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ABSTRACT

The climatological characteristics of precipitation and the water vapor budget in the Haihe River basin
(HRB) are analyzed using daily observations at 740 stations in China in 1951-2007 and the 4-time daily
ERA40 reanalysis data in 1958-2001. The results show that precipitation and surface air temperature
present significant interannual and interdecadal variability, with cold and wet conditions before the 1970s
but warm and dry conditions after the 1980s. Precipitation has reduced substantially since the 1990s,
with a continued increase of surface air temperature. The total column water vapor has also reduced
remarkably since the late 1970s. The multi-model ensemble from the Fourth Assessment Report (AR4) of the
Intergovernmental Panel on Climate Change (IPCC) has capably simulated the 20th century climate features
and successfully reproduced the spatial patterns of precipitation and temperature. Unfortunately, the models
do not reproduce the interdecadal changes. Based on these results, future projections of the climate in the
HRB are discussed under the IPCC Special Report on Emissions Scenarios (SRES) Bl, A1B, and A2.
The results show that precipitation is expected to increase in the 21st century, with substantial interannual
fluctuations relative to the models’ baseline climatology. A weak increasing trend in precipitation is projected
before the 2040s, followed by an abrupt increase after the 2040s, especially in winter. Precipitation is
projected to increase by 10%—18% by the end of the 21st century. Due to the persistent warming of surface
air temperature, water vapor content in the lower troposphere is projected to increase. Relative humidity
will decrease in the mid-lower troposphere but increase in the upper troposphere. On the other hand,
precipitation minus evaporation remains positive throughout the 21st century. Based on these projection
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results, the HRB region is expected to get wetter in the 21st century due to global warming.
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1. Introduction

In the last 100 years, temperatures have tended
to warm significantly both globally and in China, ac-
companied by rising sea levels and rapid thawing of
glaciers and icecaps. Extreme climate events such as
high temperatures, droughts, heavy precipitation, and
strong storms tend to be more frequent and stronger
(IPCC, 2007). Under the background of global warm-
ing, the increasingly prominent problems of water re-
sources not only threaten water supply safety and food
security, but also lead to a series of ecological and en-

vironmental issues. More and more attention has been

focused on the impacts of climate change on water re-
sources in drainage basins in China (Liu et al., 2008;
Wang et al., 2008; Zhang Liping et al., 2008; Jiang
Tong et al., 2005; Guo et al., 2007; Zeng et al., 2007).
The Haihe River basin (HRB) includes three large wa-
ter systems (Luanhe, Haihe, and Tuhaimajiahe rivers),
and belongs to a semi-drought or semi-wet continental
monsoon climate in the temperate zone. Precipitation
in the HRB is concentrated mainly in summer; there-
fore, summer precipitation directly determines water
resources and the drought-wet status. The shortage
of water resources in the HRB has become a growing

problem in recent years, influenced by global climate
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change, intensive human activities, and environment
deterioration, and representing a key restriction on so-
cial and economic development (Ye and Huang, 1996;
Shi et al., 1995). Annual runoff of HRB has decreased
sharply by about 66%, from 3.24x 10! m? in the 1950s
to 1.11x 10! m? at present (Water Resources Commit-
tee for the Haihe River Basin, 2006). In the past 20
years, groundwater levels in the HRB have fallen by
approximately 1 m in shallow areas and by more than
2 m in deep areas (Wang and Huang, 2004). Fur-
thermore, in the past 50 years, the total water con-
sumption has increased by a factor of about 4.4, with
the average amount per person rising by a factor of
about 1.5 (Wang et al., 2008). The shortage of wa-
ter resource is becoming more and more serious due
to increasing water requirements. Meanwhile, pollu-
tion of surface water and groundwater in the HRB is
also becoming more severe, further exacerbating the
shortage of water resources. Under the background of
global warming, future climate change would directly
affect the environmental and agricultural development
in the HRB.

In this paper, the climatological characteristics of
precipitation and the water vapor budget in the HRB
since 1951 are analyzed. The ability of climate models
in simulating interannual and interdecadal variability
of rainfall is evaluated using the multi-model ensem-
ble from the Fourth Assessment Report of the Inter-
governmental Panel on Climate Change (IPCC AR4;
IPCC, 2007). Future climate change trends are ana-
lyzed based on the ensemble results under the Special
Report on Emissions Scenarios (SRES) B1, A1B, and
A2.

Most of the previous studies focus on the climato-
logical characteristics and future changes of precipita-
tion and surface air temperature. In this paper, inter-
annual and interdecadal variations of precipitation and
the water vapor budget in the past 50 years and the
model capability are analyzed. Furthermore, future
projections of the water vapor budget in the HRB are
conducted and discussed. This study aims to provide
a scientific basis for research on the eco-environment
rehabilitation and agricultural production in the HRB.

The paper is organized as follows. Section 2 in-
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troduces the data and methods. The climatological
characteristics of precipitation and the water vapor
budget in the HRB based on observational data since
1951 are discussed in Section 3. Model performance in
simulating the recent climatology is discussed in Sec-
tion 4. Future projections of precipitation and the wa-
ter vapor budget in the study regions are presented in
Section 5. The results are discussed and summarized

in Section 6.
2. Data and methods

2.1 Data

Datasets used in this paper include:

(1) Daily observations of precipitation and sur-
face air temperature at 740 stations in China from
1951 to 2007.

(2) European Centre for Medium-Range Weather
Forecasts (ECMWF) 40-yr 4-time daily reanalysis
data (ERA40) on a 2.5°x2.5° resolution from 1958 to
2001  (http://www.ecmwf.int /research/era/Project/
Plan/Project_plan_TOC.html).

(3) Monthly mean data from the multi-model en-
semble and some individual models from the IPCC
AR4 model simulations for 1951-2000 (20C3M ex-
periments) and 2001-2099 (SRES B1, A1B, and A2
experiments). The ensemble data are collected and
analyzed by the National Climate Center of China
(http://ncc.cma.gov.cn) and the output from individ-
ual models has been downloaded from http://www-
pemdilnl.gov/ipec/about _ipce.php. The models
that participated in the IPCC AR4 represent an
advanced state of climate modeling and have im-
provements relative to those that participated in the
IPCC Third Assessment Report (TAR), with rela-
tively higher precision, more reasonable parameteriza-
tion schemes, and updated numerical methods. More
information on the models can be found at the above

website.
2.2 Methods

In this paper, the multi-model ensemble for the
20C3M experiments is just a simple arithmetic aver-
age with equal weights for all individual models. Jiang
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Dabang et al. (2005) reported that the multi-model
ensemble mean is always more reliable than any sin-
gle model in simulating the climatology of annual and
seasonal precipitation in East Asia. The numbers of
models are different for different emission scenarios,
with 17 models for SRES A1B, 16 models for SRES
A2 and 17 models for SRES B1. All of the results are
interpolated onto equidistant grids (1.0°x1.0°). The
details are available at http://nce.cma.gov.cn.

The root mean square error (RMSE) is calculated
to provide an overview of the models’ capability in
simulating precipitation and the water vapor budget
in the HRB (35°-43°N, 112°-120°E):

1o
RMSE =, | — Tim — Tiobs)2- 1

n ;( % zobs) ( )
In Eq. (1), #im (%iops) denotes the model simulated
(observed) value at the ith spatial grid point of the
domain; n is the total number of grid points within
the domain; RMSE is root mean square error between
the simulation and the observation.

The Mann-Kendall test (Mann, 1945; Kendall,
1975) and the Morlet wavelet transform method
(Grossmann and Morlet, 1984) are used to investigate
decadal variations in the observed and simulated time
series of rainfall (Wei, 2007).

In order to understand the climatological charac-
teristics and future trends of water vapor transport,
zonal and meridional water vapor transports are cal-

culated as follows:

300
Qu = ; / a(\ 6, p, tu(h, &, p, t)dp, (2)
DPs
1 300
Q- / g(\ 6, p, D)o\, 6, p, )dp, (3)

Ps

where @, and @, are the zonal and meridional mois-
ture fluxes; ¢ is specific humidity; v and v are the
zonal and meridional wind components, respectively;
g is the gravitational constant; ps is surface pressure;
A, ¢,t, and p are longitude, latitude, time, and pres-
sure, respectively; and 300 hPa is the uppermost air
pressure in the integral. The water vapor fluxes at the
four borders (west, east, south, and north) of the HRB
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are defined as:

$2
QW = Z Qu()\layvt)v (4)
y=¢1
(o33
QE = Z Qu()‘Qay>t)7 (5)
y=¢1
A2
QS = Z Qv(¢1,$7t), (6)
=N\
A2
QN = Z QU(¢27x7t)a (7)
=1
Qr =Qw — Qe + Qs — Qn. (8)

Qw, g, Qs, and @Qn denote water vapor flux
from the western, eastern, southern, and northern bor-
ders of the domain, respectively. @ is the total or net
water vapor budget. A1, A2, ¢1, and ¢o represent the
longitude and latitude of the borders.

Relative humidity is also calculated for discussion
of possible future changes of atmospheric humidity:

es(T) = 6.11exp (9)

a(T — 273.16)]

T-b
0.622¢4(T)
= —ooedesd) 10
&= 5 =0.378es(T) (10)
RH = L x 100, (11)
s

where es(T) is saturation vapor pressure and 7' denotes
temperature. The values of the constants a and b are
17.26 and 35.86 for temperatures above 0°C and 21.87
and 7.66 for temperatures below 0°C. The variable ¢
denotes saturation specific humidity, p is pressure, q is
specific humidity, and RH is relative humidity (Ding,
1989).

3. Observed climatology

Analysis of the station observations in China in-
dicates that the distribution of annual precipitation in
HRB is latitudinal, with an apparent increase in pre-
cipitation from north to south (figure omitted). Rain-
fall totals only 300 mm in the northern part, along
the common boundary of Shanxi and Inner Mongo-
lia, but about 700 mm in the southern part, near the
Yellow River basin. The northern and southern parts
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are separated by a distinguishing line along the Tai-
hang Mountains. Rainfall occurs mainly during sum-
mer with the southwesterly monsoon, which accounts
for more than 50% of the annual total. Little pre-
cipitation (only 10-30 mm) occurs during winter, es-
pecially in the northern region. Regional differences
are also apparent in the distribution of mean surface
air temperature (figure omitted). The regions between
eastern Inner Mongolia and northern Shanxi Province
are cooler than the southeastern and coastal regions.
Wutai Mountain is the coldest region because its ele-
vation is the highest.

Figure 1 shows annual normalized precipitation
and temperature anomalies during 1951-2007, with
1961-1990 as the base period. Annual precipitation
in the HRB decreased over this time period at a rate
of —18.3 mm (10 yr)~!. Approximately, the evolution
of rainfall has occurred in three different stages since
1951 (Fig. la). It was wet before 1965, then trans-
formed from wet to dry with obvious interannual fluc-
tuations during the mid 1960s to mid 1970s. Drought
has occurred frequently since the late 1970s, and to-
tal precipitation has decreased significantly especially
50
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in the most recent decade. Rainfall in 2002 was 28%
below the 1961-1990 mean.
mer rainfall is consistent with that of annual rainfall.
Rainfall was abundant during the mid 1950s to 1960s.
For example, rainfall exceeded the baseline value by
more than 30% in 1956, 1958, and 1964. However,
drought occurred persistently from the 1980s to the

The evolution of sum-

early 1990s, with particularly severe droughts in the
mid 1990s. The summer rainfall in 1997 was approxi-
mately 40% below the baseline value, representing the
most severe drought year in the past 50 years. Severe
drought events also occurred in 1999, 2002, and 2005.
Drought is a dominant climatological feature in the
HRB over the most recent 30 years.

Annual mean surface air temperature in the HRB
rose significantly over the period 1951-2007, with a
warming trend of 0.32°C (10 yr)~! (Fig. 1b). The
years before the early 1970s were substantially cooler
than the baseline period, especially the years of 1952—
1957. Thereafter, annual mean temperature typically
fluctuated within a small range through the mid 1970s
and 1980s. The temperature has risen steadily since

1987, with annual mean temperature more than 1°C
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Fig. 1. Time series of annual anomalies of (a) precipitation (%) and (b) surface air temperature (°C). The solid lines

indicate the linear trends.
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warmer than the baseline in most years of the period
1987-2007.

Table 1 shows decadal variations in annual mean
and summer mean precipitation and surface air tem-
perature relative to baseline averages from 1961 to
1990. The climatological patterns for the periods
of 1951-1970 and 1981-2007 are apparently differ-
ent. Conditions were relatively cool and wet before
the 1970s, then relatively warm and dry since the
1980s.

creased more significantly after the 1990s.

Precipitation decreased and temperature in-
Annual
mean temperature increased by 0.9°C during the pe-
riod of 2001-2007, indicative of serious drought in the
HRB over the most recent decade.

Water vapor fluxes through each border are cal-
culated, along with a regional water vapor budget for
the HRB. The water vapor budget is calculated along
the boundaries of 35°N, 42.5°N, 112.5°E, and 120°E,
respectively. The results indicate that the input of wa-
ter vapor at the western boundary is less than the out-
put of water vapor from the eastern boundary, leading
to a negative net zonal water vapor transport. The
net meridional transport is positive because the input
from the southern boundary exceeds the output from
the northern boundary. The net water vapor budget
in the area was large before the 1960s, but decreased
substantially from the 1980s, and its value in the 1990s
was only 20% of that in the 1960s. The net water vapor
budget over the HRB has also reduced since the late
1970s, especially in summer. This reduction is consis-
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tent with the interdecadal variations of precipitation
in the area (Table 2). The decrease of net water vapor
budget mainly results from a significant reduction in
the meridional transport, which suggests a decrease in
the amount of water vapor entering the region from

the southern boundary.
4. Multi-model simulation

Some recent evaluations of the IPCC AR4 model
simulations of precipitation in China and in the East
Asian monsoon region indicate that most models can
reproduce interannual variations and spatial patterns
of precipitation in China. These models appear better
in simulating precipitation in eastern China than in
central and western China. Furthermore, most mod-
els can capture the seasonal jump and retreat of the
major rain belt over eastern China (Zhang Li et al.,
2008; Sun and Ding, 2008). However, individual mod-
els exhibit obvious differences in their simulation of
the spatial distribution of the East Asian monsoon
rainfall. Generally, the results from the multi-model
ensemble are better than those from individual mod-
els (Sun and Ding, 2008). Most individual models
perform better at simulating surface air temperature
than precipitation; they reproduce the spatial features
of temperature in China relatively well. Jiang et al.
(2009) calculated the spatial correlation between the
simulated surface air temperature from 17 IPCC AR4

models and the observations provided by the Climatic

Table 1. Decadal variations of precipitation anomaly (mm) and surface air temperature anomaly (°C)

Precipitation Surface air temperature
Annual Summer Annual Summer
1950s 0.02 0.18 —0.63 —0.04
1960s 0.04 0.13 —0.18 0.14
1970s 0.04 0.10 -0.05 -0.13
1980s -0.09 —-0.30 0.22 0.06
1990s -0.12 -0.27 0.78 0.60
2001-2007 -0.23 -0.73 0.92 0.63
Table 2. Summer water vapor budget(10° kg s™!) along each boundary of the HRB
West border East border South border North border Net budget
1960s 66.92 107.05 45.71 -2.51 8.09
1970s 67.78 101.07 35.19 0.61 1.29
1980s 81.14 101.55 32.35 8.63 3.31
1990s 53.76 85.79 27.66 —-5.88 1.51




350 ACTA METEOROLOGICA SINICA

Research Unit (CRU). Their results indicate that the
models perform well, with correlations of 0.948-0.992;
unfortunately, a systematic cold bias exists in the sim-
ulated surface air temperatures in China (Jiang Da-
bang et al., 2005; Xu et al., 2007; Zhou and Yu, 2006).

Figure 2 shows the climatological spatial distri-
butions of annual mean precipitation and surface air
temperature from the multi-model ensemble simula-
tion and the observation in the HRB, along with the

RMSE. The simulated annual mean precipitation is
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very similar to the observation in the south of the Yel-
low River, but the magnitude is larger than that of
the observation in the northern region. The spatial
correlation between the simulated and the observed
annual mean precipitation is 0.7057. The RMSE be-
tween the simulated and observed annual mean pre-
cipitation (Fig. 2c¢) suggests that the largest errors
are concentrated in the coastal regions, with RMSE
as high as 1.6-2.0 mm. For summer mean precipita-

tion, the simulated spatial distribution in the Hetao
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Fig. 2. Spatial distributions of annual mean precipitation (left panels; mm day ') and surface air temperature (right
panels; °C) from (a, d) simulation, (b, e) observation, and (c, f) their RMSE.
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area and the eastern regions is consistent with that of
the observation (figure omitted), but the amount of
precipitation simulated in the regions of Tianjin and
Tanggu is too small. The simulation exaggerates win-
ter mean precipitation relative to the observation, es-
pecially along the coast of the Yellow River and the
southern regions.

The simulated annual mean surface air temper-
ature bears accurately the observed spatial features.
The correlation between the simulated and observed
annual mean surface air temperature is 0.9393, in-
dicating that the ensemble mean depicts the spatial
distribution of annual mean surface air temperature
quite well. The observation (Fig. 2e) indicates the
presence of a temperature trough in the eastern region
and a temperature ridge in the western region. The
simulated trough and ridge are weaker than those ob-
served, mainly due to a warm bias in simulated annual
mean temperature in Shanxi Province and a cold bias
along the eastern coastline. The maximum RMSE is
3.9°C, located near Tianjin. The seasonal distribution
of surface air temperature (figure omitted) indicates
that the simulation accurately reproduces the spatial
pattern of summer mean temperature, with exception
of the cooling in northern Shanxi Province. The mod-
els perform better in winter than in summer.

We calculate the monthly errors in regional mean
precipitation and surface air temperature between the
simulations and observation. The results show that
the precipitation bias is the smallest in autumn (-0.29
mm day~!) and largest in spring (1.4 mm day~!). The
simulated precipitation exceeds the observed precipi-
tation for most months, except for July, August, and
September. The simulation exhibits a systematic cold
bias relative to the observed surface air temperature,
which ranges from —0.29°C (in February) to —2.78°C (in
October). The annual mean bias is approximately —
1.39°C. Monthly standard error between the simulated
and observed surface air temperature (figure omitted)
also indicates that the models have a consistent bias.
Liu and Jiang (2009) reported that the mean error of
simulated surface air temperature in China from the
IPCC AR4 models relative to observations is approx-
imately —6.694°C. This suggests that the simulations
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are better in the HRB than in China.

A model’s performance should be evaluated based
on not only the model’s ability to reproduce the cli-
matological spatial distribution, but also its ability
to simulate interannual and interdecadal variability.
Comparison between the simulated and observed per-
centage of annual precipitation anomalies in the re-
cent 50 years (1951-2000) indicates that the ensemble
mean reproduces the signs of departure for most years,
with a significant correlation of 0.2960 between the en-
semble mean and the observation. Unfortunately, the
ensemble mean does not reproduce the linear decreas-
ing trend in precipitation.

Application of the Mann-Kendall test to the pre-
cipitation time series indicates that the observed pre-
cipitation in the HRB experienced two significant
abrupt change points, which occurred in 1982 and
1997, respectively. Application of the same test to
the ensemble mean results identifies only one point
in 1998 (figure omitted). Actually, the observed pre-
cipitation in the HRB experienced a significant inter-
decadal change in the 1980s (Fig. 1a). Molet wavelet
transform analysis has also been applied to both the
simulated and observed precipitation (Fig. 3). The re-
sults show that the simulated precipitation experiences
obvious periodic cycles from dry and wet with a dom-
inant interdecadal period of 12 years and a dominant
interannual period associated with a quasi-biennial os-
cillation (Fig. 3a). These periods are different from
those identified in the observational time series, which
undergoes oscillations at periods of 16, 8, and 4 yr,
respectively (Fig. 3b). This disagreement indicates
that the ensemble mean of the IPCC AR4 models is
relatively incapable of simulating interannual and in-
terdecadal changes of precipitation in the HRB.

Sun and Ding (2008) classified 19 IPCC ARA4
models into three categories based on each model’s
performance in simulating the interdecadal variations
of summer precipitation and monsoon circulation in
East Asia. Their study indicates that Category-1 and
Category-2 models (9 models in total) can well repro-
duce interannual and interdecadal variations of precip-
itation in East Asia. We have also applied the Molet
wavelet transform to precipitation in the HRB from
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Fig. 3. Molet wavelet transform applied to annual precipitation in HRB from (a) the ensemble mean of all IPCC AR4

models, (b) observations, and (c) the ensemble mean of five selected models.

the 9 Category-1 and Category-2 models, i.e.,
the GFDL_CM2.0, MIROC3.2 (hires), MIROC3.2
(medres), CNRM_CM3, CSIRO, GFDL_CM2.1, IN-
MCM2.0, UKMO_HadCM3, and GFEL_CM2.1 (Sun
and Ding, 2008). The results suggest that the peri-
odic cycles in the ensemble mean of these nine mod-
els are closer to those in the observational time se-
ries; however, the difference between simulated and
real conditions is still obvious (figure omitted). Based
on the capabilities of individual models in simu-
lating anomalies in precipitation in the HRB dur-
ing 1951-2000 (mainly the linear trend and cor-
relation coefficients with the observations), we se-
lect five models (UKMO_HadGeml1, MPI_Echam5,
MIROC3.2(hires), GFEL_CM2.1, and CSIRO). Fig-
ure 3c shows the results of the Molet wavelet trans-
form for the ensemble mean of these five models. This
ensemble better simulates the interannual and inter-
decadal periodic cycles of precipitation in the HRB

than does the ensemble that includes all models.

5. Possible 21st century changes in precipita-

tion and the water vapor budget in HRB

5.1 Changes in precipitation

Figure 4 shows annual precipitation anomaly per-
centage in China and HRB in the 21st century, normal-
ized by the mean climatology from 1980-1999. This
provides a straightforward comparison with those re-
ported in the IPCC AR4 (IPCC, 2007) and those by
some previous studies in China (e.g., Sun and Ding,
2008). In addition, a 9-yr running average has been
applied to remove annual variations in the time series
of precipitation and surface air temperature. Precip-
itation in the HRB under the three SRES scenarios
increases throughout the 21st century, especially af-
ter 2050. The mean precipitation trends under SRES
scenarios B1, A1B, and A2 are 6.6, 13.5, and 13.5 mm
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Fig. 4. Normalized annual precipitation anomalies (%) in the 21st century under SRES scenarios (a) B1, (b) A1B, and

(c) A2.

(10 yr)~1, respectively. The magnitude of the increase
under SRES B1 is smaller than that under SRES A1B
or A2, with a relative increase of only about 7%. Pre-
cipitation is projected to increase significantly under
the other two scenarios, with a maximum relative in-
crease of 20%. By the end of the 21st century, the
annual HRB precipitation amounts under SRES sce-
narios B1l, A1B, and A2 are expected to increase by
10.2%, 14.7%, and 18%, respectively. These increases
are higher than the nationwide average.
Mann-Kendall tests have been applied to the an-
nual time series of precipitation in the HRB in the
The
results show that abrupt change points in the precipi-

21st century under the three SRES scenarios.

tation time series are expected to occur in 2028 under
scenario B1, in 2046 under A1B, and in 2059 under
A2. The results of a previous study (Sun and Ding,
2008) suggest that precipitation in eastern China will

increase in distinct stages in the 21st century, with
relatively weak increases before the 2040s. Increases
in precipitation are expected to become much more
pronounced after the end of the 2040s, at which point
the whole eastern China enters a wet period. The pro-
jected changes in precipitation in the HRB are there-
fore consistent with the projected changes in China.
The ensemble mean from the aforementioned five mod-
els that more closely mirror observed changes during
the latter part of the 20th century is similar to the
ensemble mean of all models (figure omitted).

Figure 5 shows normalized seasonal precipitation
anomalies in the HRB over the 21st century relative
to the 1980-1999 baseline under the three SRES emis-
sion scenarios (B1, A1B, and A2).

projected to increase most significantly in winter and

Precipitation is

spring, with smaller increases in summer and autumn.

The projections under the three SRES scenarios do
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Fig. 5. Normalized seasonal precipitation anomalies (%) in the HRB in the 21st century for (a) spring, (b) summer,

(c¢) autumn, and (d) winter.

not differ significantly from the 2020s to the 2040s,
but the differences among them become increasingly
obvious with time. The magnitude of the precipita-
tion increase at the end of the 21st century is about
two times higher under the highest emission scenario
(A2) than under the lowest scenario (B1). The rela-
tive increases of winter precipitation in the 2090s un-
der SRES scenarios A2 and B1 are approximately 48%
and 21%, respectively. The relative increase of precipi-
tation in spring is approximately 20% by the end of the
21st century, a little lower than the increase in winter.
Precipitation in summer is expected to increase only
slightly before the 2040s, and the differences between
different emission scenarios are inconspicuous. Precip-
itation in autumn is projected to decrease slightly be-
fore the 2040s under SRES A2, then increase steadily,
with a total increase of about 18% by the end of the
21st century.

Normalized monthly precipitation anomalies in
the HRB are calculated for the 2020s and 2080s (Fig.
6). These indicate the changes during the early and
later periods of the 21st century, respectively. The re-
sults suggest that the increase of precipitation is the
largest in February and December, and smallest in

November. The magnitude of the precipitation change

under the lower greenhouse gas emission scenario (B1)
is similar during the two periods; however, obvious
fluctuations occur under the higher emission scenar-
ios (A1B and A2). For example, precipitation is pro-
jected to decrease by about 4.5% in June, August, and
September, but increase by 18.3% in February. Fur-
thermore, in the 2080s, the projected maximum in-
crease of precipitation reaches 50.7% in February but
only 4.3% in November.

The spatial distribution of normalized annual pre-
cipitation anomalies in the 2020s and 2040s under
the moderate emission scenario A1B is shown in Fig.
7. Precipitation is projected to increase mainly in
eastern HRB in the 2020s, with smaller increases in
other parts of the HRB (especially northern Shanxi
Province). The precipitation increase is projected to
become much more pronounced in the 2040s relative to
the 2020s, with relative increases of approximately 8%
in Beijing and Tianjin. The projected precipitation
increase is most obvious in winter, with a maximum
increase of approximately 20% centered around Shanxi
and Hebei provinces under SRES A2 (figure omitted).

5.2 Changes in the water vapor budget

The results presented in Section 5.1 show that
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Fig. 6. Normalized monthly precipitation anomalies (%) in the HRB during the 2020s and 2080s.
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Fig. 7. Spatial distributions of normalized annual precipitation anomaly (%) in (a) the 2020s and (b) the 2040s under

SRES A1B.

precipitation in the HRB is expected to increase in the
21st century. The linear trends of surface air temper-
ature in the HRB from the IPCC AR4 multi-model
ensemble mean indicate a persistent warming in the
future, with annual mean surface air temperature in-
creasing by 0.23, 0.39, and 0.42°C (10 yr)~! under
SRES B1, A1B, and A2, respectively. The magni-
tude of the warming is projected to reach 2.4—4.6°C
by the end of 2090s. As 70% of the total area of the
earth is covered by ocean, global warming could result

in increasing evaporation and an increase in the water

vapor content of the atmosphere, especially over the
ocean. Increasing temperature also enhances the ca-
pacity of the atmosphere to hold water vapor. Accord-
ing to the Clausius-Clapeyron equation (Clapeyron,
1834; Clausius, 1850), the saturation specific humid-
ity increases by about 7% per degree Celsius increase
in temperature. This enhanced holding capacity re-
sults in both specific humidity and saturation specific
humidity increasing as the atmosphere warms, with
relative humidity remaining nearly constant. Under

more significant temperature increases with smaller
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specific humidity increases, relative humidity would
decrease, reducing the possibility of precipitation and
increasing the likelihood of drought occurrences. By
contrast, if specific humidity were to increase by a
large enough amount such that the relative humid-
ity increases, precipitation and precipitation intensity
would also increase. The specific humidity only quan-
tifies the amount of water vapor in the atmospheric
column; constant convergence of water vapor is neces-
sary for precipitation formation. However, the station-
observed evaporation in many regions from evapo-
rating dish experienced decreases with the increasing
temperature in recent 50 years. This is contrary to the
Clausius-Clapeyron equation. The reason is complex
and may involve global dimming, wind speed changes,
and so on.

Changes in the water vapor budget and atmo-
spheric moisture over the HRB are discussed in this
section. The results in this section are from the five-
model ensemble mean mentioned in Section 4 under
SRES A1B. One reason is that some individual models
did not submit the necessary variables for calculations
of water vapor fluxes and relative humidity to IPCC
ARA4 data archive; another is consideration of the mod-
els’ relative capabilities in the HRB region. Figure 8
shows the evolution of regional anomalies of surface
air temperature, precipitation, and probable precipi-
tation relative to the average of 1980-1999. Probable
precipitation is projected to increase steadily, with a
trend similar to that of temperature. Precipitation in-
creases abruptly after the 2040s, consistent with the

results from ensemble mean of all IPCC AR4 models
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discussed in Section 5.1.

Figure 9 shows the spatial distributions of sum-
mer total column water vapor content anomalies in
the 2040s and 2080s. These anomalies suggest that
probable precipitation will increase in the future, es-
pecially toward the end of the 21st century. The in-
crease of water vapor content is more pronounced at
mid-lower latitudes than at higher latitudes. This fea-
ture has also been discussed by Sun and Ding (2008).
Some previous studies suggest that water vapor trans-
port will increase in eastern China in the future (Li
et al., 2008) owing to the stronger southerly wind in
the monsoon region east of 105°E. Some recent stud-
ies also indicate that the East Asian summer monsoon
will be intensified in the 21st century (Sun and Ding,
2008; Li et al., 2008). The stronger southwesterly wind
is expected to bring more warm and vapor-rich air to

northern regions. We also calculate the water vapor
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Fig. 8. Linear trends of anomalies in probable precipita-
tion (black solid curve; kg m™?), surface air temperature
(long dashed curve; °C), and precipitation (short dashed
curve; %) under SRES A1B in the 21st century.

Fig. 9. Total column water vapor content anomalies (kg m™2) in summer for (a) the 2040s and (b) the 2080s.
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transport across the four boundaries of the HRB, along
with the net budget. The results indicate that the
transport of water vapor across the southern bound-
ary increases significantly compared to that during
1980-1999; however, the net water vapor budget in
the region changes little because the water vapor out-
put through the eastern border is also projected to
increase in the future.

Relative humidity (RH) anomalies in the HRB
relative to the 1980-1999 mean (within the region of
35°-43°N, 112°-120°E) have been calculated. The
trends vary with height (Fig. 10a). The time-height
cross-section of RH anomalies indicates a decrease in
atmospheric RH below 400 hPa, especially in the low-
ermost atmosphere, below 850 hPa. RH increases sub-
stantially in the stratosphere after 2040. These re-
sults are consistent with those reported by Lorenz and
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Deweaver (2007). They showed that RH tends to de-
crease in the subtropics and midlatitudes at lower le-
vels, but increases poleward of 50° (their Fig. 2). The
time-height cross-section of specific humidity anoma-
lies (0q) (Fig. 10b) shows trends that contrast with
the RH trends, with increases in the troposphere but
only small changes at levels above 300 hPa. The sat-
uration specific humidity anomalies (ogs) also expe-
10c);
however, the magnitude of ogs is larger than that of

rience increasing trends below 300 hPa (Fig.

g, thus resulting in the decreasing trend in RH (see
Eq. (11)). Although the volume of water vapor in
the atmosphere increases with global warming, this
increase does not imply an inevitable increase in pre-
cipitation. Constant convergence and transport of wa-
ter vapor are also required for the occurrence of pre-
cipitation. Increases in the water vapor content of the
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Fig. 10. Time-height cross-section of anomalies of (a) relative humidity (%), (b) specific humidity (g kg™!), and (c)

saturation specific humidity (g kg™") over the HRB.
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atmosphere with increasing temperature still might
lead to regional droughts or floods due to the effects

of these dynamical factors.
5.3 Changes in the atmospheric water cycle

The drying and poleward expansion of the sub-
tropics and the moistening of the deep tropics and mid
to high latitudes are robust model projections of cli-
mate change forced by rising greenhouse gases. These
changes are often summarized as “rich-getting-richer”
That

is, the already wet areas in the deep tropics and mid-

or “dry-getting-drier and wet-getting-wetter”.

latitudes are projected to get wetter, while the arid
and semiarid regions of the subtropics are projected to
get drier (Seager et al., 2010; Held and Soden, 2006;
Chou et al., 2009). Such large-scale changes to the
hydrological cycle, if they occur, will have important
consequences for human societies and ecosystems.
We calculate the changes of precipitation P mi-
nus evaporation F (P-FE) for the five-model ensemble
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mean. Monthly surface latent heat flux is taken from
the IPCC ARA4 online archive (refer to Section 2.1 for
the website address). To convert evaporation from en-
ergetic to mass-based units, we divide the surface la-
tent heat flux by the latent heat of vapourisation.
Figure 11la shows the annual mean of P—F for
the baseline period 1980-1999. The models produce
negative P—F over the HRB, which means that E ex-
ceeds P in this region. P—FE is most strongly nega-
tive along the eastern coastline. Persistent drought
occurred during this period (Section 3). Both precip-
itation and evaporation are projected to increase in
the 21st century (relative to 1980-1999). Figure 11b
shows the annual mean differences of evaporation in
the 2040s relative to the baseline period under SRES
A1B. The trend in evaporation is consistent with the
trend in precipitation (Fig. 7b). In the 2040s, the an-
nual mean P—F is enhanced in land but reduced over
the ocean (Fig. 11c). These same spatial patterns are

found throughout the whole 21st century. The annual
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Fig. 11. (a) Annual mean of P-E in 1980-1999, (b) annual change of E in the 2040s under SRES A1B, (c) annual
mean of P—F in the 2040s, and (d) annual change of P-F in the 2040s. Unit: mm day~'.
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mean P—-FE during the 2040s is substantially increased
relative to 1980-1999, by about 0.4 mm day~' in most
regions (Fig. 11d). The changes in P, E, and P-F
in summer are similar to the changes in the annual
means. The projections therefore indicate that the
HRB is expected to get wetter in the 21st century due
to global warming.

The above analysis illustrates that the gen-
eral rules of “poor-getting-poorer” and “rich-getting-
richer” are not always satisfied on the regional scale.
Held and Soden (2006) pointed out that a warming at-
mosphere will cause an increase in atmospheric water
vapor. Hence, even if the circulation were to remain
fixed, it would be expected that the transport of water
vapor would intensify. Under these assumptions, the
pattern of P—F would remain the same but the values
would become more extreme, making wet regions wet-
ter and dry regions drier. They considered only the
thermodynamic contributions to the changes in P-F
in their calculations. However, changes in the mean
circulation also contribute significantly to changes in
P—FE particularly on the poleward margins of the sub-
tropical dry zones (Seager et al., 2010). While these
subtropical changes are known to be related to the pro-
jected expansion of the Hadley cell (Lu et al., 2007)
and poleward shift of the storm tracks (Yin, 2005), the
exact dynamical mechanisms underlying these changes
remain unclear (Chen et al., 2008). In addition, there
are some other factors that are also partly responsi-
ble. Much work remains to be done in unraveling the
relative importance of these and other processes in de-
termining the ways that global warming affects the hy-
drological cycle.

P-FE is the most important factor in the net flux
of water substance at the earth’s surface; however, a
number of other factors also play important roles, such
as plant transpiration, water vapor transport, surface
runoff, infiltration, and so on. Projections of future
changes in the water cycle are far more complex than
projections of future temperature changes, even with-
out considering important local seasonal differences in
the responses of the water cycle to climate change.

6. Conclusions and discussion

The climatological characteristics of precipitation
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and the water vapor budget in the HRB over the most
recent 50 years have been analyzed using observation
data from 740 stations in China and the ERA40 re-
analysis data. Further, projected future changes in
precipitation and the water vapor budget have been
discussed in the context of the IPCC AR4 multi-model
ensemble results under SRES scenarios B1, A1B, and
A2. The main conclusions are as follows.

(1) Precipitation and surface air temperature in
the HRB have experienced significant interdecadal
variations. Conditions were relatively cold and wet
before the 1970s but relatively warm and dry after the
1980s. Precipitation has decreased substantially, es-
pecially since the 1990s, and surface air temperature
continues to rise. The total column water vapor has
also decreased remarkably since the late 1970s due to
a decrease in the influx of water vapor through the
southern border of the HRB region.

(2) The TPCC AR4 multi-model ensemble is ca-
pable of simulating many of the 20th century climate
features, and can successfully reproduce the spatial
patterns of precipitation and temperature. Unfortu-
nately, the multi-model ensemble does not reproduce
the interdecadal change during the 1980s.

(3) Relative to the models’ baseline climatology
averaged from 1980-1999, precipitation is expected to
increase in the 21st century under all three SRES sce-
narios, with obvious interannual fluctuations before
the 2040s. The increase in precipitation is expected
to be more pronounced following the 2040s, with pre-
cipitation increasing by 10%—-18% by the end of the
21st century.

(4) Due to the persistent warming of surface air
temperature, water vapor content in the lower atmo-
sphere is projected to increase substantially. Relative
humidity is projected to decrease in the mid-lower tro-
posphere but increase in the upper troposphere. The
regional net water vapor budget in the HRB does
not change appreciably, since both water vapor input
through the southern border and water vapor output
through the eastern border increase simultaneously.
On the other hand, precipitation minus evaporation
increases during the 21st century. Based on these re-
sults, the HRB is expected to get wetter in the 21st

century due to global warming.
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This study indicates that both precipitation and
water vapor in the atmosphere over the HRB are likely
to increase in the 21st century; however, the increase
in surface air temperature is more pronounced. Cli-
mate change can influence the water cycle in many
ways: one is by increasing the actual water vapor con-
tent in the atmosphere through enhanced evaporation
from the ocean surface and by increasing the capacity
of the atmosphere to hold water vapor due to in-
creases in temperature; another is by modifying water
vapor transport by changing the regional atmospheric
circulation. When the meridional circulation patterns
prevail, zonal transport of water vapor is blocked. The
development of abnormal moisture convergence and
divergence areas results in the development of rain-
storm areas and coexisting arid areas. It is therefore
very challenging to predict whether the climatology
of the HRB changes from warm-dry to warm-wet or
not. It is also difficult to accurately determine the fu-
ture trends and characteristics of the spatial-temporal
distribution of water resources using only projections
of precipitation and water vapor from climate models.
Further research on the response of regional water re-
sources to climate change will require the application
of hydrological models.

It is well known that the current generation cli-
mate models is more uncertain about the global-mean
precipitation response to global warming than the
temperature response (Meehl et al., 2005). The mod-
els adopted by the IPCC AR4 are substantially im-
proved relative to those presented in the IPCC TAR
(IPCC, 2001). However, we have identified several ob-
vious differences between various scenarios and indi-
vidual model results in the current analysis, especially
in the mid-later periods of the 21st century. These un-
certainties result mainly from the feedback processes
and capabilities of the models, as well as differences in
greenhouse gas emission scenarios and other factors.
The carbon cycle has been coupled into most climate
models contributing to the Fifth Assessment Report
of the IPCC (IPCC ARJ5)(http://www.ipcc.ch), and
the emission scenarios and experimental conditions
adopted by the IPCC AR5 are also better constrained.
The output from these models will be released in 2012.
This may facilitate the ability to obtain more credible
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results and to undertake detailed comparisons with
results of this study. The analysis of HRB regional
climate change will also require the application of
downscaling methods to capture regional features in
greater detail.
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