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Summary

In this paper, we investigate the role that horizontal re-
solution plays in the simulation of East Asia precipitation.
Two sets of numerical experiments are performed using the
Regional Climate Model (RegCM2) nested in one-way
mode within the CSIRO global coupled atmosphere-ocean
model. In the first set we use the actual RegCM?2 topog-
raphy at the selected model resolutions, which are 45, 60,
90, 120, 180, 240 and 360km. In the second set of the
experiments, the same coarse CSIRO model topography is
used in all simulations using the different resolutions of the
first set. The results demonstrate that the simulation of East
Asian precipitation improves as the horizontal resolution is
increased. Moreover, it is shown that the simulations using
a higher resolution along with the coarse CSIRO topog-
raphy perform better than the simulations using a coarser
model resolution with corresponding model topography.
This suggests that over East Asia adequate spatial
resolution to resolve the physical and dynamical processes
is more important than topography. Lastly, the results
indicate that model resolutions of 60km or higher are
needed to accurately simulate the distribution of precipita-
tion over China and East Asia.

1. Introduction

The need to provide fine scale regional climate
information usable for impact assessment studies
has recently given a strong impetus to the devel-
opment of global and regional climate models

(RCMs) with increasing horizontal resolution
(e.g. Giorgi et al., 2001). The horizontal resolu-
tion of numerical models is extremely important
for the simulation of surface climate. The surface
climate signal is in fact strongly influenced by
fine scale forcings, such as topography and land
use distribution (Giorgi and Mearns, 1991). In
addition, higher resolution allows to better simu-
late the fine scale structure of synoptic and meso-
scale systems which characterize the climate of a
region (e.g. Leung et al., 1996; Machenhauer
et al., 1998; Christensen and Kuhry, 2000).

The increase in resolution of global atmo-
spheric models has been shown to improve the
representation of major features of the general
circulation, such as mid-latitude storm tracks,
the positioning and seasonal migration of the
Intertropical Convergence Zone (ITCZ), or the
genesis and evolution of tropical storms (e.g.
Boville, 1991; Bengtsson et al., 1995; Stratton,
1999). Because of their potential to reach rela-
tively high horizontal resolutions, RCMs have
today become a widely used tool for regional
climate studies (Giorgi and Mearns, 1999). Simi-
larly to GCMs, increasing resolution in RCMs
generally leads to a better description of surface
climate features as forced by topographical detail
(Marinucci et al., 1995; Christensen and Kuhry,
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2000; Leung and Qian, 2003). On the other hand,
previous studies have indicated that the RCM
sensitivity to resolution is due not only to the
description of topographical detail, but also to
the direct sensitivity of the model physics and
dynamics to resolution (Giorgi and Marinucci,
1996a). Because models are used at a wide range
of spatial scales for different applications it is
thus important to understand the importance of
resolution in a climate simulation and within this
context, the relative role played by the descrip-
tion of forcings (e.g. topography) vs. the dy-
namics and physics of the model.

In this paper we present a study of the effect
of horizontal resolution in a nested regional
climate simulation of precipitation over East
Asia. This precipitation is mostly controlled by
the development of the East Asia monsoon.
Between October and April the rain belt over
East Asia is usually stationary, with its center
located around 28° N over southeast China. In
May and June the precipitation band moves
quickly to the Yangtze and Huai River Region
(around 32-34° N) where it resides until July.
This time period is usually called the Meiyu or
Baiu season. In August the rain belt shifts to
northern China where the rain season begins.
Finally, towards the end of August the rain belt
retreats quickly back to southeast China. Precip-
itation in May—June—July—August—September
accounts for 60—85% of the annual total over
most of China. The mean annual precipitation
over China is shown in Fig. la (1961-1990
mean), based on 160 Chinese station observa-
tions (black dots indicate the location of the
stations). This precipitation is characterized by
maxima over south and south-east China and a
decrease towards the north and northwest. In the
figure, the 1000 mm isoline is located slightly
north of the Yangtze River while the 1500 mm
isoline lies over the south and southeast coastal
areas.

Traditionally, General Circulation Models
(GCMs) have shown a poor performance in
simulating the East Asia monsoon precipitation
patterns. The precipitation center simulated by
GCMs is usually located too far north over cen-
tral China. For example, this behavior can be
observed in simulations performed with the
CSIRO R21L9 GCM (Fig. 1b, from Gao et al.,
2000) and the NCAR CCM3 model (Gao et al.,

Fig. 1. Annual mean precipitaion in China (unit: mm).
a Observation (1961-1990, black dots are locations of the
160 Chinese stations used in the paper). b Simulation by
CSIRO AOGCM

2004). Figure 1b shows that the eastward exten-
sion of the 1000 mm precipitation isoline simu-
lated by the CSIRO GCM is located near the
lower reaches of the Yangtze River, but it reaches
too far north and west. In addition, the simulated
precipitation maximum (1500 mm isoline) is
located over central China rather than south
China.

To what extent is this problem related to the
model’s horizontal resolution and can a nested
high resolution RCM improve the simulation of
East Asia precipitation? In this paper we inves-
tigate this question by performing a series of
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nested RCM simulations at increasingly high
horizontal resolutions driven by large scale fields
obtained from the CSIRO AOGCM. We then
investigate the relative role of the topography
representation by repeating this set of experiment
with the RCM using the coarse scale CSIRO
topography and comparing results from the two
sets of simulations. We focus on the RCM sensi-
tivity because demonstrating the capability of
RCMs to improve upon the driving GCM pro-
vides useful information on the issue of the
“added value” of using nested RCMs for down-
scaling purposes (Giorgi et al., 2001).

In the next section we first describe the mod-
els and experiment design, which is crucial for
our study. In Sect. 3 we then analyze our results,
with particular emphasis on the elucidation of
the role of topography vs. resolution. Summary
and concluding remarks are finally presented in
Sect. 4.

2. Model description and experiment design

In this study, we use a modified version of
the National Center for Atmospheric Research’s
(NCAR) Regional Climate Model version 2
(RegCM?2) to investigate the key questions
brought forth in the introduction. The original
model was developed by Giorgi et al. (1993a, b)
and includes some of the modifications presented
in Giorgi and Shields (1999).

The dynamical core of RegCM2 is based on
the hydrostatic version of the Penn State/NCAR
Mesoscale Model version 5 (Grell et al., 1994).
The atmospheric radiative transfer computations
are performed using the package from the NCAR
Community Climate Model CCM2 (Briegleb,
1992), and the planetary boundary layer com-
putations employ the non-local formulation of
Holtslag et al. (1990). Surface processes are car-
ried out with the Biosphere—Atmosphere Trans-
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Fig. 2. Model domain and 60 km
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fer Scheme (Dickinson et al., 1993) and resolv-
able scale precipitation is represented via the
simplified explicit scheme described by Giorgi
and Marinucci (1996b) and Giorgi and Shields
(1999), which includes a prognostic equation
for cloud water content. Lastly, the mass flux
scheme of Grell (1993) with the Arakawa and
Schubert (1970) closure assumption is used to
describe convective precipitation.

The model domain used in the simulations is
shown in Fig. 2. It encompasses a large area
including East Asia, most of India and the Hima-
layas. This domain is much larger than in pre-
vious studies such as by Giorgi et al. (1999). This
is because large domains better allow the nested
model to develop its own circulation structure in
the interior of the domain (Giorgi et al., 2001)
and are thus more suitable to study the model
sensitivity to resolution and topography. The
model also employs sixteen vertical sigma layers
and a model top of 10hPa. This is the same
model configuration originally used by Gao
et al. (2000).

The initial conditions and time-dependent
(12-hourly) lateral boundary conditions used to
drive the RegCM are derived from present day
climate simulations performed with the CSIRO
AOGCM version R21L9 as in the previous work
of Gao et al. (2001, 2002, 2003). The atmo-
spheric component of the CSIRO AOGCM has
a horizontal spectral resolution of R21. In one
of its climate change simulations, it was inte-
grated for the period 1881-2100 using observed
GHG forcing until 1990 and a 1% per year GHG
concentration increase between 1990 and 2100
(Gordon and O’Farrel, 1997). Out of this 220
year simulation period, the 5-year period of
1986—1990 was selected for the present sensitiv-
ity experiments. Note that the 5-year precipita-
tion climatology of the CSIRO model over this
region is very close to its 30-year climatology
(1961-1990), as shown by Xu et al. (2002).

To investigate the role of horizontal resolution,
two sets of RegCM2 numerical experiments are
performed. In the first set, we use horizontal grid
point spacings of 45, 60, 90, 120, 180, 240 and
360 km to cover approximately the same domain
as described above. Hereafter these experi-
ments are referred to as RT45, RT60, RT90,
RT120, RT180, RT240, and RT360, respectively.
RegCM?2 model topography and land use calcu-

lated for each model grid and resolution are used
in the different experiments, which are therefore
referred to as “RCM Topography” experiments.

In the second set of simulations, hereafter
referred to as “GCM Topography” experiments,
the coarse CSIRO model topography is used in
place of the RCM model topography for each of
the different resolutions (except for the 45km
one, which was not performed because of com-
puter resource limitations). These experiments,
which therefore all use the same GCM topogra-
phy, are referred to as GT60, GT90, GT120,
GT180, GT240, and GT360, respectively. Com-
parison of the RCM Topography and GCM
Topography experiments therefore allows us to
identify the role of topography vs. resolution in
the simulations. As illustrative examples, the
topography fields of the RT60 and GT60 experi-
ments over the domain are compared in Fig. 2.

All the model settings are kept the same in the
experiments except for the grid spacing and time
step. The lateral buffer zone has approximately
the same extension in all experiments (about
900 km) and all simulations are 5 years in length
and are driven at the lateral boundaries by the
same fields from the CSIRO model. For conve-
nience of data analysis, the model output is inter-
polated onto the 160 Chinese station locations
used by Gao et al. (2001, 2002, 2003), where
we have available accurate long-term climatolog-
ical data (see Fig. 1a).

3. Analysis of the results

3.1 Simulated annual mean spatial
precipitation patterns in the RCM
topography experiments

Figure 3 shows the simulated annual mean pre-
cipitation for each of the RCM Topography
experiments (except for RT45, which was similar
to RT60). At the coarsest resolution (RT360, Fig.
3f), the precipitation distribution resembles that
of the CSIRO simulation (Fig. 1b); the precipita-
tion center is located over Central China which,
as mentioned above, is considerably north and
west of the observed (Fig. 1a). However, as the
resolution increases (RT360 to RT60, Fig. 3f to
3a), the rain center shifts gradually to south/
southeast China and becomes much closer to
the observed. The highest resolution simulation
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Fig. 3. Simulated annual mean precipitation by different resolutions of RegCM using real topography (unit: mm). a RT60;
b RT90; ¢ RT120; d RT180; e RT240; f RT360
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in the figure (RT60) clearly best reproduces the
observations (Fig. 1a). In addition, it can be seen
that increasing the resolution generally leads to
an increase in spatial detail of the simulated pre-
cipitation distribution.

The improvement of the simulation can be
partly explained by the improvement of the
dynamical fields. Figure 4 shows the summer
(JJA) mean 850hPa wind field and the conver-

45N

gence field in the NCEP/NCAR Re-analysis
(1971-2000 mean, a) and the simulations by
the CSIRO, RT60 and RT180 (c—d). Concerning
the constrain of the reanalysis by upper air obser-
vations, it is noted that there are about 130 raw-
insonde stations in China, which are distributed
evenly across the above mentioned 160 stations.

The Western Pacific Subtropical High (or anti-
cyclone), which controls the monsoon weather
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Fig. 4. Summer (JJA) mean 850hPa wind
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(a)), and simulation of CSIRO model (b), R60
(c) and R180 (d) (unit for wind: m/s; unit for
convergence: 10°s™!)
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in China, can be found in the southeastern region
of the NCEP/NCAR Re-analysis field of Fig. 4a.
The southerly jet reverses to a south-east direc-
tion over the region 27-30°N, 115-120°E of
China and generates a convergence center that
leads to maximum precipitation over Central-east
and Southeast China (Fig. 1a).

The anticyclone and the corresponding con-
vergence center is not well reproduced by the
CSIRO model (Fig. 4b). The southerly jet in

135€ T40E
Fig. 4 (continued)

the CSIRO simulation does not show a signifi-
cant change of direction over eastern and south-
east China and therefore moisture is transported
too far north into central China. This causes high
precipitation in correspondence of a simulated
convergence center there, and lower precipitation
to the south. By comparison the anticyclone and
the convergence center are well simulated in the
RT60 experiment (Fig. 4c), although the position
of the convergence center is shifted somewhat to
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the north compared to the NCEP reanalysis. In
the RT180 simulation (Fig. 4d), the anticyclone
and the convergence center are still simulated
but their locations are further north compared
to the experiment RT60. A comparison across
experiments indicates that, as the resolution
becomes coarser, the southerly wind becomes
increasingly stronger, the anticyclone weakens,
and the convergence center moves to the north
and northwest.

It is difficult to identify whether the impact of
resolution on the dynamics is via direct mecha-
nisms or via indirect mechanisms related to
the physics. However, since summer is the main
rain season over China, precipitation is probably
mainly caused by sub-GCM grid mesoscale con-
vective systems. Coarse resolution does not allow

the description of these systems and therefore the
moisture from the sea is not efficiently removed
over the coastal regions and can more easily
reach the interior of the continent (central China)
and precipitate there. Further work is however
needed to better elucidate this process.

3.2 Simulated annual mean spatial
precipitation patterns in the GCM
topography experiments

Moving to the GCM Topography experiments,
the simulated annual mean precipitation for the
GT60, GT90 and GT120 simulations are shown
in Fig. 5. The other experiments (GT180, GT240,
GT360) are not shown because at resolutions
beyond 120km the results from the GCM to-

Fig. 5. Simulated annual mean precipitation by different re-
solutions of RegCM, using GCM topography (unit: mm)
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pography and RCM Topography experiments
resemble each other since they have similar topo-
graphies. In a way similar to the RCM Topogra-
phy experiments in the GCM Topography ones,
the precipitation center over central China shifts
to the south as the horizontal resolution in-
creases. However, comparison with Fig. 4 shows
that at the same resolution the RCM Topography
simulation provides a more accurate representa-
tion of precipitation than the equivalent GCM
Topography simulation.

On the other hand, a somewhat better level of
quality is seen in a GCM Topography experiment
than an RCM Topography one when the horizon-
tal resolution is one step higher. For example, the
distribution of precipitation in the GT90 experi-
ment is slightly better than that of RT120. This
indicates that a model with smoothed topography
but high resolution can give a better simulation
than a model with lower resolution but finer scale
topography. This indicates that model resolution
itself, regardless of the accuracy of the topo-
graphic representation, has a strong impact on
the model physics and/or dynamics which leads
to a better simulation of precipitation.

Figure 6 shows the summer (JJA) mean
850 hPa wind field simulated in GT90. The anti-
cyclone and the convergence center over southern
China are simulated in a similar way as in RT60
and RT180 (Fig. 4c, d), suggesting that using a

125E 130E 135E 140E

Fig. 6. Summer (JJA) mean 850hPa wind
field simulated by GT90 (unit for wind: m/s;
unit for convergence: 10°s™')

high resolution even with the coarse GCM Topog-
raphy, leads to an improvement in the dynamical
and physical fields compared to the CSIRO sim-
ulation (Fig. 4b).

It is interesting to note that for all resolutions,
the GCM Topography runs tend to push the
1000 mm precipitation isoline towards Northern
China (near the Yellow River), which appears to
be a behavior associated with low resolution. By
contrast the RCM Topography runs tend to keep
the 1000 mm isoline contour around the Yangtze
River, at least at the highest resolutions. It thus
appears that the topographic forcing is important
in correctly placing this precipitation feature.

It is also noted that the RCM Topography runs
also simulate higher precipitation amounts over
southern China, which is in closer agreement
with observations.

3.3 Spatial correlation

To more quantitatively analyze the model simu-
lation of precipitation spatial patterns, we calcu-
late the spatial correlation coefficients between
simulated and observed precipitation at the 160
stations.

3.3.1 Annual mean precipitation

The spatial correlation coefficient between the
simulated and observed annual mean precipita-
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ficient between simulated and

RT45 RT60 GT60 RT90 GT90 RTI120 GT120 RTI180 GT180 RT240 GT240 RT360 GT360

experiments

tion for each of the simulations is presented in
Fig. 7. In general, it can be seen that the coeffi-
cient increases as the model resolution increases.
The RT45 simulation gives the best performance
with a high correlation coefficient (0.81), indicat-
ing a very good performance in reproducing
the observed spatial patterns of precipitation.
As discussed in the previous section, when using
the same resolution, the RCM Topography simu-
lations tend to perform better than the corre-
sponding GCM Topography simulations (e.g.
the correlation coefficient for RT60 is greater
than for GT60, RT90 greater than for GTO0,
etc.). In addition, a higher resolution GCM To-
pography simulation generally performs better
than the RCM Topography simulation at a res-
olution one step coarser (e.g. GT60>RT90,
GT90>RT120, etc.).

3.3.2 Monthly mean precipitation

Because of the strong seasonality of East Asia
precipitation it is also important to examine the

correlation coefficient

observed annual mean precipita-
tion. (Dashed line is 0.99 signif-
icant level, same as below)

precipitation simulation for each month. The spa-
tial correlation coefficients between the simu-
lated and observed monthly mean precipitation
for the RCM Topography experiments RT45,
RT60, RT90, RT120, RT360 are presented in
Fig. 8. Most notably, the correlations range from
values near 0.8 during the cold season months
(November through March) to values less than
0.4 during the mid to late monsoon months (July
through September). The improvements due to
increased resolution occur primarily in the sum-
mer monsoon months.

In fact, at resolutions coarser than 90 km, the
correlation coefficients in September are not sig-
nificant at the 99% confidence level. Note that
the annual precipitation is dominated by the sum-
mer monsoon in China. Our results therefore sug-
gest that relatively high resolutions (60km or
higher) are required to accurately simulate the
East Asia monsoon when convective precipita-
tion is dominant. The model resolution is less
of a factor during the winter months when non-
convective precipitation is dominant.

- - % - -RTI120

- - O - “RT360
Fig. 8. Spatial correlation coef-
ficient between simulated and
observed monthly mean precipita-

- - % -+ GCM

tion for RT45, RT60, RT90,
RT120, RT360 resolution using
real topography and GCM
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To evaluate the role of the RCM Topography,
the spatial correlation coefficients between the
simulated and observed monthly mean precipita-
tion for the experiments RT60, GT60, RT90,
GT90, RT120 and GTI120 are compared in
Fig. 9. This comparison shows the effect of high
resolution topography as a function of season. In
all the months, the RCM Topography simulations
perform at least as well and generally better than
the corresponding GCM Topography experi-
ments. In most of the months, the improvement
in correlation is around 0.1. Although this im-
provement is not very large, it is found consis-
tently across the range of resolutions examined.

4. Summary and discussions

The effects of horizontal resolution and topogra-
phy representation on the simulation of precipi-
tation in East Asia are investigated in a series
of five year RegCM simulations nested within
the CSIRO R21L9 GCM. Two sets of RegCM
experiments are performed and intercompared:
in one set both topography and resolution change
across the range of dx=60 to 360km; in the
second set only the resolution changes while
the topography remains the same as the one of
the CSIRO GCM. Our main conclusions can be
summarized as follows:

1) The simulated East Asia large-scale precipita-
tion patterns are significantly affected by
resolution. More specifically, simulated precip-
itation is increasingly realistic with increas-
ing resolution. We indeed find that a grid
point spacing of at least 60 km is needed to
reproduce the observed precipitation patterns

observed monthly mean precipi-
tation for RT60, GT60, RT90,
GT90, RT120, GT120

reasonably well. For coarser resolutions the
precipitation maximum is displaced too far
north and west compared to observations. It
is noted that even though higher resolution
appears to improve the simulation of convec-
tive precipitation, 45 km is still too coarse to
resolve all the important dynamics of a
mesoscale convective system (e.g. Cotton
et al., 1989).

2) The effect of resolution is most important
during the mid to late monsoon months, when
smaller scale convective processes dominate.
During the winter months, the model repro-
duces well the large scale distribution of
precipitation over East Asia regardless of
resolution.

3) The high resolution RegCM simulations with
the smooth GCM Topography perform sur-
prisingly well compared to those employing
the RegCM topography at the selected model
resolution. Use of RCM Topography only
adds a relatively small level of performance
to the simulations. This suggests that the
impact of resolution on model physics and/or
dynamics is more important than the impact
of topography.

Especially the last conclusion above has im-
portant implications concerning the use of fine
scale models to simulate regional climates. It is
well known that in areas characterized by com-
plex topographical features, such as Europe or the
western United States, complex topography plays
a dominant role in determining the precipitation
signal (e.g. Giorgi and Mearns, 1991). However,
our results indicate that resolution itself plays an
important role, especially when summer convec-
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tion is a dominant process. A similar result was
also found by Giorgi et al. (1998) for a simulation
over the Central Plains of the U.S., another region
of relatively smooth topography and summer-
dominated precipitation. Evidently, during the
summer sufficiently high resolution is needed to
simulate convective precipitation processes.

Another important result of our study is that,
in this case also confirming the findings of Giorgi
et al. (1998), a nested model can indeed improve
also the large scale patterns of the driving GCM.
This is related to two specific features of our
experiments. The first is that we used a relative-
ly large domain, so that the large scale lateral
boundary forcing is less effective in the domain
interior. The second is that for summer processes
the boundary dynamical forcing is less effective
than for winter and local physics processes (e.g.
convection and land-atmosphere exchanges) play
a more important role. This result adds some use-
ful material to the discussion of “added value”
of RCM nesting (Giorgi et al., 2001).

We finally stress that our results are obviously
limited to the selected region and experiment
design and might not apply to other regions
(where topography has a stronger effect) or cli-
mate regimes (when precipitation is dominated
by cold season processes). Also, we did not
change the land-use in our simulations, so that
we could not evaluate the possible role of land
use resolution information on the simulated cli-
mate of East Asia. We are indeed planning to
carry out a more extended set of experiments to
examine the possible effects of land-use distri-
bution and land-use change on the climate of
East Asia.
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