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The effects of different RegCM4 land-surface schemes on Tibetan Plateau (TP) precipitation simulations were investigated. Two
groups of ten-year (1992–2001) simulation experiments (hereafter referred to as BATS and CLM) were performed based on two
land-surface schemes (BATS and CLM3.5, resp.) and were compared with observed data using the same domain, initial, and lateral
boundary conditions, cumulus convective scheme, and spatial resolution. The results showed that the CLMmonthly precipitation
more closely matched the observed data compared with BATS. BATS and CLM both overestimated summer precipitation in the
northern TP but underestimated summer precipitation in the southern TP. However, CLM, because of its detailed land-surface
process descriptions, reduced the overestimated precipitation areas and magnitudes of BATS. Compared to CN05, the regional
average summer precipitation in BATS and CLM was overestimated by 34.7% and underestimated by 24.7%, respectively. Higher
soil moisture, evapotranspiration, and heating effects in the BATS experiment triggered changes in atmospheric circulation patterns
over the TP. Moreover, BATS simulated the lower atmosphere as warmer and more humid and the upper atmosphere (∼150 hPa)
as colder than the CLM simulations; these characteristics likely increased the instability for moist convection and produced more
summer precipitation.

1. Introduction

The Tibetan Plateau (TP) has a profound influence on China
and global weather and climate through both dynamical
and thermal effects (e.g., [1, 2]), which generate the most
prominent monsoon circulations on Earth. The TP is usually
called the “water tower of Asia” because of its importance
in the hydrological cycle. Many Asian rivers originate from
the TP, including the largest rivers in the world, that is,
the Indus, the Ganga-Brahmaputra, the Yellow River, and
the Yangtze [3]. Precipitation is one of the most important
climatic elements; it not only affects people’s daily lives but
also relates to climate change. Global warming and variations
in precipitation characteristics have been urgent issues in
climatological and hydrological studies. However, precipita-
tion is still the most difficult climatic element to reasonably

forecast because it occurs as a result of nonlinear interactions
between complicated physical and dynamic processes [4, 5].

However, owing to the limited observational data and
unevenly distributedmeteorological stations on the TP, using
meteorological data to study the climate on the TP, especially
precipitation changes, is difficult. Therefore, high-resolution
regional climate models, which can describe climate varia-
tions due to mesoscale and smaller topography, underlying
surface characteristics, and other factors, have become a
valuable tool for understanding climate characteristics and
change and for elucidating the mechanisms involved (e.g.,
[6–11]). Regional climate models, which have high accuracy
and low uncertainty, are able to provide adequate simulations
and forecasts of climate change. To reduce the uncertainties
of model simulations, we need to understand the influences
of physical mechanisms and processes on climate change.
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Meanwhile, we must fully explore model sensitivities to
different physical parameterization schemes and seek an
appropriate parameterization scheme suitable for a particular
area [8].

Recent studies suggested that cumulus convective pre-
cipitation schemes significantly affect the simulation of pre-
cipitation (e.g., [5, 12–16]). Specifically, the configurations
and focuses of local convective precipitation processes differ
among the convective schemes. Moreover, the spatial res-
olution, topography, land use, and atmospheric boundary
conditions of the schemes can discernibly influence the
simulation of precipitation [4, 17–20]. Land-surface processes
physically influence climate change. The underlying land
conditions greatly affect the land surface energy and water
balances and thereby have a far-reaching effect on local,
regional, and even global atmospheric circulations and cli-
mate change. The “water gap” prevents climate simulation
capabilities in current climatemodels.This is precisely caused
by the lack of adequate awareness of the hydrological cycle.
The imperfect treatment of precipitation, evaporation, and
land-based hydrological processes in GCMs and inadequate
parameterization schemes for land-surface process affect the
simulation ability of modern GCMs and RCMs [21]. Sensi-
tivity tests of the influences of different land-surface schemes
on climate simulations have been conducted in areas outside
of the TP and have not thoroughly analyzed precipitation
simulations (e.g., [10, 21–24]). Therefore, a reasonable and
detailed land-surface process scheme is increasingly crucial
and necessary for climate simulations in the TP.

In this study, to investigate the effects of land-surface
schemes in regional climate models (RegCM4) on TP climate
simulations, two groups of ten-year (1992–2001) simulation
experiments were performed based on two available land-
surface schemes (BATS and CLM3.5). These experiments
were compared with observed data by using the same do-
main, initial and lateral atmospheric boundary data condi-
tions, and cumulus convective precipitation scheme, as well
as a 30 km spatial resolution. The objective of this study is to
determine an appropriate land-surface scheme for the TP and
to provide a basis for precipitation simulations in this region.

2. Model and Simulation Experiments

Regional Climate Model version 4 (RegCM4) is the devel-
oped and improved version of the RegCM3 of the Abdus
Salam International Center for Theoretical Physics. RegCM4
is a three-dimensional atmospheric model that uses a hydro-
static assumption, the Arakawa B horizontal grid system, and
terrain-following sigma coordinates. It includes turbulence
mixing, grid-scale and subgrid-scale cloud processes, radia-
tive transfer processes, and land-surface processes. Com-
pared to previous versions, many physical processes of the
RegCM4 have been continuously updated. For example, it
includes new land-surface, planetary boundary layer, and
air-sea flux schemes, a mixed convection and tropical band
configuration, and modifications to the preexisting radiative
transfer and boundary layer schemes [8]. Overall, RegCM4
shows an improved performance in several respects com-
pared to previous versions. The greatest change is that a

new and more advanced Community Land Model version
3.5 (CLM3.5) was coupled to the RegCM4. A Biosphere-
Atmosphere Transfer Scheme (BATS) was also added as an
alternative land surface scheme.

A brief comparison of the parameters and attributes of the
BATS and CLM3.5 land surface schemes is given in Table 1.
BATS has been described in detail by Dickinson et al. [25].
The scheme, which has been used for many years, includes
a vegetation layer, a snow layer, a force-restore model for
soil temperatures, and a 3-layer soil scheme. The land cover
descriptions from the GLCC database consist of 20 surface
types, 12 soil colors, and various soil textures, according to
the FAO Soil Map of the World [26]. A mosaic-type param-
eterization of the subgrid-scale topography and land use
was implemented. The parameterization used a regular fine-
scale surface subgrid for each coarse-model grid cell. This
scheme showed a remarkable improvement of the surface
hydrological cycle simulation in mountainous regions [18].

Compared to BATS, CLM3.5 is amore advanced package,
as described in detail by Oleson et al. [27, 28]. CLM3 uses
a succession of biogeophysical parameterizations to describe
the exchanges of energy, momentum, water, and carbon
between land and the atmosphere. CLM3 divides the grid
cells into a first subgrid hierarchy composed of multiple land
units (glaciers, wetlands, vegetation, lakes, and urban) and
second and third subgrid hierarchies for vegetated land units,
including different snow/soil columns and plant functional
types [27].The percentage of sand and clay varied with depth
based on the 5-minute resolution IGBP soil dataset to develop
a soil texture dataset [29]. Biogeophysical processes are calcu-
lated for each land unit, column, and PFT and then averaged
before returning to the atmospheric model. Soil temperature
and water content are calculated with a multiple layer model.
The soil column is discretized into ten layers, where the
minimum and maximum depths of the soil layer are 1.75 cm
and 3.43m, respectively.The overlying snow pack is modeled
with up to five layers, depending on the total snow depth.
CLM3.5 was updated from CLM3 by integrating Moderate
Resolution Imaging Spectroradiometer (MODIS) products
[30], improving the canopy integration and interception
schemes [30, 31], adding a simple TOPMODEL-based model
for surface and subsurface runoff [32], adding a new frozen
soil scheme [33], and adding a simple groundwater model for
determining the water table depth [34].

For RegCM4, we compiled the model with the two avail-
able land-surface schemes (BATS and CLM3.5). Six hourly
fields from ECMWF/ERA40 reanalysis data were selected
as the initial and lateral atmospheric boundary conditions
for the regional model in both two experiments. Figure
1 shows the RegCM4 simulation domain and topography
centered on 90∘E and 30∘N, with 160 × 108 grid mesh that
covers the TP and its surrounding areas. The horizontal
resolution is 30 km, and the vertical grids are composed of
23 sigma levels stretching from near the surface to the model
top (10 hPa). Sea-surface temperatures (SSTs) were acquired
from NOAA optimal interpolation weekly SST data (1∘ × 1∘
resolution). To maintain the model’s computational stability,
an integration time step of 60 seconds was used. The Grell
cumulus cloud convective parameterization schemewas used



Advances in Meteorology 3

Table 1: Comparisons of the BATS and CLM3.5 land-surface schemes in RegCM4.

BATS CLM3.5
Number of soil layers 3 10
Soil temperature calculation Force-restore method Heat diffusion equation
Soil freezing and thawing Yes A new frozen soil model (supercooled soil water)
Number of snow layers 1 5
Land use parameters 20 (GLCC) 5 landunits, 17 types (PFTs) represent vegetation
Surface datasets Leaf area index MODIS products
Soil texture FAO Soil Map of the World IGBP soil dataset
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Figure 1: Model domain and analysis region of this experiment
(unit: m).

Table 2: Model configuration used in this study.

Contents Description
Horizontal grid 160 × 108 (Δ𝑋 = 30 km)
Initial and boundary
conditions

ERA40, Relaxation
(exponential)

Vertical layers (top) 23 layers (10 hPa)
Cumulus convection Grell with Fritsch-Chappell
Turbulence Holtslag scheme
Shortwave/longwave radiation NCAR CCM3
Analysis period 1992–2001

with the FC80 closure assumption [35] because it is better
than Anther-Kuo when simulating the spatial pattern of
climate over the TP [14].TheHoltslag turbulence scheme [36]
was used in the NCAR Community Climate Model version 3
(CCM3) radiation scheme [37]. The model configuration is
summarized in Table 2.

In this study, the simulation periods of RegCM4 cou-
pled with BATS and CLM3.5 (BATS and CLM, resp.) were
November 1, 1991, to February 1, 2002, and November 1, 1989,
to February 1, 2002, respectively. The period from January 1,
1992, to December 31, 2001 (10 years), was considered in the
analysis (Table 2). The months before 1992 were discarded as
the initialization time. The 0.25∘ gridded daily observed pre-
cipitation (CN05.1) [38] (hereafter referred to as CN05)
was used for the evaluation of the simulation skills of
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Figure 2: Monthly variations in the observed and simulated
precipitation over the TP during 1992–2001.

BATS and CLM for precipitation. Monthly Tropical Rain-
fall MeasurementMission (TRMM) 3B42 V7 data with a spa-
tial resolution of 0.25∘×0.25∘ from 1998 to 2001 (4 years) were
also used for the model’s validation over the TP (ftp://disc2
.nascom.nasa.gov/data/TRMM/Gridded/3B43 V7/).

3. Results and Discussion

3.1. Monthly Precipitation Variation. Figure 2 shows the
monthly precipitation variations of the observed and simu-
lated results over the TP. It can be observed that both BATS
and CLM simulated the monthly variations of the precipi-
tation quite well, as indicated by the high correlation coef-
ficients (above 0.92; Table 3). However, compared with the
observed data, both CLM and BATS obviously overestimated
the annual precipitation. The CLM-simulated precipitation,
except for that in summer, was also higher than the observed
data. The BATS- and CLM-simulated annual precipitation
during 1992–2001 was 24.46mm higher and 1.55mm higher
than the CN05 data, respectively. Although the correlation
coefficients between the two model simulations and the
observed data were approximately equal, CLM prominently
reduced the bias and root mean square error (RMSE) when
compared with the CN05 data. It is suggested that the
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Table 3: Statistical values between the simulated and observed precipitation.

BATS CN05 CLM CN05 BATS TRMM CLM TRMM
Bias/mm 24.46 1.55 20.39 −3.41

RMSE/mm 29.98 15.37 24.05 15.6

Corr. 0.93 0.92 0.98 0.93
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Figure 3: Summer precipitation distribution over the TP based on (a) CN05, (c) BATS, (d) CLM, (e) BATSminus CN05, and (f) CLMminus
CN05 during 1992–2001 and (b) TRMM, (g) BATS minus TRMM, and (h) CLMminus TRMM during 1998–2001 (units: mm).

monthly precipitation using CLM was much more similar
to the observed data compared with using BATS. During
1998–2001, the simulated data and TRMM data results were
broadly consistent with those of CN05. However, the CLM-
simulated monthly precipitation was slightly lower than that
of the TRMM data. In addition, summer precipitation (June,
July, and August) accounted for approximately 58%–64% and
48%–53% of the annual total precipitation in the observed
and simulated results, respectively. Despite the low ratios in
the simulated results, in general, summer precipitation largely
contributed to the annual precipitation. Consequently, we
mainly focus on the simulated summer precipitation in the
TP in the following section.

3.2. Spatial Distribution of Summer Precipitation. The sum-
mer precipitation distributions simulated by the two models
and observed by the CN05 data are shown in Figure 3. Sum-
mer precipitation in the TP was plentiful because of sum-
mer monsoons. The summer rainbands were found in the
observed data, showing large amounts of precipitation in
the southern and eastern TP. The maximum precipitation
belt, with summer precipitation amounts over 500mm, was
observed in the southeastern TP.Theminimum precipitation
belt, with summer precipitation less than 100mm,was located
in the northern and western TP (Figure 3(a)). BATS and
CLM are able to represent the basic spatial distributions
of the summer precipitation (Figures 3(c) and 3(d)). Both
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Table 4: Statistical values between the simulated and observed
summer mean daily precipitation during 1992–2001.

BATS CN05 CLM CN05 BATS CLM
Bias/mm⋅day−1 0.95 −0.67 2.86
RMSE/mm⋅day−1 1.02 0.79 1.66
Corr. 0.77 0.63 0.82

models capturedmore subtle precipitation features compared
to the observed data, particularly in the western TP. However,
BATS overestimated the precipitation by 150mm, mainly in
the central-eastern and northern plateau and in the eastern
Himalayas; it underestimated the precipitation by 50mm
in the southwestern TP when compared to the CN05 data
(Figure 3(e)). CLM significantly reduced the wet biases but
enlarged the dry biases of BATS (Figure 3(f)). The pattern
of overestimated northern precipitation and underestimated
southern precipitation by the twomodels was consistent with
the simulation results of Wang et al. [11] using RegCM3 in
the TP. Larger deviations existed in the tall and large moun-
tains, such as the Kunlun andHimalayanmountains, possibly
because there are few observation stations over these regions;
that is, the observed data are not very reliable [38]. The TP
ten-year average summer precipitation of BATS was 87.4mm
(34.7%) higher, but CLM was 61.6mm (24.7%) lower than
that of the CN05 data (Table 4).

Further comparisons of the summer precipitation distri-
bution during 1998–2001 based on TRMM and the two mod-
els are shown in Figures 3(b), 3(g), and 3(h). The distribution
patterns of the difference between the two models and the
TRMM data were generally consistent with those of CN05.
The summer precipitation remained lower in the southern
TP and higher in the northern TP. Overall, the differences
betweenCLMand theTRMMdatawere smaller than those of
CLM and the CN05 data. There was little difference between
the two models in the Qaidam Basin and in the western
TP. However, BATS-simulated precipitation in other regions
was obviously higher than that of CLM (Figures 3(g) and
3(h)). This further illustrated that the capability of CLM in
simulating summer precipitation in the TP was improved to
some extent.

3.3. Interpretations of the Results. The improvement in the
RegCM4 experiment by using CLM is due to several changes
to the model, such as the vegetation types, vegetated cover,
soil types, and the formulation of the evaporation from soil
[28]. Figure 4 shows the difference distributions of the sum-
mer surface soil moisture, evapotranspiration, sensible heat
flux, and air temperature between BATS and CLM. Differ-
ences in the simulated precipitation tended to cause differ-
ences in the soil moisture [39]. The differences in the surface
soil moisture between the BATS and CLM experiments are
apparent in Figure 4(a). The positive/negative differences in
the simulated precipitation between BATS and CLM largely
corresponded to the positive/negative differences in the soil
moisture between BATS andCLM (see Figures 3 and 4(a)). In
most parts of the TP, the soils of BATSweremuch wetter than
those of CLM. Some studies suggest that CLMhas an eminent

dry bias compared with other land-surface models, partly
because it tends to simulate low contributions from transpira-
tion andhigh contributions from soil and canopy evaporation
to the mean global evapotranspiration [28, 39, 40]. Steiner
et al. [39] analyzed the effect of soil texture on soil moisture
and precipitation and concluded that although the soil texture
could trigger land-atmosphere coupling differences between
the two models, the physical parameterizations in CLM3
allow the soil moisture changes to interact effectively with the
atmosphere. The soil moisture-precipitation feedback is an
important element of Earth’s climate system (e.g., [41–43]).
Higher soil moisture can lead to higher evapotranspiration,
and the increased evapotranspiration adds more moisture to
the atmosphere, and the addedmoisture likely leads to higher
precipitation. The summer evapotranspiration simulated by
BATS was ∼20mm higher than that of CLM, except in the
Qaidam Basin and in the western TP (Figure 4(b)). The
overestimation of the precipitation in BATS was partly due
to the local increase in the evapotranspiration (Figures 3 and
4(b)).

The summer latent flux and evapotranspiration have
similar patterns and the same magnitudes (not shown). The
summer sensible heat flux simulated by BATS was smaller
than that of CLM at the edge of the TP (Figure 4(c)). In
the remaining areas, particularly in the southwestern TP, the
sensible heat flux from BATS was dramatically higher than
that from CLM. It can be observed that the atmospheric
heating effect (sensible heat flux + latent heat flux) simulated
by BATS was strong. A recent study indicated that there is a
close relationship between sensible heat flux in late spring and
early summer in the Central TP and the precipitation from
June to September in Central and Eastern Tibet. Specifically,
greater sensible heat flux in theCentral TPduringMay caused
stronger cyclonic flow and low vortices, resulting inmore pre-
cipitation during the summer monsoon over the eastern
plateau [44]. The difference distributions of the summer
air temperature and evapotranspiration have similar pat-
terns but opposite signs (Figure 4(d)). Specifically, the areas
with underestimated evapotranspiration corresponded to the
areas with overestimated temperature by BATS, such as the
Qaidam Basin and the Qangtang Plateau, and vice versa. The
TP average summer temperature of BATS was 0.53∘C lower
than that of CLM.Understanding themechanisms of precipi-
tation changes is fundamentally difficult because there are
complex relationships between evapotranspiration, moisture
flux convergence, and soil moisture. When precipitation
increases, soil moisture increases. As a result, evaporation
(surface latent heat flux) increases at the expense of the
surface sensible heat flux. Cooler near-surface air tempera-
tures are induced, and moisture is added to the atmosphere.
These processes alter the modes of the surface pressure and
wind fields and further change the moisture convergence and
precipitation.Moreover, these relationships vary spatially and
temporally, which increase the difficulties of analyses [22].

There are three water vapor channels for climatological
summer precipitation over the TP [45]. The first channel is
the Indian summermonsoon.The strong southwesterly water
flow combined with the Somali jet stream transports mois-
ture from the Arabian Sea and the Bay of Bengal to the
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Figure 4: (a)The summer surface soil moisture difference between the BATS and CLM experiments (units: kg ⋅m−2). (b)The same as (a) but
for evapotranspiration (ET) (units: mm). (c)The same as (a) but for sensible heat flux (SHF) (units: W ⋅m−2). (d)The same as (a) but for 2m
air temperature (units: ∘C) during 1992–2001.

southeastern TP. The second channel is the midlatitude
westerlies, which split into two branches in the summer near
the western TP. Water vapor carried by the southern branch
of the westerly flow moves southward and then turns to the
east at approximately 28∘N; it ultimately combines with the
southwesterlies over the Indian Ocean. The third channel
is water vapor transport from the northern boundary; the
contribution of this source is very weak and nearly negligible.
This third channel only has an impact on summer precipita-
tion over the northern TP. The distributions of the summer
wind field and air temperature at the 500 hPa and 200 hPa
levels from the ERA40 data and the two models are shown in
Figure 5.The ERA40 data showedmuch higher temperatures
at 500 hPa in the southern TP (Figure 5(A)), resulting in
a stronger Indian summer monsoon [45]. The locations of
the Indian low pressure simulated by BATS and CLM were
slightly different from those suggested by the ERA40 data.
BATS clearly simulated the TP thermal low and upper-level
warm high pressure (Figures 5(B) and 5(E)). These locations
also corresponded to low values of sensible heat flux and air
temperature when using CLM (Figure 4). The thermal low
can transport water vapor from the westerlies and the south-
westerlies into the southern TP and its surroundings, result-
ing in more BATS-simulated precipitation. However, the
strength and range of the thermal low of CLM were smaller

than those of BATS. These findings suggest that the con-
figuration of the thermal low pressure in relation to the
warm high pressure between the 500 and 200 hPa levels, as
generated by BATS, pulled in the surrounding water vapor
and caused strong convergence and convection due to its
unusually strong heating effect.

To determine the causes of the differences in RegCM4’s
skill in simulating precipitation when coupled with the two
land-surface schemes, differences in the profiles of wind
(𝑈, 𝑉), temperature (𝑇), vertical velocity (𝑊), geopotential
height (𝐻), mixing ratio (𝑄), and relative humidity (RH)
over the TP were analyzed (Figure 6). At various heights of
the troposphere, there were some differences in the zonal
and meridional winds between the two models. The zonal
wind simulated by CLM throughout the entire troposphere
was westerly, with an average wind speed of 3.18m/s. Thus,
the water vapor transported by the easterly wind from the
Pacific Ocean to the eastern TP became dry after passing
through mainland China. BATS simulated westerly wind
(0.97m/s) and strong easterly wind (5.89m/s) in the mid-
dle/lower and upper troposphere, respectively (Figure 6(a)).
Regarding the meridional wind, above 250 hPa, northerly
wind was simulated by the two models, especially by BATS.
However, southerly wind was simulated by the two mod-
els below 300 hPa. The wind in BATS was slightly strong
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Figure 5: The summer mean wind (units: m/s) and temperature (units: ∘C) distributions at 500 hPa (a) and 200 hPa (b) over the TP during
1992–2001. (A) and (D) represent ERA40; (B) and (E) represent BATS; and (C) and (F) represent CLM.

below 400 hPa (Figure 6(b)) and transported Indian Ocean
water vapor that directly contributed to more precipitation
in the southern TP (Figures 3(e) and 3(g)). The differ-
ences in the atmospheric temperatures at various heights,
as simulated by the two models, were not negligible. The
temperatures in the middle/lower troposphere were warmer
and those above 150 hPa were colder in BATS than in CLM
(Figure 6(c)). The results showed that BATS simulated the

atmosphere as unstable and prone to strong air convection
and ascending motion. The vertical velocities simulated by
the twomodels, particularly by BATS, were both negative and
were characterized by upward vertical motion (Figure 6(d)).
Accordingly, such upward vertical motion in BATS modified
the geopotential heights. In BATS, the geopotential heights
below 500 hPa were low, however, they increased with the
height of troposphere and reached a maximum at 250 hPa.



8 Advances in Meteorology

−3 −2 −1 0 1 2 3

ΔU (m/s)

100

150

200

250

300

400

500

700

850

Pr
es

su
re

 (h
pa

)

(a)

100

150

200

250

300

400

500

700

850

−2 −1 0 1 2

ΔV (m/s)

Pr
es

su
re

 (h
pa

)

(b)

100

150

200

250

300

400

500

700

850

ΔT (∘C)
−1.2 −0.6 0.0 0.6 1.2

Pr
es

su
re

 (h
pa

)

(c)

100

150

200

250

300

400

500

700

850

−0.9 −0.6 −0.3 0.0

ΔW (10−3 Pa/s)

Pr
es

su
re

 (h
pa

)

(d)

−6 −3 0 3

ΔH (10m)

(e)

0.0 0.2 0.4 0.6 0.8

ΔQ (g/kg)

(f)

0 2 4 6 8

ΔRH (%)

(g)

Figure 6: The profiles of the 10-year summer mean differences between BATS and CLM for (a) zonal wind 𝑈, (b) meridional wind 𝑉, (c) air
temperature 𝑇, (d) vertical velocity𝑊, (e) geopotential height𝐻, (f) water vapor mixing ratio 𝑄, and (g) relative humility RH over the TP.

Then, the heights gradually decreased with the height of the
troposphere (Figure 6(e)). The mixing ratio and relatively
humidity in the lower to midtroposphere were overestimated
by BATS (Figures 6(f) and 6(g)). The above results showed
that BATS simulated the lower troposphere as warm and
humid and simulated the upper troposphere (∼150 hPa)
as cold; thus, the stability decreased and more convective
precipitation occurred. This result is consistent with the
results from previous studies using RegCM4 driven by ERA
boundary conditions [20].

A hypothesis proposed by Eltahir [46] suggests that a
positive feedback mechanism exists between soil moisture

and rainfall via the control of soil moisture on the surface
albedo and Bowen ratio. Numerical experiments developed
by Zheng and Eltahir [47] support the proposed hypothesis
and emphasize the importance of the radiative and dynamic
feedbacks in regulating the rainfall anomalies that result
from soil moisture anomalies.Therefore, higher soil moisture
increases the latent heat flux, which tends to increase the
moist entropy flux per unit mass of air and the amount of
convective available potential energy in the boundary layer.
These processes likely increase the frequency and magnitude
of convective precipitation events [41]. Moreover, recent
research on satellite observations shows that the probability
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Figure 7: The observed and simulated summer daily precipitation (a), convective precipitation (b), and convective precipitation ratio (c)
over the TP during 1992–2001.The ratio is defined as the ratio of the summer convective precipitation to the summer precipitation in the two
simulations.

of convective initiation is enhanced over strong soil moisture
gradients compared with uniform soil moisture conditions
[48]. The summer average daily precipitation for the obser-
vation data and the two models are shown in Figure 7.
The two models adequately simulated the daily precipitation
variations, as indicated by the correlation coefficients above
0.63 (the values exceeded the 99% significance test). How-
ever, the BATS- and CLM-simulated summer precipitation
was evidently 1.02mm/day higher and 0.67mm/day smaller
than the CN05 data, respectively (Table 4). These results
consistently matched the results of monthly and annual
precipitation (Figures 2 and 3). Recently, the effect of local
convection on precipitation over the TP has increasingly
been the focus of research [49, 50]. The summer convective
precipitation events simulated by the two models were only
compared with each other because of the lack of observations
(Figure 7(b)). The BATS-simulated summer convective pre-
cipitation, which was affected by the strong upward vertical
movement, was 0.68mm/day higher than that of CLM.
Additionally, the variations in the summer convective precip-
itation simulated by both models were largely consistent with
those of the total summer precipitation when comparing Fig-
ures 7(a) and 7(b).The correlation coefficients of the summer
convective precipitation and summer precipitation in BATS
and CLM were 0.79 and 0.51, respectively. Specifically, the
BATS-simulated summer convective precipitation accounted

for more of the total summer precipitation. That is part of
reason summer precipitation of BATS was overestimated.
In addition, we also calculated the ratios of convective
precipitation to the precipitation of the two models. Both
ratios were very similar because the two models adopted
the same Grell cumulus convective parameterization scheme
(Figure 7(c)). Yang et al. [50] demonstrated that TP precipi-
tation occurred frequently and very locally, except on several
days with very strong monsoonal precipitation. According to
the summer (May to September) precipitation and 𝛿18Odata,
precipitation that formed directly by the ocean airmass vapor
accounts for a maximum of 32% of the total precipitation,
while precipitation that formed by local, evaporated water
accounts for a minimum of 46.9% of the total precipitation
[51]. Similarly, recent research reported that a large portion
of the precipitation in alpine meadows was due to evaporated
water, and the mean contribution was 39.57% using stable
isotopes (delta (𝑑)-excess value) from June to September in
the alpine ecosystems of the eastern TP [52]. Furthermore,
the CLM-simulated convective precipitation was somewhat
similar to the results of these studies.

4. Conclusions

To investigate the responses of precipitation simulations to
two land-surface schemes (BATS and CLM3.5) in a regional
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climate model over the TP, two groups of ten-year climate
simulations fromRegCM4were analyzed and compared with
the same domain, ICBC, cumulus convective parameteriza-
tion scheme, and spatial resolution. The results showed that
the land-surface processes strongly affected the precipitation
simulations. The CLM-simulated monthly precipitation was
muchmore similar, but slightly lower, than the observed data.
However, the monthly precipitation of BATS was higher than
the observed values. BATS and CLM both successfully simu-
lated the distributions of the summer precipitation belt. Com-
pared to the CN05 data, BATS evidently overestimated the
summer precipitation in the central-eastern TP, the eastern
Himalayas, and the northern TP, whereas it underestimated
the summer precipitation in the southwestern TP. Because of
the relatively more sophisticated land-surface representation,
CLM significantly reduced the overestimated precipitation
areas and magnitudes of BATS, but it did not greatly improve
for the underestimated precipitation. As for the ten-year
average, BATS and CLM overestimated and underestimated
the summer precipitation by 87.4mm (34.7%) and 61.6mm
(24.7%), respectively, compared to the CN05 data. High soil
moisture, evapotranspiration andheating effects simulated by
BATS led to strong thermal low pressure in the middle/lower
troposphere and warm high pressure in the upper tropo-
sphere over theTP.These characteristics, alongwith thewarm
and humid lower atmosphere and cold upper atmosphere,
generated strong unstable air convection, convergence, and
upward motion. Thus, the convective precipitation had a
greater contribution to the total summer precipitation, and
the summer precipitation of BATS was overestimated.
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