_4xCQOssst_lhflx and amip_4xCOssst is not as prominent
as the difference between cpl 4xCOq and amip_4xCOsgsst. This is because the LHFLX is
modified over a small region in amip_4xCOQOssst_lhflx, and the magnitude of such change is

small. Plus, only the MJJA mean LHFLX difference is subtracted.

106



Chapter 6: Summary and Discussion

6.1 Summary

This study is focused on investigating the mechanisms explaining the EASM response to
global climate change. Previous studies have shown that the changes in the mean state
of the EASM is due to the changes in WNPSH (Li et al., 2012; Wang et al., 2013; Xiang
et al., 2013; Zhou et al., 2009). However, these studies did not analyze the impact of the
remote air-sea interaction on the WNPSH. Therefore, the main objective of this study is
to investigate in the global warming scenario, how the air-sea interaction over tropical WP
affects the EASM through its influence on the WNPSH.

The conclusions of this question were obtained by running numerical simulations. It
reveals that there are two factors that affect the WNPSH in a warmer climate. One is the
warming of boundary conditions, which is more important than the atmospheric warming,
favoring the intensification and westward extension of the WNPSH. The other is the con-
vective activity over tropical SCS and WP, which influences the movement of the WNPSH.
The weak (strong) convection over tropical SCS and WP favors (inhibits) the westward
extension of the WNPSH. The low level circulation system induced by the convection over
tropical SCS and WP influences the prevailing southwesterlies over East Asia, and therefore
affecting the WNPSH. However, the influence of the tropical convection on the WNPSH
lasts from May to June. During July and August, the changes in the WNPSH are affected
by the systems in mid-latitudes.

In order to analyze this question, a model which can simulate the main features of the
EASM is required. In this study, SP-CCSM4 is used, which is a coupled climate model
with super-parameterization as the method for the representation of cloud processes. It

has shown significant improvements in the simulation of many of the components of the
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global monsoon systems (DeMott et al., 2011; McCrary et al., 2014). However, the ability
of SP-CCSM4 in EASM simulation was unknown, and therefore, the performance of SP-
CCSM4 in simulating EASM was evaluated to demonstrate the adequacy of the model.
Its performance was evaluated against a conventionally-parameterized model, CCSM4, and
observations.

The SP-CCSM4 model captures the main features of observed EASM climatology plus
the mechanisms associated with the northward propagation of the intraseasonal oscillation.
Both the SP-CCSM4 and CCSM4 underestimate the seasonal mean precipitation, which is
a common problem in the current generation of climate models. The dry bias in SP-CCSM4
results from a northward-displaced WNPSH in the model, and the less moisture transport
over the EASM region. Despite the dry bias of the seasonal mean state, the annual cycle
of the EASM is still better simulated by SP-CCSM4 than CCSM4. In CCSM4, the EASM
onset at mid-May is not reproduced, plus the whole subtropical rain band is displaced
northward. The SP-CCSM4 simulates a more reasonable monsoon onset and a stepwise
northward propagation. However, the northward propagation of the EASM is faster in
SP-CCSM4, leading to an earlier onset and shorter duration of the Mei-yu season. The SP-
CCSM4 also captures the mechanisms related to the northward propagation of the EASM
ISO. The ISO related convective heating over the Maritime Continent and SCS induces a
low-level cyclonic anomaly to its northwest. The northeasterly anomaly on the northern side
of the abnormal cyclonic system reduces the prevailing southwesterly flow, thus decreasing
the latent heat flux and leading to a warmer SST to the north of the convection center.
The warmer SST tends to destabilize the atmospheric boundary layer, therefore favoring the
northward propagation of convection. Meanwhile, the presence of the easterly vertical shear
and the barotropic vorticity to the north of the convective activity also contributes to the
northward propagation of ISO. The faster northward propagation of the ISO in SP-CCSM4
could be attributed to the suppressed convection over WPWP, which is the largest difference
between SP-CCSM4 and observation. This hypothesis is tested using observational data.

However, the short record of the observation limits the further investigation.
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Under the global warming background, the observed changes of the EASM have been
documented by several studies (e.g., Jiang and Wang, 2013; Li et al., 2010; Zhang et al.,
2013; Zhang, 2015; Zuo et al., 2012). The response of the EASM to global warming scenario
has also been studied using numerical models (e.g., Kripalani et al., 2007; Lee and Wang,
2014; Sun and Ding, 2010). How the EASM would change in a warmer climate in a super-
parameterized model is not known, and therefore, the response of EASM to global warming
is analyzed using SP-CCSM4. Under a global warming scenario, the mean state of the
EASM is intensified, with an enhanced precipitation and monsoon circulation. In addition,
the annual cycle of the EASM is changed. The monsoon onset is delayed for about five days,
the Mei-yu/Baiu/Changma lasts longer, as well as the rainy episode over the northern
East Asian. These changes are in agreement with other model simulations (e.g., Kitoh
and Uchiyama, 2006; Kripalani et al., 2007; Lee and Wang, 2014; Sun and Ding, 2010).
Moreover, the interannual variability of the EASM varies in the warming climate. There
is more precipitation in the northern part of East Asia, and the year-to-year variability is
amplified. However, the intraseasonal variability of the EASM does not show a big difference
in the warming climate. The EASM changes in a warmer climate is related to the changes in
WNPSH. In the mean state, the warming of ocean surface results in a diabatic cooling over
subtropical WP. The diabatic cooling leads to a high GPH anomaly and resultant amplified
WNPSH, which enhances the southwesterly flow and moisture transport over East Asia.

A hypothesis is proposed to explain the future changes of the EASM based on the analy-
sis of its mean state under various global warming scenarios. Since the EASM precipitation
is tightly associated with the WNPSH, the mechanism responsible for the changes in the
WNPSH explains the EASM variation in the warmer climate. The changes of the WNPSH
in a warmer climate are affected by two factors, one is the warming of boundary conditions,
and the other is the convection over tropical SCS and nearby WP. The warming of bound-
ary conditions plays a more important role than the atmospheric warming. It favors the
amplification of the WNPSH. At meantime, the strong convection due to the lack of air-sea

interaction prevents the WNPSH from extending westward. To test this hypothesis two
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numerical experiments were designed. The first experiment tests how the ocean mean state
influences the atmosphere. The second experiment intends to prove that the suppressed
convective activity due to the lack of the air-sea interaction over SCS and adjacent WP fa-
vors the westward extension of the WNPSH. The hypothesis is confirmed by analyzing the
mean state and interannual variability of the EASM in these model experiments. It reveals
that the reduced convection over SCS and tropical WP induces an anti-cyclonic circulation
to its northwest, plus a Rossby wave train from tropical to mid-latitude Pacific Ocean. The
westerly anomaly on the northern side of the anti-cyclonic circulation intensifies the mean
westerly /southwesterly flow, amplifying the western edge of the WNPSH and strengthening
the monsoon circulation, and thus favoring the westward extension of the WNPSH. How-
ever, the influence of the convection over tropical SCS and WP on the WNPSH can only
persists from May to June. During July and August the changes in WNPSH is more due
to the systems at mid-latitudes.

To summarize, the performance of the EASM simulation by SP-CCSM4 is evaluated
for the first time. Compared to the model which uses conventional parameterization, SP-
CCSM4 has a better skill in simulating the main characteristics of EASM, including the
mean state, onset and seasonal march, and also captures the mechanisms related to the
northward propagation of the intraseasonal variability. The EASM response to global warm-
ing scenario in SP-CCSM4 is also analyzed for the first time. The changes in the EASM
is in agreement with previous model studies (e.g., Kripalani et al., 2007; Lee and Wang,
2014; Sun and Ding, 2010). This study further investigated the mechanisms responsible for
the EASM changes in the warmer climate, and analyzed the influences of warmer boundary
conditions and convective activity over tropical SCS and WP on the changes of WNPSH,
which is overlooked in previous studies (e.g., Wang et al., 2013; Xiang et al., 2013; Zhou
et al., 2009). It also pointed out that the impact of the tropical convection can only lasts

during early summer.
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6.2 Discussion

As mentioned above, SP-CCSM4 has a better skill in simulating the EASM than CCSM.
However, it is not fully understood whether the outperformance is due to the CRMs used in
SP-CCSM4. In addition, the variance of the 30-60-day bandfiltered OLR is largely amplified
in SP-CCSM4 (Fig. 3.10). It needs further analysis to explain if it also attributed to the
CRMs in SP-CCSM4. These questions may have answers by running uncoupled simulations,
for instance, SP-CAM with SSTs from the coupled CCSM4 simulation, or CAM4 with SST's
from coupled SP-CCSM4 simulation.

It is proposed that, the faster northward propagation of the intraseasonal oscillation
is attributed to the dry condition over WPWP simulated by SP-CCSM4. However, this
hypothesis was not analyzed due to the short record of the observational data. It worths
further investigation in future to study the difference in the intraseasonal oscillation of the
EASM due to the thermal conditions over WPWP.

Regarding the mechanisms responsible for the EASM changes in the warmer climate,
one of the shortcomings in the model experiment is the method of LHFLX modification. In
order to mimic the air-sea interaction over tropical SCS and WP in ¢pl_ 4xCOq, the LHFLX
in amip_4xCQOgsst_lhflx over these regions was modified by adding the climatological MJJA
mean LHFLX difference between cpl 4xCO2 and amip_4xCOssst from May to August in
each year. In this method, the decrease of the seasonal mean LHFLX in amip_4xCQOaqgsst_-
lhflx is reasonably reproduced, however, it may mask the month-by-month changes of the
LHFLX over tropics. Moreover, only the LHFLX during May to August was changed over
tropical area, whether the changes of LHFLX in other seasons has an impact on the WNPSH

was not investigated.
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