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Abstract

Monsoon systems, tropical cyclones (TC), and diurnal rainfall are some of the most
important meteorological phenomena that contribute to summertime extreme
precipitation over East to Southeast Asia. How well these phenomena are reproduced
by numerical models, and how they will be modulated by climate change are the two
research questions this thesis seeks to explore. This thesis herein uses two different
methods for obtaining high-resolution climate simulations.

The first method is to drive high-resolution atmospheric global climate models
(AGCMs) using prescribed sea surface temperature, which is sometimes referred to as
“global downscaling”. Based on simulations from a 20-km Meteorological Research
Institute atmospheric general circulation model (MRI-AGCM), we have examined the
impacts of climate change on precipitation extremes in the Asian monsoon region
during boreal summer. The AGCM projected robust increases of the summertime
extreme precipitation particularly over Eastern China, the Meiyu-Baiu rainband, Bay
of Bengal and Central India at the end of 21st century. Besides, the AGCM projected
an increase of accumulated tropical cyclone rainfall over northern South China Sea
and southeastern China, and a decrease east of the Philippines and in southern Japan
in the globally-warmed future, which can be attributed to the more intense TC rainrate

and pronounced suppressed TC activity, respectively. In general, non-TC weather



systems are the main contributor to enhanced precipitation extremes in various
locations, except over Taiwan where TC-related rainfall is more important.

Another method is to dynamically downscale GCM outputs by using regional
climate models (RCMs), whose skills to capture various physical processes must be
evaluated against observations beforehand. Therefore, in the second part, we examine
the sensitivity of precipitation simulations over the CORDEX-Southeast Asia domain
to the cumulus convection scheme used in the Regional Climate Model version 4
(RegCM4). With the ERA-Interim reanalysis as lateral boundary conditions,
simulations using the Emanuel cumulus convection scheme everywhere (EE), and
those using a “mixed convection scheme” (MC; namely with the Emanuel scheme
over ocean and the Grell scheme with Arakawa Schubert(AS)-type closure over land),
have been compared for the 2001-2010 period. EE and MC are equally good in
capturing JJA mean and the annual cycle of precipitation. However, Empirical
Orthogonal Function (EOF) analysis indicates that MC undermines the representation
of diurnal cycle (DC) of precipitation by weakening the second EOF mode. The latter
corresponds to afternoon peaks over coastal inland regions of western Indochina and
southeastern China, and evening/midnight peaks over mountain ranges of Sumatra,
Borneo and New Guinea. Further analyses reveal that underestimated peaks over
former regions are mainly related to reduced low-level air temperature as well as
enhanced cloud cover around 1200 to 1500 local time; whereas those over latter
regions are associated with suppressed low-level moisture convergence due to poor
representation of interaction between local circulation and complex terrain around

1800 to 0000 local time.
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Chapter 1

Introduction

Numerical modelling is a process to solve physically-based equations by appropriate
simplification of reality. As in many scientific fields, it is very useful in many areas
of climate studies, especially where experiments are either costly, undesirable or
impossible. For example, reanalysis and data assimilation involve the use of models
to create a spatiotemporally-complete and dynamically-consistent estimate of our
climate system, while it is not practical to build a very dense network of radiosondes
or remote-sensing stations around the globe. Furthermore, climate engineering such
as stratospheric aerosol injection is usually not welcomed; experimental studies can
only be achieved through modelling. More importantly, numerical simulations can be
used to test our scientific understanding of various processes as well as to project the
future. For instance, we can compare simulations with and without the urban landscape
to estimate the urbanization effect, or we can compare present-day and future-day

simulations to assess the potential impact of global warming.

1.1 Regional-scale climate modeling

Typical GCMs have a horizontal resolution of 150 to 300 km. They are particularly
useful for projecting large-scale features of climate change, given a future greenhouse
gas emission (or concentration) scenario. However, they are not able to capture
extreme events as well as responses due to local forcings since any signal beyond their
highest resolved wavelength is truncated (e.g. Giorgi et al. 2009). Realising such
spatial-scale gap between information provided by global climate models (GCMs) and

inputs needed for policy-making and engineering purposes, scientists make use of



various techniques to relate GCM projections to regional impact assessment studies to
bridge such a gap (from a scale of ~200km to a scale of 50 km or less).

One of these regional-scale modelling techniques is to run a stand-alone
atmospheric component of GCM (i.e. AGCM) at very high resolution by prescribing
sea surface temperature (SST) patterns, which is sometimes referred as “global
downscaling”. Another two techniques involve the concept of “downscaling”. They
are, namely, “statistical downscaling” and “dynamical downscaling”. The former
statistically relates coarse GCM outputs to the observed local climate variables, by
assuming stationary relationship between them; whereas the latter nests a high-
resolution RCM within the output from a GCM (or an ensemble of GCMs), by feeding
the RCM with large-scale GCM data as boundary conditions (e.g. Wilby and Wigley
1997).

Climate models with better representation of topographical forcing and land-
sea contrast, and more sophisticated internal physical processes can add mesoscale
features that are absent or poorly represented in the large-scale flow of GCMs. These
“added values” include topographic rainfall, extreme precipitation, tropical cyclone
activity, to name but a few (e.g. Giorgi 2006). However, note that RCMs are not
intended to strongly modify the large-scale flows of GCMs and they are equivalently
important in regional-scale climate studies; otherwise, it is more or less “garbage in,

garbage out”.

1.2 Cumulus convection parameterization
Due to coarse resolution of grid-point models or finite wavenumbers for spectral
models, small-scale (sub-grid) yet important physical processes cannot be represented

explicitly in model environment. Therefore, physical parameterization schemes are



used to represent the sub-grid or complex processes by relating them to known large-
scale (grid-resolvable) model variables. For example, the typical size of cumulus
clouds is few hundred meters to few kilometers only, which means that their related
processes cannot be resolved explicitly in GCMs and RCMs. They are small yet
important in releasing latent heat and modifying the large-scale vertical sounding.
Cumulus convection scheme serves to represent these sub-grid scale adjustment
processes and reduce thermodynamic instability such that large-scale precipitation
scheme is not overly activated. Different types of cumulus schemes are formulated
with different triggering mechanisms, depiction of moist-convective processes and
interaction with large-scale environment.

Three mass-flux type cumulus schemes are involved in this thesis. (1)
Yoshimura scheme: is used in MRI-AGCM, which is based on Tiedtke scheme
(Yukimoto et al. 2011). It is modified to allow multiple detailed entraining and
detraining plumes to exist continuously between two Tiedtke-type convective
updrafts. (2) Grell scheme: is an option in RegCM4, which is based on Arakawa-
Schubert scheme (Grell 1993). It considers only a single updraft and modified to
include a downdraft. Closure assumption on the rate of stabilization by the convection
is needed, where two options are available, namely Arakawa-Schubert closure and
Fritsch-Chappell closure. (3) Emanuel scheme: is another option in RegCM4
(Emanuel 1991; Emanuel and Zivkovi¢-Rothman 1999). It allows convective drafts to
move between all layers from cloud base to cloud top such that mixing in clouds is
highly episodic and inhomogeneous, as opposed to a continuous entraining/detraining
plume.

Grell scheme and Emanuel scheme have different triggering mechanisms: for

the former, convection is activated when the vertical distance between the lifting



condensation level and and level of free convection is smaller than a specified
threshold depth; whereas for the latter, a convection is activated when the level of
neutral buoyancy is greater than the cloud base level. However, it should be noted that
the difference between the two schemes is not limited to the triggering mechanism but
also the representation of physical processes of a convection. Regarding the difference
in their performance in activating convection, Emanuel scheme in general tends to
generate more intense convection, dry out the atmospheric moisture more efficiently
and produce more intense convective precipitation, as compared to Grell schemes
(Zanis et al. 2009). A more efficient drying of the atmosphere also leads to reduced
cloudiness and allows more shortwave radiation reaching the ground, thereby causing

warmer low-level temperature and in turn reinforcing the convection.

1.3 Extreme precipitation

As compared to lower-moment climate statistics (e.g. climatological-mean
precipitation), higher moment statistics such as moderately extreme precipitation is
sometime of primary importance in climate impact studies. However, the terminology
of precipitation extremes is usually broadly defined among these studies, where they
could refer to various characteristics (e.g. percentile-based, duration-based and
proportion-based) of the tail of precipitation’s probability density function (PDF) or
impacts caused by extreme events such as tropical cyclones (TCs; see Zwiers et al.
2013). In the former case, they can be characterized by both non-parametric (e.g.
Expert Team on Climate Change Detection and Indices; ETCCDI; see Klein Tank et
al. 2009) and parametric approaches (e.g. Generalized Extreme Value and gamma
distributions; see Groisman et al. 1999; Semenov and Bengtsson 2002; Wilby and

Wigley 2002; Kharin and Zwiers 2005; Min et al. 2011). In the latter case, projection



of TC activity can be conducted by either explicit simulation of TCs by AGCMs (e.g.
Murakami et al. 2012; Zhao et al. 2012), dynamical downscaling by RCMs (e.g.
Knutson et al. 2008; Emanuel 2013; Kossin et al. 2016) or genesis potential index
analysis (e.g. Wu et al. 2014; Zhang et al. 2017).

It is generally understood that precipitation extremes increase at a significantly
faster rate than the globally-mean precipitation (e.g. Easterling 2000; Meehl et al. 2000;
Donat et al. 2016), although the rate of amplification of extremes may be weaker in
model simulations than observations (e.g. Allan and Soden 2008). The Clausius-
Clapeyron (CC) relation of vapor pressure states that the air’s moisture-holding
capacity increases by roughly 7% per 1K increase in lower-tropospheric temperature,
which serves as a thermodynamic constraint on the scaling of precipitation extremes
under global warming in regions where the nature of the flows does not change much
(Pall et al. 2007). On the other hand, globally-averaged precipitation is constrained by
the global energy budget and is expected to increase at a slower rate under global
warming (Allen and Ingram 2002).

Different types of circulation systems (e.g. monsoon systems, TCs, frontal
systems and diurnal cycle) can affect precipitation statistics in the Asian monsoon
region (e.g. Qian et al. 2002; Ding and Chan 2005; Jiang and Zipser 2010), and their
trends under global warming could be different (e.g. Chang et al. 2012; Huang et al.
2016). Thus, East to Southeast Asia is of particular interest to regional climate impact
studies. Therefore, in chapter 2, we are motivated to study the impacts of climate
change on summertime precipitation extremes in the Asian monsoon region, based on

simulations from the high-resolution MRI-AGCM.



1.4  Diurnal precipitation

Another example of higher order climate statistics is diurnal variations of
precipitation. The difference in mechanisms of DC over land versus sea is long
recognized as a fundamental land-sea contrast in their atmospheric responses to
radiative forcing (e.g. Yang and Slingo 2001). Over land areas, daytime surface
shortwave heating increases low-level temperature and moisture, destabilizes the
lower troposphere, and favors convection, thereby resulting a middle to late afternoon
precipitation maximum over continental areas; whereas surface longwave cooling
increases lower-tropospheric stability, suppresses convection and causes a
precipitation minimum at night. Over oceanic regions, nighttime longwave cooling at
cloud top outweighs that at cloud base, destabilizes the upper troposphere, and
promotes deep convection, thereby leading to a midnight to early morning
precipitation peak over the open ocean. On the other hand, shortwave heating at cloud
top increases upper-tropospheric stability, suppresses convection and gives rise to a
precipitation minimum during daytime (e.g. Randall et al. 1991)

However, this idealized picture is complicated by many other physical
processes such as land-sea and mountain-valley breezes (e.g. Zhou and Wang 2006;
Huang and Wang 2013), diurnal gravity waves (e.g. Shige and Satomura 2000) ,
modulation associated with intraseasonal variability (e.g. Ichikawa and Yasunari
2008), interaction between local and large-scale circulations (e.g. Yin et al. 2009) and
tidal variations in the atmospheric pressure (e.g. Dai 2001). Thus, DC simulation can
test model deficiencies on representing the fundamental physical processes with the
use of parameterization schemes, in which cumulus convection has most direct impact.

Thus, in chapter 3, we will examine the sensitivity of DC simulations over the



Southeast Asia to the cumulus convection schemes used in the RegCM4, in addition

to seasonal mean and annual cycle.



Chapter 2
Future changes in Asian Summer Precipitation Extremes

2.1 Background

Climate change can bring great impacts on the society by changing both the frequency
and intensity of extreme events. Many studies have been devoted to understanding
how global warming might influence the characteristics of extreme precipitation, both
in the global (e.g., Frich et al. 2002; Groisman et al. 2005; Alexander et al. 2006; Lau
and Wu 2007; Zhang et al. 2011) and the regional/local perspectives (Qian and Lin
2005; Wang and Zhou 2005; Zhai et al. 2005; Chen et al. 2007). Researchers have also
made use of climate models to project future changes in intense rainfall (Sun et al.
2007; Sillmann and Roeckner 2008; Jiang et al. 2012; Sillmann et al. 2013). Under a
warmer background climate, precipitation extremes is expected to increase at a rate
much faster than the globally-mean precipitation (Easterling 2000; Meehl et al. 2000;
Allen and Ingram 2002; Donat et al. 2016). According to the Clausius-Clapeyron (CC)
relation, the atmospheric moisture-holding capacity increases by about 7% per degree
K increase in the lower-tropospheric temperature. Although the CC relation is useful
for scaling precipitation extremes (Pall et al. 2007), other dynamic factors such as
changes in the upward velocity may also be important for considering the impact of
global warming on intense rainfall (IPCC 2012). In fact, super-Clausius-Clapeyron
(superCC) scaling of sub-daily precipitation extremes in Europe and Japan have been
reported (Lenderink and van Meijgaard 2008; Fujibe 2013).

It is well known that tropical cyclones (TC) can lead to very intense local
precipitation. Over the western north Pacific (WNP) basin, TCs contribute
significantly (about 11%) to the total rainfall during the peak TC season (Jiang and

Zipser 2010). In the global mean sense, projections using high-resolution models give



an increase (decrease) of TC intensity and TC (frequency) by 2-11% (6-34%) at the
end of 21st century (Knutson et al. 2010). Reductions in the global as well as the
hemispheric mean TC numbers are probably robust and independent of model physics
(Murakami et al. 2011). On the other hand, future changes of TC activity and TC-
related rainfall for individual basins remain uncertain (Sugi et al. 2009; Knutson et al.
2010; Murakami et al. 2012). Several studies have identified a reduction of TC
frequency in western North Pacific (WNP) in the globally-warmed future (Yokoi et al.
2009; Murakami et al. 2011; Kossin et al. 2016), while others project an insignificant
change (Manganello et al. 2014). The study by Chang et al. (2012) suggests that trends
of intense rainfall due to TC and non-TC systems can be drastically different. It is still
unclear how extreme rainfall in the Asian monsoon region might be affected by TCs
in the future climate.

Recently, Mizuta et al. (2012) and Murakami et al. (2012) examined the
performance of the 20-km resolution atmospheric general circulation model of
Meteorological Research Institute (MRI-AGCM3.2S) in capturing the Asian monsoon
circulation as well as TC activities. The high-resolution AGCM is capable of
simulating local features such as orographic precipitation (e.g. over Taiwan and
Philippines), and large-scale phenomena such as the Asian summer monsoon. The
model can also give realistic TC circulation and precipitation, TC occurrence
frequency and its interannual variability in WNP (Murakami et al. 2012). Motivated
by these results, this chapter makes use of the same AGCM to further examine the

impact of global warming on rainfall statistics due to TC and non-TC weather systems.



2.2  Model experiments and methodology

2.2.1 AGCM experiments

The MRI-AGCM3.2S is based on the global spectral model developed by MRI
of the Japan Meteorological Agency (JMA), and has been used for projecting the
future climate, daily precipitation extremes and TC activity. It is a hydrostatic,
primitive-equation model at the T959 resolution (corresponding to a grid size of
~20x20 km) with 64 unevenly-spaced vertical levels reaching 0.01 hPa in the vertical.
The radiation scheme from the JMA operational model is used (JMA 2007), while
cumulus convection is parameterized based on a mass-flux scheme (Yukimoto et al.
2011). The planetary boundary layer and the land surface are represented by the Mellor
and Yamada (1974) scheme and the new Simple Biosphere (New-SiB) land surface
model (Hirai et al. 2007), respectively. More detailed descriptions of this model were
given by Mizuta et al. (2012). To realize the present day (PD) climate in this model,
the AGCM was integrated with the Hadley Centre (Rayner et al. 2003) monthly-mean
SST and sea ice concentration observed from 1979 to 2003. For the future globally-
warmed (GW) climate, the averaged SST and sea ice projections by 18 models for the
2075-2099 period were used as the lower-boundary forcing (Murakami et al. 2012).
These model projections were produced under the Special Report on Emissions
Scenarios (SRES) A1B scenario, for the Coupled Model Intercomparison Project
phase 3 (CMIP3) (Solomon et al. 2007). A schematic diagram of the experimental set-

up is given in Fig. 2.1.

10



Fig. 2.1: Schematic diagram showing the set-up of the time-slice experiments for
present-day (from 1979 to 2003) and globally-warmed future (from 2075 to 2099)
(adopted from Kitoh 2015).

In order to evaluate the performance of the MRI AGCM in capturing the Asian
monsoon circulation and TC activities, various observational and reanalysis products
were used in this study. Here the precipitation products from the Tropical Rainfall
Measuring Mission 3B42 version 7 (TRMM3B42v7) (Huffman et al. 2007) and the
Asian Precipitation-Highly-Resolved Observational Data Integration Towards
Evaluation version 1101 (APHRODITEv1101) for monsoon Asia (Yatagai et al. 2012)
were selected for this purpose. The high spatial (0.25°x0.25°) and temporal (3-hourly)
resolution TRMM3B42 dataset provides precipitation rate estimates by combining
microwave, infrared measurements from multiple satellites as well as adjustment from
gauge observations when possible (Huffman et al. 2007). In this study, the
TRMM3B42 3hourly dataset is converted to daily precipitation rate for the period of
1998-2013. The APHRODITE dataset, which is produced by interpolating rain gauge
observations, provides gridded daily precipitation rate over land within 0-55°N, 60-
150°E, for the 1979-2003 period. Many studies have used this gauge-based dataset for
studying the mean precipitation (Xie et al. 2007; Sohn et al. 2012) and extremes

(Kamiguchi et al. 2010). Zhao and Yatagai (2014) performed a gauge data analysis
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(adopted from APHRODITE) on daily precipitation records from the Chinese stations
and found that the TRMM3B42v6 (an older version as compared to the one used in
this study) rainfall estimates agree well with the gauge data, but notable
underestimation is found in the western China. Also, they found that TRMM3B42
tends to overestimate the extreme daily precipitation over the southeastern China and
underestimate the moderate precipitation over the northwestern China. In addition, the
Joint Typhoon Warning Center (JTWC) best track data for TCs in WNP were used.
Note that in this study, only TCs with maximum 1-min-sustained wind speed of 18 m
s™ or greater (i.e. tropical storm intensity) were considered for the JTWC data. Finally,
upper-air meteorological variables such as winds and temperature from the Japanese

55-year Re-Analysis (JRA-55) monthly data were also used for model evaluation.

2.2.2 Methods for quantifying precipitation extremes

To assess the AGCM’s performance in capturing extreme events and to
quantify their changes, two commonly used indices were adopted to characterize
intense rain rates. They are (i) the 95th percentile of daily precipitation during wet
days (Prec95p), and (ii) the simple daily precipitation intensity index (SDII), which is
defined as the accumulated precipitation divided by the number of rain days over a
particular period of time. Throughout this study, wet (dry) days are defined as days
with accumulated precipitation above (below) 0.1 mm. Besides using these empirical
indices, we have also investigated the use of the parametric gamma distribution to
characterize the daily mean precipitation during wet days. The two-parameter gamma

distribution function is given by

1
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where a and [ are the shape and scale parameters respectively, and I'(a) is the gamma
function. The dimensionless o parameter characterizes the shape of the gamma
distribution. When o < 1, the PDF is a hyperbolically decreasing distribution; when o
=1, it becomes an exponential function; in the limit of o — +oo, it approaches a normal
distribution. The parameter B represents the spread of the distribution, and can be
interpreted as a measure of the variability of the daily mean precipitation. It is widely
recognized that the gamma distribution provides a fairly good fit to the observed and
also model-simulated (Groisman et al. 1999; Semenov and Bengtsson 2002; Wilby
and Wigley 2002).Cho et al. (2004) reported that the PDF of daily precipitation rates
from TRMM could be well represented by the gamma distribution, especially in wet
regions. The parameters o and 3 can be estimated using the method of maximum
likelihood. To test the goodness of fit of the gamma distribution, K-S test was applied
in this study. It is used to test the null hypothesis that the data comes from a theoretical
distribution function, based on the maximum difference between the empirical and
theoretical cumulative distribution functions (CDF):

Dy = max|E, (x) — F(x)] (2.2)

where F,(x) is the empirical CDF for a dataset with a sample size n and F (x) is the
theoretical CDF. The null hypothesis is rejected at a given significance level if the
statistics exceed a critical value in a standard table. In general the shape parameter is
spatially and temporally more stable compared to the scale parameter (Groisman et al.
1999; Semenov and Bengtsson 2002; Wilby and Wigley 2002). Here the scale

parameter is included as one of the precipitation indicators in this study.
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2.2.3 Deducing TC-related rainfall

We have also performed analysis of precipitation due to TC occurrences. Here TCs
are tracked by the algorithm similar to that used by Murakami et al. (2012), which is
based on 6-hourly AGCM outputs. A TC-like system in the model is identified
whenever: 1) the local maximum 850 hPa vorticity exceeds 2.0x10™* s7*; 2) the local
maximum wind speed at 850 hPa exceeds 17.0 m s™; 3) the sum of maximum
temperature deviations at 300, 500 and 700 hPa exceeds 2.0 K, with the deviation
defined as the departure from temperature averaged over a 10°x10° box centered at
the position of maximum 850 hPa vorticity; 4) the maximum 850 hPa wind speed is
larger than that at 300 hPa; and 5) the lifetime of the system must be 36 hours or more
and the genesis must happen over the ocean. TC occurrence frequency (TCF) is
defined as the total count of TC occurrences within each 5°x5° grid box for every 6
hours. The first detected position is defined as the TC genesis location, except at the
boundaries of the study domain. TC genesis frequency is also defined similarly to TCF
(whereas for JTWC 6-hourly best track data, the first detected position is defined as
the location where the TC first attained a maximum 1-min-sustained wind speed of 18
m s or greater, and TCF and TGF are defined accordingly in the same way). Finally,
based on the positions of identified TCs at every 6 hours, we can further stratify
precipitation over each grid box into TC and non-TC related rainfall. According to the
criterion suggested in previous studies (Jiang and Zipser 2010), rainfall within 5° (i.e.
roughly 500 km) from the TC center is considered to be associated with TCs. This
way, 6-hourly precipitation can then be converted into TC and non-TC precipitation.

Fig. 2.2 shows the fraction of TC rainfall to total rainfall over MJJAS based
on the AGCM outputs for the period of 1979-2003. The geographical distribution and

the area-averaged value (0.102) are very close to those given by Jiang and Zipser
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(2010) , although they focus on JJASON. Based on the TRMM-3B42 dataset, they
found that the TC rainfall fraction ranges from around 0.2 to 0.4 in WNP basin and

the area-averaged value is 0.11.

Fig. 2.2: The fraction of TC rainfall to total rainfall over MJJAS based on MRI-
AGCM3.2S simulations for the period of 1979-2003. The TC rainfall fraction
averaged over the domain of 0-50°N, 60-150°E is shown in upper right corner.

2.3 Simulations of present-day precipitation characteristics

Before examining the impact of global warming on precipitation characteristics, the
capability of the MRI AGCM in capturing the summertime circulation and
precipitation over the Asian monsoon area is first assessed. Fig. 2.3 shows the May-
to-September (MJJAS) climatological mean precipitation rates computed from
TRMM, as well those based on model simulations for the present climate. It can be
seen that the AGCM can capture well the major monsoon rain features in this region,
such as the western north Pacific Intertropical Convergence Zone (ITCZ), rainfall over
BOB and the Indian subcontinent, and the Meiyu-Baiu rainbelt. It is noteworthy that
orographic precipitation such as that over the Western Ghats, the foothill of Himalayas

and the Philippines are also well reproduced by the model. On the other hand, values
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over SCS to the Philippine Sea (southern coast of China and east of Japan) appear to
be overestimated (underestimated). The biases over SCS to the Philippine Sea
(southern coast of China and east of Japan) are probably related to the overestimated
westerly (underestimated southerly) moisture flux to that region and to a lesser extent
the slightly weaker westward extension of the subtropical high (see Mizuta et al. 2012).
The precipitation rate averaged over 0-50°N, 60-150°E is about 5.84 mm day™, which
is comparable to that based on TRMM for the same area (~5.50 mm day™). Also shown
in Fig. 2.3 are the corresponding 850 hPa wind fields from JRAS55 and those based on
the AGCM run, for the same period of 1997-2003. The climatological mean low-level
circulation is also reasonably captured by this model. Indeed, the simulated wind
branches associated with the Indian and East Asian monsoon systems match well with

those depicted in the JRA55 climatology.

Fig. 2.3: Climatological mean daily precipitation rate (shading; units: mm day ") and
850hPa winds (see scale arrow at bottom right) over MJJAS based on (a)
TRMM3B42v7 and JRA55 data for the 1998-2013 period, and (b) MRI-AGCM3.2S
outputs for the period of 1979-2003. The precipitation rate averaged over the domain
of 0-50°N, 60-150°E is shown in upper right corner of each figure.

We have also examined the month-to-month evolution of the precipitation
field in the same domain. Fig. 2.4 compares the model-simulated May to September

monthly-mean precipitation with observations. The AGCM can produce well the
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seasonal progression of the Asian monsoon precipitation in different regions. In May,
heavy rainfall is observed in BOB and north to northeastern part of the Indochina
Peninsula, which roughly marks the onset of the Asian summer monsoon (Fig. 2.4a).
In the meantime, enhanced precipitation is discernable in the Yangtze River Basin.
This onset signature of the rainy season is captured by the AGCM (Fig. 2.4f). In June,
the monsoon rainfall continues to intensify and extend its coverage over the Indian
and East Asian monsoon regions (Fig. 2.4b). At the same time the ITCZ migrates
northward and merges with the SCS rain patch, forming a more continuous rain band
over WNP. Concurrently, the Meiyu-Baiu front progresses northward, bringing
prolonged rainfall to central-eastern China and Japan during their Meiyu and Baiu
season, respectively. The above seasonal march of the monsoon rain features is also
seen in the AGCM environment (Fig. 2.4g). In July, the Meiyu front continues to
advance northward, affecting the North and Northeast China, and bringing the
Changma season to Korea (Fig. 2.4c). The overall band-like rainfall pattern that spans
progressively over South China, Taiwan, central China, Northeast China, Japan and
Korean Peninsula from June to July is commonly referred as Meiyu-Changma-Baiu
rainbelt. This active phase is characterized by a rainfall peak during the EA summer
monsoon period. The passage of the rainbelt is then followed by a monsoon break in
August (Fig. 2.4d). At the same time, the Indian monsoon gradually weakens and the
ITCZ retreats southward. In September, the narrow rainbelt strengthens and migrates
southward; this monsoon revival marks another distinct peak in the monsoon rainfall
period in East Asia (Fig. 2.4e). Again, the above-mentioned temporal features
including the active phase, break and revival of the EA summer monsoon is also
reasonably reproduced by the AGCM (see Figs 2.4h, 2.4i and 2.4j). Similar to the

biases over SCS to the Philippine Sea as reflected in the climatological MJJAS-mean
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precipitation, monthly mean precipitation is slightly overestimated in BOB from June

to August and is probably related to the overestimated westerly moisture flux there.
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Fig. 2.4: Climatological monthly mean precipitation rate (units: mm day %) for (a, f)
May, (b, g) June, (c, h) July, (d, i) August and (e, j) September, based on (a, b, c, d, €)
for TRMM3B42v7 and (f, g, h, i, j) for MRI-AGCM3.2S data for the periods of 1998-
2013 and 1979-2003, respectively.
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In addition to assessing the AGCM seasonal mean circulation and precipitation,
we have compared model simulated precipitation extremes with observations. For
definitions of precipitation extremes, please refer to subsection 2.2.2. Fig. 2.5
compares the SDII based on AGCM simulations for the present climate, with values
computed using TRMM and the APHRODITE datasets. From TRMM (and to a lesser
extent APHRODITE), it is seen that the geographical distribution of SDII bears much
similarity with the mean precipitation pattern in the Asian monsoon area. In general,
locations with intense daily mean rainfall are collocated with those having large
seasonal averages in summer. The MRI AGCM data reflect this phenomenon, and
indicate extreme daily precipitation rates over the Western Ghats, the BOB region,
central to southern SCS west of the Philippines and south of Japan. Compared with
TRMM, the model simulated SDII is underestimated, with a negative bias of ~3.20
mm day® over SEA and EA monsoon region; the same comparison with
APHRODITE, however, gives an overestimation of ~ 1.11 mm day™. In addition to
domain-wide biases, we have also compared the AGCM-simulated PDFs of daily
precipitation with observed PDFs based on TRMM and APHRODITE, particularly
over Eastern China, Meiyu-Baiu rainband, Bay of Bengal and Central India, to see the
regional distribution difference between the AGCM outputs and observed

precipitation datasets (which will be later discussed in subsection 2.4).
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Fig. 2.5: SDII (units: mm day ") for MJJAS computed based on (a) TRMM3B42v7 for
the 1998-2013 period, (b) APHRODITEv1101, and (c) MRI-AGCM3.2S for the 1979-
2003 period. The SDII value averaged over the domain of 0-50°N, 60-150°E is shown
in the upper right of each panel; for APHRODITEv1101, the average SDII is
computed over land area only.

Finally, the pattern correlation between AGCM and observed (either TRMM-
or APHRODITE- based) is about 0.8. Table 2.1 summarises the performance of the
AGCM in simulating various measures of precipitation characteristics, by giving the
pattern correlation coefficient, mean bias and root-mean-square error of the seasonal
mean, Prec95p, and SDII when compared with observational datasets. It was found
that the AGCM has good skills in capturing the observed climatological large-scale
patterns of these metrics, with pattern correlation coefficients ranging from 0.76 to

0.87.
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Table 2.1: Pattern correlation coefficient (PCC), mean bias, and root-mean-square
error (RMSE) between daily precipitation statistics from MRI-AGCM and
TRMM3B42v7 over the domain of 0-50N, 60-150E, and that between model and
APHRODITEV1101 over land area in the same domain.

Seasonal mean SDII Prec95p
Definition  Precipitation Precipitation The 95th
total divided by total divided by percentile of the
number of days number of wet set of the daily
days precipitation in
wet days
TRMM3B42v7 PCC 0.867 0.791 0.756
(MJJAS, 1998- 1 N N
2013) Mean 0.312 mm day -3.20 mm day -16.8 mm day
Bias
RMSE 2.03 mm day™ 4.55 mm day™ 21.5 mm day™
APHRODITEv1101 PCC 0.840 0.817 0.805
(MJJAS, 1979- 1 4 4
2003) Mean 0.726 mm day 1.11 mm day 1.72 mm day
Bias
RMSE 2.22 mm day™ 2.51 mm day™ 7.72 mm day™

As mentioned earlier, precipitation can be subsequently divided into two
subsets, namely non-TC and TC-related rainfall. Fig. 2.6 shows the calculated SDII
and Prec95p of non-TC and TC-related rainfall individually, based on AGCM
simulations for the present climate. It is found that Fig. 2.6a resembles Fig. 2.5¢ very
closely in terms of the geographical distribution and magnitude, thereby suggesting
that non-TC rainfall (e.g. monsoon-induced rainfall) dominates in extreme
precipitation over the Asian monsoon region. Small differences between Fig. 2.6a and
Fig. 2.5¢c are found over areas with intense TC-related precipitation, such as northern
SCS, coastal SEC and Baiu region (see Figs. 2.6¢ and 2.6d). The area-averaged SDII
and Prec95p of AGCM-simulated non-TC-related (TC-related) rainfall are 6.94 and

22.4 (27.9 and 109) mm day™ respectively.
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Fig. 2.6: (a) SDII and (b) Prec95p (units: mm day ) for non-TC related precipitation.
The SDII and Prec95p values averaged over the domain of 0-50°N, 60-150°E is shown
in the upper right of the panels. (c) and (d) as in (a) and (b), but for TC-related
precipitation. The SDII and Prec95p values averaged over the domain of 10-40°N,
100-150°E is shown in the upper right of the panels. The SDII and Prec95p values are
computed based on MRI-AGCM3.2S outputs over MJJAS for the 1979-2003 period.

Besides the time mean summer monsoon circulation, the ability of the AGCM
in reproducing TC activity in boreal summer was also assessed. Fig. 2.7 shows the
observed and model simulated TCF in the WNP basin in MJJAS. Observations
indicate a region with the most frequent TC occurrences over and to the east of the
Luzon Strait, with an average of 12.5 TCs found in WNP during the MJJAS season.
It is obvious that the model can reproduce well both the TCF pattern and also the total

storm number per season (11.9 TCs).
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Fig. 2.7: TC occurrence frequency per season over each 5°x5° grid box in MJJAS
based on (a) JTWC best track data, and (b) MRI-AGCM3.2S simulations. Statistics
are computed for the 1979-2003 period.

Inspection of the observed TC genesis in WNP reveals two peaks located in
SCS and east of the Philippines; the MRl AGCM also gives a very similar distribution,
despite having underestimated the genesis frequency in the SCS region (Fig. 2.8).
Overall, these assessments indicate that the model can give fairly realistic precipitation
and TC behavior over the Asian monsoon and WNP regions. Next, we shall infer the
impact of global warming on summertime precipitation extremes and TC-related

rainfall based on future climate projections from this AGCM.

Fig. 2.8: As in Fig. 2.5 but for TC genesis frequency per season. The average number
of TCs generated per year over the domain of 0-50°N, 60-150°E is shown in upper
right corner of each figure.
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2.4  Projected changes in precipitation intensity

Changes of the seasonal mean monsoon circulation are first examined, by
comparing the model GW and PD simulations. Fig. 2.9 shows the GW minus PD
MJJAS mean precipitation rates, 850hPa wind fields and surface air temperature using
these AGCM runs. It can be seen that the seasonal mean rainfall will be enhanced over
many locations in South and East Asia. Robust increase is found over BOB, the
western Pacific ITCZ and some of the marginal sea areas, the Meiyu-Baiu rainbelt,
Central India, the Eastern and also northeastern part of China. On the other hand, there
are insolated regions where the seasonal mean rainfall will be reduced under global
warming. In particular, an anomalously dry zone extending from coastal Vietnam to
WNP can be inferred. Precipitation rates over the Western Ghats are also reduced.
Overall, the mean rain rate averaged over 0-50°N, 60-150°E is projected to increase
by 0.34 mm day™ near the end of the 21* century. Changes in the low-level wind take
the form of an anomalous anti-cyclone over WNP, while easterly anomalies are found
over the tropical Indian Ocean and central-to-southern SCS. These suggest an overall
slightly weakened Asian summer monsoon wind circulation (a weakened Indian
monsoon wind circulation but a strengthened East Asian monsoon wind circulation)
but heavier monsoon rainfall in the GW climate, consistent with many previous works
(e.g. Vecchi and Soden 2007). For the surface air temperature, there is an increase
over all locations in the Asian monsoon domain. The surface warming is stronger over
land than over the ocean, and its signal tends to be greater over the Tibetan Plateau,
and in high-latitude regions such as northern China and Mongolia. The model gives a
2.76 (2.98) K increase in the MJJAS mean surface (lower-tropospheric) air

temperature over Asia by the end of the 21 century.
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Fig. 2.9: Globally-warmed minus present-day (a) daily mean precipitation rate (units:
mm day %), and (b) mean surface air temperature (units: K) averaged over MJJAS
based on MRI-AGCM simulations. Their averaged values over the domain of 0-60°N,
60-150°E are shown in the upper right of each panel. Cross-hatches in (a) indicate
that the differences are statistically significant at the 99% confidence level or above
according to the two-sided Student’s t test. Also shown in (b) are the MJJAS mean of
globally-warmed minus present-day 850hPa winds (see scale arrow at bottom right).

We now focus on future changes in extreme precipitation given by the AGCM
simulations. Figs. 2.10a and 2.10b show the computed SDII for the future GW climate
and the GW minus PD values of the same index, respectively. It is noteworthy that
SDII was found to increase significantly over locations where the mean rainfall also
increases (see Fig. 2.9a). The Prec95p index also gives very similar changes in the
extreme precipitation (see Fig. 2.10c). In particular, four regions with a coherent
increase of both the mean and extreme precipitation can be identified, namely Eastern
China (25-32N, 108-122E), Meiyu-Baiu rainband (30-35N, 125-145E), BOB (6-17N,
85-95E), and Central India (17-22N, 74-82E). We have also computed changes of the
scale parameter, which is used for characterizing the gamma-fitted daily precipitation
(see chapter 2.2). Fig. 2.10d gives the GW minus PD values of the scale parameter
over locations where the gamma distribution can well represent the daily rainfall PDF.
The goodness of fit was assessed by first carrying out the K-S test, for each summer

from 1979 to 2003. The gamma distribution is then assumed to be valid if, at a
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particular location, there is 80% (or more) of summer seasons during which the test
reaches the 10% significance level. Out of these four abovementioned regions, two of
them (Eastern China and BOB) indicate a positive change of the scale parameter.
Overall, the above suggests a robust increase of both the seasonal mean and daily
extremes of precipitation over these four sub-domains, due to the influence of global

warming.

Fig. 2.10: (a) SDII during MJJAS for a future projected (globally-warmed) climate.
Globally warmed-minus-present day (units: mm day ") of (b) SDII, (c) Prec95p and
(d) scale parameter for fitted gamma distributions of daily precipitation rates in
MJJAS, based on MRI-AGCM simulations. For scale parameter, only grids with
present-day non-zero precipitation PDF showing goodness of fit of gamma
distribution for at least 80% of seasons (using K-S test at significance level « = 0.1)
are shown. Cross-hatches in (b), (c) and (d) indicate that the differences are
statistically significant at the 99% confidence level or above according to the two-
sided Student’s t test.

The area-averaged values of these projected changes are listed in Table 2.2.

Increase in both the seasonal mean precipitation and extremes are statistically
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significant at the 99.9% level. Changes in the mean precipitation (Prec95p) averaged
over Eastern China, Meiyu-Baiu rainband, BOB and Central India are 0.655 (4.22),
0.510 (3.56), 1.58 (5.77) and 1.24 (6.89) mm day *, respectively. Note that there is a
discrepancy between the magnitudes of changes in the mean and extreme indices; this
is in accordance with other studies, which show that the far tail of the daily
precipitation PDF tends to extend more to higher values compared to the mean,
causing the PDF to become more right-skewed under the influence of global warming

(e.g. Allen and Ingram 2002).

Table 2.2: Globally-warmed minus present-day values of various statistics for the
daily precipitation rate, averaged over different domains. Also shown are the same
differences (in parentheses), divided by the corresponding regional changes in the
MJJAS mean temperature. All projected changes of mean and precipitation extremes
are statistically significant at the 99.9% level (Monte Carlo Permutation Test).
Projected rate of extreme rainfall change per unit change of the lower-tropospheric
temperature ranges from about 2.8 to 8.5 % K.

6Mean (mm 6SDII (mm S6Prec95p (mm 6Scale (mm
day™) day™) day™) day™)
Eastern China 0.655 1.34 4.22 281
(25-32N, 108- (4.15%/K) (5.64%/K) (5.35%/K) (7.72%/K)
122E)
Meiyu-Baiu 0.510 0.934 3.56 N/A
rainband (2.76%/K) (3.15%/K) (2.84%/K)
(30-35N, 125-
145E)
Bay of Bengal 1.58 1.76 5.77 2.05
(6-17N, 85-95E) (5.36%/K) (5.50%/K) (6.42%/K) (7.72%/K)
Central India 1.24 2.02 6.89 N/A
(17-22N, 74-82E)  (6.12%/K) (7.43%/K) (8.47%IK)

From the four regions considered above, the PDFs of area-averaged daily
precipitation rates generated from the AGCM are further examined. Fig. 2.11 gives
the results computed based on the PD and GW experiments. Also shown are the

observed PDFs based on TRMM (for all four regions) and APHRODITE (for Eastern
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China and Central India only) datasets for comparison. Consistent with the results for
SDII (see Fig. 2.5), TRMM (see red dashed curves) tends to give stronger daily
extreme in comparison with the AGCM (blue curves). On the other hand, the model
generated PDFs appear to be consistent with those estimated using the APHRODITE
datasets over land (see brown dashed curves). Regarding the influence of global
warming, it can be inferred that the probability of extreme rainfall is enhanced in the
GW model environment, compared to the PD simulations. Such increment in the
heavy precipitation likelihood is especially obvious for daily rain rates of about 30mm
day™ or more. In fact, the probability of 30-40mmday™ events is projected to increase
by about 10-40%, depending on the location of interest (see green curves in lower
panel of each figure). Both the SDII and Precp95p values also increase in these regions
(see vertical lines in Figs. 2.11a to 2.11d). Statistical tests further testify that that the
PDFs from the GW and PD experiments are indeed different in all four regions,
significant to the 99.9% level (based on the K-S test). It is also notable that the increase
in Precp95p is larger than that in SDII, such that the PDF for daily precipitation rates
Is becoming more right-skewed over all four regions under the influence of global
warming.

In addition to comparing the empirically determined PDFs, daily rain rates for
Eastern China and BOB and their changes were also characterized using gamma
distributions. This can be done by first estimating the regionally-averaged shape and
scale parameters, in both PD and GW experiments. Lower panels of Figs. 2.11a and
2.11c show the ratio of PDFs from GW to those from PD runs, computed based on
fitted gamma distributions with the corresponding shape and scale parameters
determined over Eastern China and BOB areas (see black dashed lines). It is seen that

the ratio of PDFs based on parameterized distributions agrees well with that computed

29



from the raw PDFs, at least up to the present-day 95th percentile values (around 30
mm day ™) for both regions. Since the shape parameter only changes slightly (from
0.672 to 0.647, or a fractional change of -3.72% in Eastern China, and 1.30 to 1.24,
i.e. a fractional change of -4.62%, in BOB), one may also assume that the shape
parameter remains the same in the two AGCM experiments, to first approximation.
Under such an assumption, the ratio of the PDF of GW to that of PD experiments can

be approximated by:

taw _ (2" o{55) (10 (23)

fpp c

where ap, and Sy, are the present-day shape and scale parameters, and c is the scale
parameter from GW divided by that from the PD experiment. It was found that S,
over Eastern China (BOB) is 13.4 mm day * (10.1 mm day %), with an increase of
20.9% (20.8%) in the GW experiment. Using these estimates, we further examine
whether it is valid to use the scale parameter alone to explain the changing PDF. By
ignoring changes of the shape parameter (i.e. using Eq. 2.3), it can be seen that the
fractional increase in extreme daily precipitation rates is overestimated (see pink
dashed lines in lower panels of Figs. 2.11a and 2.11c). This is especially obvious in
Eastern China, and less so in BOB region. Thus, for characterizing changes in
moderate precipitation extremes, the shape parameter can be assumed to be constant
(such that Eq. 2.3 is valid). For very extreme values (say greater than 99th percentile),
however, the gamma distribution seems not capable in representing their changes due
to global warming; it always tends to overestimate the increase of probability for
extremely heavy rainfall (compare black dashed with green curves Figs. 2.11a and

2.11c).
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Fig. 2.11: Probability density function (PDF) for present-day (in solid blue) and
globally-warmed (in solid red) daily precipitation rates, based on MRI-AGCM
simulations from the region of (a) Eastern China (25-32N, 108-122E), (b) Meiyu-Baiu
rainband (30-35N, 125-145E), (c) Bay of Bengal (6-17N, 85-95E) and (d) Central
India (17-22N, 74-82E). The observed PDFs for present-day daily precipitation rates
based on TRMM-3B42V7 (dotted pink) and APHRODITEv1101 (dotted brown) are
included for Eastern China and Central India; for the Meiyu-Baiu rainband and Bay
of Bengal regions, only those based on TRMM-3B42V7 are shown. Lower panel in
each figure gives the globally-warmed PDF divided by the present-day PDF over each
region (in solid green), with the fitted gamma distribution function in the globally-
warmed future divided by that in present-day (in dashed black), and the same quantity
estimated according to Eq. 2.3 (in dashed pink). The blue and red dotted (dot-dashed)
vertical lines represent the present-day and globally-warmed SDII (Prec95p)
respectively. See text for details.

It is also instructive to compute the rate of change of extreme precipitation per
unit degree of warming, and to compare such a rate at different locations with that
predicted by the CC relation (see Introduction). Here the projected lower-tropospheric
warming was estimated by the GW minus PD seasonal mean temperature, averaged
over the 500 to 1000hPa. Percentage changes of SDII and Precp95p divided by such
temperature change were then computed at every grid point. The same quantity for the

scale parameter is also included in Eastern China and BOB. The probability
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distributions of their gird point values over the four regions with robust precipitation
increase are given in Fig. 2.12. It was found that over Eastern China, BOB and Central
India, changes in both the mean and extreme precipitation rates are in general
agreement with the CC relation, i.e. the probability values generally peak around 7 %
K™ (see vertical dashed line in panels). It is also noteworthy that both the mean and
extreme rain rates seem to behave in the same manner under the global warming
influence. However, over the Meiyu-Baiu rainband region, the most likely change in
precipitation rates was found to be about 3 % K™* only. To reduce the uncertainty in
estimating daily precipitation, we have also taken the spatial average of the changes
of these extreme indices per unit temperature change (see Fischer et al. 2013); the
resulting values range from about 3 to 8 % K™* (Table 2.2). The area average of the
projected change in daily mean precipitation rate per unit lower-tropospheric
temperature change in the whole domain (0-60°N, 60-150°E) was found to be 3.05 %

K*l
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Fig. 2.12: Probability distribution of changes in the time mean precipitation rates
(dotted blue line), SDII (purple) and Prec95p (green) per unit degree of warming in
the lower-to-mid troposphere in MJJAS, in the globally-warmed compared to the
present-day simulations, over grid boxes within (a) Eastern China (25-32N, 108-
122E), (b) Meiyu-Baiu rainband (30-35N, 125-145E), (c) Bay of Bengal (6-17N, 85-
95E) and (d) Central India (17-22N, 74-82E). The probability distribution of changes
in the scale parameter (red) for gamma-fitted daily precipitation rates, per unit degree
of warming, is shown only for (a) Eastern China and (c) Bay of Bengal (6-17N, 85-
95E). See text for details.

2.5 Projected changes in tropical cyclone rainfall

In this subsection, the same sets of AGCM simulations were used to examine how
climate change might influence TC precipitation over various East Asia locations. Figs.
2.13a and 2.13b show the TCF in the GW experiments, as well as the GW minus PD
TCF values, respectively. It is clear that there is an overall reduction of TC activity
over the SCS and WNP regions, under the influence of global warming. TCF east and
northeast of the Philippines is significantly affected, with a decrease about of 5 to 6
TCs per season. TC occurrences are also strongly suppressed over northwestern SCS

near Vietnam and in southern Japan. Inspection of the GW minus PD seasonal mean
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circulation revealed anomalous sinking motion in the mid-troposphere and low-level
anti-cyclonic flow over SCS and east of the Philippines (see Figs. 2.14a and 2.14c).
Furthermore, in the vicinity of southern Japan, there is enhanced vertical wind shear
(see Fig. 2.14b). The above circulation changes are consistent with suppressed TC
activity over these regions. We have also computed TC composites of the mean sea-
level pressure (MSLP) and TC-related precipitation, for TCs identified in the PD and
GW experiments. Fig. 2.13c shows the azimuthally averaged results as a function of
distance from the TC center, based on GW minus PD composites. The composite
minimum SLP of a TC in the model is projected to decrease by ~ 85 Pa (~ 0.1%),
while the rain rate will increase by up to 70 mm day™ (~ 25% within 100 km) due to
global warming; the latter is slightly larger than the fractional change in rain rate given
by Knutson et al. (2015). In fact, the precipitable water over WNP is projected to
increase in GW in comparison to the PD experiment (see Fig. 2.14d). Enhanced
precipitation related to each TC is thus consistent with more moisture in the

atmosphere under a warmer background climate.
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Fig. 2.13: (a) As in Fig. 2.5(b) but for future (globally warmed) climate simulations.
(b) Globally-warmed minus present-day TC occurrence frequency per season over
each 5°x5° grid box in MJJAS. (c) Auzimuthally averaged precipitation rate (blue, in
units of mm day ;) and MSLP (red, in units of Pa) as a function of distance from TC
center, based on TC composites in the same season from MRI-AGCM simulations.
Cross-hatches in (b) indicate that the differences are statistically significant at the
90% confidence level or above according to the two-sided Student’s t test.
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Fig. 2.14: Globally-warmed minus present-day (a) relative vorticity at 850hPa (unit:
10° s, (b) vertical zonal wind shear (VZWS, zonal wind at 300hPa minus zonal wind
at 850hPa; unit: m s™), (c) vertical pressure velocity at 500hPa (unit: 10™ Pa s™), (d)
precipitable water (PW; unit: kg m), and (e) variance of tropical synoptic-scale (2-
8-day) disturbances (TSDs; unit: 10™°s?), interpolated on a 2.5°x 2.5° grid in MJJAS.

With increased TC rain rate but at the same time fewer TC storm days in the
future GW climate, a question thus arises: how does the magnitude and geographical
distribution of accumulated TC-related rainfall change accordingly? Figs. 2.15a and

2.15b show the geographical distribution of TC-related accumulated rainfall from the
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PD and GW simulations; also shown is the difference between values from these two
runs (Fig. 2.15c¢). It can be seen that there are robust changes in the accumulated TC
rainfall over Southeastern China (22-28N, 108-120E), Taiwan (21.5-25.5N, 120-
122E), the Meiyu-Baiu rainband (30-35N, 125-145E), northwestern SCS (14-18N,
105-113E), and east of the Philippines (14-20N, 123-130E). Such GW minus PD
differences can be further written as the contributions from two terms, one due to
change of TC rain rate and the other due to change of TC storm days as follows:
8TCP = RewNgw — RppNpp

= NGWZﬂ (Rgw — Rpp) + @ (New — Npp)

= N6R + RSN (2.4)
where R, and R, are the mean TC rain rates in mm day™ in the PD and GW runs,
respectively; Npp (Ngy ) denotes the mean TC storm days for the PD (GW)
experiments. N and 6N are the average and difference between Np, and Ngy,
respectively; R and SR are defined similarly. These two components are calculated at
every grid point and averaged over each geographical region. Their area averages as
well as their sum total are presented in Fig. 2.15d. Despite the reduced numbers of
storm days in Southeastern China and Taiwan, having more precipitation per TC leads
to an increase of accumulated rainfall by 18.4 and 16.3 mm respectively. In contrast,
the accumulated TC rainfall per season is projected to decrease by 25.5, 50.6 and 64.9
mm over the Meiyu-Baiu region, SCS and the east of the Philippines respectively; this

is mainly due to the reduction of storm days in these locations.
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Fig. 2.15: (a) Present-day, (b) Globally-warmed future accumulated TC rainfall per
season in MJJAS based on MRI-AGCM simulations. (c) Difference between (b) and
(@). (units: mm) (d) Globally-warmed minus present-day accumulated TC rainfall per
MJJAS season due to change of TC intensity (red), due to change of TC storm days
(blue) and their sum (grey) based on MRI-AGCM simulations, for Southeastern China
(22-28N, 108-120E), Taiwan (21.5-25.5N, 120-122E), Meiyu-Baiu rainband (30-35N,
125-145E), South China Sea (14-18N, 105-113E), and east of the Philippines (14-
20N, 123-130E). Cross-hatches in (c) indicate that the differences are statistically
significant at the 90% confidence level or above according to the two-sided Student’s
t test.

Finally, in order to assess the contribution of TCs to precipitation extremes,
we have further stratified rainfall rates into five categories, namely those within 0.1-1
mm day™, 1-10 mm day™, 10-50 mm day™, 50-200 mm day™ and more than 200 mm
day™, and for TC and non-TC related events separately. Fig. 2.16 gives the GW minus
PD number of TC and non-TC related rainfall events per season over Southeastern
China, the Meiyu-Baiu and Taiwan regions. In Southeastern China, the likelihood of

events under 10 mm day™ are projected to decrease; for more intense precipitation
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events with rain rates greater than 10 mm day™, their probability will increase under
the global warming influence (see Fig. 2.16a). Based on the AGCM present-day
simulations, the average non-TC (TC) rainfall frequency over SEC is 81.0 (3.04) days
per season, and it will decrease by 0.80% (2.8%). For the Meiyu-Baiu region, again
there is a similar increase (decrease) of the occurrence of more (less) intense
precipitation events (see Fig. 2.16b). TC-related rainfall, on the other hand, is
projected to decrease regardless of their intensity. This is consistent with the
significant reduction of TC activity in this region (see again Fig 2.14). In fact, changes
in TC rainfall appear to have substantial contribution to the overall precipitation
statistics in this region. The computed changes in SDII and Prec95p based on non-TC
rainfall events are 1.32 mm day™ and 5.16 mm day™ respectively, which are larger
than those without removing the TC rainfall events (1.15 mm day™ and 4.31 mm day’
! respectively). This implies that non-TC weather systems will lead to an exacerbation
of the daily precipitation extremes, which are partially offset by a reduction in TC-
related extremes. The AGCM-simulated number of non-TC (TC) rainfall events in
Meiyu-Baiu region is 98.7 (4.28) days per season on average in the present climate,
and it is expected to decrease by 0.28% (37%) in the future. For Taiwan, actually TCs
are projected to contribute to the increase of both the seasonal mean precipitation rate
(from 0.223 mm day™ to 0.432 mm day™) and SDII (from 0.223 mm day™ to 0.465
mm day™). Further inspection revealed that this is likely related to the enhanced
occurrence of TC-related rainfall events with 200 mm day™ or more in the GW
compared to the PD simulations. For less intense TC rainfall events, their frequencies
are projected to decrease (Fig. 2.16c). Overall, rainfall events more (less) 1 mm day™
are expected to occur more (less) frequently. For Taiwan, the average number of non-

TC (TC) rainfall events is 103 (8.30) days per season, based on the PD simulations.
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The number of non-TC and TC related rainfall events are projected to increase by

2.3% and decrease by 18% respectively in the globally-warmed future.

Fig. 2.16: Globally-warmed minus present-day TC (red), non-TC (blue) rainfall event
number per season, as well as their sum total (grey), as a function of daily
precipitation intensities, over (a) Southeastern China (22-28N, 108-120E), (b) Meiyu-
Baiu rainband (30-35N, 125-145E), and (c) Taiwan (21.5-25.5N, 120-122E). The
change in number of non-TC and TC related rainfall events is shown in upper right
corner of each figure. See text for details.

2.6 Limitations and uncertainties

Firstly, despite very high resolution, the AGCM still cannot resolve TCs and it might
truncate extremely intense TCs in both PD and GW simulations. Secondly, certain
detection algorithm is needed to classify vortices as tropical storms in model
simulations, and is not universal among TC impact studies. Thirdly, cold wake in the
surface ocean after a tropical cyclone is ignored as the AGCM does not simulate

interactions with the ocean (i.e. no ocean coupling).
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Sources of uncertainties includes the uncertainty regarding the future scenarios
for greenhouse gases emissions or concentrations. Regional forcing other than GHGs
(e.g. land use change and urbanization) is not considered and there is limited aerosol
varying forcing. Also, projected changes in TC activity are strongly dependent on
projected changes in spatial pattern of tropical SST and indeed there are three clusters
of patterns of SST changes in CMIP3 (also CMIP5) projections. However, note that
the SST pattern prescribed in AGCM experiment is a product of a multi-model-
ensemble projection, which sort of reduces systematic biases due to different
configurations of GCMs. Besides, since only a single set of AGCM simulations is
considered (i.e. no initial-condition-ensemble), errors arise due to the AGCM internal
variability. At last, signal to noise ratio becomes smaller when it comes smaller
regions (e.g. Taiwan). Recently, Huang et al. (2016) projected a reduction of TC-
related rainfall over Taiwan. In their results, this is due to the southwestward extension
of the WNP subtropical high which suppresses TCs in the vicinity of Taiwan.
Apparently, more studies are needed to ascertain future characteristics of TCs, intense
precipitation and other extremes, and for understanding their uncertainties by
conducting and analysing various high-resolution model climate projections for the

Asian monsoon area.

2.7 Summary

We have assessed the performance of the MRl AGCM version 3.2S in simulating
extreme precipitation (including that induced by TCs) in boreal summer over the Asian
monsoon region, and have examined how global warming might influence these
extremes in the model environment. Overall, the AGCM performs well in capturing

the seasonal mean as well as extreme precipitation patterns in Southeast and East Asia.
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The model daily precipitation extremes tend to be underestimated when compared to
TRMM; on the other hand, they appear to be reasonable, according to estimates based
on APHRODITE data over land areas. By comparing the GW with PD experiments,
the summertime mean rain rate is projected to increase over many locations in the
Asian monsoon region. It is worth mentioning that when it comes to the impact of
climate change on Asian monsoon, one should be careful about changes in monsoon
circulation versus changes in monsoon rainfall. This is the case of an enhanced
monsoon rainfall despite a weakened monsoon wind circulation (a weakened Indian
monsoon wind but a strengthened East Asian monsoon wind) in the future climate
projection. In particular, low-level westerlies will be reduced over the tropical Indian
Ocean and SCS; at the same time, the strength of the low-level monsoon trough east
of the Philippines is also projected to decrease under the influence of global warming.

Over the regions of Eastern China, the Meiyu-Baiu rainbelt, BOB, and central
India there are robust increase in both the seasonal mean precipitation and extreme
rainfall. Summertime mean daily (extreme) rain rates over these areas are projected to
increase by about 0.5-1.6 (0.9-6.9) mm day™. Further inspection revealed that PDFs
for daily precipitation in these regions from the GW runs are significantly different
from their PD counterparts, with the greatest increase in probability found in the higher
percentiles. We have also investigated the model precipitation characteristics in
different Asia monsoon regions using the parametric gamma function. It was found
that PDFs of daily rain rates over Eastern China and BOB can be well represented by
the gamma distribution. Such parametric approach was then used to study how global
warming might impact on precipitation behaviour in these two regions. There is robust
increase of the scale parameter in the two regions (20.9% and 20.8% in Eastern China

and BOB, respectively), leading to enhanced probability precipitation rates in the
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higher percentiles. Slight reductions of the shape parameters were also found (-3.72%
and -4.62% in Eastern China and BOB respectively). It appears that the gamma fitting
provides a concise way to describe the change of daily rain rates, accurate up to about
the 95th percentile. For even more extreme precipitation events, however, the gamma
distribution tends to overestimate the change of their occurrence frequency compared
to that computed based on the actual PDFs.

We have also compared the increment of extreme rainfall due to global
warming with that given by the CC relation. Based on the model-projected increase of
about 2.98 K in the MJJAS mean lower-tropospheric air temperature, the change of
precipitation extremes per unit change of the lower-tropospheric temperature were
computed. In three out of four aforementioned domains with robust increase of
extreme rain rates, namely Eastern China, BOB and central India, the results are about
5.5 t0 8 % K™, which is roughly consistent with the CC relation. The only exception
to this scaling rule is found over south of Japan in the Baiu region, where the change
is only about 3% K™. In fact, we have checked that the model precipitable water
increases by about 6 to 7% K™ in the same region (see Fig. 2.17). This suggests that
the relatively modest increase of extreme rain rates is not due to limitations in the
amount of precipitable water; instead, dynamic changes might play an important role
in this region (see, e.g., Emori and Brown 2005). Further study is needed to unveil

what dynamical factors might be responsible for the sub-CC scaling in this domain.
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Fig. 2.17: Globally-warmed minus present-day precipitable water (PW) per unit
degree warming of low tropospheric warming (unit: % K™).

We have also investigated how TC-related rainfall might be influenced by
global warming. There is an overall reduction of TC numbers over the WNP basin,
when comparing GW with PD experiments. This is likely due to the reduced low-level
relative vorticity over a broad area in this domain; also, the variance of high-frequent
vorticity fluctuations is reduced east of the Philippines and part of SCS (see Fig.
2.14e). On the other hand, TC-related rain rate is projected to increase, in conjunction
with TCs becoming more intense in a warmer climate. Overall, the combined effect
of these two competing factors leads to more (less) TC rainfall over southeastern
China/northern SCS and Taiwan (east of the Philippines and southern Japan). Further
analyses indicated that indeed the reduced TC rainfall east of the Philippines and
southern Japan can be attributed to the suppression of TC activity there; the increased
TC rainfall over part of Southeastern China and Taiwan is due to more intense TC rain
rate. Finally, by analyzing TC and non-TC related rainfall data, it was found that the
enhanced daily precipitation extremes cover many locations can be mainly attributed
to non-TC weather systems. In Southeastern China, both TC and non-TC related

rainfall events contribute to the increase of extremes, with the latter weather type being
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the main contributor. For the Meiyu-Baiu rainband, there is also an increase of the
frequency of the most intense precipitation; this is again due to non-TC rainfall, while
TCs are expected to partially offset such an increase. The notable exception is Taiwan,
where heavy TC-related rainfall events (with daily accumulated rainfall exceeding 200
mm day™) play a role to the increase of both the seasonal mean precipitation rate and
SDII; however, changes in the extremes are projected to be insignificant in an overall

sense.
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Chapter 3
Diurnal Cycle of Precipitation over Southeast Asia

3.1 Background

Latent heat over Southeast Asia is an important driver of both the Hadley and Walker
circulations. Variations in convective activity and precipitation (including sub-daily
variations) in this region are particularly important in shaping the global climate.
Therefore, many researchers have focused on DC over this region such as Indochina
peninsula (e.g. Yin et al. 2009; Takahashi et al. 2010; Huang and Chan 2012; Huang
and Chen 2015) and Indonesian Maritime Continent (e.g. Wu et al. 2003; Mori et al.
2004; Ichikawa and Yasunari 2006; Zhou and Wang 2006; Ichikawa and Yasunari
2008).

It is widely recognised that DC has an out-of-phase difference between
precipitation peak hours over land and over sea, due to a fundamental land-sea contrast
in their atmospheric responses to radiative forcing. However, this idealized picture is
complicated by various physical processes such as land-sea and mountain-valley
breezes (e.g. Yang and Slingo 2001; Zhou and Wang 2006), diurnal gravity waves
(e.g. Shige and Satomura 2000; Mapes et al. 2003), modulation associated with
intraseasonal variability (e.g. Ichikawa and Yasunari 2006; Ichikawa and Yasunari
2008), interaction between local and large-scale circulations (e.g. Yin et al. 2009;
Huang and Chen 2015) and tidal variations in atmospheric pressure (e.g. Dai 2001),
based on either ground-based, satellite measurements or numerical simulations.

Besides observational studies, global climate models (GCMs; e.g. (Dai and
Trenberth 2004; Hara et al. 2009; Ploshay and Lau 2010; Ichikawa et al. 2012),
regional climate models (RCMs; Saito et al. 2001; Evans and Westra 2012) or even

convection-resolving models (CRMs; e.g. Ruppert 2016) are also used to investigate
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regional characteristics and mechanisms of DC. It is found that GCMs and RCMs tend
to produce a DC precipitation peak that is too early in the day, mainly because the
cumulus parameterization schemes response as soon as instability arises. Thus, CRMs
come into play by resolving cloud processes and allowing a gradual development of
convection, and they are found to capture the phase of DC well. However, due to small
model domain and very high resolution, CRMs cannot simulate large-scale
circulations and they are relatively computational expensive. Indeed, GCMs and
RCMs are still used to date and consequently cumulus parameterization is still used in
numerical simulations of SEA circulation. A good simulation of DC is necessary for
models to reproduce the observed climate, especially over the tropics. Improper
representation of DC may affect modes of climate variability at longer timescales (e.g.
Masson et al. 2012; Ruppert 2016). For example, using an idealized CRM, Ruppert
(2016) shows that DC accelerates the evolution of deep convection by amplifying the
daily-mean cumulus heating and forcing of large-scale circulations through nonlinear
rectification.

The International Centre for Theoretical Physics (ICTP) Regional Climate
Model version 4 (RegCM4) is a RCM that is popular among climate researchers (e.g.
the Coordinated Regional Downscaling Experiment (CORDEX) project). There are
limited studies on the performance of RegCM4 in simulating diurnal rainfall, although
da Rocha et al. 2009 and Huang et al. 2013 examined DC in earlier versions of
RegCM. As compared to its previous versions, RegCM4 is updated with two major
changes, namely a new option of land surface scheme and a “mixed convection
scheme” (which will be discussed in subsection 3.2). Although Diro et al. (2012) have
investigated DC simulations in RegCM4, their domain is Central America and they

mainly study the sensitivity of DC to the new land surface scheme, but not the mixed
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convection scheme. Therefore, in this chapter, we are motivated to examine the
sensitivity of precipitation simulations over the CORDEX-Southeast Asia (SEA)
domain to the cumulus convection scheme used in RegCM4, with a primary focus on
DC in the region. The advantages of these experiments are to allow users to examine
the sensitivity of simulated precipitation statistics to cumulus convection schemes
within the framework of RegCM4, to recognize the biases of individual schemes, and
finally to optimize the model performance; however, the results might depend on
choices of domain, configuration of the control experiment or even model framework

(e.g. model version), which is one limitation of these sensitivity experiments.

3.2 Model experiments and methodology

3.2.1 Model configuration and experimental setup

The RCM used in this chapter is the regional climate model RegCM version 4.4
(RegCM4) from ICTP. RegCM4 has a hydrostatic dynamical core, with an Arakawa
B-staggering horizontal grid and a terrain-following sigma vertical coordinate (Grell
et al. 1994). The model physics includes grid-scale cloud and precipitation processes,
subgrid-scale convection, radiative transfer, turbulence mixing, land and ocean
surface processes. A more detailed model description is given by Giorgi et al. 2012.
Compared to its previous versions, RegCM4 has been updated with improved
model code and new physical parameterizations. It is noticed that the performance of
the cumulus convection schemes show regional dependence, particularly over land
versus ocean areas. For example, the Emanuel scheme (Emanuel 1991; Emanuel and
Zivkovié-Rothman 1999) tends to produce excessive precipitation over land areas;
whereas the Grell scheme (Grell 1993) tends to produce weak precipitation over

tropical oceans (Giorgi et al. 2012). (For a more detailed discussion on the
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performance of the Emanuel and Grell schemes, refer to section 1.2). These lead to
the development of an option in which users can run different convection schemes
over land and over ocean; this is referred to as the “mixed convection scheme”. The
configuration of using the Grell scheme over land and the Emanuel scheme over ocean
provides the best precipitation statistics over most CORDEX domains, particularly
over tropical regions (Giorgi et al. 2012).

Another important update is the addition of the Community Land Model
(CLM; Oleson et al. 2008) for representing land surface processes. Compared to the
other available land surface scheme BATS (Dickinson et al. 1993), CLM generally
tends to inhibit precipitation over land due to its reduced soil moisture availability in
the soil-precipitation feedback (Steiner et al. 2009). In addition, when using CLM, the
Emanuel scheme (everywhere) outperforms other cumulus convection schemes in
simulating temperature and precipitation in both summer and winter seasons over
China (Gao et al. 2016). Among different combinations of cumulus, land, and ocean
surface schemes, the combination of Emanuel, CLM and Zeng?2 (for parameterizing
ocean surface processes; Zeng et al. 1998) gives the best overall results in summertime
rainfall and circulations over East-to-southeast Asia and the western north Pacific (Li
et al. 2016).

It is also known that the Emanuel scheme overestimates convective
precipitation in the tropical oceanic region with high SST (i.e. rich low-level moisture
and high CAPE) by ignoring unfavorable large-scale atmospheric environment (Chow
et al. 2006). For example, since SST of South China Sea (SCS) is relatively high
during summer, the Emanuel scheme tends to produce excessive convective rainfall
there, which is usually suppressed by the subtropical high over WNP. Therefore,

convection suppression criteria such as relative humidity criterion (RHC), which is
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based on the average relative humidity from cloud base to cloud top, have been applied
to improve the performance over the Asian monsoon region (Chow et al. 2006; Zou
and Zhou 2013). Relative-humidity-based suppression is found to allow effective
accumulation of low-level moisture, thereby improving representation of deep
convection in model simulations (e.g. Ichikawa et al. 2012). By conducting several
test runs, we find that the threshold value of RHC = 0.73 (as suggested in Zou et al.
2014) is suitable for reducing the bias over SCS without impairing the Asian monsoon
circulations. A newly-implemented prognostic DCSST scheme of Zeng and Beljaars
2005, which calculates the diurnal variations of the ocean skin temperature based on
energy budget calculations, has also been tested and was found to be insignificant in
improving the simulation of diurnal precipitation. This is consistent with the study of
Diro et al. (2014) , in which the impact of DCSST scheme on DC simulations in
RegCM4 over Central America was found to be relatively small.

Based on the aforementioned findings, results of two sensitivity tests are
presented and discussed explicitly in this chapter. Using CLM4.5 (Oleson et al. 2010)
and Zeng?2 as the land and ocean surface schemes respectively, a modified Emanuel
scheme (with RHC = 0.73) is used everywhere as cumulus convection scheme in the
first experiment; whereas the second experiment employs a mixed convection scheme
of the modified Emanuel scheme over ocean and Grell scheme (with AS-type closure)
over land. The two sensitivity experiments are hereafter referred to as “EE” and “MC”
respectively (“EE” and “MC” are the abbreviations for *“Emanuel scheme
everywhere” and “mixed convection schemes™). Other physical parameterizations
adopted in the experiments include a modified radiative transfer scheme of the
National Center for Atmospheric Research (NCAR) Community Climate Model

version 3 (CCM3; Kiehl et al. 1996), a modified non-local planetary boundary layer
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scheme of Holtslag et al. (1990) , and a resolved scale precipitation scheme based on
SUBEX of Pal et al. (2000) .

For the experimental design, the simulation domain is set to the CORDEX
Southeast Asia (SEA) domain (i.e. 15°S-27°N, 90-147°E), with a lateral buffer zone
of 12 grid points with exponential relaxation. The model is run at a horizontal
resolution of 50 km and a vertical configuration of 18 sigma levels, with the model
top at 10 hPa. The initial, lateral boundary conditions and the SSTs are derived from
the 6hourly, 1.5°x1.5° European Centre for medium-range weather forecast
(ECMWEF) ERA-Interim reanalysis data (Dee et al. 2011). The ERA-Interim driven
runs are integrated continuously for 11 years (from 0000UTC on 1% Jan 2000 to
2100UTC on 31% Dec 2010) and model outputs are saved every 3 hour. The first year
serves as model spin-up and therefore is excluded from the analysis. Table 3.1
summarises the model configuration and experimental settings for the sensitivity runs.
To evaluate the model performance in reproducing the climatological annual, seasonal
and sub-daily precipitation statistics, 3-hourly precipitation dataset TRMM3B42v7 is
again used for the study period of 2001-2000. Also, where appropriate, meteorological
variables such as winds, temperature and geopotential height from the ERA-Interim

reanalysis data are also used for model validation.
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Table 3.1: Model configuration and experimental settings used.

Contents Description

Domain 15S-27N, 90-147E
Horizontal resolution 50 km
Vertical layers (Top) 18 (10 hPa)

Radiation NCAR CCM3
Planetalr;/yt;(r)undary Holtslag

(1) Modified Emanuel (RHC=0.73) everywhere
Cumulus convection (2) Modified Emanuel (RHC=0.73) over ocean and Grell
with Arakawa Schubert type closure over land

Grid-scale precipitation Subgrid explicit moisture scheme (SUBEX)
Land surface NCAR CLM4.5
Ocean surface fluxes Zeng2
Simulation period Jan 2000- Dec 2010 (1* year for spin-up)

3.2.2 Methodology

To analyze the sub-daily variations of precipitation, we followed the EOF analysis
suggested by Kikuchi and Wang (2008), except without reducing the horizontal
resolution in EOF calculation. The steps are as follows: 1) The mean 24-hour cycle
(i.e. 0000, 0300, ..., 1800 and 2100 UTC, in total 8 time-steps) of precipitation are
computed for every grid point; 2) At each grid point, the 24-hour time-series are
converted from the Coordinated Universal Time (UTC) to Local Time (LT) based on
its longitude; 3) The precipitation rates at given LT (i.e. 0000, 0300, ..., 1800 and
2100 LT) are computed by Fourier interpolation; 4) Then, the mean 24-hour cycles of
precipitation anomalies (opr) of all grid points within the study domain are subjected
to a EOF analysis; 5) Last, to facilitate comparison between model outputs and
observation, the resulting EOF patterns are standardized by their respective spatial
standard deviations over the whole domain. The corresponding PC time series is then
multiplied by the spatial standard deviation accordingly such that the product of the

standardized EOF patterns and the new PC time series remains the same as the sub-
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daily variations. As a complementary method in our study, a Fourier analysis
according to Ploshay and Lau (2010) was also performed. In fact, it agrees with the
EOF results well so only those results based on EOF analysis are given.

Similarly, for any meteorological variable X(t), its mean 24-hour evolution
can be decomposed into:

X(t) =X+ 6X(¢) (3.1)
where X represents a mean state over time, 6X(t) represents a time-dependent
anomaly term, and ¢ is 0000, 0300, ..., 1800 or 2100 LT. Hereafter, X and 5X denote
the time-mean state and the time-varying anomaly of any given variable X
respectively.

Fig. 3.1 shows the study domain, model topography, and four sub-regions
(dashed boxes) for which the annual cycle of precipitation is analyzed, namely western
Indochina (WIC; 15°-25°N, 92-98°E), southeastern China (SEC; 20°-25°N, 108-
120°E), Sumatra (6°S-6°N, 95-107°E), and Borneo (4°S-7°N, 109-119°E). Also, to
examine their spatio-temporal characteristics of diurnal precipitation explicitly, time-
distance cross diagrams of opr are generated along the red dashed arrow, averaged in
the four sub-regions (red boxes). The direction of the arrow is chosen to be eastward
(such that a more positive x in the cross diagrams indicates further to the east), and to
be perpendicular to the direction of local coastline geometry or mountain orientation.
The seasonal mean and diurnal precipitation are analyzed for four seasons, with

primary focus on summer (JJA).
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Fig. 3.1: Model domain, topography (shading; units: m). The dashed boxes show the
eight sub-regions for which the annual cycle of precipitation is analyzed, namely
western Indochina (WIC; 15°-25°N, 92-98°E), southeastern China (SEC; 20°-25°N,
108-120°E), Sumatra (6°S-6°N, 95-107°E), and Borneo (4°S-7°N, 109-119°E). The
four red boxes denote the calculation domains for the time-distance cross diagrams in
Figs 7, 8,9, 10 and 11. See text for details.

3.3 Evaluation on simulated seasonal mean and annual cycle

3.3.1 Seasonal mean precipitation, winds and temperature

Before examining the performance in reproducing diurnal precipitation, we first begin
by assessing the capability of the two model settings in capturing the summertime low-
level circulation and precipitation over Southeast Asia. Figs 3.2a, 3.2b and 3.2c
present the simulated and observed JJA mean precipitation in this region. Both
simulations can reasonably capture the spatial distribution of the characteristic rainfall
features, including the rainfall pattern over WIC, that over SEC, and the monsoon
trough rainband spanning from SCS to east of the Philippines. However, they both
over(under)-estimate the summer-time rainfall amount over the SCS and east of the
Philippines (offshore areas of WIC and the equatorial western North Pacific). On the
other hand, they show substantial differences in terms of their biases over different

geographical regions. It can be seen that MC improves summer-time rainfall
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simulations over SCS and east of the Philippines by reducing the overestimation there,
compared to EE simulations. On the other hand, MC under(over)-estimates rainfall
over land in SEC (western coastlines of Indochina and the Philippines). Similar bias
patterns over this region are also reported in previous studies based on earlier versions
of this model (e.g. Im et al. 2008; Zou et al. 2014), and also for the present version
(e.g. Ohetal. 2014). Li et al. (2016) suggest rainfall overestimation over SCS and east
of the Philippines are related to the positive latent heat flux biases in the vicinity. In
our study, MC tends to have a lower near-surface specific humidity around eastern
Indochina and northern SCS, compared to EE. This might lead to reduced latent heat
flux biases, thereby causing reductions in rainfall biases in these locations. Such
reduction in rainfall in turn leads to negative diabatic heating anomalies over these
two regions (as reflected by the cold biases in Figs. 3.2d and 3.2e). Two low-level
anticyclonic anomalies, which can be interpreted as Rossby wave response to diabatic
heating, are formed to the west of the suppressed heating. This in turn leads to
northeasterly wind branches related to the anticyclonic flow, which weakens the
southwesterly monsoon wind. Therefore, precipitation reductions are found over these
two regions, while that over the western coastlines of Indochina and the Philippines is
enhanced. Also shown in Figs. 3.2a, 3.2b and 3.2c are the corresponding JJA mean
wind fields at 850 hPa from two sets of runs and the ERA-Interim reanalysis.
Compaerd to the reanalysis, both runs can reasonably capture the low-level wind
branches that are associated with the East Asian, WNP monsoon systems and
subtropical high during the summer. However, they show easterly anomalies over the
southern SCS, Borneo and the equatorial WNP, which lead to an enhanced low-level
wind convergence over SCS, with EE simulation showing a more pronounced

convergence as compared to the reanalysis (figure not shown).
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Figs. 3.2d, 3.2e and 3.2f compare the simulated JJA mean 850 hPa air
temperature with the same field from the reanalysis. Both simulations can capture the
latitudinal variations as well as the distinct peak over the Yungui Plateau. However,
cold biases are found over the southern Indochina, northern SCS and northern
Philippines, with MC simulations giving more negative biases over these regions.
Although with reduced magnitude, these much colder biases in MC relative to EE
simulations are persistent in other seasons, in accordance with other studies (Im et al.
2008; Gao et al. 2016). These colder biases are probably associated with the reductions
in diabatic heating in MC compared to EE simulations, as discussed previously.

The pattern correlation between JJA mean precipitation from EE (MC)
simulation and TRMM data is 0.584 (0.595). Table 3.2 summarises the performance
of EE and MC in simulating precipitation in different seasons, by giving the pattern
correlation coefficient, mean bias and root-mean-square error when compared with
TRMM. It was found that both EE and MC have fair skills in capturing the observed
geographical distribution of precipitation, with pattern correlation coefficients ranging
from 0.47 to 0.71 in different seasons. For both EE and MC, PCC is lower in MAM
and JJA than SON and DJF (which is primarily due to the overestimated rainfall

amount in SCS), although RMSE is roughly the same in all seasons.
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Fig. 3.2: JJA mean precipitation (shading; units: mm day™) and 850 hPa winds (see
scale arrow at bottom right) from (a) EE, (b) MC simulations, and (¢) TRMM3B42v7.
JJA mean air temperature at 850 hPa (units: K) from (d) EE, (e) MC simulations, and
() ERA-Interim reanalysis. The JJA mean values of the meteorological variables are
computed for the period of 2001-2010.
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Table 3.2: Pattern correlation coefficient (PCC), mean bias, and root-mean-square
error (RMSE) between daily precipitation statistics from RegCM4 simulations and
TRMM3B42v7 over the domain of 15S-27N, 90-147E in different seasons.

DJF MAM JA SON

EE PCC 0.647 0.522 0.584 0.702
Mean Bias (mm day™) -0.246 0.208 0.0935 -0.0456

RMSE (mm day™) 3.53 3.55 4.46 3.21

MC PCC 0.652 0.466 0.595 0.712
Mean Bias (mm day™) -0.340 -0.406 -0.174 -0.281

RMSE (mm day™) 3.39 3.03 4.56 2.93

3.3.2 Annual cycle of precipitation

Fig. 3.3 compares the simulated annual cycle of 15-days running mean precipitation
in four sub-regions with the TRMM data. In general, both simulations can reasonably
capture the onset and end times of wet summer season that are associated with the
Asian summer monsoon systems (Figs. 3.3a and 3.3b). In WIC, both MC and EE runs
can produce a reasonable onset time of the Indian summer monsoon, but with an
earlier retreat. MC simulations overestimate the summertime rainfall up to 6 mm day
' whereas EE’s underestimation is about 2 to 4 mm day™ (Fig. 3.3a). In SEC, both
runs can capture the onset and end of East Asian summer monsoon, but are not able
to reproduce characteristic active (in early-to-mid June), break (in mid-July) and
revival phases (in early August) in this region. In general, EE improves the summer-
time rainfall simulation over SEC, although both schemes underestimate the rainfall
peak in June (Fig. 3.3b). The underestimated rainfall over SEC might be related to the
overestimated rainfall over SCS, as suggested by Chow et al. (2006).

Over the Maritime Continent, EE simulations show better performance relative
to MC in reproducing the annual cycle (Figs. 3.3c and 3.3d). In Sumatra, EE

outperforms MC by capturing the temporal variations but it overestimates the rainfall
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amount by around 2 mm day™ from March to August (Fig. 3.3c). Also in Borneo, MC
fails to produce the annual cycle (e.g. intraseasonal features); whereas EE reproduces
reasonable temporal variations albeit with the rainfall from November to March

underestimated (Fig. 3.3d).

Fig. 3.3: Annual cycle of three-pentad running mean precipitation (units: mm day™)
in the TRMM3B42v7 data and the RegCM4 simulations, averaged over (a) land area
of western Indochina, (b) land area of southeastern China, (c) South China Sea, (d)
the western North Pacific region, (e) the equatorial western North Pacific, (f) land
area of Sumatra, (g) land area of Borneo and (f) land area of New Guinea, for the
period of 2001-2010. The EE and MC simulations are shown by dashed blue and red
lines respectively; whereas the TRMM3B42v7 data is shown by a solid black line.

3.4 Evaluation on simulated diurnal precipitation
3.4.1 Diurnal range

To quantify the amplitude of diurnal precipitation, we adopt the diurnal range (DR)
following Kikuchi and Wang (2008). It is defined as the maximum minus minimum
precipitation rate in its climatological mean 24-hour cycle. Fig. 3.4 shows DR of

precipitation during JJA, computed based on outputs of the two sensitivity
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experiments and the TRMM data. It is worth noting that the magnitude of DR is
comparable to the seasonal mean precipitation, indicating the importance of diurnal
rainfall over this region (see Figs. 3.2 and 3.4). In general, both simulations can
reproduce large amplitudes of diurnal precipitation in regions with steep topography
and near the coast. For example, strong DR is found along the Downa Range,
Tenasserim Range, Cardamom Mountains in WIC, and over the Maritime Continent
in both runs, with qualitative agreement with TRMM data. However, both of them
cannot capture the pronounced DR along the Annamite Range in eastern Indochina.
This is probably related to the coarse representation of orography in the model
environments. Also, DR over SCS and equatorial WNP are slightly under-estimated
in both simulations. In comparison to EE, MC simulations significantly underestimate
DR along the western coastline of Indochina, the coastal areas of SEC, the Barisan
Mountains in western Sumatra, the central mountain chains, southern part of Borneo,
the Central Range and southern part of New Guinea up to 5 mm day™. Such
underestimated amplitudes of diurnal rainfall by MC relative to EE are also found in
other seasons (Fig. 3.5), but with their locations different in different seasons. For
example, underestimations are mainly found over the Maritime Continent during
winter (DJF). Furthermore, sensitivity tests are also conducted over another EA
domain, which also leads to the same conclusion that MC underestimates the

amplitude of DC as compared to EE simulations (Fig. 3.6).
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Fig. 3.4: Diurnal range (unit: mm day™) of precipitation during JJA computed based
on (a) EE simulation, (b) MC simulation, and based on (c) TRMM3B42v7 for the
period of 2001-2010.
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Fig. 3.5: MC minus EE diurnal range of precipitation (unit: mm day™) during (a) DJF,
(b) MAM, (c) JJA, and (d) SON, for the period of 2001-2010.

Fig. 3.6: As in Figs. 3.4a and 3.4b but for EA domain.
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3.4.2 EOF analysis

Figs. 3.7 and 3.8 present the first two EOF patterns and the corresponding PC time
series, derived from the JJA mean 24-hour cycle of 6pr, based on the two sets of
simulations and the TRMM data. For both EE and MC simulations, the first and
second modes together can explain 87% and 85% of total domain integrated variance
respectively, which is close to that of TRMM (83%). Indeed, the first two modes
together represent the diurnal cycle; whereas the third and fourth modes combined act
as a complementary semi-diurnal cycle to the sub-daily variations of precipitation.
Kikuchi and Wang (2008) treated the first mode as a universal land-sea contrast that
Is associated with the marked difference in atmospheric response to solar radiation
forcing over continents versus oceans. The second mode is regarded as a geographic
variation to divide the coastal regime into two sub-regimes, namely seaside and
landside coastal regimes. In our study, both simulations can reproduce such
geographical variations that mark the different diurnal precipitation regimes in the
tropics. For instance, positive EOF1 and negative EOF2 can be found over inland
coastal areas of northern Borneo while negative EOF1 and positive EOF2 can be seen
over the surrounding oceans around Borneo, which agree with the TRMM. However,
they both fail to reproduce the robust feature over the Annamite Range in eastern

Indochina; this is consistent with the underestimated DR there (see Fig. 3.5).
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Fig. 3.7: The first EOF pattern (standardized) of JJA mean 24-hour cycle of
precipitation anomalies (dpr), computed based on (a) EE simulation, (b) MC
simulation, and based on (c) TRMM3B42v7 for the period of 2001-2010; (d), (e) and
(f) asin (a), (b) and (c), but for the second standardized EOF pattern. The percentage
of total variance explained by the respective EOF pattern is shown in the parentheses
on the top of each sub-figure.
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Fig. 3.8: The corresponding first (purple) and second (green) PC time series of JJA
mean 24-hour cycle of precipitation anomalies (dpr), computed based on (a) EE
simulation, (b) MC simulation, and based on (c) TRMM3B42v7 for the period of 2001-
2010. A minus-3h adjustment has been applied to TRMM data (in dashed lines) in (c),
as suggested by Kikuchi and Wang 2008.

For EE simulations, both EOF1 and 2 patterns compare well with those based
on TRMM data, except over the eastern Indochina, SCS and WNP (Figs. 3.7a, 3.7c,
3.7d and 3.7f). The amplitude and phase of PC1 match well with those in TRMM,
with its peak times found at 1800LT and 0600LT over land and ocean respectively.
Besides, the amplitude of PC2 is slightly larger than that in TRMM, and with its phase
lagging behind by 3-hour (Figs. 3.8a and 3.8c). For MC simulations, there is a
significant reduction in the importance of EOF2 (Fig. 3.7f). Both EOF1 and 2 patterns

match fairly well with those in TRMM, except over regions where EE does not
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perform well. In fact, there are also locations where the MC-simulated EOF2 pattern
does not match that from TRMM, e.g. the coastal areas of SEC and inland part of
Indochina (Figs. 3.7b, 3.7c, 3.7e and 3.7f). Similar to EE, the amplitude and peak time
of PC1 in MC simulations compare reasonably well with those in TRMM. However,
the amplitude of PC2 is significantly underestimated and its phase also lags behind
TRMM by 3 hours (Figs. 3.8b and 3.8c¢).

This underestimated amplitude in PC2 corresponds to a reduced afternoon
peak (1200 to 1500 LT) in regions with positive EOF2 values and a reduced
evening/midnight peak (2100 to 0000 LT) in regions with negative EOF2 values. In
other seasons, reduced DR of precipitation is also mainly associated with the
suppression of the second mode in MC simulation (see Figs. 3.9 and 3.10). Kikuchi
and Wang (2008) argued that the diurnal phase derived from TRMM3B42 was
systematically lagged by about 3h, by comparing the TRMM3B42 and 3G68 datasets,
and suggested to add a minus-3h adjustment to the TRMM3B42 time series. If we
consider their suggestion, the peak time of PC1 (PC2) time series of both simulations

will lag behind (match with) that in TRMM.
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Fig. 3.9: As in Fig. 3.7 but for DJF.
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Fig. 3.10: As in Fig. 3.8 but for DJF.

3.4.3 Suppressed afternoon and evening precipitation peaks

Figs. 3.11a, 3.11b and 3.11c show time-distance cross diagrams of opr in SEC, derived
from EE simulation, MC simulation, and TRMM3B42v7 data respectively. The lower
panels of Figs. 3.11a, 3.11b and 3.11c show the average topographic height in SEC.
EE simulation can capture well the spatio-temporal characteristics of diurnal rainfall
over SEC, including the morning and afternoon peaks in coastal and inner regions
respectively, as compared to the TRMM; whereas MC simulation fails to capture these
features. In the seaside coastal area of SEC (within 100km offshore), EE simulation
produces a rainfall peak at around 0900LT, which is 3-hour later than the observed

(Figs. 3.11a and 3.11c). The simulated magnitude of this morning peak is close to the
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observed value (2 to 4 mm day™). On the other hand, over the inland area of SEC (at
least 100 km inshore), EE simulation produces another rainfall peak around 1200 to
1500LT, which is slightly earlier than the observed (1500LT) and weaker than the
observed by 2 mm day™. Phase propagation of diurnal rainfall from the seaside coastal
areas to inner areas of SEC is observed in TRMM, and an afternoon rainfall maximum
is observed at around 150 km away from the coast. The phase propagation and the
afternoon rainfall maximum are captured in EE simulation but the simulated location
of maximum rainfall is found to be slightly closer to the coast. In contrast, MC
simulation produces a too early morning peak (0300LT) in the seaside coastal area
and a too weak afternoon peak (an underestimation up to 6 mm day™) in the inland
area of SEC, as compared to TRMM (Figs. 3.11b and 3.11c).

Figs. 3.11d, 3.11e and 3.11f show time-distance cross diagrams of Spr in
Borneo, derived from EE simulation, MC simulation, and TRMM3B42v7 data
respectively, and the average terrain height in lower panels. Ichikawa and Yasunari
(2006) showed that there are two regimes for the diurnal rainfall over Borneo, namely
easterly and westerly regimes, which are defined by the predominating low-level wind
direction. Although both simulations are able to reproduce the easterly regime, EE
simulation outperforms MC simulation in terms of the timing and magnitude of the
rainfall peak. In MC simulation, the rainfall peak is found to be 3-hour earlier and
weaker (by 4 mm day™) as compared to TRMM. However, both simulations cannot
reproduce the westerly regime which is associated with the passage of intraseasonal
atmospheric disturbance, with MC simulation somewhat captures the eastward
migration of rainfall system. The absence of westerly regime could be attributed to the
overestimated easterly over Borneo in JJA in model simulations as compared to

reanalysis (Figs. 3.2a, 3.2b and 3.2c¢) and the strong easterly over Borneo in model
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simulations might be associated with its performance to capture the interaction of

intraseasonal disturbances such as MJO with the large-scale circulation there.

Fig. 3.11: Time-distance cross diagrams of precipitation anomalies (dpr; units: mm
day™) along the direction of red dashed arrow (as shown in Fig. 3.1), averaged over
southeastern China. The diagrams are derived based on the JJA mean departure of
precipitation from its 24-hour cycle, based on (a) EE simulation, (b) MC simulation,
and (c) TRMM3B42v7 data, for the period of 2001-2010. The lower panels of (a), (b)
and (c) indicate the terrain height, averaged over southeastern China. (d), (e) and (f)
as in (a), (b) and (c) but for Borneo.

In addition, the spatio-temporal variations of the diurnal rainfall over WIC,
Sumatra, and New Guinea (not shown) are also better captured in EE simulation, as
compared to MC simulation. For example, EE simulation can reproduce well the

propagating feature of diurnal phase across the coastline of WIC and the afternoon
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peak over the inland areas, as compared to TRMM; whereas, MC simulation is again
not able to produce the pronounced afternoon peak at the Downa Range, which lies
parallel to and around 200 km away from the western coastline of Indochina (see Figs.
3.12a, 3.12b, 3.12c). Likewise, EE simulation can reproduce well the evening peak
near Barisan Mountains of western Sumatra as well as its northeastward phase
migration towards inland region, but the evening peak is found to be 3-hour earlier
than the observed; whereas MC simulation underestimates this evening peak by about
4 mm day ™ and barely produces the observed northeast migration of rainfall peak. (see

Figs. 3.12d, 3.12e, 3.12f).

Fig. 3.12: As in Fig. 3.11, but for western Indochina and Sumatra.
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3.4.4 Suppressed low-level moisture convergence

In order to explain the discrepancy in the magnitude of afternoon precipitation peak
over the inland areas of SEC between two simulations, we have compared the vertical
cross sections of the convergence of moisture fluxes as well as the projections of wind
vectors between two simulations. It is found that in EE simulation, there is a strong
low-level (from 1000hPa to 850hPa level) moisture convergence signal starting at
0900LT near the terrain-slope of SEC (around 100 km inshore; see Fig. 3.13a);
whereas, in MC simulation, the convergence of moisture fluxes is weak there (Fig.
3.13c). Consistently, MC simulation shows weaker upward motion, suggesting a less
intense convection, as compared to EE simulation. At around 1200 to 1500LT,
convective precipitation reaches its maximum (i.e. afternoon peak). Meanwhile, the
strong low-level moisture convergence signal further migrates towards the inland area
and continues to lift moist air up, though it is weakened (Fig. 3.13b), and consequently
the diurnal phase propagates inshore. Again, the low-level moisture convergence as
well as the upward motion in MC simulation remain weaker than those in EE

simulation (by up to 0.05 Pa s™ for pressure velocity; Fig. 3.13d).
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Fig. 3.13: The vertical cross section of convergence of moisture fluxes (shading;
units:10® g kg™ s™) along the direction of red dashed arrow (as shown in Fig. 3.1),
averaged over southeastern China (a) at 0900LT, (b) averaged between 1200LT and
1500LT, over JJA based on EE simulation. Also superimposed on (a) and (b) are the
vertical cross section of the projection of winds on the cross section plane (vectors;
see scale arrow at upper right). Note that the horizontal and vertical velocity vectors
are not on same scale. (c) and (d) as in (a) and (c), but based on MC simulation. Black
shading indicates the terrain.
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Similarly, to explain the weak evening precipitation peak on the leeward side
(western side) of central mountain range of Borneo in MC simulation, we have also
compared the vertical cross sections of the convergence of moisture fluxes as well as
the projections of wind vectors there in two simulations. At 1500LT, a strong low-
level moisture convergence is found near western Borneo in the EE simulation, with
a deep convection developing (Fig. 3.14a); whereas, the moisture convergence and
upward motion are relatively weaker in MC simulation (Fig. 3.14c). At around 1800
to 2100LT, convergence of low-level moisture persists and migrates further westward
at the leeward side, under influence of the predominating low-level easterlies (Fig.
3.14b). Deep convection continues to develop vertically and propagates offshore,
probably due to the intense intrusion of easterly winds from the windward side into
the leeward side and also the associated gravity wave response (one mechanism as
proposed by Satomura 2000). In the meantime, convective precipitation reaches its
maximum (i.e. evening peak). However, in MC simulation, the low-level moisture
convergence as well as the associated convection are relatively weaker (Fig. 3.14d),
which might be related to the poor representation of the interaction between local

circulation (e.g. land breezes) and the complex terrain from late afternoon to evening.
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Fig. 3.14: (a) as in Figs. 3.13a, but at 1500LT over Borneo. (b) as in Figs. 3.13b, but
averaged between 1800LT and 2100LT over Borneo. (c) and (d) as in (a) and (c), but
based on MC simulation. Black shading indicates the terrain.

Huang et al. (2013) proposed that in the previous version of RegCM4, some
cumulus schemes, such as Grell scheme with AS-type closure, have biases on the

position of upward motion of the sea breeze circulation in SEC as compared to
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observation, thereby leading to anomalous downward motion and moisture flux
divergence over the inner regions of SEC. In addition to their proposed mechanism,
the suppressed low-level moisture convergence in the inland area of SEC in MC
simulation might also be related to the other differences in the performance of
Emanuel and Grell schemes.

Fig. 3.15 shows the mean 24-hour cycle of 2-m air temperature, 2-m specific
humidity, and cloud area fraction, over SEC and Borneo in JJA based on EE and MC
simulations. Firstly, the overall surface temperature over SEC is lower in MC
simulation than in EE simulation in the 24-hour cycle, which in turn probably reduces
the overall convective instability there in MC simulation (Fig. 3.15a). Secondly, there
is less available surface moisture in MC simulation, as compared to EE simulation
(Fig. 3.15b). Lastly, as Emanuel scheme is more efficient in developing intense
convection and drying out the atmospheric moisture, the cloud amount is reduced (Fig.
3.15c) and more shortwave radiation can reach the surface, thereby further enhancing
low-level temperature in the afternoon and increasing convective instability, as
compared to Grell scheme. As a result, the surface temperature is even more cooler
and the low-level atmosphere is relatively more stable around 1200LT in MC
simulation, as compared to EE simulation (Fig. 3.15b). Thus, convection is suppressed
and convective precipitation is less intense in the afternoon over SEC in MC

simulation.
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Fig. 3.15: The mean 24-hour cycle of (a) surface air temperature (units: °C), (b)
surface specific humidity (units: g kg™*), and (c) cloud area fraction, averaged over
southeastern China in JJA, based on EE simulation (in solid red) and MC simulation
(in solid blue). The dotted horizontal lines represent the 24-hour mean. (d), (e) and (f)
asin (a), (b) and (c), but over Borneo. Lower panel in each figure gives the MC minus
EE values (in solid green). The dotted horizontal green line represent the difference
in mean values between MC and EE simulations.

However, the mechanisms governing the suppression (as compared to EE
simulation) of low-level moisture convergence and correspondingly the afternoon (i.e.
around 1200 and 1500LT) and evening (i.e. around 1800 and 2100LT) precipitation
peaks over SEC and Borneo in MC simulation appear to be different to some extent.
Despite the overall cooler surface air temperature and the lower surface moisture

availability (Figs. 3.15d and 3.15e), the poorer representation of interactions between
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local land breezes, large-scale low-level winds and complex terrain may also be
responsible for the suppressed low-level moisture convergence on the leeward side
(i.e. western side) of central mountains of Borneo in MC simulation, as compared to
EE simulation. One possible mechanism is that again Grell scheme produces less
intense convection and is less efficiently in drying out the atmosphere as compared to
Emanuel scheme, thereby favoring low-level cloud formation (Fig. 3.15f), reducing
outgoing longwave radiation, heating up the low level atmosphere and disrupting the
night-time land breeze circulation locally. Another possible mechanism may be the
poor representation of the intrusion of low-level easterly winds from eastern side to
western side of Borneo and the associated gravity wave response (see Fig. 3.14).

In order to attribute the suppressed low-level moisture convergence to poor
representation of evening local circulation in particular over Borneo in MC simulation.
Based on the moisture budget analysis, we have computed the anomalies of vertically-

integrated low-level moisture convergence (SLLMC):

SLLMC = — f;"”P“v- (qV — qV)%
— _ fSOOhPaV . 561‘—,% _ fSOOhPaV . C_I(SVQ _ fSOOhPaV . 5q5Vd_p
g Ds g Ds g

where p; is the surface pressure, g is the specific humidity at pressure level p, V is the
horizontal wind vector in the pressure coordinate, and g is the gravitational
acceleration. The three components represent the production or loss of moisture
convergence due to the advection of moisture perturbations by mean wind, the
advection of mean moisture by perturbed wind, and the advection of moisture

perturbations by perturbed wind, respectively.
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Subsequently, we have subtracted SLLMC (and its individual components) in
EE simulation from MC simulation (Fig. 3.16). The difference in SLLMC between EE
and MC simulations was found to be up to 10 mm day™ near the central mountains in
Borneo at around 1800L T and 2100LT. It is mainly caused by the suppressed SLLMC;,
(see Fig. 3.16c¢), which is associated with the mean moisture as well as the perturbed
local winds in the evening (e.g. night-time land breeze circulation). This suggests that
the evening local circulation over Borneo might be poorly represented in MC

simulation.
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Fig. 3.16: MC minus EE anomalies of (a) vertically-integrated low-level moisture
convergence (SLLMC; units: mm day™), (b) the corresponding first component
(SLLMC;; units: mm day™), (c) the second component (SLLMC;; units: mm day™), and
(d) the third component (SLLMCy;; units: mm day™). Also superimposed on each
figure is the corresponding vertically-integrated moisture flux vectors (see scale
arrow at bottom right). The values are averaged over 1800LT and 2100LT. See text
for details.
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3.5 Summary

In general, both simulations can reasonably capture the JJA mean precipitation
features, including summer monsoon trough and orographic rainfall over WIC, and
the low-level circulation in Southeast Asia, as compared to TRMM and ERA-Interim
reanalysis. MC simulation improves rainfall over the SCS and east of the Philippines,
but through Rossby wave response of two negative convective heating over these two
regions it under(over)-estimates rainfall over land in SEC (western coastlines of
Indochina and the Philippines). EE and MC simulations show cold biases in 850 hPa
air temperature over the southern Indochina, northern SCS and northern Philippines,
but with the latter showing even colder biases. These colder biases are associated with
reduced diabatic heating.

Both simulations can capture most of the temporal variations in the annual
cycle of precipitation over WIC and SEC regions, although discrepancies are usually
found in summer season. Summer-time rainfall over WIC is under(over-)estimated in
EE (MC) simulation; whereas that over SEC is improved in EE simulation, although
both simulations cannot reproduce the characteristic phases of summer monsoon. For
annual cycle over the Maritime Continent, EE simulation in general outperforms MC
simulation. In Sumatra and Borneo, EE simulation outperforms MC simulation by
reproducing the temporal variations, although it overestimates the rainfall amount
from March to August and November to March respectively.

Regarding the DC of precipitation, it is found that RegCM4 can reproduce well
its characteristics in SEA, but notable underestimation of its amplitude is found in MC
simulation as compared to EE simulation. Such bias is also found in other seasons and
another East Asia domain. Based on EOF analysis, the peak hour of PC1 time series

of both simulations matches well with TRMM but that of PC2 lags behind TRMM by
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3 hour. The aforementioned bias in amplitude of DC is reflected in the suppressed
amplitude of PC2 in MC simulation relative to EE simulation. The suppressed
amplitude in PC2 corresponds to a suppressed afternoon peak (1200 to 1500LT) in
SEC and WIC, and a suppressed evening/midnight peak (1800 to 0000LT) in Borneo,
Sumatra and New Guinea.

In the seaside coastal area of SEC, EE simulation produces a rainfall peak of
magnitude close to the observed, which is however 3-hour later than the observed. In
the inland area of SEC, EE simulation produces another rainfall peak around 1200 to
1500LT, which is weaker and 3-hour earlier than the observed. In contrast, MC
simulation produces a too early morning peak in the seaside coastal area and a too
weak afternoon peak in the inland area of SEC.

In addition to an overall cooler mean surface temperature and lower mean
surface moisture, the suppressed afternoon rainfall peak in inland areas of SEC (also
in WIC) in MC simulation is mainly attributed to the less intense convection as well
as the less efficient drying of the atmosphere particularly in the afternoon in Grell
scheme (as compared to Emanuel scheme). This leads to enhanced cloudiness and
reduced shortwave radiation, which further reinforces the low-level cooling and low-
level atmospheric stability. Therefore, low-level moisture convergence and the
precipitation peak over the inland area of SEC are suppressed in MC simulation.

For Borneo, both simulations can reproduce the easterly regime, but with EE
simulation outperforms MC simulation in terms of timing and magnitude of the
evening peak over the inland area; whereas in MC simulation, the rainfall peak is
found to be 3-hour earlier and weaker than the observed. However, both simulations
cannot reproduce the westerly regime (i.e. the southeastward phase migration), which

could be attributed to the overestimated low-level easterly over Borneo in JJA in both
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model simulations as compared to reanalysis and the model performance to capture
the interaction of intraseasonal disturbances with the large-scale circulation there.

In contrast to the case in SEC, the poor representation of interactions between
local land breezes, large-scale low-level background winds and complex terrain may
also be responsible for the suppressed low-level moisture convergence in the western
Borneo in MC simulation, as compared to EE simulation. Further moisture budget
analysis reveals that the difference in the low-level moisture convergence anomalies
between EE and MC simulations is mainly caused by the moisture convergence due
to the advection of mean moisture by perturbed wind (i.e. SLLMC;), which in turn is
related to the mean moisture and the perturbed local winds in the evening (e.g. night-

time land breeze circulation).

83



Chapter 4
Conclusion and Future Direction

4.1  Major conclusions

4.1.1 Future changes in Asian Summer Precipitation Extremes

The summertime mean precipitation is projected to increase over many locations in
the Asian monsoon region, despite a weakened low-level westerly monsoon wind in
the future climate projection. Meanwhile, the summertime extreme precipitation is
expected to be enhanced by about 0.9-6.9 mm day™ over Eastern China, the Meiyu-
Baiu rainband, Bay of Bengal and Central India, as inferred from increases of the
simple daily precipitation intensity index and the 95th percentile of daily precipitation.
PDFs for daily precipitation in these regions are expected to be modified significantly
under global warming, with the greatest increase in probability found in the higher
percentiles. Our result also suggests that the parametric gamma fitting method is an
alternative way to accurately describe the change of daily precipitation rates up to
about the 95th percentile, provided that the model-simulated PDFs of daily
precipitation rates can be represented by gamma distribution. Under a model-projected
warming of about 2.98 K in the lower-troposphere during MJJAS, precipitation
extremes in Eastern China, BOB and central India were expected to increase at a rate
of 5.5 to 8 % K, which is roughly consistent with the Clausius-Clapeyron relation.
The exception is Baiu rainband, where extreme precipitation scales as ~ 3% K™ only.

TC numbers is projected to be reduced east of the Philippines and part of SCS,
which is associated with the reduced low-level relative vorticity as well as the reduced
variance of high-frequent vorticity fluctuations there. With TCs becoming more
intense in a warmer climate, the TC-related rain rate is projected to increase. By

considering these two competing factors separately, it was found that over northern
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South China Sea and southeastern China, the accumulated TC-related rainfall will
increase due to more intense TC rainrate; whereas over east of the Philippines and in
southern Japan, it will decrease due to suppressed TC occurrence there in the future
climate. In general, non-TC weather systems are the main contributor to enhanced
precipitation extremes in various locations. The exception is Taiwan, where TC-
related rainfall contributes to the increase of both the seasonal mean precipitation and

daily rainfall intensity.

4.1.2 Precipitation simulations over Southeast Asia

Under the dynamical framework of RegCM4, MC and EE simulations are equally
good in reproducing the JJA mean precipitation features as well as the low-level
circulation in Southeast Asia. MC simulation improves rainfall over South China Sea
and east of the Philippines but under(over)-estimates rainfall over land in SEC
(western coastlines of Indochina and the Philippines). Regarding the annual cycle of
precipitation, both simulations can capture its temporal variations over WIC, SEC and
SCS regions although discrepancies are found in summer season. In particular,
summertime rainfall over WIC is under(over-)estimated in EE (MC) simulation;
whereas that over SEC (SCS) is improved in EE (MC) simulation. For annual cycle
over Sumatra and Borneo, EE simulation outperforms MC simulation by capturing the
temporal variations, although it overestimates the rainfall amount from March to
August and November to March respectively.

It is found that MC simulation underestimates the amplitude of DC, in
comparison to EE simulation. EOF analysis indicates that MC undermines the
representation of DC by suppressing the second EOF mode as compared to EE. The

suppressed second EOF mode corresponds to reduction of afternoon peaks over
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coastal inland areas of western Indochina and southeastern China, and
evening/midnight peaks over the mountain ranges of Sumatra, Borneo and New
Guinea. Underestimations over western Indochina and southeastern China are mainly
related to reduced low-level air temperature as well as enhanced cloudiness around
1200 to 1500 local time; whereas those over Sumatra, Borneo and New Guinea are
associated with suppressed low-level moisture convergence due to poor representation
of interaction between local circulation and complex terrain around 1800 to 0000 local

time.

4.2 Future directions

The model-projected rate of amplification of extreme precipitation over the Baiu
region is only about 3% K, though precipitable water is expected to scale up by about
6 to 7% K™ there. Future work is needed to investigate what dynamical factors might
be responsible for the sub-CC scaling in this region. Besides, more work can be done
for explaining the physical mechanism behind the CC scaling of extreme precipitation
over Eastern China, Bay of Bengal and Central India, including the impacts of climate
change on the large-scale circulations and the occurrence of various types of weather
systems.

Also, the RegCM4 tuned in this study can be used to downscale coarse
resolution CMIP5 GCM outputs to project future climate over East Asia. This way,
one can use the downscaled products to address issues such as future changes in
diurnal cycle of precipitation and other weather systems under global warming, and

their impacts on extreme events over the EA region.
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