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Abstract

A number of studies have shown that added value is obtained by increasing the horizontal resolution of a regional climate
model to capture additional fine-scale weather processes. However, the mechanisms leading to this added value are differ-
ent over areas with complicated orographic features, such as the Tibetan Plateau (TP). To determine the role that horizontal
resolution plays over the TP, a detailed comparison was made between the results from the REMO regional climate model
at resolutions of 25 and 50 km for the period 1980-2007. The model was driven at the lateral boundaries by the European
Centre for Medium-Range Weather Forecasts Interim Reanalysis data. The experiments differ only in representation of
topography, all other land parameters (e.g., vegetation characteristics, soil texture) are the same. The results show that the
high-resolution topography affects the regional air circulation near the ground surface around the edge of the TP, which leads
to a redistribution of the transport of atmospheric water vapor, especially over the Brahmaputra and Irrawaddy valleys—the
main water vapor paths for the southern TP—increasing the amount of atmospheric water vapor transported onto the TP by
about 5%. This, in turn, significantly decreases the temperature at 2 m by > 1.5 °C in winter in the high-resolution simulation
of the southern TP. The impact of topography on the 2 m temperature over the TP is therefore by influencing the transport
of atmospheric water vapor in the main water vapor paths.
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Many studies in recent years have shown that results of
regional climate models (RCMs) can be improved by
increasing the horizontal resolution (Borscheid 2015; Jacob
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et al. 2014; Luca et al. 2012; Lucas-Picher et al. 2012). This
added value is more pronounced for extreme weather events,
such as extreme precipitation events (Eggert et al. 2015; Gao
et al. 2015a; Luca et al. 2012). However, orographic forcing
introduces an extra challenge to the simulations in regions
with complex topography. For example, the orographic rain
bands in the mountains of Myanmar are not simply a local
phenomenon, but also anchor the convective center over the
Bay of Bengal. These geographical features are therefore
an important element of the East Asian monsoon (Xie et al.
2008).

The Tibetan Plateau (TP), often referred to as the third
pole of the Earth, has an average elevation of higher than
2000 m a.s.l. and is the highest plateau in the world, with
a dramatic variation in altitude along its edges. It is an
important source of water for Asian rivers, including the
Ganges—Brahmaputra river system in India and the Yangtze
and Yellow rivers in China. It is often considered to be the
largest area of ice outside the polar regions (Xu et al. 2008).
Water vapor over the TP largely originates from the Bay
of Bengal and the Indian Ocean (Feng and Zhou 2012; Ge
et al. 2017) via river valleys in the southern TP, such as
the Brahmaputra and Irrawaddy. The amount of water vapor
originating from the western boundary of the region along
the southern edge of the TP is ~32% of that originating from
the southern boundary (Feng and Zhou 2012).

Due to complex orography, the TP is very sensitive to the
choice of horizontal resolution in RCMs (Gao et al. 2015a,
b, 2017). In this study, we applied the regional climate
model REMO (Jacob et al. 2007, 2012; Jacob and Podzun
1997; Sein et al. 2014, 2015) to study the impact of model
topography in this complex region. Several previous studies
have evaluated the behavior of REMO over the TP. Jacob
et al. (2012) used the 2009 version of REMO and performed
simulations in six Coordinated Regional Climate Downscal-
ing Experiment (CORDEX) domains, including the South
Asia domain covering the TP region, at a horizontal resolu-
tion of 0.44°x0.44° (about 50 km X 50 km). They concluded
that REMO can capture the cycles of precipitation and tem-
perature of selected catchments in this region. Kumar et al.
(2014) reduced the warm bias in northern India by ~ 1-3 °C
by modifying the soil thermal characteristics in REMO.
REMO can capture the components in the lower, middle
and upper layers of the South Asia summer monsoon at a
horizontal resolution of 50 km (Saeed et al. 2009, 2012).
Zhang et al. (2005) validated an earlier version of REMO
in East Asia and found that the model captured the main
features of atmospheric circulation in East Asia in the years
1980 and 1990 and successfully reproduced the spatial dis-
tribution and seasonal variation in precipitation. REMO also
reproduced major precipitation events on a daily scale and
the spatial distribution of monsoon rainfall over the TP in
the summer of 1998 (Cui et al. 2007). Previous studies have
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therefore shown that REMO generally performs well over
the TP; however, there is still a need to clarify the mecha-
nisms affecting the sensitivity of different parameters to the
horizontal resolution of REMO.

We used REMO to simulate the main CORDEX East Asia
domain (http://www.cordex.org) at horizontal resolutions of
25 km x 25 km and 50 km X 50 km. The study aimed to:

e validate 2 m temperature and precipitation over the
TP simulated by REMO and describe the differences
between the simulations at resolutions of 25 and 50 km;

e explore the impact of topography on the transport of
atmospheric water vapor over the main water vapor paths
for the TP; and

e analyze the possible link between the difference in trans-
port of atmospheric water vapor and the difference in 2 m
temperature over the TP.

The structure of the paper is as follows: Sect. 2 describes
the validation data, model, experimental setup and interpo-
lation method. In Sect. 3 we evaluate the performance of
REMO over the TP, with particular emphasis on the elucida-
tion of the role of topographic resolution. The main conclu-
sions and a discussion are presented in Sect. 4.

2 Data and experimental setup

This study used both high-resolution reanalysis data and
output data from REMO. All the analyses were based on
simulation results in the period 1980-2007. In a similar
manner to the work of Ji and Kang (Ji and Kang 2013) this
study used seasonal data, although only the winter (Decem-
ber—February, DJF) and summer (June—August, JJA) results
are presented here.

2.1 Reanalysis data and methods

Many studies (Kumar et al. 2015; Maussion et al. 2014;
Palazzi et al. 2013; Winiger et al. 2005) have reported that
reanalysis products are more reliable than limited station
data for studying the regional climate around the TP. We
used gridded 2 m temperature and precipitation reference
data from the Modern-Era Retrospective Analysis for
Research and Applications-2 (MERRA-2) version of the
Goddard Earth Observing System-5 (GEOS-5) atmospheric
general circulation model. The seasonal mean climate of
the MERRA-2 version of the GEOS-5 atmospheric general
circulation model represents a substantial improvement over
the simulated climate of the MERRA1 version at all resolu-
tions and for all applications (Molod et al. 2015).

In order to validate MERRA-2 over the TP, we use grid-
ded surface air temperature and precipitation observations
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provided by the China Meteorological Administration
(CNOS5.1) with a spatial resolution of 0.25°x0.25° (Wu and
Gao 2013; Xu et al. 2009). The climatology is first inter-
polated by thin plate smoothing splines and then a grid-
ded daily anomaly derived from angular distance weighting
method is added to climatology to obtain the final dataset.
This dataset is generated based on temperature observations
from over 2400 stations in China for the period from 1961
to 2012 (Xu et al. 2009).

The previous version of MERRA was evaluated over
the TP by (Wang and Zeng 2012). They find that it has a
high correlation with observations and reliable at daily
and monthly time scales. We also found that the newer
MERRA-2 can capture the spatial pattern of 2 m tempera-
ture and precipitation well at monthly time scale, with 2 m
temperature correlation coefficients around 0.99 and precipi-
tation correlation coefficients between 0.71 (in JJA) and 0.89
(in DJF; Table 1). Over the eastern TP, where the stations
are mostly located, MERRA-2 showed smaller 2 m tem-
perature bias compared to the Western TP where the num-
ber of stations is small (Fig. 1a, b). Due to the climatically
small precipitation amount in DJF, MERRA-2 overestimates
precipitation especially over high elevations (e.g. over the
Himalaya Mountains; Fig. le). In JJA, MERRA-2 agrees
with observations well over the TP (Fig. 1f).

As described previously (Kumar et al. 2015; Maussion
et al. 2014; Palazzi et al. 2013; Winiger et al. 2005), reanaly-
sis products are more reliable than limited station data for
studying the regional climate around the TP. The range of
biases of MERRA-2 is relatively small at monthly mean time
scale, so we used MERRA-2 as the reference in this study.

To examine the added value of using simulations at high-
resolution, we compared the data obtained from simulations
at a resolution of 25 km X 25 km with the data obtained from
simulations at a resolution of 50 km X 50 km with reference
to the MERRA-2 0.625° % 0.5° dataset. According to Prein
et al. (2016), the added value of a high-resolution simula-
tion is more obvious when model data are compared on the
common high-resolution grid because more fine-scale pro-
cesses can be represented. However, comparison of the 25
and 50 km simulations on a coarse grid can be considered
fair because both resolutions are able to resolve the ana-
lyzed features (Casanueva et al. 2015). No artificial value
was added when interpolating the high-resolution data into

coarser resolutions. After careful consideration, most of the
analyses and comparisons were carried out at the coarser
resolution.

The first-order conservative interpolation method (Redler
2015) was used to interpolate the results between resolu-
tions. Because the orographic dataset used by REMO is
different from that used by MERRA-2, a lapse rate of
0.0064 °C m™! is used to calculate the REMO 2 m tempera-
ture to MERRA-2’s height. This lapse rate was also used
to transfer the 2 m temperature from the 25 km simulation
orography to the 50 km simulation orography.

2.2 Model and experiment setup

Previous studies have suggested that REMO generally shows
a good performance over the TP (Cui et al. 2007; Jacob et al.
2012; Kumar et al. 2014a, 2015; Saeed et al. 2009, 2012),
because it can reasonably simulate the general circulation
of the Asian monsoon (Zhang et al. 2005). We used REMO
to simulate the East Asia domain (Fig. 2) in a setup similar
to (Kumar et al. 2014b and; Sein et al. 2015). However,
because the western part of the TP is close to the domain
boundaries, it is unreasonable to draw conclusions based on
the results obtained in this region.

As described previously (Jacob et al. 2012, 2013; Sein
et al. 2014, 2015), REMO uses physical parameterizations
from ECHAM 4 (Roeckner et al. 2003) and the dynamic
framework from the weather forecast model of the Ger-
man Weather Service Europe-Model/Deutschland-Model
(Majewski 1991). Horizontal grid boxes are rotated on an
Arakawa-C spherical grid (Simmons and Burridge 1981).
The model uses the Tiedtke comprehensive mass flux con-
vection scheme for cumulus parameterization (Tiedtke 1989)
and the radiation scheme is calculated after (Ritter and
Geleyn 1992). A leap-frog scheme is used with semi-implicit
correction and time filtering to minimize numerical effects
(Asselin 1972). Following the relaxation scheme of (Davies
1983), no nudging is applied outside the eight points used
as boundary conditions. The model atmosphere is divided
into 27 layers from the surface to 10 hPa. The integration
time step is 120 s. The boundary conditions and forcing data
are from the European Centre for Medium-Range Weather
Forecasts Interim Reanalysis (ERA-Interim) products (Dee
et al. 2011). More details about the REMO setup have been

Table 1 Pattern correlation coefficients for seasonal and annual surface air temperature climatology in 1980-2007 between the observation

(CNO05.1) and MERRA-2

2 m temperature

Precipitation

DIF LA

Ann DIJF JJIA Ann

MERRA-2 0.98 0.99

0.99 0.89 0.71 0.80

All correlation values passed the two-tailed t-test for statistical significance at the 95% confidence level

@ Springer



J. Xuetal.

MERRA-CNO5.1 2m tmp DJF (b) MERRA—CNO05.1 2m tmp JJA

= Ty = =
40°) > F s 40°M ». ‘ s
- & 6 ' = . 6
. 4 35°M . . b
: . 2 . .
1 30°M /
°C
-1
. 25°N
-4
20°Np O -6 20°N-
-8 -8
15en 15°M

30°M
°C
-1

25°N} -2
-4

-6

80°E 90°E 100°E 110°E 80°E 90°E 100°E 110°E

(©) CN05.1 2m tmp DJF
- 27 |l g 2 32
o 24 28
) s 18 ‘ 2
12 20
o 6 16
s 3°C AN 12°C
0 8
\ -3 4
6 2
—12 o
15°M e -2
80°E 90°E 100°E 110°E 80°E 90°E 100°E 110°E
(€) (MERRA-CND5.1)/CNO5.1 preci DJF (f) (MERRA—CNO5.1)/CN05.1 preci JJA
. o = = @ 400 o o~ 400
. 300 300
~
S 200 N ¢ 200
35°Nf 100 35°M 100
50 50
30°N- 5, 30°M 5,
_25 -25
25°N _s0 25°NM _so
-100 ~100
20°Nf O -200 20°N -200
-300 -300
19N 80°E 90°E 100°E 110°E w40 15N 80°E 90°E 100°E T10°E 400
(® CNO5.1 preci DJF (h) CND5.1 preci JJA
A ” 10 § 3 25
7.5 20
5 15
25 13
2 1
1.5 9
1 7
0.5 5
0.3 3
0.1 1
0 o
80°E 90°E 100°E 110°E 80°E 90°E 100°E 110°E
(mm/day) (mm/day)

@ Springer



On the role of horizontal resolution over the Tibetan Plateau in the REMO regional climate model

«Fig. 1 Spatial distribution of the monthly mean 2 m temperature bias
a in DJF, b in JJA and CNO5.1 monthly mean 2 m temperature ¢ in
DJF, d in JJA during the period 1980-2007. e-h Are same as a—d, but
for precipitation. Black dots indicate the weather observation stations.
The solid black line is the 2000 m a.s.1. contour line over the TP

reported elsewhere (Jacob et al. 2007, 2012, 2013; Jacob and
Podzun 1997; Kumar et al. 2014a; Saeed et al. 2009, 2012;
Sein et al. 2015). In the following, we call 25 km X 25 km
resolution simulation R_25 km and 50 km X 50 km resolu-
tion simulation R_50 km.

The model grids were constructed in a way that the four
grid boxes of the 25 km resolution grid covered exactly the
same area as one grid box of the 50 km grid. This was to
make sure that the sources of the surface parameters, such
as the land—sea mask and soil parameters, used in the four
25 km grid boxes and the matched 50 km grid box were the
same in REMO. The same data sources were used to pre-
pare the 25 and 50 km land surface parameters, such as the
orographic features and soil texture. Global 30 Arc-Second
Elevation Data Set (GTOPO30) data were used as the oro-
graphic source data and the global dataset of land surface
parameters (Hagemann 2002; Hagemann et al. 1999) was
used as the data source for the vegetation parameters. The
simulation period was 1980-2007. The two experiments
R_25 km and R_50 km were run separately, no nesting was
used.

3 Results

3.1 Validation of the 2 m temperature
and precipitation

Similar to most of the GCMs from the fifth phase of the
Coupled Model Intercomparison Project (CMIP5) in East
Asia (Su et al. 2013), REMO captures the spatial-temporal
patterns relatively well. Furthermore, the ERA-Interim forc-
ing data used in this study has cold and wet biases over the
TP (Bao and Zhang 2013; Su et al. 2013). Compared with
the ERA-Interim forcing data, our results show that REMO
has a cold bias, whereas an improved wet bias over the TP.

3.1.1 Seasonal mean 2 m temperature bias over the TP

The main purpose of this work was to study the horizontal
resolution effects over the TP. We compared the 2 m tem-
perature data obtained by REMO at two different resolu-
tions with the MERRA-2 2 m temperature data. Similar
to the ERA-Interim lateral boundary forcing dataset (Bao
and Zhang 2013), REMO showed a cold bias over the TP
(Fig. 3), while warm biases appear over most of the land

masses surrounding the TP (e.g. over North India and South,
Central and NW China).

Both simulations generally capture the spatial pattern of
2 m temperature well. They also remarkably capture the sea-
sonal cycle (Figs. 3a, 4b). The 2 m temperature bias in the
two simulations also showed a distinctive seasonal cycle:
the cold bias was greater in the boreal winter than in the
summer. Significant cold biases are evident in DJF over the
southern and western TP (Fig. 3a, b). The area with the cold-
est bias in JJA was located in the central and western TP
(Fig. 4a, b). The 2 m temperature in the R_50 km simulation
was closer to the reference value than the 2 m temperature
in the R_25 km simulation.

Although the monthly mean cold biases are shown in both
simulations all year around (Fig. 5a), the R_50 km simula-
tion shows slightly smaller cold bias and RMSE compared
to the values in the R_25 km simulation (Table 2). Both
simulations captured the warming trends over the TP with
a warming rate of 0.2°—0.6 °C, which is similar to previ-
ous studies (Gao et al. 2015b, 2017; Zhu et al. 2013), but
underestimated the warming rate from February to April.
The R_25 km simulation wars colder over the TP than the
R_50 km simulation the whole year round, but especially
in DJF.

3.1.2 Seasonal mean precipitation bias over the TP

A distinct seasonal cycle was found in precipitation over
the TP. REMO generally captured the seasonal cycle of
precipitation well, but with higher wet biases in DJF than
in JJA, especially in the central region and in a small area
in the southeastern TP. The precipitation in the R_25 km
simulation was closer to the reanalysis values than that in
the R_50 km simulation. In detail, REMO overestimated
the DJF precipitation over a large part of the areas with a
complex orography—for example, the overestimation was
especially noticeable over the central TP exceeding 400%,
while only > 50% over West India and > 100% over large
parts of China (Fig. 6a, b), indicating a general deficiency
in the simulated orographic precipitation with coarse-reso-
lution models in complex terrains (Rasmussen et al. 2011).
These results are similar to those obtained in previous
studies (Jacob et al. 2012; Saeed et al. 2012). The wet bias
decreased to a quarter (about 100%) over the TP (Fig. 6a,
b). Compared with the wet bias in the ERA-Interim dataset
(Bao and Zhang 2013) and the majority of the GCMs from
CMIP5 (Su et al. 2013), REMO showed a much reduced bias
over the TP (Fig. 7).

A distinct cycle was found in the seasonal bias in precipi-
tation over the TP. Due to the climatically small precipita-
tion amount in winter, the relative bias was bigger in DJF
than in JJA. The highest monthly mean wet bias presented
in December (Fig. 8a). The R_25 km simulation showed
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a smaller magnitude wetting trend bias compared to the
R_50 km simulation all year round (Fig. 8b). The R_25 km
simulation had an improved spatial correlation, RMSE, and
bias than the R_50 km simulation (Table 3).

We plotted a Taylor diagram (Taylor 2001) to summa-
rize the results. The temperature differences are similar,
except for the months September—November (SON). The

(@ R _25km-MERRA 2m tmp DJF

80°E 90°E 100°E 110°E

(©) MERRA 2m tmp DJF

100°E 110°E

results from the R_50 km simulation are relatively closer to
the reference values. The simulated seasonal difference in
precipitation is greater than the difference in temperature.
The R_25 km simulation produced a distinctive advance in
precipitation in every season. It is worth to note that the
R_50 km simulation in SON did not pass statistically signifi-
cant at the 95% confidence level. The R_25 km simulation
was dryer and colder than the R_50 km simulation.

3.2 Differences in the detailed 2 m temperature
and precipitation between the R_25 km
and R_50 km simulations

The main purpose of this work is to study the impact of hori-
zontal resolution over the TP. As mentioned in the experi-
ments setup section, in order to ensure that the matched grid
boxes from the R_25 km and R_50 km simulations repre-
sented the similar prescribed surface forcing over land (e.g.,
vegetation characteristics, soil texture), computational grids
were prepared in a way that the four grid boxes from the
R_25 km simulation exactly overlay the grid box from the
R_50 km simulation. Both simulations were run separately.
We also interpolated the results from the R_25 km grid into
the R_50 km grid for comparison (Fig. 9).

80°E 90°E 100°E 110°E

Fig.3 Spatial distribution of the monthly mean 2 m temperature bias in DJF in the a R_25 km and b R_50 km simulations and ¢ in the

MERRA-2 dataset during the period 1980-2007
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The 2 m temperature from the R_25 km simulation was
lower than that from the R_50 km simulation over the TP all
year round, although the difference was greater in DJF than
in JJA (Fig. 10a, b). The largest 2 m temperature difference
was located in the southern TP. In terms of the precipitation,
the greatest differences were located in the southern and
western TP. (Fig. 10c, d). These differences and the results
reported in Sect. 3.1 indicate that the R_25 km simulation

produced colder and drier conditions over the TP than the
R_50 km simulation, especially in the southern and western
TP. However, the results in western TP were close to the
western boundary of the simulation domain, which could
lead to model boundary issues. We, therefore, focused on
the southern TP, where the main water vapor transport is
via river valleys, such as valleys of the Brahmaputra and
Irrawaddy.
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Table 2 Results for MERRA-2

; Mean Bias RMSE CORR
dataset and the simulated
the seasonal and annual 2 m DIJF JJA Ann DIJF JJA Ann DIJF JJA Ann DIJF JJA Ann
temperature from 1980 to 2007
(units: °C) MERRA-2 -552 1125 3.07
R_25km -8.38 10.04 099 -286 -121 =208 290 123 209 096 097 0.97
R_50 km -7.72 1044 150 -220 -0.81 -1.57 225 086 1.59 097 098 0.98

MERRA-2 is the average 2 m temperature over the whole TP; the bias and RMSE values summarize the
errors in the MERRA-2 reanalysis dataset as the references at all grid points over the TP; CORR is the cor-
relation coefficient for the 2 m temperature between MERRA-2 and simulations. All CORR values passed
the two-tailed t-test for statistical significance at the 95% confidence level
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Fig.6 Spatial distribution of the monthly mean precipitation bias in DJF in the a R_25 km and b R_50 km simulations and ¢ in the MERRA-2

dataset during the period 1980-2007

3.3 The impact of topography on the transport
of atmospheric water vapor

Most of the datasets used for preparation of surface forcing
over land (e.g., vegetation characteristics, soil texture) had
a resolution of ~ 1°x 1° (Claussen et al. 1994; Rechid et al.
2009a, b), which is coarser than our experiments horizontal
resolutions of 25 km X 25 km and 50 km X 50 km. So there
are only small differences in the surface forcing between the
R_25 km simulation and the R_50 km simulation, except for
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the orographic data, obtained from GTOPO30 (Miliaresis
and Argialas 1999).

To examine the differences in the topography between
simulations, the nearest neighbor remapping was applied
to remap the topography from the R_50 km simulation into
the R_25 km simulation grid cells. The greatest differences
in topography were along the edge of the TP (Fig. 11a). The
differences in height are usually along the main rivers (blue
lines in Fig. 11b), indicating the river valleys (e.g. the Brah-
maputra and Irrawaddy valleys) were broader or deeper in
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Fig.8 Annual cycle of the relative bias in monthly precipitation of a the two simulations and b the trend compared with MERRA-2 in the period

1980-2007

the R_25 km simulation than in the R_50 km simulation
(Fig. 11b).

The enlarged valleys in the R_25 km simulation dis-
rupted the surface winds between the Hengduan Moun-
tains and the Brahmaputra valley in the R_50 km simu-
lation. We constructed a cross-section of the orographic
features and the wind speed at 10 m height along 24.5°N
between 97°E and 105°E across an area of horizontal

wind direction shear in the Hengduan Mountains, which
is one of the source regions for the Southwest China Vor-
tex (Wu et al. 2011). The cross-section showed that there
were many low elevation regions in the topography in the
R_25 km simulation compared with the R_50 km simula-
tion (Fig. 12b). This means that the blocking effect of the
topography in the R_25 km simulation was smaller than
that in the R_50 km simulation and the wind speed at
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Table 3 Same as Table 2, but

A . Mean Bias RMSE CORR
for precipitation (units: mm/
day) DIF JJA Amn DIF JJIA Ann DIF JIA Ann DIJF JIA Ann
MERRA-2 064 7.00 3.11
R_25 km 1.76 594 370 112 -1.06 059 113 1.04 063 056 087 0.74
R_50 km 199 630 403 135 -070 092 137 124 095 053 086 0.72

MERRA-2 is the average precipitation over the whole TP; the bias and RMSE values summarize the errors
in the MERRA-2 reanalysis dataset as the references at all grid points over the TP; CORR is the correla-
tion coefficient for the precipitation between MERRA-2 and simulations. All CORR values passed the two-
tailed t-test for statistical significance at the 95% confidence level
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Fig.9 Analysis of the seasonal a 2 m temperature and b precipitation over the TP in 1980-2007. The black line shows the statistically significant
correlation at the 95% confidence level based on the two-tailed t-test with the MERRA-2 reanalysis as the reference

10 m was, therefore, faster (Fig. 12a). These results show
that the enlarged river valleys in the R_25 km simulation
reduce the blocking effect of the Hengduan Mountains for
the low elevation regions in the topography.

Given the altitude of the Hengduan Mountains, we plot-
ted the difference in wind speed at 925 hPa to show the
relationship between the blocking effect of the Hengduan
Mountains and the amount of water vapor transported over
the TP. The area of horizontal wind shear in the southern
Hengduan Mountains is marked by the red boxes in Fig. 13.
The density of the wind streamlines shows that the air flows
converge over the river valleys (the Venturi effect). Wang
and Tan (2014) reported that the Hengduan Mountains block
the prevailing southwesterly winds in DJF and the southerly
winds in JJA, forcing the blocked air to flow up the moun-
tains and onto the TP.

Because the low elevation regions in the topography in
the R_25 km simulation reduce the blocking effect of the
Hengduan Mountains, it is easier for air to pass through the
Hengduan Mountains via the enlarged river valleys in the
R_25 km simulation. We found faster wind speeds for the
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southwesterly (southerly) winds in DJF (in JJA; marked by
red boxes in Fig. 13c, f).

The main mechanism of the blocking effect of the Heng-
duan Mountains on the transport of water vapor over the TP
is caused by the S-shaped Himalaya and Hengduan mountain
ranges. This S-shape means that the Brahmaputra valley, the
main transport path for water to the southern TP, is a back-
water area. A large amount of air escaping from the blocking
by the effect of the Hengduan Mountains in the R_25 km
simulation, whereas air flows up over the TP in the R_50 km
simulation. This, in turn, affects the transport of water vapor
and vertical movement of air over the TP. The key factor is
that the enlarged valleys in the R_25 km simulation reduce
the blocking effect of the Hengduan Mountains.

In order to analyze the difference in vertical movement
of air and the transport of water vapor, we plotted the differ-
ences in geopotential height at 850, 500, 600 and 200 hPa
between the R_25 km and R_50 km simulations. Figure 14
shows that there were positive differences in geopotential
height in the surface layer, whereas negative differences
were present in the upper layer, suggesting that less air flows
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Fig. 10 Differences in a, b the 2 m temperature and ¢, d monthly mean precipitation of the R_25 km and R_50 km simulations in a, ¢ DJF and
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Fig. 11 Differences in orography from the R_25 km and R_50 km simulations over a the whole domain and b the TP. The red box shows the
position of the cross-section. The solid black line is the 2000 m a.s.l. contour line over the TP. The main river valleys are shown as blue lines

upward in the R_25 km simulation. In general, there was a
vertical downward flow of air in the R_25 km simulation in
southeast TP compared with the R_50 km simulation. The
center of the difference in downward movement matched
with the enlarged valleys. These results indicate that less

air is forced to flow upward over the TP in the R_25 km
simulation as a result of the reduced blocking effect of the
Hengduan Mountains.

To answer the question of why it is drier over the TP in
the R_25 km simulation, we analyzed the water transport
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Fig. 12 Cross-section of the topography and wind speed at 10 m from the R_25 km (blue line) and R_50 km (yellow line) simulations in a DJF
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Fig. 13 Flow patterns of the wind at 925 hPa in the a, d R_25 km
simulation and b, e R_50 km simulation and ¢, f the relative differ-
ences in wind speed from the R_25 km and R_50 km simulations
over the TP in DJF (a—c) and JJA (d—f). The direction (as streamlines)

of the whole air column, comprising vapor, liquid water,
and ice. The water vapor transported to the southern TP via
the river valleys, for example, the Brahmaputra valley. The
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and speed difference (as colors) of the winds are shown. The black
shading is the area>3000 m a.s.l. The main river valleys are shown
as blue lines and the red boxes show the area of high horizontal wind
direction shear

transport of water over the TP was smaller in the R_25 km
simulation than in the R_50 km simulation in both DJF and
JJA (Fig. 15). Figure 15 shows that > 5% less water was
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(q4+9qy+q;) transport over the whole air column from the a, d
R_25 km simulation, the b, ¢ R_50 km simulation and ¢, f the dif-

transported onto the TP in DJF, especially in the southern
TP. By contrast, the amount of water vapor transported in the
southern Hengduan Mountains increased by >20%.

This analysis shows that, because the size of the rivers
and valleys was increased in the R_25 km simulation, the
blocking effects of the Hengduan Mountains were decreased.
As a result, less air was forced to flow up over the TP,
decreasing the amount of water transported across the TP.
Accordingly, there was less precipitation over the TP in the
R_25 km simulation.

3.4 Main mechanism behind the differences
in the 2 m temperature over the TP
between the R_25 km and R_50 km simulations

The ground temperature responds rapidly to the radiation—it
takes only a few hours to heat up the ground surface (Roe-
ckner et al. 2003). Therefore, we analyzed the difference in
the 2 m temperature between the R_25 km and R_50 km
simulations mainly through the radiation factor.

Cloud cover has a strong connection with surface tem-
perature over the TP (Zhou and Li 2002). To investigate
the differences in cloud cover, we calculated the relative
differences in cloud cover in the same way as the relative
differences in precipitation. To show the effect of cloud
cover on downward radiation, we also calculated the relative
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differences in the amount of downward longwave radiation
emitted by clouds. There was a stable amount of decreased
cloud cover over most of East Asia and reduced differences
of up to 10% in longwave radiation over the TP in DJF
(Fig. 16). Due to the East Asia summer monsoon, when the
water vapor content of the atmosphere was extremely high
(>80%), the magnitude of differences in cloud cover in JJA
is smaller. The relative differences in cloud cover and down-
ward longwave radiation were smaller in JJA than in DJF.
In order to analyze the connection between the down-
ward radiation and the surface temperature, we analyzed
the mean variability in the differences in downward radia-
tion between the R_25 km and R_50 km simulations as
well as the variability in the differences in the net short-
wave, net longwave and downward longwave radiation over
the TP. The net radiation is the sum of the net shortwave
radiation and the net longwave radiation. Based on the time
series of the variability in radiations, the downward long-
wave radiation has a significant connection with the net
longwave radiation, passed statistically significance test at
the 95% confidence level (Fig. 17). The net shortwave radi-
ation oscillated around 4 Wm~2, whereas the mean shift
in the net longwave radiation was about —5 Wm™2. This
means that the increase in the amount of net shortwave
radiation gained by the land surface due to the reduced
cloud cover in the R_25 km simulation was less than the
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Fig. 16 Relative differences in cloud cover in a DJF and b JJA between the R_25 km and R_50 km simulations and the relative differences in

downward longwave radiation in ¢ DJF and d JJA

R_25km—R50km radiation diff

12 —-onet _short wave
~-+net_long_wave
91 =-downward _long_wave

~—net_radiafion

6 ANo = R —o—
AN NPC I V2N 6n’
— 3_;—0-.,‘/ \-J \/I >4 \o/«‘d’ ) g I
o~
E 0 PR A A
> — ~— N N
—_ _3.
_6'--*--F:.".*.--’""*.._ ‘,-'*"4-'*-.‘4":*..'4"*"0—-4--4""“‘..""0' bbby
- .\H.P""a"’\n_rﬂ’.\.\ -p__u_v/l‘—n.u_m Av'n‘,-q
-9 "4
_12.
1980 1985 1990 1995 2000 2005
Year

Fig. 17 Time series of the mean differences between the R_25 km
and R_50 km simulations in downward radiation, net shortwave radi-
ation, net longwave radiation and net radiation over the TP. The time
correlation coefficient between downward longwave radiation and
net longwave radiation is 0.51, which is statistically significant at the
95% confidence level based on the two-tailed t-test

decrease in the amount of net longwave radiation caused
by the reduced clouds. The net radiation difference was
slightly negative over the period 1980-2007. The mean
difference in net shortwave radiation over 28 years was

4.5 Wm™2 over the TP; the mean difference in downward
longwave radiation was —7.1 Wm~2 and the mean net dif-
ference in radiation was — 0.4 Wm™2, which is relatively
high for one season. Therefore, as a result of the decreased
amount of cloud cover in the R_25 km simulation, the
amount of energy that the land surface gained from net
shortwave radiation was less than the decrease in the
amount of net longwave radiation caused by the clouds.
The surface temperature was, therefore, lower over the TP
in the R_25 km simulation.

The latent and sensible heat fluxes are the main mecha-
nisms by which energy is returned from the surface of the
Earth into the atmosphere (Roeckner et al. 2003). While
the differences in surface temperature over the TP were
greater in DJF than in JJA, the differences in both the sen-
sible and latent heat fluxes over the TP were greater in
DIJF than in JJA (Fig. 18). Even though the stability of the
atmosphere, cold (warm) advection affects the return of
energy from the surface to the atmosphere, the patterns in
the difference in heat fluxes roughly match the difference
in the 2 m temperature—for example, weaker sensible
and latent heat fluxes are found over the southern TP in
the R_25 km simulation than in the R_50 km simulation,
which leads to the colder 2 m temperature in the R_25 km
simulation in the southern TP.
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Fig. 18 Relative differences between the R_25 km and R_50 km simulations of a the sensible heat flux in DJF and b JJA and in the relative dif-

ference in latent heat flux in ¢ DJF and d JJA

4 Summary and discussions

Previous work has documented added value provided by
simulations of RCMs with increased horizontal resolution.
However, there have been a relatively small number of anal-
yses for areas with complex orographic features, such as the
edge of the TP. We identified the main mechanism leading to
differences in REMO simulations at 25 and 50 km resolution
over the TP. The results showed that topographic differences
play a crucial part in affecting the surface air flow and the
redistribution of the transport of atmospheric water vapor
over the Brahmaputra and Irrawaddy valleys—the main
source of water vapor for the southern TP. This study shows
the benefit gained by using a higher resolution for precipita-
tion in REMO simulations. However, although we identified
the acting main mechanism, a quantitative analysis is still
needed to identify the magnitude of the orographic effects.
Our results can be summarized as follows.

1. We validated the 2 m temperature and precipitation
results of REMO simulations with resolutions of 25 and
50 km against MERRA-2 reanalysis data. The patterns
in the 2 m temperature and precipitation from both the
R_25 km and R_50 km simulations were comparable
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with MERRA-2. Both simulations showed a pronounced
cold and wet bias over the TP, especially in the southern
and western TP. The 25 km resolution simulation pro-
duced colder and drier conditions over the TP than the
50 km resolution simulation in the southern and western
TP. The precipitation from the 25 km resolution simu-
lation and 2 m temperature from the 50 km resolution
simulation were closer to the MERRA-2 dataset. The
distribution of precipitation showed that the main trans-
port paths for atmospheric water vapor over the southern
TP were via the Brahmaputra and Irrawaddy valleys.

The experiments differ only in representation of topogra-
phy, all other land parameters (e.g., vegetation character-
istics, soil texture) are the same. The greatest differences
in topography occurred along the edge of the TP. The
Himalaya and Hengduan Mountains are S-shaped moun-
tain ranges, which means that the Brahmaputra valley,
the main transport path for water to the southern TP,
is a backwater area and there is an increase in the flow
of air containing water vapor over the Himalaya. The
cross-section over the wind direction shear area showed
a decreased blocking effect by the Hengduan Mountains
in the 25 km resolution simulation, which means that a
large amount of air escaping from the blocking by the
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effect of the Hengduan Mountains in the R_25 km simu-
lation, whereas air flows up over the TP in the R_50 km
simulation. This, in turn, means that a lower amount of
atmospheric water vapor was transported onto the TP.

3. The decreased amount of atmospheric water vapor,
together with the reduced upward movement of air,
caused a reduction in the total cloud cover, which led
to a reduced amount of downward longwave radiation
caused by clouds. This phenomenon was seen over the
TP during almost all the study period, particularly dur-
ing the season with the least amount of cloud (DJF). The
amount of net shortwave radiation that the land surface
gained as a result of reduced cloud cover in the R_25 km
simulation was less than the decrease in the amount of
downward longwave radiation emitted by clouds. The
net difference in radiation over the TP was usually nega-
tive over the study period, which resulted in lower sur-
face temperatures and a decreased heat flux. As a result,
the R_25 km simulation was drier and colder over the
TP than the R_50 km simulation, especially in the south-
ern TP.

A higher horizontal resolution, therefore, has com-
plex effects on the results of simulations. Almost all the
dynamic and thermodynamic processes in the model are
affected. Our results show that the impact of topography
is one of the main factors influencing the 2 m temperature
and the precipitation in regions with complex orographic
effects. We analyzed the fine-scale orographic effects on
the transport of atmospheric water vapor over the Hengd-
uan Mountains and the Brahmaputra valleys, which are the
most important paths for water transport to the TP. For the
western TP, close to the boundary of the simulation, the
results could lead to model boundary issues. The impact
of topography in the western TP requires further analysis.
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