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Abstract: Based on RegCM4, a climate model system, we simulated the distribution of the present climate (1961-1990)
and the future climate (2010-2099), under emission scenarios of RCPs over the whole Pearl River Basin. From the
climate parameters, a set of mean precipitation, wet day frequency, and mean wet day intensity and several precipitation
percentiles are used to assess the expected changes in daily precipitation characteristics for the 21st century. Meanwhile
the return values of precipitation intensity with an average return of 5, 10, 20, and 50 years are also used to assess the
expected changes in precipitation extremes events in this study. The structure of the change across the precipitation
distribution is very coherent between RCP4.5 and RCP8.5. The annual, spring and winter average precipitation
decreases while the summer and autumn average precipitation increases. The basic diagnostics of precipitation show that
the frequency of precipitation is projected to decrease but the intensity is projected to increase. The wet day percentiles
(990 and g95) also increase, indicating that precipitation extremes intensity will increase in the future. Meanwhile, the
5-year return value tends to increase by 30%-45% in the basins of Liujiang River, Red Water River, Guihe River and
Pearl River Delta region, where the 5-year return value of future climate corresponds to the 8- to 10-year return value of
the present climate, and the 50-year return value corresponds to the 100-year return value of the present climate over
the Pearl River Delta region in the 2080s under RCP8.5, which indicates that the warming environment will give rise to
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changes in the intensity and frequency of extreme precipitation events.
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1 INTRODUCTION

Extreme climate events, such as floods, droughts,
rainstorms, high temperature, etc, have been frequently
on the rise, resulting in significant increases in direct e-
conomic loss and posing wide serious impacts on soci-
etal, economic and ecological environment of the
mankind, and drawing widespread attention from all
walks of life. As shown in increasing amount of evi-
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dence, the increase of the concentration of green-house
gases may increase the regional extreme precipitation
events (EPEs) (Wehner ), even in areas where mean
precipitation is falling (Groisman and Karl ¥). There
have been some work on climate change for different
main river basins in China in recent years (Jiang et al.'¥;
Zeng et al.™; Liu et al'; Kang et al./%; Xu et al.l”; Shi et
al.®), Located in the monsoon region of the South Chi-
na Sea (SCS) that is sensitive to climate change (Du et
al.™), the Pearl River Basin (PRB) is composed of com-
plicated types of underlying surface and subject to fre-
quent occurrence of EPEs. Heavily populated and eco-
nomically developed (Feng and Yang ), PRB suffers
much more seriously in economy due to natural disas-
ters resulting from climate change. It is therefore of im-
portant significance for assessing the effect of climate
change, making adaptive counter-measures, improving
the capabilities of disasters mitigation and adapting to
climate change to investigate into the variation of EPEs
in the PRB under the background of global climate. At
present, research on the climate change of the PRB fo-
cuses on the spatio-temporal evolution of the mean state
of historical precipitation (Liu et al.!; Liu et al.!')) and
characteristics of historical precipitation extremes (Lu et
al.'; Peng et al.'), while study on estimating future
climate change is all based on the output under the e-
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mission scenario of Intergovernmental Panel on Climate
Change Special Report on Emissions Scenarios (IPCC
SRES) (Huang et al.l'*™; Liu et al.'™). In its fifth as-
sessment report, [IPCC projected a set of scenarios of
representative concentration pathways, or RCPs (Moss
et al.’; Wang et al.™), in which the scenarios targeted
the concentration rather than radiative forcing and have
been used by modeling teams of different countries in
computation of climate change and effect assessment.
Using the output of global models, Xu et al.?" * ana-
lyzed the future variations of temperature and precipita-
tion averaged over China under the emission scenario of
RCPs.

With the data of emission scenarios of the PRB un-
der RCP4.5 and RCP8.5 provided by National Climate
Center of China, this work characterized the variation of
precipitation extremes in the basin for a past period of
1980-1999 and a future one of 2010-2099 against a se-
ries of precipitation indexes. Estimating and analyzing
in detail the frequency and intensity of precipitation as
well as the EPEs, this study aims to providing reliable
information for estimation of future climate in the PRB,
complete and scientific fundamental research achieve-
ments for assessment of climate change effect and for-
mulation of adaptive counter-measures, and references
for making the third national assessment report on cli-
mate change in China.

2 MODEL, DATA AND METHODOLOGY

2.1 Model and data

The data of emission scenarios under the RCPs are
provided by the National Climate Center of China(Ji™).
One-way nested between a global climate model

(BCC CSM1.1) and a regional climate model
(RegCM4), the modeling domain covers the whole re-
gion of China but only the PRB is chosen for this study
(Fig.1). Developed by the Abdus Salam International
Center for Theoretical Physics of Italy, the RegCM is
one of the representative regional climate models that
have been used and applied extensively. The RegCM4
is the latest version of RegCM. Using the dynamic
framework of MMS, the model employs the o-coordi-
nates in the vertical and the alternative mesh of
Arakawa B in the horizontal. Having a horizontal reso-
lution of 0.5°x0.5°, it is divided into 18 layers in the
vertical with the top layer at 100 hPa. For detailed pa-
rameters, refer to Pal et al.™,

Driven by BCC_CSM1.1, a global climate model,
for the boundary field and initial field, the RegCM4 ob-
tains the data of daily precipitation under the two emis-
sion scenarios of RCP8.5 and RCP4.5, referred to as
BCC85 and BCC45 respectively hereafter. The data
spans from 1980 to 1999 and from 2010 to 2099. Tak-
ing the period of 1980-1999 as reference, the time from
2010 to 2039 is set as the 2020s, that from 2040 to
2069 the 2050s, and that from 2070 to 2099 the 2080s.
The atmospheric model of BCC CSMI1.1 s
BCC-AGCM2.1, with resolution at T, and gridpoints at
intervals of 2.8°. Its modules of land surface, ocean and
sea ice are BCC-AVIM, MOM#4 and SIS respectively.
The data used in the model include the aerosols of sul-
phate, sea salt, black carbon, organic carbon and dust
and at intervals of 10a. Only the direct effect of
aerosols is considered in the model. In addition, the
model also uses the monthly data of volcano-erupted
aerosol by Ammann et al.”®. Besides, this paper also us-
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Figure 1. Geographic distribution of the PRB.
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es a series of high-resolution (0.5°%0.5°) meshed data,
gathered from over 700 sites of observation, referred to
as XIE hereafter, of daily mean precipitation developed
in recent years by Xie et al.™. In the emission scenario
of RCP8.5, three main types of green-house gases, i.e.
CO,, CH, and N,0, are described in terms of the
time-dependent variation of emission, concentration and
radiative forcing, with the last item higher than the e-
mission scenario of A2, the high level of emission with
the SRES, and that of A1F1 with the concentrated type
of fossil fuel. In the emission scenario of RCP4.5, how-
ever, these green-house gases are predicted to peak in
2040, with their concentration and radiative forcing
tending to stabilize in 2070 following a medium, stable
pathway.
2.2 Indexes and methods

To study the variations of precipitation comprehen-
sively, this paper uses a series of diagnostic indexes (as
shown in Table 1) to characterize the distribution of
rainfall intensity from moderate to extreme levels. The
daily mean precipitation, wet day frequency and mean
wet day intensity are used as basic items to diagnose
the occurrence and intensity of precipitation. Used to
describe the coverage of precipitation, percentiles reflect
the distribution of rainfall intensity but are independent
of the wet day frequency. For depicting the characteris-
tics of precipitation extremes, the values of maximum
daily rainfall intensity in returns of 5, 10, 20, 50 and
100 years are used. In this paper, the computation of re-
turn values follows the widely-used Gumbel fitting dis-
tribution. In China, the Gumbel fitting distribution was
used to study the return periods of precipitation ex-
tremes in various parts' of the country (Xie et al.”"); Wei
et al.®), e.g. the northwest part of China (Wei et al.®),
to analyze the variation trends of precipitation extremes.
Additionally, to verify how well the theoretic distribu-
tion of extreme events fits the observed distribution and
taking into account the purpose of current study being
on the fitting distribution of small-sized samples, the
Kolmogorov test is used here to verify the fitting re-
sults. The method works by testing the deviation of the
empirical distribution function, determined with sam-
ples, from an assumed theoretic distribution function.

Table 1. Indicators of precipitation.

Indicator Definition Unit

mea Daily mean rainfall mm/d

fre Wet day frequency, wet day if daily times
rainfall>1mm

int(SDI)  Simplified daily rainfall intensity, mm/d
wet day mean rainfall

gxXxe Percentile of rainfall (XX%) during mm/d
wet days

X1d.TT*® Return values of 1-day precipitation mm/d

intensity with a return period of TT

Note: XX*=90% or 95%; TT® =5, 10, 20, 50, 100 years.

2.2.1 GUMBEL DISTRIBUTION

The Gumbel distribution is a typical theoretic mod-
el that describes the statistical distribution of extremes.
Its distribution function can be expressed as:

Fxy=P(X <=

exp(—exp(—a(x—u))) a>0, —c< u<ec @8]
where a>0 is the scale parameter and u the position pa-
rameter. For fitting the distribution of extremes, the typ-
ical Gumbel approach is used to estimate the distribu-
tion parameter.
2.2.2 KOLMOGOROV TEST

First, assume that the overall distribution function
F(x) is consistent with the theoretic distribution function

Golx), or, Fx)=Go(w), then d=|F (x.)-G(x, )|, the devi-
ation on each of the points, can be derived. Then, deter-
mine d,, the maximum deviation. If r is very large, then

d, V' n approximately follows the distribution of 6,(A).
And then, locate the critical value of A, that meets 8(A,)
=1 -« based on the degree of confidence «. A, can be
known by looking up in the table of Kolmosgorov func-
tions. In the final step, compare d,\/'n with A,. If d,

V' n <A, accept the original assumption. Reject it if
otherwise is true.

3 RESULTS AND ANALYSIS

3.1 Verification of model
Table 2 gives the distribution of observed and sim-
ulated mean precipitation on the yearly and seasonal ba-

Table 2. Statistical distribution of the observed and simulated
characteristics of precipitation of the PRB for the reference
period (1980-1999).

Time Obs. Sim. Sim./Obs.
mea/(mm/d) 42 4.3 1.0
fre/times 128.3 202.9 1.6
Year int/(mm/d) 10.7 7.6 0.7
q90 26.5 16.8 0.6
q95 37.6 26.8 0.7

T T T T mea/imm/d) T T T 45 T T 53 777 12
fre/ times 35.0 57.9 1.7
Spring  int/(mm/d) 10.7 8.3 0.8
q90 26.2 18.6 0.7
q95 36.7 28.5 0.8

T meallmm/d) T 76 T 717709
fre/ times 50.2 74.2 1.5
Summer int/(mm/d) 12.6 8.7 0.7
g%0 31.3 19.5 0.6
q95 44.2 33.2 0.8

T T T T mea/lmm/d) T T 30 0T 2577708 7
fre/ times 259 32.4 1.2
Autumn  int/(mm/d) 9.5 6.6 0.7
q90 25.0 16.8 0.7
q95 36.6 29.2 0.8

T T T T mea/imm/d) T T ] 15 25 77T 1.7 7
fre/ times 17.1 38.5 2.2
Winter  int/(mm/d) 6.3 5.5 0.9
q90 15.4 12.3 0.8
q95 21.4 18.2 0.8
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sis in the PRB over the reference period, which shows
that in the model simulation the annual mean precipita-
tion is consistent with the observation while the precipi-
tation frequency (fre) is higher but the rainfall intensity
(int) and wet day percentiles (q90 and q95) are lower
than the observation. In the PRB, precipitation is the
most in summer, followed by spring and autumn, and
the least in winter. The model is successful in simulat-
ing the trend of precipitation in the four seasons, though
with small amount for summer and autumn and large
amount for spring and winter, For the four seasons, the
simulation is relatively small in precipitation frequency
but relatively large in precipitation intensity, especially
in winter (with a ratio of 2.2). For the wet day per-
centiles of the' four-season precipitation, the simulation
is about 20% smaller.

Figure 2 gives the distribution of the observed and
simulated 5-year return values of 1-day precipitation ex-
tremes in the PRB. During the time, the X1d.5 varies
from 80 to 160 mm/d, which shows a decreasing gradi-
ent from the southeast (coast) to the northwest (inland)
(see Fig.2a). The model simulations show consistent
trends of variation with the observation. For the Liupan-
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Figure 2. Spatial distribution of the observed and simulated
5-year return values of 1-day precipitation extremes over the
reference period in the PRB. a: observations; b: simulations; c:
ratios of simulations to observations.

jiang River (LPJ R.) and Yijiang River (YJ R.) basins in
the northwestern part of the PRB, the observed daily
precipitation is from 80 to 100 mm/d, or with the ratio
of simulation to observation ranging from 1.4 to 2.0.
For the basins of Red Water R., Liujiang River (LJ R.),
Guijiang River (GJ R.) and Xijiang River (XJ R.) in the
middle of the PRB, the simulation is close to the obser-
vation while it is about 40% to 60% larger than the ob-
servation in Dongjiang River (DJ R.), Beijiang River
(BJ R.) and Pearl River Delta (PRD) in the eastern part
of the PRB (see Fig.2c). Generally speaking, the model
does a good job in simulating the large-scale spatial dis-
tribution of X1d.5 in the PRB though with larger simu-
lations in some parts.

3.2 Variations of the basic characteristics of pre cipita-
tion in the future periods

Figure 3 gives the distribution of precipitation char-
acteristics averaged over the year and four seasons in
the future periods in the PRB under the emission sce-
nario of RCP4.5. Compared to the simulated values in
the reference period, all characteristic values of precipi-
tation but mean rainfall amount differ significantly in
the future. In the future, the annual mean rainfall will
decrease in the PRB, with its ratio to that of the refer-
ence period varying from 0.98 to 1.0 in the future peri-
ods of 2020s, 2050s and 2080s. Showing different
trends of variation, seasonal average rainfall will de-
crease by about 3% in spring, a larger reduction than
that of the annual mean. It will increase in summer and
autumn, with the latter season having the largest incre-
ment, winter having the largest reduction, and the mean
reduction being about 10% for all future periods. Such
decreasing trends are also found in the annual mean
precipitation frequency, about 4% for different periods.
Except in the summers of the 2050s and 2080s when
the reduction is generally unchanged (within 1%), the
precipitation frequency all shows decreasing trends
ranging from 2% to 16% in all other seasons of the re-
maining periods. It is especially noted that the reduction
is as much as 16% in the winter of the 2080s. The re-
duction of annual mean rainfall amount and precipita-
tion frequency result in the increase of rainfall intensity
and by 2% to 4% as far as the intensity of the annual
mean rainfall is concemned. With the exception of
spring, the rainfall intensity for all the other three sea-
sons tend to be increasing, with the amplitude being the
largest in autumn, followed by winter and then by sum-
mer, the least.

When the total amount of precipitation remains un-
changed or increases while the frequency decreases, it
may indicate the presence of a possible intensifying
trend with the rainfall process (Zhai and Ren™), In the
future periods, the trends of the simulations are consis-
tent with those of the observation and the annual mean
values of q90 and 95 are increasing, and so are their
increments over time. Except for the wet day percentiles
of spring precipitation, the values of all the other sea-
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Figure 3. Simulated change (ration future/ reference ) in mean precipitation diagnostics under the emission scenario of RCP4.5.

sons are increasing, with the amplitude being the largest
in autumn and the smallest in summer. In the autumn of
all future periods, the increments of q90 ad q95 are be-
tween 5% and 14% in autumn while being about 4% in
the summer of all the other future periods.

Under the emission scenario of RCP8.5 (figure
omitted), the variations of precipitation averaged over
the year and four seasons in the PRB over the future
periods are similar to those of RCP4.5 scenario, with
decreased overall rainfall amount and frequency but in-
creased rainfall intensity, thus leading to the increase of
quantile of precipitation (q90 and q95). Precipitation
varies differently in the four seasons, with increased
amount in summer and autumn but decreased amount in
winter and spring. The precipitation frequency decreases
but the intensity increases in the four seasons, resulting
in the increase of quantile of precipitation (q90 and
q95) for all seasons.

It is known from the annual variations of precipita-
tion characteristics in the future periods under the two

emission scenarios (Fig.4) that they have generally simi-
lar trends with the scenarios of RCP8.5 and RCP4.5
though the annual variations and amplitude changes are
much more significant with the former scenario. Over
time, these trends will become more obvious. In other
words, the trends of precipitation variation with the
higher-emission scenario (RCP8.5) will be getting more
obvious to result in greater probabilities for EPEs.
Figure 5 gives the variations of 5-year return val-
ues of l-day precipitation extremes in the periods of
2050s and 2080s relative to those of the reference peri-
od. In the period of 2020s (Fig.5), the X1d.5 will in-
crease by a range from 0% to 5% in most of the PRB
region, with the basins of LJ R., Red Water R., GJ R.
and PRD area having the largest amplitude of increase
(more than 30%) and some parts of the basins of LJ R.
and Red Water R. and Pearl R. having as much as 45%
increase. In contrast, X1d.5 is decreasing in LPJ R.,
southern YJ R, eastern XJ R. and DJ R. by amplitudes
less than 20%. For the period of 2050s (Fig.5), the val-
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Figure 4. Comparisons of the temporal variations of annual mean precipitation characteristics in the PRB under RCP4.5 and RCP8.
5. The abscissa is for the year.

0 104F 1066 10BE  110E 112 1f4E  116E 102  {O4E  {O06E  10BE  110E  112F  {14E  116E

102F  10&F  106E  108E  110E  112E 114  1{f6E 102  1{O4F  1{O06E  10BE  110E 1126 {14E  116F

Figure 5. Variations of 5-year return values of 1-day precipitation intensity for different future periods in the PRB relative to the
reference period under the emission scenario of RCP4.5. Units: %. (a): reference period; (b): 2020s; (c): 2050s; (d): 2080s.



No.l DU Yao-dong (32 %), YANG Hong-long (#5141 ), et al. 63

400 bs =
— = -2080s Y 5
T 350k
5 300 F
i
2 250 F
o
3
L
(4
200 F
| L

10 20 50 100
Recurrence period/(yr)

i

Figure 6. Annual return values of 1-day precipitation intensity
for the 2080s period and the reference period in the PRD un-
der the emission scenario of RCP8.5.

ue of X1d.5 varies in much the same way as that of the
reference period and the areas of reduction are basically
the same. The large-value area moves to the east and
shifts to the basins of LJ R., Red Water R. and GJ R.,
with the maximum increment more than 45%. For the
period of 2080s (Fig.5d), the value of X1d.5 decreases
in areas consistent with that of the 2050s period and the
large-value area moves towards the west relative to that
of the 2020s period, located in the area bordering the LJ
R. basin and Red Water R. basin. The amplitude of in-
crease is more than 45%.

Under RCPS8.5, the value of X1d.5 increases by
15% to 45% in the 2020s, 2050s and 2080s periods in
most of the PRB region (figure omitted). For the 2020s
period, the increment is more than 15% in most of the
PRB region, with GJ R., Red Water R. and the area
joining XJ R. and YJ R. having the largest increment
(more than 45%). For the 2050s period, the basins of
Red Water R., XJ R. and YJ R. also have increments
that are larger than 45%. For the 2080s period, the in-
crement is within 15% in most of the PRB region while
the southern YJ R. basin, southwestern XJ R. basin,
northern BJ R. and PRD area have amplitudes that are
larger than 30%.

Through analyzing X1d.5, it is known that precipi-
tation extremes change in different parts of the PRB in
the future periods under different scenarios. To study in
greater detail the trends of variation of the precipitation
extremes, this work compares the mean values of the
annual maximum daily rainfall between the reference
period and the 2080s period under the RCP8.5 in the
PRD area (Fig.6). The model-simulated values of the
5-year return in future periods are equivalent of those in
8 to 10 years of the current period, the future 20-year
return values are equivalent of those in 40 to 50 years
of the current period, and the future 50-year return val-
ues are equivalent of those in 100 years of the current
period.

4 CONCLUDING REMARKS

Using BCC_CSM1.0, a one-way nested global cli-
mate model in the regional climate model of RegCM4,
this work characterizes the variations of precipitation in
the PRB over the reference period (1980-1999) and the
future period (2010-2099) under the latest emission sce-
narios of RCP4.5 and RCP8.5. Mean rainfall, wet days
and simple daily rainfall intensity are used to diagnose
basically the frequency and intensity of precipitation. In-
dependent of precipitation frequency, the value of pre-
cipitation percentile is used to describe the spatial extent
of precipitation and reflect the distribution of precipita-
tion intensity. The characteristics of precipitation ex-
tremes are depicted with the values of annual maximum
daily precipitation intensity in the return periods of 5,
10, 20, 50 and 100 years.

(1) Under the emission scenarios of RCP4.5 and
RCP8.5, mean precipitation and precipitation frequency
will decrease but precipitation intensity will increase in
the PRB in the future periods. For all future periods,
mean precipitation will decrease in spring and winter
but increase in summer and autumn; the precipitation
intensity will decrease in spring but increase in the oth-
er three seasons. Such changes in the basic characteris-
tics of precipitation result in the increase of the wet day
percentiles (q90 and q95) in all future periods; they de-
crease in spring but increase in the other three seasons.
The largest increment happens in autumn, followed by
winter, with summer having the least increment.

(2) A growing trend is found in the EPEs (indicat-
ed by X1d.TT) of the PRB in the future periods. They
increase by 30% to 45% in the basins of LJ R., Red
Water R., GJ R. and the PRD area but decrease by
about 20% in the basins of LP R., southern YJ R., east-
ern DJ R. and DJ R. Under the emission scenario of
RCP8.5, the mean values of the 5-year return in future
periods are equivalent of those in 8 to 10 years of the
current period, the future 20-year return values are e-
quivalent of those in 40 to 50 years of the current peri-
od, and the future 50-year return values are equivalent
of those in 100 years of the current period.

This work attempts to study the climate change on
regional scale using a high-resolution regional model.
The simulated precipitation is still with large uncertain-
ties and the simulations need to be improved in the fu-
ture. In spite of it, differences do remain in different
models with the change of emission scenarios (Huang et
al.'; Liu et al.'®). Changes in the precipitation charac-
teristics include decreased precipitation frequency and
increased precipitation intensity and the wet day per-
centiles, reflecting the trends of basic features of precip-
itation in the future periods under different emission
scenarios in different models (Yang®¥; Song®™). The in-
crease of precipitation extremes is much larger than that
of mean precipitation, possibly because the change in
mean precipitation is controlled by the equilibrium of
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energy while the change in precipitation extremes is re-
lated to the condensation of efficient water vapor in the
atmospheric column and its intensity increases with the
growth of efficient water content. The increase in the
wet day percentiles may be subject to the restriction of
the Clapeyron-Clausius relation (Boer®™).
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