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ABSTRACT

A P — o regional climate model using a parameterization scheme to account for the thermal effects of
the sub-grid scale orography was used to simulate the three heavy rainfall events that occurred within the
Yangtze River Valley during the mei-yu period of 1991. The simulation results showed that by considering
the sub-grid scale topography scheme, one can significantly improve the performance of the model for
simulating the rainfall distribution and intensity during these three heavy rainfall events, most especially
the second and third. It was also discovered that the rainfall was mainly due to convective precipitation. The
comparison between experiments, either with and without the sub-grid scale topography scheme, showed
that the model using the scheme reproduced the convergence intensity and distribution at the 850 hPa level
and the ascending motion and moisture convergence center located at 500 hPa over the Yangtze River valley.
However, some deviations still exist in the simulation of the atmospheric moisture content, the convergence
distribution and the moisture transportation route, which mainly result in lower simulated precipitation
levels. Further analysis of the simulation results demonstrated that the sub-grid topography scheme modified
the distribution of the surface energy budget components, especially at the south and southwest edges of the
Tibetan Plateau, leading to the development and eastward propagation of the negative geopotential height
difference and positive temperature-lapse rate difference at 700 hPa, which possibly led to an improved
precipitation simulation over eastern China.
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land surface heterogeneities and incorporate them into
available climate models (Giorgi, 1997; Giorgi and
Avissar, 1997; Ghan et al., 2002; Seth et al., 1994;
Leung and Ghan, 1998). Under this background,

1. Introduction

The spatial heterogeneities of the land surface, such
as the surface topography, vegetation and soil cate-

gories, play a non-negligible role in regional climate
change. They can profoundly change the land-surface
energy budget and affect the exchanges of moisture
and other elements that occur between the soil and
atmosphere. This exchange is due to a series of non-
linear effects, that lead to the adjustment of the at-
mospheric circulation and finally result in the reallo-
cation of various atmospheric elements. As climate
models have developed, research investigating the im-
pact that heterogeneities in the land surface have upon
the atmosphere have become a hot topic in recent
years, with many studies being carried out in an ef-
fort to develop the parameterization scheme of the

*Corresponding author: ZHANG Yaocun, yczhang@nju.edu.cn

some biology-atmosphere-land schemes, such as the
Biosphere-Atmosphere Transfer Scheme (BATS) and
Community Land Model (CLM), were proposed and
then were proved to provide good performance in de-
picting the impacts of the land-surface soil and vegeta-
tion categories on the atmosphere. Nowadays, they are
widely used in climate models and further research is
ongoing to improve these schemes. At the same time,
as the model resolution has increased, people have be-
gan to realize that it was feasible and essential to con-
sider the impacts of the sub-grid scale topography on
the atmosphere in climate models.

Over the past two decades, some effective parame-
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terization schemes for depicting the dynamical effects
of the sub-grid scale topography, such as the envelope
orography or the orographic gravity-wave-drag param-
eterization scheme, have been proposed (Wallace et al.,
1983; Li and Zhu, 1990; Qian and Dong, 1995; Qian,
2000; Palmer et al., 1986). However, less attention has
been paid to the thermal effects of the sub-grid scale
orography and only a few studies have to date been
carried out (Weng et al., 1984; Fu, 1983; Li and Weng,
1987; Seth et al., 1994; Giorgi et al., 2003). Recently,
based on the studies mentioned above, Zhang et al.
(2006) and Zhu and Zhang (2005) have completed an
effective attempt at depicting the character of the to-
pography by using three major parameters, including
the terrain height, slope and orientation and also con-
sidered their thermal effects within parameterization
scheme. In their studies, this scheme was introduced
into the P — o regional climate model in an effort to
simulate the regional climate change and evaluate the
thermal impacts of the sub-grid scale orography on
the surface energy budget over East Asia, by comput-
ing the terrain slopes and orientations based on the
high-resolution topographic data. The numerical ex-
perimental results showed that this scheme could rea-
sonably depict the influence of the sub-grid scale orog-
raphy on the solar and infrared radiations, as well as
on the sensible and latent heat fluxes at the land sur-
face. However, the effect that this scheme has on a
specific rainfall event was still unknown.

In this paper, a regional climate model, using the
parameterization scheme accounting for the thermal
effects of the sub-grid scale orography was used to sim-
ulate the heavy rainfall events that occurred within
the Yangtze River valley during the mei-yu period of
1991. The model’s performance in simulating a spe-
cific heavy rainfall event was evaluated by analyzing
the impact that the sub-grid topography scheme had
upon the vertical motion, moisture condition and other
atmospheric conditions.

This paper is organized as follows: section 2 gives
a brief introduction to the model and the numerical
experimental strategy. The simulation results are pre-
sented in section 3. Finally, concluding remarks are
given in section 4.

2. Model description and experimental strat-
egy

2.1 Regional climate model description

The P — o regional climate model that was used
in this study was developed from a five-layer model
that was first designed by Kuo and Qian (1981, 1982).
The model involves nine vertical atmospheric layers.
The pressure coordinate was used above 400 hPa with
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four uniform layers. Below 400 hPa, ¢ and op co-
ordinates were used. Four o layers were uniformly
divided with Ao = 0.25, and only one layer was de-
fined in the op coordinate with a 50-hPa thickness. A
spherical grid system with a 1° x 1° horizontal resolu-
tion was adopted, covering the region within 0°-60°N,
70°-140°E, where the complex surface topography was
the dominant feature. The model includes a planetary
boundary-layer parameterization, Kuo-type cumulus-
convective parameterization scheme and a detailed at-
mospheric radiation process. There was also a two-
layer soil model over land (Qian, 1988). The first soil
layer represents the diurnal changes of the soil temper-
ature and moisture, while the second layer depicts the
annual changes. The soil temperature and moisture
were calculated in each layer based on the soil thermal-
conductive and the soil water-conservation equations.
The surface temperature, latent heat and sensible heat
fluxes could also be acquired. The time integration
scheme was a one-hour Euler backward difference that
was alternated with a five-hour central difference. The
integration time-step was three minutes. The model’s
detailed performance and description were previously
introduced by Qian (1985) and Wang and Qian (2001).

2.2  Sub-grid
scheme

orographic  parameterization

The parameterization scheme accounting for the
thermal effects of the sub-grid scale orography, which
was incorporated into the P—o regional climate model,
mainly included the impact that the sub-grid scale
orography had on the surface solar and downward
long-wave radiative fluxes, as well as on the surface
sensible and latent heat fluxes. The terrain slope and
orientation data that was used in this scheme was
determined from the Earth Topography and Ocean
Bathymetry Database (ETOPO5) that was collected
with temporal resolution of 5 min. More details about
the scheme are described by Zhang et al. (2006) and
Zhu and Zhang (2005).

2.3 Numerical experiments

Two experiments were performed in this study:

(1) The control experiment (CTR): the sub-grid
orographic scheme was not introduced.

(2) The sensitivity experiment (NEW): the sub-
grid orographic scheme described above was included
in the model

Three heavy rainfall events occurred during the pe-
riod between 18 and 26 May, 2 and 19 June and 30
June to 12 July 1991, respectively. Two group exper-
iments were designed to start and continue on from
the beginning of each rainfall event until the end, in
an effort solely to simulate the three heavy rainfall
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Fig. 1. The precipitation distributions for the (a, b, c) first, (d, e, f) second and (g, h, i) third heavy rainfall
events in experimental observations (left), NEW (middle) and CTR (right), (units: mm).

events. The initial and lateral boundary conditions
were provided by National Centers for Environmen-
tal Prediction/National Center for Atmospheric Re-
search (NCEP/NCAR) reanalysis data at 6-hour in-
tervals, that included the wind, air temperature, spe-
cific humidity and geopotential height fields. The
weekly NCEP/NCAR reanalysis SST data was inter-
polated into the daily SST linearly and was taken as
the oceanic boundary forcing.

3. Analysis of the simulation results

3.1 Swmulation of the three heavy rainfall
events

The rainfall events that occurred over the Yangtze-
Huaihe River valley during the summer of 1991 have
been extensively addressed by Ding (1993). They are
unique in several aspects, such as the active mesoscale
activities, the heavy rainfall that covered a large area,
and the persistent heavy rainfall that was observed
throughout June and July (Wang et al., 2000). There

were three heavy rainfall events during that summer
monsoon season of 1991, the first event extending from
18 to 26 May, the second from 2 to 19 June and the
third from 30 June to 12 July. The associated atmo-
spheric conditions, including the vertical motion, mois-
ture condition, geopotential height and the tempera-
ture lapse rate in the simulation results, were investi-
gated thoroughly. The differences between the two ex-
periments, CTR and NEW | are then fully discussed in
this section, due to their demonstration of the impor-
tance that the sub-grid scale orography’s effects had
upon the model-simulated rainfall. The observed rain-
fall in this section was calculated using the daily data
that was provided by the World Meteorological Or-
ganization (WMO) surface networks, which has 714
stations in China.

3.1.1 The first rainfall event

The first heavy rain event occurred from 18 to 26
May 1991. The observations shown in Fig. la show
that two notable rainbelts were located in the Yangtze-
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Fig. 2. The (a, b) convective and (c, d) large-scale precipitation distributions of the second heavy
rainfall event in NEW (upper panels) and CTR (lower panels), (units: mm).

Huaihe River valley at the time. One rainband had
a rainfall center that extended from Jiangsu Province
into the northern region of the Jiangxi Province, which
are located in the lower reaches of the Yangtze River
valley, with a maximum precipitation of 180 mm being
observed. The other extended from Lianyungang into
Xuzhou, which is located in Jiangsu Province. The
simulations of the first rainfall event for both the NEW
and CTR schemes are presented as Figs. 1b and lc,
respectively. It was discovered that both experiments
failed to reproduce the rainbelt located in northern
Jiangsu Province and the rainfall center that was lo-
cated along the Yangtze River valley was not captured
very well. In both experiments, the rainfall centers
were located near 27°N; 118°E, which was a lower lat-
itude in comparison to the observations. The maxi-
mum precipitation for this rainfall center using NEW
was near 100 mm, which was much lower than the ob-
servations, but still slightly higher than that simulated
using CTR.

3.1.2 The second rainfall event

The second heavy rain event, which featured a con-
tinuous rainfall characteristic, extrended from 2 to 19
June. Fig. 1d gives the observed precipitation distri-
bution during this period. It was shown that there was
a heavy rainfall region located over Anhui, Jiangsu,

and the northern Zhejiang Province, with a maxi-
mum precipitation of 225 mm being observed. There
was also a 200 mm rainfall center located in south-
ern China. The corresponding simulation results are
shown in Figs. 1le and 1f, respectively, where it can be
seen that the CTR scheme failed to reproduce the rain-
fall center in the lower reaches of the Yangtze River
valley, while the simulation using the NEW scheme
agreed well with the observations shown in Fig. 1d,
although the location of the rainfall center was some-
what displaced in the lower latitudes. The simulated
maximum precipitation in the lower reaches of the
Yangtze River valley in NEW was 175 mm, which was
about 50 mm lower than the observation. Further-
more, NEW simulated the precipitation over the other
regions in China quite well.

3.1.3 The third rainfall event

After a short break during the middle of June, the
heavy precipitation resumed at the end of June and
continued into mid-July. Figure 1g shows the spatial
distribution of the third event rainfall during the pe-
riod between 30 June and 12 July. The observed pre-
cipitation along the entire Yangtze River valley during
this event enhanced dramatically compared with the
previous two events. The entire rainbelt, including a
rainfall center over the Anhui and Jiangsu Provinces,
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Fig. 3. The latitude-height distributions of the mean vertical velocities (units: 1072 m s~ ') averaged over
the region extending from 115°E to 120°E from the (a, b) first, (¢, d) second and (e, f) third heavy rainfall
events using NEW (upper panels) and CTR (lower panels) schemes.

was oriented from the northeast-southwest and almost
covered the entire middle and lower reaches of the
Yangtze River valley. The maximum precipitation for
this rainbelt exceeded 425 mm. Figs. 1h and 1i pro-
vides the simulated precipitation using the NEW and
CTR schemes. The rainbelt in the lower reaches of the
Yangtze River was weakened using the CTR schemes,
with a maximum precipitation of less than 100 mm,
and the west side of the rainbelt reached into Hubei
Province. A rainbelt clearly appeared in the same area
using the NEW scheme, but its west side extended into
southwestern China and the maximum precipitation of
the rainbelt along the Yangtze River valley was close
to 175 mm, which was weaker than the observation,
but still larger than the results from CTR. Though
the simulated rainbelt in NEW seemed to be broken,
due to the discontinuity of the 75 mm precipitation iso-
line, its spatial distribution and orientation were closer
to the observations than the results from using CTR.
When compared with CTR, it was also found that the
simulated precipitation over northeastern China and

other areas of China in NEW was improved to a cer-
tain extent.

To provide a more quantitative comparison as to
how much the simulated precipitation was improved,
the mean precipitation over eastern China (25°-35°N,
115°-122°E) in the three rainfall events were calcu-
lated and are listed in Table 1. It is noted that the
simulated rainfall in NEW were higher than those in
CTR and were closer to the observations. The above
analysis demonstrates that the model with the sub-
grid scale orographic scheme provides improved perfor-
mance in simulating the precipitation distributions of
these three heavy rainfall events, most especially in the
second and third processes. However, when compared
with the observations, there are still some deficiencies
in the simulation results from NEW. For example, the
precipitation in the lower reaches of the Yangtze River
valley was generally underestimated by the model and
the location of the rainfall center was typically had a
southward shift. Meanwhile, it was found that the
simulated precipitation over southern China during
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Table 1. The mean rainfall averaged over eastern China
for simulations using the NEW and CTR schemes in com-
parison to the observations. (units: mm).

NEW CTR Observations
The First heavy 19.9 12.9 64.1
rainfall event
The second heavy 141.0 85.1 149.6
rainfall event
The third heavy 103.8 37.1 177.2

rainfall event

the third rainfall event was stronger than the observa-
tions.

3.2 Swmulation of the vertical motion and
moisture conditions

Figure 2 shows the spatial distribution of the cumu-
lus convective and the large-scale precipitation from
the second heavy rainfall event. As shown in Fig.
2, the convective precipitation distribution and the
amount simulated in both experiments were quite sim-
ilar to the total observed precipitation, while the large-
scale precipitation amount was small. Due to the sim-
ilarity with the second event, the spatial distribution
of the convective and large-scale precipitations from
the first and third events are not shown in this paper.

It is evident in Fig. 2 that the rainfall was mainly
caused by cumulus-convective precipitation. There-
fore, it is necessary to investigate the reasons that re-
sult in the deficiencies of the convective-precipitation
simulation. Vertical motion and moisture conditions
are the key factors determining convective rainfall for-
mation. Thus, in the following sections, comparisons
of the two experiments with the NCEP /NCAR reanal-
ysis that were carried out for these two aspects in an
attempt to evaluate the simulation results and to find
out the reasons that cause the deviations in the sim-
ulated precipitation using the NEW scheme, are dis-
cussed.

3.2.1 Simulation of the vertical velocity and conver-
gence at 850 hPa

Figure 3 presents the height-latitude distributions
of the simulated vertical velocities that were averaged
from 115°E to 120°E. These cross-sections were taken
through the longitudinal belt where the distribution
and intensity of the precipitation, simulated in the
two experiments, had the most remarkable differences.
Therefore, the following discussions will concentrate
on this longitudinal zone.

The observed rainfall center of the first precipita-
tion event within this longitudinal zone was located at
about 30°N (Fig. la). Correspondingly, a strong as-
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cending motion and low-level convergence should have
accompanied the rainfall center. However, as shown
in Figs. 3a and 3b, the strong ascending motions that
were simulated in both experiments were located at
about 27°N, while the simulated vertical motions at
30°N were very weak, thus leading to the simulated
heavy precipitation over South China (Figs. 1b and
1c). Figs. 4a—c display the convergence distributions
of the areas where the convergence intensity was less
than —3 x 107% s~ at 850 hPa for the first heavy
rainfall event. It indicates that the simulated conver-
gence center using the NEW scheme was located at ap-
proximately 25°N and was a lower latitude when com-
pared with the NCEP/NCAR reanalysis data, quite
similar to the associated rainfall behavior also simu-
lated with this scheme. However, the CTR scheme
failed to reproduce this observation. In the first pre-
cipitation event, the stronger ascending velocity and
low-level convergence in NEW were strongly associ-
ated with the heavier rainfall center when compared
with those from CTR.

In the second precipitation event, the strong as-
cending motion simulated using the NEW scheme was
located in the area between 25°-29°N, corresponding
well with the location of the simulated rainfall center
(Fig. 3c). The related convergence area, with a central
intensity of —3 x 1076 s~! that is shown in Fig. 4e, was
wider than the one simulated using the CTR scheme.
Conversely, CTR generated a sinking motion between
25°N to 30°N, as shown in Fig. 3d. The rationality
and accuracy of NEW in simulating the latitudinal lo-
cations of the ascending motion and the distribution
of low-level convergence led to the reasonable simula-
tions of the location and intensity of the rainfall center
in the lower reaches of the Yangtze River valley that
were obtained, which were not reproduced well in CTR,
experiments.

Figures 3e and 3f provide the simulated distribu-
tions of the vertical velocity during the third rainfall
event using the NEW and CTR schemes, respectively.
The simulated ascending motions were located in the
longitude belt of 26°-35°N, with a strong ascending
motion appearing in NEW. The comparison between
these two experiments and the NCEP/NCAR reanal-
ysis of the spatial distribution of the convergence field
at 850 hPa, as shown in Figs. 4g—i, indicate that both
experiments were successful in simulating the conver-
gence zones that were located along the Yangtze River
valley and corresponded well with the simulated distri-
bution and orientation of the rainbelt, however, both
were discontinuous. Compared with CTR, the conver-
gence zone simulated in NEW was broader and more
continuous. This led to the formation of an obvious
rainbelt along the Yangtze River valley in NEW, which
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Fig. 4. The mean convergence (units: 10~° s™*) distribution at 850 hPa during the (a, b, c) first, (d, e, f) second
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shaded contours signify regions with convergences less than —3 x 107% s

was in good agreement with the observed precipita-
tion.

In general, the apparent improvements in simulat-
ing the location of the rainfall center, as shown in
the second precipitation event especially, was strongly
attributed to the improved simulation of the vertical
motion and convergence zone using the NEW scheme.
Compared with CTR, NEW reproduced the precipi-
tation patterns (orientation, magnitude and location)
much better for the second and third events, due to its
stronger ascending motion and broader convergence
areas. Furthermore, these results indicated that the
NEW scheme also provided an improved performance
in simulating the vertical motion field in comparison
to the CTR scheme. Obviously, there are also deficien-
cies in the simulated results in the NEW experiment.
The intensity of the convergence area at 850 hPa in the
lower reaches of the Yangtze River valley was weaker,
and its location and spatial distribution were different
from the NCEP/NCAR reanalysis data, thus yielding

-1

a slight mismatch between the simulated and observed
precipitation patterns.

3.2.2  Simulation of moisture distribution, transport
and convergence

Figure 5 shows the spatial distribution of the atmo-
spheric moisture at 500 hPa during the first heavy rain
event. It indicated that the observed moisture center
was located over the lower reaches of the Yangtze River
valley, while it was simulated, both with and without
the sub-grid scale topography scheme, to be located
over the Indo-China Peninsula. Futhermore, the sim-
ulated moisture at 500 hPa in the two simulation ex-
periments were larger than in the observations. It was
found that the values for the atmospheric moisture in
the NEW experiment were the largest. A similar situ-
ation appeared in the second and third heavy rainfall
events as well (not shown).

Figure 6 displays the transport and convergence of
the moisture during the three rainfall events. The
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shaded areas represent that the convergence inten-
sity was lower than —1.0 x 107® g s~! cm™2 hPa™!.
As shown in Figs. 6a—c, the moisture simulated over
the lower reaches of the Yangtze River in both ex-
periments were mainly from the South China Sea in
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the first precipitation event, which agreed well with
the NCEP/NCAR reanalysis data, however, the in-
tensity of the moisture transport was weaker than in
the NCEP/NCAR reanalysis data. The moisture con-
vergence center in the NCEP/NCAR reanalysis data
was located over the lower reaches of the Yangtze River
valley, while the simulated centers in both experiments
stayed further to the south, which was consistent with
the simulated position of the rainfall center. Relative
to CTR, the moisture convergence intensity in NEW
was closer to the NCEP/NCAR reanalysis data and
the distribution of the convergence area was broader,
leading to the improvements in the simulated precip-
itation using the NEW scheme. Compared with the
NCEP/NCAR reanalysis data, the intensity of the
moisture convergence field that was simulated using
NEW was subdued, which was conducive to the re-
duction in the rainfall amount.

In the second rainfall event, as shown in Figs. 6d,
e and f, both the simulated moistures over the lower
reaches of the Yangtze River valley came mainly from
the South China Sea and the Bay of Bengal, which
was quite similar to what was observed. The simu-
lated moisture transport from the Bay of Bengal using
CTR was weakened around the Tibetan Plateau, while
the transport simulated using NEW was more reason-
able. A moisture convergence center was located in
the lower reaches of the Yangtze River valley using
the NEW scheme, which was in good agreement with
the NCEP/NCAR reanalysis data. It was also found
that the CTR simulation also reproduced a moisture
convergence region in the lower reaches of the Yangtze
River valley, but its distribution was very narrow and
its intensity was very weak, which may be the rea-
son for the failure of CTR in reproducing the rainfall
center over this region.

As illustrated in Figs. 6g—i, it was noted that the
moisture located over the lower reaches of the Yangtze
River valley from the NCEP/NCAR reanalysis data
for the third precipitation event were mainly from the
South China Sea. Meanwhile, the moisture from the
Bay of Bengal was also important. The moisture sim-
ulated in CTR came mainly from the South China Sea
and the moisture transport from the Bay of Bengal was
very weak. However, the NEW scheme reproduced the
moisture transport intensity and route more effectively
than the CTR scheme. In both experiments, there are
moisture convergence zones located along the Yangtze
River valley, that corresponded to the location of the
simulated rainbelts quite well. With the broader areas
and the stronger intensity simulated using the NEW
scheme in comparison with the CTR scheme, NEW
simulated the spatial distribution of the moisture con-
vergence reasonably well. According to the discussion
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above, the improvement in the simulated precipitation
that was observed in the NEW experiment, was in part
due to the improved simulation of the moisture con-
vergence pattern.

From the analysis above, it was determined that
the simulated moisture transport and convergence
fields in NEW at 500 hPa, especially during the second
and third heavy precipitation events, were better than
those from the CTR experiment. The more accurate
and reasonable simulations of the moisture sources,
transport and convergence intensities obviously led to
the improved performance in the simulation of the pre-
cipitation using the NEW scheme in comparison with
CTR. However, there are still some discrepancies be-
tween the simulated moisture transport and conver-
gence intensity in NEW and the NCEP/NCAR reanal-

-1 cm72

ysis data. In addition, the moisture content at 500 hPa
in NEW was larger than the NCEP/NCAR reanalysis
data in each of the heavy precipitation events. The
above analysis indicates that the deviations in simula-
tions of moisture condition and vertical motion were
clearly related to the deviations in simulation of the
precipitation.

3.3 Simulations of surface radiation, geopo-
tential height and temperature lapse rate

Referring to the studies by Zhu and Zhang (2005)
and Zhang et al. (2006), we calculated the percent-
age of the mean surface solar and downward long-
wave radiation flux differences between the two ex-
periments with and without the sub-grid orographic
scheme. Here we only present the percentage distribu-
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Fig. 7. The percentage distributions of (a) the surface mean solar and (b) downward long-wave radiation
flux difference between the two experiments (NEW—CTR) in the second rainfall events.

tions for the second heavy rainfall event (Fig. 7). It
was noted that the prominent changes in the surface
solar radiation and long-wave radiation fluxes were
located around the complex topographical regions of
western China, especially towards the south and south-
west edges of the Tibetan Plateau during the second
rainfall event. The largest changes in the solar radia-
tion and long-wave radiation fluxes appeared around
the Tibetan Plateau. The sub-grid topography scheme
reduced the absorbed solar radiation and long-wave
fluxes at the earth’s surface on the southern side of the
Tibetan Plateau, with maximum reductions of 20%
and 10%, respectively. These reductions led to changes
in geopotential height field and atmospheric stratifica-
tion conditions.

Figure 8 shows the evolution of the differences in
the geopotential height and temperature lapse rate
at 700 hPa between NEW and CTR during the sec-
ond rainfall event, in the region from (25°N, 75°E) to
(30°N, 125°E). Compared with CTR, the geopotential
height at 700 hPa decreased in NEW, and the nega-
tive geopotential height difference at 700 hPa propa-
gated northeastwards into eastern China over the en-
tire event. In fact, the negative geopotential height
difference at 700 hPa represents the strengthening of
a low pressure system or the weakening of a high pres-
sure system in NEW. At the same time, the tem-
perature lapse rate at 700 hPa increased to the east
of 100°E in NEW, indicating that the atmosphere
was more unstable in NEW than in CTR. The tem-
perature lapse rate changes also showed an eastward
propagation feature, similar to the geopotential height
changes. The sub-grid orographic scheme modified the
surface energy budget, especially over the complicated
terrain areas located in western China (in Fig. 7),
leading to the development and eastward propagation
of the negative geopotential height differences and un-
stable conditions in the lower atmosphere, which are in

favor of the formation of convective precipitation. This
is one possible reason for the observed improvements
in the precipitation simulations of the lower reaches of
the Yangtze River valley using the NEW scheme.

4. Concluding remarks

In this study, a parameterization scheme used to
simulate the thermal effects of the sub-grid scale orog-
raphy, was incorporated into the P — o regional cli-
mate model that was developed in Nanjing Univer-
sity in an effort to simulate the three heavy rainfall
events that occurred along the Yangtze River valley
during the mei-yu period of 1991. The results of the
precipitation simulations and the deviations were an-
alyzed in this paper. The inclusion of the sub-grid
orographic scheme clearly improved the regional cli-
mate model’s performance in simulating the rainfall
amount and distribution over the lower reaches of the
Yangtze River valley. Comparison analysis, performed
on the aspects of the vertical motion and moisture con-
dition, respectively, showed that the incorporation of
the sub-grid orography also improved the performance
of P — ¢ model in simulating the location and inten-
sity of the ascending motion and convergence areas at
850 hPa and the moisture convergence areas at 500
hPa in the lower reaches of the Yangtze River valley.
These ameliorations were conducive to the improve-
ments observed in the simulation of the precipitation.
However, there were also some deviations in the simu-
lations of the vertical motion and moisture condition,
which were clearly related to the deviations in pre-
cipitation simulation. It was found that the sub-grid
orography scheme obviously modified the surface solar
and long-wave radiation fluxes. Analysis of the differ-
ences in the geopotential height and temperature lapse
rate at 700 hPa between the two experiments within
the region between (25°N, 75°E) to (30°N, 125°E) dur-



NO. 5 FENG AND ZHANG
wnie {(a) Jun18
Junié - v —af Jun16
Jun14 A AN Y unts
Jun12 4 :‘ i: E Jun12
Jun1o 1 Q iy Jun10
Jun08 - v , Jun08
wos 1 N Jog Jun06
woe {220 Jun04

BOE  90F 100E 110 120F 80E 90E 100E  110E  120E

Fig. 8. The longitudinal-time cross-section of the geopotential height difference (a, units in m), temper-
ature lapse rate (b, units in °C km™!') at 700 hPa along the line from (25°N, 75°E) to (30°N, 125°E)

891

between the NEW and CTR experiments during the second heavy rainfall event.

ing the second precipitation event, indicated that the
change in the surface energy flux around the Tibetan
Plateau, led to the development and eastward propa-
gation of the negative geopotential height differences
and the unstable conditions present in the lower atmo-
sphere. This was due to the inclusion of the sub-grid
orographic scheme. The sub-grid orographic thermal
parameterization scheme changed the surface energy
budget components and affected the precipitation sim-
ulation through the adjustment of the atmospheric cir-
culation. This is a possible reason why the inclusion
of the sub-grid orographic thermal parameterization
scheme led to the observed improvements in the pre-
cipitation simulation in the regional climate model.

In this paper, the sub-grid orographic scheme was
only introduced into the P — o regional climate model
in an effort to evaluate the impact on the simulation
of three heavy precipitation events that had occurred
within the middle and lower reaches of the Yangtze
River valley, implementation and verification of this
scheme in other regional climate models and improve-
ment and refinement to this scheme will be required
in the future.
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