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ABSTRACT

Considering a detailed hydrologic model in the land surface scheme helps to improve the similation of
regional hydro-climatology. A hydrologic model, which includes spatial heterogeneities in precipitation and
infiltration, is constructed and incorporated into the land surface scheme BATS. Via the coupled-model
{i.e., a regional climate model) sirulations, the following major conclusions are obtained: the simulation
of surface hydrology is sensitive to the inclusion of heterogeneities in precipitation and infiltvation; the
runoff ratio is increased after considering the infiltration heterogeneity, a result which is more consistent
with the observations of surface moisture balance over humid areas; the introduction of the parameteriza-
tion of infiltration heterogeneity can have a greater influonce on the regional hydro-climatology than the
precipitation heterogeneity; and the consideration of the impermeable fraction for the region reveals some
features that are closer to the trend of aridification over northern China.
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1. Introduction

Recently, studies on the global change of the in-
teractions between the hydrosphere, biosphere, and
atmosphere have attracted extensive attention, and
more and more international investigations are recog-
nizing the importance of including the heterogeneities
in the hydrological processes (e.g., the features of
soil texture, precipitation, and topography) into the
land surface schemes (Famiglietti and Wood, 1994;
Peters-Lidard et al., 1997; Walko et al., 2000). Until
now, the inter-disciplinary simulation studies of hydro-
climatology that consider the spatial variability of hy-
drology, have seldom been reported in China, while de-
tailed hydrological madels are generally limited to one-
way coupling studies. Many basin hydralogical models
have Leen developed in China (Zhao, 1984; Li, 1998),
which are applied to hydrological forecasting, yet they
only use the meteorological characteristics of observa-
tions or outputs of atmospheric models as the input
forcings into themselves, while the calculated quan-
tities from the hydrological models (e.g., evaporation
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and soil moisture) do not feed back into the atmo-
spheric models. All these hydrological models are off-
line tests {one-way coupling), and cannot be directly
used in climate models. In fact, only the two-way cou-
pling models can simulate the complex nonlinear in-
teractions. Better simulations for surface hydrology
can improve the precision of modeling of the climate,
and vice versa. In some investigations, e.g., forecast-
ing the future climate and estimating the future water
resources, the coupling study is of particular impor-
tance.

This paper intends to consider two pronounced
spatial heterogeneities among many heterogeneities,
Le., the heterogeneities in precipitation and infiltration
over a grid area (60 km x 60 km) in the hydrological
component of the climate model.

With regard to precipitation heterogeneity, obser-
vations show that precipitation differs in precipitation
amount and precipitating area due to different natures.
The simulated amounts of precipitation and runoff
are often underestimated in climate models that ne-
glect precipitation heterogeneity (Entekhabi and Ea-
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gleson, 1989). Eagleson et al. (1987) studied the wet-
ted fraction () within a grid area due to precipita-
tior, and demonstrated that about 60% of the storm
area is covered by precipitation, while for a gencral-
cireulation-model (GCM) grid, about half of the grid
area is wetted by typical storms. Besides, among stud-
ies of precipitation amount within a grid area, War-
rilow et al. (1986) assumod an exponential distribu-
tion to represent the precipitation heterogeneity, which
was followed by many others {e.g., Entekhabi and Ea-
gleson, 1989; Zhang and Ding, 1998}, while Gao and
Sorooshian (1994) found that the log-normal distribu-
tion is more consistent with the observations in some
cases.

With regard to infiltration capacity, some formulae
{e.g., Horton’s and Phillip’s formulae) are representa-
tive. However, these formulae often ignore the infil-
tration heterogeneity and are generally applied to very
uniform soil. The Xinanjiang Model (Zhao, 1984) con-
siders the heterogeneity in infiltration capacity mainly
due to soil texture, and the parameterization scheme
is also applied in other investigations (Francini and
Pacciani, 1991: Wood et al., 1992; Stamm and Wood,
1994; Liang et al., 1996), among which the Variable
Infiltration Capacity (VIC) model originally devel-
oped in the Geophysical Fluid Dynamics Laboratory
{GFDL} was applied to the coupling with low-spatial
resolution GCMs without considering the influences of
the biosphere.

In this paper, a hydrological model is developed
based on consideration of the heterogeneities in the
hydrological processes. The model is then coupled
to the regional climate model RegCM2 (Giorgi et al.,
1993a, b) so as to improve the ability to simulate the
regional hydro-climatology at relatively small spatial
scales and to analyze the sensitivities of the model to
the hydrological-process heterogeneities.

2. Brief description of the model

2.1 An off-line hydrological model

A hydrological modet VXM (a combination of the
VIC and Xinanjiang Models) is developed, which com-
bines the parameterization of the VIC model to that of

P—W,.+ Wy,

Qz= P—W.+ W, +W. [1-

Following Stamm and Wood (1994}, the evapotran-
spiration in VXM is

E=E, {1 - (1 - %)1/3,] ; (8)
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the Xinanjiang Model. It is an off-line, one soil-layer
model considering two water sources (surface runoff
and ground runoff} with two case treatments (homo-
geneous and heterogeneous) for precipitation.
2.1.1 Homogeneous precipitation case

VXM considers the heterogeneity in infiltration ca-
pacity (defined as the maximum depth of the water
that the soil column can retain), and therefore the
heterogeneities in runoff and evapotranspiration are
induced. The infiltration heterogeneity can be induced
by many factors such as the heterogeneities in soil
properties, topography, and vegetation over a given
area (e.g., a grid area). Therefore over a given area,
the heterogeneity in the infiltration capacity ¢ can be
represcnted by Stamm and Wood (1994):

i=im [1—(1 —A)”BJ, (1)

where A is the ratio of the area with the infiltration ca-
pacity lower than ¢ to the entire area (0 < A < 1), i
is the maximum infiltration capacity within the entire
area, and B denotes the shape parameter of the in-
filtration curve (Fig. 1). Thus, given an initial value
(or a value prior to a time step) i=ip, Qq4, the sur-
face runoff corresponding to P, a precipitation amount
within a time step over the area, can be written as

io+F
Q= AW @
io
In fact, Qg is the proportion of the precipitation
amount, P that precipitates to the saturated area A,
and therefore the infiltration amount is P—(a. Then,
the maximum soil water storage W, and the initial soil
water storage Wy can be derived from

W, = m (3)

Wo =W, [1 - (’—‘“Z—;’-‘!) BH] . (4)

Thus, if the values of the parameters B and W, are
given, and initially i=4), and the precipitation amount
is P within a time step, then the surface runoff within
a time step, (g, is

and

if ig+FP2im

5
if Z'0+P<’im. ()

where E; is the maximum evapotranspiration within
a time step, and B, is a characteristic parameter for
evapotranspiration. As for the base flow in the one-
layer model, the linear reservoir is applied {Stamm
and Wood, 1994):
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Qp = kWi, (m
where D € ky < 1.

The above equations should be modified for the im-
permesable fraction inthe basin, If only precipitation
and evapotranspiration are considered over the frac-
tion f;, which denotes the ratio of the impermeable
area to the entire area of the basin, then the precipi-
tation is P x {1 — fi). With a time step of 2005, the
evapotranspiration e; {in mm) is calculated by

ei = min [max (4 x 1074, 008£P) . fiB] . (8)
Therefore, the total evapotranspiration is

\/Be
E'=61+EP1—(1—E9) ](l~f,-). ()

W,

In addition, W, is not modified here because the same
infiltration/runcff-generation curve (Fig. 1) is also as-
sumed io be satisfied over {1 — f), the permeable frac-
tion, which is different from Zhao (1984). That is to
say, the same equation for the infiltration heterogene-
ity is considered, and other quantities can be obtained
via the same method as the case of treating the whole
basin as a permeable area, except that some quantities
such as ig and W, are considered over the permeable
fraction only.

Thus, B, W, B, ky, and f; are the major parame-
ters of the model. Given the values of these parameters
and some parameters that are related to the time step
(e.g., %o, Fp, and P}, the quantities of interest, such as
the surface runoff 4 and soil water storage Wy, can
be computed.

2.1.2 Heterogeneous precipitation case
As for the treatment of heterogensous precipita-

[P (z) — Wo + Wyldz,
dQq =

. P 1+B
Pu(z) — W + Wo + We (1 - “ij——) d,
m

ZENG XINMIN, ZHAO MING, U BINGKAI ET AL, 229

tion, the large-scale precipitation is assumed to be uni-
formly distributed, while only cumulus convective pre-
cipitation is treated as a heterogeneous distribution.
The reason for this is that precipitation heterogeneity
is mainly caused by cumulus convection.

The cumulus convective heterogeneous precipita-
tion case in VXM is analogous to the homogeneous
precipitation case, where the only difference is that
now the equations include precipitation heterogeneity.
Similar to Warrilow et el. (1986), the precipitation
heterogeneity is assumed via an exponential distribu-
tion over the precipitating area (represented by a nor-
malized fraction) for the precipitation intensity. A rel-
atively small time step, i.e., about 3 minutes, is taken
here, hence it is natural to assume the precipitation
intensity is exponentially distributed within the time
interval according to

f(Pe)= }%eﬁp ('%) ;
where f(P;) is the probability density function of
Py» 4o is the ratio of the area receiving the cumulus
convective precipitation amount P, to the entire area
of the grid. Setting x in the range of ¢ to be the ratio
of the area with a precipitation amount larger than
Pi to the entire precipitating ares within a time step,
then

Py
z = 1—/0 S(Pe}dPy

=exp (—”;,Z"). (11)

Similar to the case of homogeneous precipitation, the
differential coefficient of surface runoff within the time
step is

(10)

0<z <1,

i0+Pc2im

i+ Pe <im. (12)

If the areal fraction o satisfies 15+ Pk (@) = i, respectively integrating the above equation over the two intervals
and summing them yields the surface runoff induced by convective precipitation within a time step

1 P 1+
Qd = Pc - p(Wc — Wg) + MWC/ [1 — iy — —ilnw/im} drx.

as is similar to Liang et al. (1996).

The value of the abave integral equation is not dif-
ficult to solve via a numerical method (Liang et al.,
1996). Computing other quantities for the heteroge-
neous precipitation case (e.g., Wy and E) are analogous
to the homogeneous precipitation case.

It should be noted that in this case, the total sur-
face runoff within & time step is made up of two surface

B
(13)

runoffs, namely the one induced by cumulus convec-
tion from (13), and the other caused by large-scale
precipitation from (5).

For each characteristic parameter of VXM, some
tests are designed (not shown) which show that the
model i8 quite (or very) sensitive to the parameters,
ie., ’Cb, K, fi, WQ, and Wc.
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2.2 Coupling the hydrological modelio a ve-
gional climate model

One of the most repregsentative regional climate
models is RegCM2 (Giorgi et al., 1993a, b) devel-
oped by the National Center for Atmospheric Research
(NCAR), which employs the land surface scheme
BATS (the Biosphere/Atmosphere Transfer Scheme,
Dickinson et al., 1993). There is no description for the
hydrological heterogeneity in BATS. Farthermore, the
surface runoff rate in BATS, R., is assumed to be a
simple function of the relasive saturation of soil watcr
in the surface layer and rooting zone, and it is after
the computation of R that the infiltration rate is cal-
culated. In terms of the physical process, it is the wa-
ter (from precipitation or melting snow) that cannot
infiltrate into the soil that forms surface runoff. Ap-
parently, the surface treatment is very empirical and
not physically based. To make the hydrological pro-
cesses more physically based and to improve the de-
scription of the hydrological processes at the regional
scale. enhancing the ability simulating or forecasting
the regional hydre-climatotogy, VXM is slightly mod-
ified and then incorporated into RegCM2. Because
the treatment of runoff is the key to the hydrologi-
cal models (Zhao, 1984}, VXM Iis not used to replace
the original version of BATS, which is employed in

Table 1. Parameter values prescribed in the experiments
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RegCM2, but modified when it is incorporated (i.e.,
computationally, the only effect of VXM is its substi-
tution for surface runcff in BATS when it is incorpo-
rated, while the computations of momentum and sen-
sible and latent heat fluxes remain the same as in the
original BATS scheme). Therefore, the incorporated
modified VXM as well as the original componenis of
soil moisture movement and vegetative transpiration
in BATS form an integrated two-way coupled hydro-
logical model, and the soil-vegetation-atmosphere in-
teractions are thus included in the model.

According to the choices of the VXM parameter
values and the setting of the BATS parameters, the
water storage W, varies between 120 and 160 mm,
with higher values in northerz China and lower val-
ues in southern China for the grid areas. Additionally,
the initial value Wy corresponds to the initialization
scheme in BATS.

3. Modeling experiment

3.1 Ezperimental design

The model domain is centered at (117.00°E,
35.20°N), with a horizontal resolution of 60 km x60
km, a horizontal grid mesh of 41x40, and an area
range within 24.7° — 45.7°N and 100.88° - 33.12° &

EXPl EXP2 [EXP3 EXP4 EXP5 EXP6 EXP7 EXPR EXPY EXPi¢ EXP1l EXPI2
and and and and and and and and and and and and
EXP13 EXP14 EXPI5 EXPI6 EXP17T EXPIR EXP1g EXP2 EXP21 EXP22 EXP23 EXPM
“ — 0.4 0.6 0.8 1.0 — 0.6 1.0 — 0.6
B — 0.3 03 0.3 0.3 0.3 0.3 0.3 0.3 .15 0.5 0.3
fi - 0. 0. 0. 0. (i} 0. 0. 0. c. 0. 0.15
kp —  5x107% 5x107% 5x10°% 5x107% 5x1075 104 10-4 10— 1071 10 5x10-%

+

Table 1 lists some values of the parameters of the
coupled model, where p denotes the fraction of the
area of the cumulus convective precipitation relative
to the grid area, and the large-scale precipitation is
assumed homogeneous. According to the values and
the scheme described above, the first, group of experi-
ments (EXP1-EXP12) are simulations using the 1991
warm season (May, June, and July} station observa-
tions as the initial and boundary conditions. Corre-
spondingly, the second group of experiments (EXP13-
EXP24) apply the 1998 warm season (May, June,
and July} NCEP/NCAR reanalysis data as the ini-
tial and boundary conditions. Among the experi-

ments, EXP1 and EXP13 employ the original version
RegCM2, while the regional climate model, which in-
cludes the above hydrological model considering the
heterogeneities and is two-way coupled, is applied for
the other experiments. Note that in each experiment
of the same group, the initial and beundary condi-
tions as well as the options of the model physics are
the same.

3.2 Preliminary analysis of the simulations

The experiments with &y = 5 x 1075 (i.e.,, EXP1-
EXP6 and EXP13-EXP18) are mainly discussed, in
which EXP1 and EXP13 do not consider heterogene-
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ity and are performed with the original model, EXP2
and EXP14 do not consider the precipitation hetero-
geneity, and the other four in each group consider the
precipitation and infiltration heterogeneities with the
precipitation coverage increasing gradually. In addi-
tion, EXP4 and EXPL6 are taken as the control ex-
periments for each group respectively.

Figure 2 compares the simulated precipitation field
with the observed one. It is shown that after the
inclusion of the precipitation and infiliration het-
erogeneities, the coupled model can successfully re-
produce the typical Meiyu rainbelt occurring in the
Changjiang-Huathe Valley (denoted as the JHR re-
gion). It should be noted that there is a so-called
“pumerical point storm” (Giorgi, 1991; Liu and Avis-
sar, 1996) over the sea surface around (127°E, 32°N),
whose formation may be related to the parameteri-
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Fig. 1. Schematic of runoff-infiltration relationships for
VXM (the permeable-area case).

zation scheme for precipitation. Besides, due to the
same lateral-boundary forcings, the simulated stream
flow and temperature fields are also consistent with
the observed ones (not shown).

Table 2. Simulated characteristic quantities for the JHR, region (around the Changjiang-Huaihe River Valley), in which
P, Rm, Pa, and 75 represent the maximum 3-month accumulated precipitation, maximum 3-month aceumulated surface
runoff, areally-averaged 3-month-mean precipitation and the ratio of the areally-averaged 3-month-mean surface runoff

to the corresponding precipitation, respectively

EXPt EXP2 EXP3 EXP4 EXPS EXPB EXPT EXPS EXP9 EXPL0 EXP11  EXPI2
(EXP13) (EXP14) (ExP15) (EXP16) (EXP17) (EXP18) (EXP1®) (EXP20) (EXP2l) (EXP22) (EXP23) (EXP24)
Py, (mm) 1439 1523 1625 1566 1352 1683 1544 1383 1375 1575 1637 1504
(1376)  (1361)  (1374)  (1414)  (1396) (1418}  (1366)  (1338)  (1402)  (1419) {1371}  (1398)
Ry, (mm) 691 1188 1158 1243 1067 1419 1210 1017 1044 1232 1298 1327
{528) (1057} (933) (1083) (1095) (1118)  (1004) (967) (1081) (1063) (1014) (1106)
P, (mm) 538 540 550 524 532 545 534 545 538 548 532 524
(663) {655} (665) (663) (665) (657) (661) (668) (662) (664) (667) (671)
ro (%) 28.0 5.2 40.6 49.2 51.8 51.6 45.0 45.4 46.6 44.4 46.8 55.4
(311} (55.6) (48.1) {54.5) {58.1) (56.9) (50.7) {50.9) (52.0) (49.7) (51.8) 161.2)

Shown in the 3-month-accumulated precipitation,
the differences in the spatial distribution of precipita-
tion may be quite large (e.g., Py in Table 2) for the
same group of experiments, but the regional averages
display little difference (e.g., P, in Table 2). This is
because the model solution for the interior of the do-
main iz basically determined by the dynamical equilib-
rium of the lateral boundaries and the model physics
(Giorgi and Mearns, 1999), and among the factors in
the equilibrium, land surface heterogeneity is less im-
portant in affecting the atmospheric variables. Due to
the heterogeneity effects, the variancs of precipitation
may be quite large at relatively small time-space scales
(e.g., al the pentad scale over a small region), while at
a larger time-space scale (e.g., over the model domain
at the seasonal scale}, the variation of precipitation

may be quite small due to the same lateral-boundary
forcings and model physics.

The difference between EXP1 and EXP2 (EXP13
and EXP14) only lies in that EXP2 (EXP14) consid-
ers the infiltration heterogeneity, and the differences
among EXP2-EXP6 (EXP14-EXP18) lies in whether
the precipitation heterogeneity is considered or the ex-
tent of the heterogeneity. From r, in Table 2, the dif-
ference between EXP1 and EXP2 is the largest com-
pared with the difference between EXP2 and cune of
EXP3-EXP6. Therefore, the effects of the incorpora-
tion of the infiltration heterogeneity into RegCM?2 are
larger than those of the precipitation heterogeneity.
This is because the differences in regional-average pre-
cipitation among the different experitments are small,
vet the change in the nature of infiltration can pro-
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nouncedly alter the land surface hydro-climatology.
Similarly, from the comparisons of other quantities
such as surface flices (Table 3) and surface temper-
ature (Fig. 3), the largest differences are betwcen the
experiment with the inclusion of the infiltration het-
erogeneity and that without the inclusiow,

From the differences between the results of EXP13
and those of EXP14, the effects of the infiltration
heterogeneity only can be seen. The 3-month-mean
850 hPa temperatures in EXP13 are 0.3°C lower than
those in EXP14 over the greater part of the JHR re-
gion, and the surface temperatures in EXP13 are 0.4-
L.7°C lower than those in EXP14 (Fig. 3). All of this

45N [
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shows that the infiltration greatly influences the air
and soil temperatures, and that the land surface and
low-level-air temperatures are increased after the mere
infiltration heterogeneity is taken into account in the
model. This effect is due to the increase of runoff (i.
e., the increase of r,) and the decrease of infiltration,
therefore the soil moisture and the soil heat storage are
decreased, which causes the soil surface temperature
to rise and further leads to higher surface temperature
in EXP14 compared with EXP13. Similar results can
be seen from the simulations of EXP1 and EXP2 (not
shown).

It can be seen that the simulated results are also

45N] - ..
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i
120E
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Fig. 2. 3-month accumulated precipitation of EXP4 and the correspending observations (a)
observed; (b) simulated. (units: mm; area within the rectangle of panel (a) denotes the JHR

region).
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Fig. 3. 3-month-mean surface temperature differences simulated after the infiltration heterogensity
is included (a) difference between EXP14 and EXP13 with a contour interval of 0.4 °C; (b) difference

hetween EXP14 and EXP16 with an interval of 0.2°C
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Table 3. Simulated differences in areally-averaged 3-month-mean fluxes for the JHR region. {SHF: sensible heat flux;

LHF: latent heat flux; units: W m™%)

" land surface fluxes EXP2-EXP1 EXP2-EXP3 EXP2-EXP4 EXP2-EXP5 EXP2-EXP6
(EXP14-EXP13) (EXPI4-EXP15) (EXP14-EXP16) (EXP14-EXP17) (EXP14-EXP18)
SHF(W m~?) 85 38 -2.5 14 20
(6.1} (3.9) (-1.2) (1.3) (-0.4)
LHF(W m—Z)] -13.1 0.6 3.2 -3.7 2.4
(-7.2) {-3.2) (1.3) (-2.3) (0.6)

sensitive to the precipitation heterogeneity. Shown
from the maximum pentad surface runoff in Table 4,
the differences between EXP5 and EXP2 are very large
in the 4th and 5th pentads. Thus, due to the differ-
ent extent of precipitation heterogeneity, the hydro-
logical processes at the pentad scale may display large
differences, and the distributions of the regional pre-
cipitation may differ greatly as well. In addition, the
differences in the exteul of precipitation heterogeneity
can also affect other characteristic quantities via the
interactions between the hydrological and the atmo-
spheric processes (not shown).

Listed in Table 2, the values of 7y, the ratio of the
regional average of the 3-month-accumulated surface
runoff to that of the corresponding precipitation, are
28.0% in EXP1 and 31.1% EXP13, and are larger than
40% in other experiments {e.g., 49.2% and 54.5% in the
control experiments EXP4 and EXP16, respectively).
The result that the inclusion of infiitration hetero-
geneity leads to the increase in the runoff is in good
agreement with the observed climate, e.g., the ratios
of runoff to precipitation in May, June, and July are
larger than 40% in the Wuhan station of Central China
(Fig.4}, which is consistent with the simulated result
with the infiltration heterogeneity included. Moreover,
considering that extremely severe floods occurred in
the Yangtze River Valley in the years 1991 and 1998,
the runoff ratios are also in agreement with the facts.
Liu et al. {1994) simulated the regional climate of
June, July, and August in China with the original
version RegCM2, showing that the 3-month surface
runoff is very close to 20% in Central China where
the JHR region is located. Since the year 1991 is nor-
mal in terms of climate, while the climates in 1981 and
1998 have wet biases compared with the multi-year cli-
mate, the result in Liu et al.(1994) is quite consistent
with the results of EXP1 and EXP13. Therefore, the
original version RegCM2 underestimates the runoff in
southern China, while the simulations of the modified
version are relatively close to observations.

Table 4. Simulated maximum pentad surface runoff
ratio for the JHR region (units: mm)

Pentad EXP1 EXP2 EXP3 EXP4 EXPH EXP6

1 11.5 12.0 13.1 15.5 13.2 14.3
2 247 242 213 244 237 270
3 84 8.5 9.3 9.7 102 106
4 57.4 106.7 87.9 366 419 671
5 141.0  243.4 222.0 2125 4173 23046
6 729 1125 953 1143 1001 821
7 80.3 1343 99.1 1212 932 1752
8 129.4 166.6 161.7 1859 180.8 1874
9 236.4 4327 305.2 389.8 4031 4218
10 ™4 1350 1019 1738 1729 2051
11 27.5 779 502 427 783 565
12 59.4 2210 163.0 2355 217.2 2387
13 3157 453.3 490.7 5528 4858 518.1
14 2508 3625 4281 400.1 396.3 4066
15 306.2 311.3 2814 240.7 318.6 3490
16 2277 3843 3332 3671 380.7 4ild4
17 723 1137 786 695  90.1 103.8
18 1478 3043 2865 2408 241.8 366.3

The other experiments also demonstrate that the
model is sensitive to the parameters (not shown), e.g.,
B and W;. Here the experimental results for f;, the im-
permeable fraction only, are given. Since the climate
over the semi-arid regions is often dry with hardened
soils, the parameter f; is necessary o describe the re-
gions (Zhao, 1984). The condisions for the sensitivity
experiments EXP4 and EXP12 are the same except
that the values of f; are taken to be (. and 0.15,
respectively. Shown in Table 2, the runoff ratios in
EXPI12 and EXP24 are the largest in the experiments
given, due to f; >0 in the two experiments. Thus,
the increase of the impermeable fraction leads to the
increase of runoff (Fig. 5a), then to the decrease of
soil moisture, and therefore to the rise of the surface
temperature (Fig. 5b). Displayed by the magnitude
of the rise of the surface temperature (Fig. 5b}, the
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Fig. 4. Observed anhual-mean surface moisture balance components in

Wuhan (units: mm).
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Fig. 5. The difference in simulated results between EXP4 and EXP12, (a) the difference in 3-
month-accumulated surface runoff (contour interval: 10 cm), (b} the difference in 3-month-mean

surface temperature (contour interval: 0.5°C).

mode] is quite sensitive to the parameter fi. The fea-
ture that the soil moisture is decreased along with the
rise of temperature is consistent with the trend of arid-
ification, which further confirms the need to include
the parameter f; for the semi-arid regions via coupled-
model simulations.

4. Conclusions

In this paper, a hydrological model that consid-
ers the precipitation gnd infiliration heterogeneities is
developed and then incorporated into the regional cli-
mate model RegCM2. The observational data for the

1991 warm season and the NCEP/NCAR reanalysis
data for the 1998 warm season are used as the ini-
tial and boundary conditions in the 24 coupled-model
simulations.

Results show that the hydrological processes are
sensitive to the precipitation and infiltration hetero-
geneities, i.e., quite large changes in the simulations
for soil moisture, soil temperature, and runofl may be
induced due to the inclusion of the two heterogeneities.
Due to the fact that the change in precipitation over
monthly and seasonal scales is small, the distribution
of infiltration is changed, which affects the distribu-
tions of runoff and the soil moisture and further in-
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duces change in the surface temperature after different
exlents of the sub-grid precipitation and infiltration
heterogeneities are accounted for.

The simulations for the hydrological processes are
improved after the infiltration heterogeneity is consid-
ered, ie., the runoff ratio is greatly enhanced com-
pared to the original model. This is consistent with
the reality of the moisture balance in the humid re-
gions and is necessary for the medel in evaluating the
variations of the future regional climate and water re-
sources. Due to the small changes in precipitation over
monthly to seasonal scales, the increase of runoff leads
to a decrease in soil moisture and heat storage, and
further induces a rise in simulated surface tempera-
ture with the infiltration heterogeneity included. In
addition, the impacts of the precipitation heterogene-
ity on the hydrological processes over the peutad scale
are very large, and the effects of including the infiltra-
tion heterogeneity in the model on the regional hydro-
climatology are greater than those of the precipitation
heterogeneity in this study.

With the inclusion of the impermeable fraction in
the model, the simulated results show an increase in
the soil moisture and in the surlace temperature, which
is consistent with the aridification trend over northern
China. This also confirms the need to consider the
impermeable arcas in the model for the semi-hurnid
regious.

It should be noted that because only iwo sets of
data were applied in the 24 coupled-model simulations
and the analysis of each experiment covers the whole
simulatation period, the results discussed include some
information about the initial conditions, which does
not fully show the effects of the model physics and
may also decrease the sensitivity of the regional cli-
mate model to the incorporation of the hydrological
maodel. The limitation induced by using the same ini-
tial conditions should be considered in the follow-up
studies.

Acknowledgments. This work was jointly sup-
ported by the National Natural Science Foundation of
China under Grant No. 40205012, and 40201048, the
Chinese NKBRSF Project (1999043400 and the Foun-
dation of the China Ministry of Education (Grant No.
20010284027). The computation of this work was imple-
mented on the SGI computer of Nanjing University.

REFERENCES

Dickinson, R. E., A. Henderson-Sellers, P. J. Kennedy,
and M. F. Wilson, 1093: Biosphere/Atmosphere
Transfer Scheme (BATS) Version le as Coupled to
the NCAR Community Climate Model, NCAR Tech.
Note TN-3874-8TR, National Center for Atmospheric
Research, Boulder, CO.

ZENG XINMIN, ZHAO MING, SU BINGKAIL, ET AL. 233

Eagleson, P. 8., N. M. Fennessey, (). Wang, and L
Rodrigucz-Iturbe, 1987: Application of Poisson mod-
els to air mass thunderstorm rainfall. J. Geophys.
Res., 92, 9661-9678.

Entekhabi, J., and P. Eagleson, 1989: Land surface hy-
drology parameterization for the atmospheric general
meodels including subgrid-scale spatial variability. J.
Climate, 2, 816-831.

Famiglietti, J. 5., and E. F. Wood, 1994: Miiltiscale mod-
eling of spatially variable water and encrgy balance
processes. Water Resour. Res., 30, 3061-3078.

Francini, M., and M. Pacciani, 1991: Comparative analy-
sis of several conceptual rainfall-runoff models. J. Hy-
drol., 122, 161-219,

Gao, X., and S. Sorooshian, 1894: A stochastic precipita-
tion dis-aggregation scheme for GCM applications. J.
Climate, T, 238-247.

Giorgi, F., 1991: Sensitivity of simulated summertime pre-
cipitation over the western United States to differ-
ent physics parameterizations. Mon, Wea. Rev., 119,
2870-2888.

Giorgi, F., M. R. Marinueci, and G. T. Bates, 1993a:
Development. of a second generation regional cli-
mate model (RegCM2): Boundary layer and radiative
transfer processes. Mon. Wen. Rev., 121, 2794-2813.

Giorgi, F., M. R. Marinucci. G. DeCanio, and G. T. Bates,
1983b: Development of a second generation regional
climate model (RegCM2), Cumulus cloud and as-
similation of lateral boundary conditions. Mon. Wea.
Rew., 121, 2814 2832.

Giorgi, F., and L. O. Mearns, 1999: Introduction to spe-
cial section: Regional climate modeling revisited. J.
Geophys. Res., 104, 6335-6352.

Li, Q., 1998: Analysis and discussion related to the hy-
drological watershed models used in the First Hydro-
logical Forecasting Technology Competition of China.
Advances in Waler Science, 9, 187-195 (in Chinese).

Liang, X., D. P. Lettenmaier, and E. F. Wood, 1996: One-
dimensional statistical dynamic representation of sub-
grid spatial variability of precipitation in the two-layer
variable infiltration capacity model. J. Geaphys. Res.,
101, 21403-21422.

Liu, Y., F. Giorgi, and W. M., Washington, 1994: Simula-
tion of summer monsoon climate over East Asia with
an NCAR regional climate model. Mon. Wea. Rev.,
122, 2331-2348.

Liu, Y., and R. Avissar, 1996; Simulation with the regional
climate model RegCM2 of extremely anomalous pre-
cipitation during the 1991 east Asian flood: An eval-
uation study, J. Geophys. Res., 101, 26199-26215.

Peters-Lidard, C. D., M. 8. Zion, and E. F. Wood, 1997: A
soil-vegetation-atmosphere transfer scheme for model-
ing spatially variable water and energy balance pro-
cesses, J. Geophys. Res., 102, 4303-4324,

Stamm, J. F., and E. F. Wood, 1994: Sensitivity of a GCM
simulation of global climate to the representation of
land-surface hydrology. J. Climate, 7, 1218-1239.

Walko, R. L., L. E. Band, and J. Baren, T. G. F. Kittel,
R. Lammers, T. J. Lee, D. Ojima, R. A. Pielke
Sr., C. Taylor, C. Tague, C. J. Tremback, and P.
L. Vidale, 2000: Coupled atmosphere-biophysics-
hydrology models for environmental modeling. J.
Appi. Meieor., 89, 931-944.



236 ADVANCES IN ATMOSPHERIC SCIENCES VOL. 20

Warrilow, D.A., A. B. Sangster, and A. Slingo, 1986: Mod-  Zhang, J., and Y. Ding, 1998: An improved land-surface

eling land surface processes and their influence on Ex- procegses model and its simulation exper.ime“m: l?ar,‘f
ropean climate. Dyn. Clim. Tech. Note, 38, U. K. Me- I: Land-processes model (LPM-ZD) and its off-line
teor. OfF., Bracknell, Rerkshire, England, 92 pp. tests and performance analyses. Acta Meteorologica

. . Sinica, 56, 1-19. (in Chinese)
Wood, E. F., D. P. Lettenmaier, and V. G. Zartarian, 1992:  7haq R., 1984: Basin Hydrologic Models—The Shanbei

A land-surface hydrology parameterization with sub- Model and the Xinanjiong Model, The Electric-Power
grid variability for general circulation models. J. Geo- and Water-Conservancy Press, China, 180pp. {in Chi-
phys. Res., 97, 27172728, nese)

— MRS K SIFRIEE HEERUTR
WER OB OW OGS BEIT MEEE FLHE A

m R

EREIEIE F R B ERAEAK R TR TR B UK R SRR, 22 T — AR R BTN
HIASIER R SCRR!, I AR EBATS . M RS EHE Bt AR0T L85 ®:
Pt B 7R SRR Rk R A S R AF S S RO AR R BB AT TS, RA TR RY, X 5@
BOR ST MR RE— Bl ABAR S SR RIS AR R MK 0 SR R b Bk JE 38 a1 8 (b
RAGINER; S ATELAR B I5IB AR S REL 7+ P2 —]i.

KRR KA, T AR, KRS, RIMSE, RERE



