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Biases and | mprovementsin three Dynamical Downscaling

Climate Simulations over China

Hao Yandg?® « Zhihong Jiany « Laurent L}

Abstract: A dynamical downscaling is performed to improve tlegional climate
simulation in China. It consists of using a var@abesolution model LMDZ4 nested
into three global climate models (GCMs): BCC-csmitl FGOALS-g2 and
IPSL-CM5A-MR, respectively. The regional climateorn different simulations is
assessed in terms of surface air temperature anflle through a comparison to
observations (both station data and gridded datag. comparison includes climatic
trends during the last 40 years, statistical distion of sub-regional climate, and the
seasonal cycle. For surface air temperature, afisggm part of the improvement
provided by LMDZ4 is related to the effect of sweaelevation which is more
realistic in high-resolution simulations; the réstrelated to changes in regional or
local atmospheric general circulation. All GCMs d@hd downscaling model LMDZ4
are, more or less, able to describe the spati#iiltiion of surface air temperature
and precipitation in China. LMDZ4 does show its exigrity, compared to GCMs, in
depicting a good regional terrain including the€ldn Plateau, th®ichuan Basin and
the Qilian Mountains.
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1. Introduction

Numerical modeling is one of the most effective Isofor climate change
researches. There are more than 40 global modsisipating in the Coupled Model
Intercomparison Project phase 5 (CMIP5) (Tayloale2012 which provides a large
number of climate simulations. Compared to the ipreexercise CMIP3, the ability
of simulating historical climate at global scaleslieen largely enhanced (Taylor et al.
2012;Sperber et ak012) However, the ability of simulating climate at i@gal scale
is still poor, in particular for rainfall (Kitoh etl. 2013 Jiang et al2015.

China, located in the East Asian monsoon areajesod the regions in the world
possessing large climate variability. A complexface topography also increases the
difficulties for GCMs to accurately simulate thgi@nal climate (Sperber et &012)
The main reason arises from their low spatial wgsgmh, not capable of considering
regional scale forcing, such as the complex terrdime heterogeneity of surface
conditions generally makes regional climate simofet unreliable. This is
particularly true for the Tibetan Plateamd the surrounding aredslannig et al.
2013) To get higher-resolution and good-quality datayvadscaling is indispensable
(van Vuuren et al2011, Gao et al201Q Chen et al2011g Jiang et al2012;Guo et
al. 2012 Guo et al2014.

The technique of dynamical downscaling generallynstsis of using a
high-resolution regional model nested into globabdels. It ensures a complete
coherence among different variables. With a refitedain, the capability of the
regional model in simulating local weather and éliencan be significantly improved
(Giorgi et al. 2004 Frei et al. 2006) Based on this dynamical downscaling
methodology, a few investigations on regional ctenaver China have been reported
(Shi et al.2011, Zhang2012 Gao et al2012 Wang et al2013) However, there is
still a lack of downscaling studies with multi-mddgobal forcing, obviously due to
the large demand on computer resources.

An alternative to the limited-area modeling is tengrate regional climate
information with variable-resolution (zoomed) glblaémosphere general circulation
models, the higher-resolution domain being put akerregion of interest (Deque and
Piedelievrel 995 Goubanova and L2007) Such a global model can also work as a
traditional limited-area model if the whole globetside the interested domain is
considered as buffer zone which is driven by reymmadata or 6-hourly outputs of
global ocean-atmosphere coupled models. Such ana&gconfiguration apparently
wastes computer resources, the buffer zone wheldgimy takes place covering the
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whole globe. But this over-consumption is generatlerable, since the number of
model grids outside the interested domain is nedgti limited if the zoom is
appropriately designed. The advantage of this redicmodelling approach resides in
its general universality for different regions omrth. LMDZ4, developed in the
Laboratoire de Météorologie Dynamique, France, aaable-grid GCM with the
possibility of zooming and nudging. Many applicasohave been reported for
different regions of the world: the Mediterranedn R006, Rojas et al2013
L'Heveder et al2013 Vautard et al2013) South America (Carril et a012 Solman
et al.2013) Regional applications were also reported ovet Bam (Zou et al2010Q
Chen et al2011a)

As part of the Coordinated Regional Climate Dovatisg Experiment
(CORDEX) project (Giorgi et al2009, we simulate and analyze regional climate
change signals over China under different scenafibs particularity of our study is
to use LMDZ-regional to conduct an ensemble of atendownscaling simulations
with outputs of many global models (three whenghper was written). Simulations
cover present day (1961-2005) and future (2006 2fb0CRCP4.5 and RCP8.5 IPCC
scenarios (Taylor et ak012. We hope that the multi-model ensemble approach
allows us to deal with the issue of uncertaintyelggmining the spread of results.

In this paper, we describe results from LMDZ4 nesteo three CMIP5 global
simulations. Section 2 describes the model and dsed. In section 3.1 to 3.3, the
simulation performance between global models andir ticounterparts after
downscaling is compared. Section 3.4 presents @lasinoff-line bias-correction
method applied to surface air temperature, by meyithe surface elevation in global
models and LMDZ4. We believe that this correctidinectly related to surface terrain,
is meaningful for impact studies that might needjhhiquality in surface air
temperatures. Since there is no simple methododdigyving a bias correction for
precipitations, the added value of regional simoist is much clearer for
precipitations.

2. Mode description and data

LMDZ4 used in this study (Le Treut et aP94 Li 1999, is zoomed in East Asia
(zoom center at 30°N/110°E, coverage 5°~55°N, 88%%f). There are 120x120
latitude and longitude grids and 19 layers in thgigal. The spatial resolution inside
the zoom is approximately 0.8°0.6°. The driving forcing is added through a
relaxation procedure. We put a long (10 days, ltitimfinite, to be comparable with
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other simulations using this historical set-uppxalion time scale inside the zoom,
while the relaxation time scale is 1.5 hours owsithe use of two distinct relaxation
time scales inside and outside implies that the ehogns almost freely inside the
zoom, whereas it totally follows the forcing outsithe zoom. This operation (a long
but finite time scale inside the zoom) has someilaiiies with the concept of
spectral nudging commonly used in limited-area nwotte climate downscaling. But
our nudging effect is very weak, and we just intdape (with a bi-linear algorithm)
global fields into the regional grid without penfioing any scale filtering. The main
physical processes used in the model correspotitetatmospheric component of the
IPSL-CM5A coupled model, as described in Hourdiale2006§ and Dufresne et al.
(2013.

The three global climate models (GCMs) thatused as drivers are all from the
5" Coupled Model Intercomparison Project (CMIP5) (®ayet al. 2019.
BCC-CSM1.1-m is the climate system model develdpethe China Meteorological
Administration, National Climate Center (Wu et &013) FGOALS-g2 was
developed by the Institute of Atmospheric PhysiGtate Key Laboratory of
Numerical Modeling for Atmospheric Sciences and @wsasical Fluid Dynamics
(IAP-LASG), China (Li et al2013) FGOALS-g2 was obviously improved in many
aspects in comparison with early versions of FGOAEBou et al.2013; Yu et al.
2013) The performance of the two models has been etlua Zhou et al.2014)
IPSL-CM5A-MR is the last version of the global chte model developed by IPSL
(Institute Pierre-Simon Laplace), France, takingt pa different CMIP exercises. It
generally gives a good performance at global smaile East Asia (Chen et &011a)
The three selected models are quite representaifvehe climate modelling
community. They are considered as suitable foristudf Southeast Asian climate,
consensus obtained from many published works dmagimodels evaluation (Sperber
et al.2013 Kitoh et al.2013 Zhou et al2014; Jiang et al2015. LMDZ4 used in this
study is the atmospheric circulation module in IRRM5A-MR, but with different
horizontal and vertical resolution.

LMDZ4 is used in its regional configuration, its imaariables being nudged to
6-hourly outputs of GCMs. It is actually used dsaalitional limited-area model with
the whole globe as buffer zone that receives ostpilGCMs. The nudged variables
include zonal wind, meridional wind, temperaturel apecific humidity, with a time
interval of 6 hrs. The SST and sea ice prescrilsesliface boundary conditions in the
simulation are also from GCMs. The effective timeripd covers 1961-2005. Our
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downscaling approach is the largely-used one-wasfimg technique, which means
that there is no feedback to GCMs from the regiomadiel. Results after downscaling
are referred to as LMDZ/BCC, LMDZ/FGOALS and LMDEBSL in this paper.

For the purpose of model assessment, daily temperand rainfall at a few
meteorological stations in China are used. Theygasdity checked and homogenized
as described in Xu et a2009 and Chen et al.2010). These two data sets are
available with a resolution of 0.5°x0.5°, for thenge time period (1961-2005) of
model runs. The topography of meteorological stetias provided by China
Meteorological Administration (CMA). Main charaasics of models and observed
data sets are listed in Table 1. The original rgsmh of models is preserved in the
following analysis.

Fig. 1 shows the spatial resolution and surfacgtten different models (LMDZ,
BCC, FGOALS and IPSL) in East Asia. The region tdygfollows a three-step
orography from east to west. The first step isabastal plain and some hilly ground,
with altitude lower than 500 m. The second step figas regions with mountains
and hills, roughly from 500 to 3000 m. The thirémtmainly refers to the Tibetan
Plateau with altitudes over 3000 m. LMDZ is chaeaeed by a higher resolution in
comparison with the other three global models.alt give more accurate coastlines
and terrains. The structures of the Wuyi MountéBmutheast China costs), the Qilian
Mountains (in the north of the Tibetan Plateauvemied from Southeast to Northwest),
the Qaidam Basin (between the Tibetan Plateau ledilian Mountains), and the
Sichuan Basin (in the east of the Tibetan Platema)all clearly visible and well
depicted in the downscaling model. The Tarim Bdbetween the Tibetan Plateau
and the Tianshan Mountains) and the Junggar Basiwéen the Tianshan and Altai
Mountains) are at the western boundary of our zdomain.

3. Resaultsand analysis
3.1 Temperature and Precipitation mean climatology

Surface air temperature will be first assessed.eBgmining the surface air
temperature among the three global models and tbeinterparts after downscaling,
we can see that all of them are well consistent Wie observation. Temperature in
China is strongly affected by terrains (as shownFig. 2). For example, the
observational temperature around the Sichuan Basipproximately 1% or more,
which is evidently higher than the surrounding ar@gaughly 12~1%").

Compared with observations, GCMs reproduce wellpdigerns of temperature
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decrease from south to north (Fig. 2). The pattamelation coefficients between
simulated and observed annual-mean temperatu@@4e0.92 and 0.96, respectively,
for BCC, FGOALS and IPSL (as shown in Fig. 2a). Tbet-mean-square errors
(RMSE) are 3.4, 4.7C, and 2.3C, respectively (Fig. 2b). However, GCMs show a
weak skill of simulation in the Sichuan Basin. Thasparticularly true for FGOALS
which does not show the warm center at all. The rdmaling results show a
significant improvement for the Sichuan Basin arideo mountainous regions. The
high-value center in the Qaidam Basin and the lale center in the Qilian
Mountains and the Tarim Basin are obviously beitdieved after downscaling than
those in GCMs. This improvement is a direct consega of the higher-resolution
terrain and consistent with previous workBeque1995 Gao et al201Q Shi et al.
20121, Mannig et al.2013. Similarly, topographic structures of LMDZ4 arery well
reflected in the temperature patterns, much betian tin GCMs. The pattern
correlation coefficients between downscaled anceesl annual-mean temperature
are increased to 0.98, 0.97 and 0.98, respectif@yBCC, FGOALS and IPSL. The
RMSE are decreased to Z6 3.6C, and 2.0C, respectively.

Precipitation is another important climate variafoleevaluate. China experiences
a typical monsoon climate and large rainfall vaitighin both space and time.

As revealed in observation data (Fig. 3), the ahmean precipitation in China
decreases from the southeast coast to the northimestast China, the 3 mm/day
rainfall intensity reaches 32°N. The three GCMs dmsically depict the main
characteristics of rainfall distribution with a draal decrease from east to west, but
important biases can be noted. The spatial patterrelation coefficients between
simulated and observed precipitation are of 0.689 @nd 0.62, respectively, for BCC,
FGOALS and IPSL (as shown in Fig. 3a). The RMSE A, 1.15, and 1.21
(mm/day), respectively (Fig. 3b). In BCC and IP$he simulated precipitation in
southeast of the Tibetan Plateau is stronger thesergation, while much less in
southeast China and the Sichuan Basin. FGOALS aiesiimore precipitation on the
Tibetan Plateau and in the Sichuan Basin. Thesapuiaion defects are common in
GCM simulations with coarse resolution (Li et2011;, Chen et al2011h Jiang et al.
2012.

After downscaling, there is a significant improverhen the regions mentioned
above. In particular, a high-value center in thBa@iMountains has been reproduced
as the observation shows. The pattern correlataeificients between downscaled
and observed precipitation are increased to 0.66, &d 0.69, respectively, for BCC,
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FGOALS and IPSL. The RMSE are decreased to 1.8, &and 1.16 (mm/day),
respectively. Both LMDZ/BCC and LMDZ/IPSL reduceethwet biases around
northeast China and the Tibetan Plateau. LMDZ/FGOA&lso improves the
simulated ability in east of the Tibetan Plateawrdbver, the dry bias of GCMs in
southeast China has been reduced after downscaling.

We examine furthermore models performance in differmonths of the year.
Figure 4 displays the spatial correlation coeffitiand RMSE in function of month.
For surface air temperature (Fig. 4, panels a gndhe correlation coefficient is
generally smaller in summer than in winter; the Fi#es not show large variation
during the year. There is a general improvemen¢gonal simulations than in global
models. FGOALS seems the less skillful for the fwayameters. For precipitation
(Fig. 4, panels b and d), both the correlation ficieht and RMSE are smaller in
winter than in summer, due to the fact that thigae is generally dry in winter and
wet in summer.

In summary, the dynamical downscaling shows a Baamt improvement in the
spatial distribution of both temperature and préaipn. The main patterns of
temperature and precipitation over China are welpicted in the downscaling
simulations. This is mainly due to a detailed tergresent in LMDZ4 for the Tibetan
Plateau, the Sichuan Basin and the Qilian mountains

3.2 Climatictrends

The long-term trend of a climate variable can bleutated with a simple linear
regression. It consists of calculating the regmessioefficient of the climate time
series (temperature or precipitation) against aulegly-increasing time series
{t=1,2,...,1}.

ax = r.x (O-X /Ot) (l)

wherer, denotes the correlation coefficient between the tw® series, oy, 0 are
their respective standard deviation. The statissigmificance ofr,can be calculated
by a t-test.

The global climate was dominated by a warming trémdhe 20th century
(Taylor et al.2012. Fig. 5 shows the spatial distribution of thentteevaluated from
1961 to 2005 with the annual-mean temperatures,observations and different
models respectively. Observational field presentsnareasing trend of temperature
in most of the country. The temperature increaseshnfiaster in the north than in the
south. The warming rate in south China is lowentBaZC-(10a)!, but that in the
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north can exceed 0@- (10a)* , with stronger intensity in Inner Mongolia, natst
China and east of the Tarim Basin. The observedhéeature pattern is almost
reproduced in the global models of BCC and FGOAL&, the amplitude is much
lower than that in observation, and the high-valaeters are not well depicted. The
spatial distribution given by IPSL is characterizgdover-estimated values in south
China. Meanwhile, the significant warming in Norise China does not appear.

After downscaling, the spatial patterns of trendthe three models are more
precisely displayed. The spatial distribution of wéos-in-the-south and
higher-in-the-north is more consistent with obsaora But the warming rate is larger
in simulations than in observation, particularly Mortheast China, where the
warming rate exceeds 0.6°C- (IbaBimulated trends in central and south China in
LMDZ/BCC and LMDZ/IPSL are also higher than theiuaterparts in observation.

Observed trend of annual-mean precipitation fro®11® 2005 shows a decrease
over North China, but an increase in the middle Ewder reaches of the Yangtze
River and in the coastal areas of south Chinalfas/s in Fig. 6). This result is in a
general agreement with previous studies which sloveontrasting pattern of
precipitation trend in east China: wet in the soaftid dry in the north (Zou et al.
2010.

The ability of models in simulating precipitation generally weaker than that in
simulating surface air temperature. Simulated triemdorecipitation is still far from
realistic, although the situation for temperatwsarore consistent with observation
(shown in Fig. 6). Results from different GCMs @Vealed a sharp increase in north
China, but a decrease in the Yangtze-Huaihe rigsmb especially for FGOALS and
IPSL, which are almost contrary to the observati@ompared to the previous
exercise in CMIP3, the ability of simulating interaual variability and seasonal cycle
of East Asian summer monsoon has been largely eedan CMIP5 (Sperber et al.
2012 Flato et al.2013) However, for rainfall, there are still importamcertainties
and differences among GCMs (Jiang et a013; Zhang et al.2013. After
downscaling, all the three models show a graduddigreasing trend of precipitation
in north China, but still significantly differentrdm observation. LMDZ/IPSL
reproduces the increasing trend in the Yangtzettudrainage basins. It performs
much better than IPSL, its counterpart of globatisis.

Figures 5 and 6 show an obvious advantage for LMDZHe regional
simulations are closer to each other than to thee®tive driving GCMs. For example,
the three downscaled simulations show a meridigredient of warming in line with
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observations, while the driving GCMs miss it congle (Fig. 5). Similar
phenomenon for the precipitation trends (Fig. 6enfd patterns in the regional runs
are generally different from those in GCMs, butseloto each other. That is because,
in our experiment, LMDZ4 conducts quite freely tesithe target area (5°~55°N,
85°~135°E) with very weak forcing from GCMEhe relaxation time scale is 10 days
inside the entire zoom. This corresponds to a welging used in some limited-area
models.So the three downscaled simulations are more rdseinio each other than
to their respective driving GCMs.

Based on the above comparative studies before fégrdtlae downscaling, there
is an impressive ability for temperature, but feeskill in GCMs for the simulated
precipitation. Moreover, for both surface air temgpere and precipitation, the good
regions for climate means are not necessarily tlogl greas for trends.

3.3 Validation in sub-regions

Due to significant regional differences of climateChina, it is useful to divide
China into a few sub-regions. The regional divisisnshown in Fig.la for 6
sub-regions, reflecting the increasing continentaracteristics of climate from east
to west, as well as the south-north gradient amdntiain orographic features. The
sub-regions are Northeast China (NE), North Chid&)( Yangtze river basin (YZ),
Southeast China (SE), Southwest China (SW) anchitedt China (NW).

Unlike for long-term trend, it is not relevant toropare simulated sequences
against observed ones, especially for the inte@ntime scale. However, it is
adequate to compare their statistical behavions feach other. Figure 7 shows such
statistical properties (in the form of box-and-weis plots) of annual-mean
temperature during the period 1961-2005. Each psimalvs the area average of the
corresponding sub-region.

On the whole, the medians (quantity separatinghigber half from the lower
half of the distribution) of GCMs and downscalingns are generally smaller than
that of the observation, which indicates a cold hiamost regions, except in NC and
SE. In NE, NW and SW, the median temperatures mndoaling runs are more
accurate than those in GCMs. The median tempegtardownscaling runs in NE,
YZ and SE are closer to observation than thoseaharsub-regions, and the median
biases are smaller thariC2 We can however see that, the minimum and maximum
values (represented by the whiskers) in simulatexhperatures do not show
significant changes after the downscaling.
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Compared to temperature, rainfall in the dynamilmanscaling simulation has a
more obvious positive effect (Figure 8), especiatlyNE, NW and SW. The wet
biases in GCMs over most areas range from 20% @861 @With some areas exceeding
150%. The downscaled rainfalls have a reduced ihiasedian values. Both GCMs
and regional simulations have a wet bias in wesasamwith complex terrain. Earlier
studies have shown that the reason lies within upeind effect, which is even
stronger with a better-resolved topography (Mareti@l. 2013. It should be noted
that rainfall simulation in climate models is s@h issue of grand challenge, since
there are many processes controlling the macroepties and micro-physics of
clouds and precipitations, but missing in curreatameterizations. Moreover, the
lack of a high-quality and high-resolution observathfall dataset contributes to the
persistency of uncertainties in models, and makexlefs evaluation a very
challenging issu€ You, 2012 .

China, strongly affected by the East Asian Mmms presents a strong seasonal
cycle in both temperature and rainfall. Therefdteis necessary to evaluate the
simulation capacity of GCMs and downscaling modelterms of seasonal changes.
Figure 9 shows the seasonal cycle of temperaturedifferent regions from
observation, GCMs and downscaled simulations résedg It can be learned that,
the maximum temperature difference between sumnmmegl a&inter appears in
Northeast, approaching 40 The primary cause is its high-latitude locatiamere
under the control of the Siberia cold high-pressaeinter, the temperature is as low
as -20C, while in summer it exceeds 20 because of the East Asian summer
monsoon. In North China, models present a relgtigeiall deviation. They are close
to the observation. All the simulated temperatureshe Yangtze River basin are
higher in summer and lower in winter than the obsgon. Southeast China has a
similar situation except that the temperature inDAMFGOALS has a cold bias all
year round. Temperatures among most models in Wedhand Southwest are lower
throughout the year, except for some models (LMOZBand LMDZ/IPSL) showing
higher temperature in summer. All downscaled resaile closer to observation than
GCMs. For all sub-regions, whatever GCMs or dowlestgimulations, September
and October show the best performance.

For precipitation, the seasonal cycles from diffiémregions show a broad range
of characteristics (see Fig. 10). A common behaigiohowever, that rainfalls peak in
summer for all sub-regions. Northeast and Northn&€show the most remarkable
seasonal cycle with peaks in July, accompanied véthd transitions in June and
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August (Fig. 10, NE and NC). All simulations seerhbleato reproduce such
characteristics in these two regions. But theyehawgeneral dry bias in summer,
while a wet bias in other seasons. IPSL in North€sna and FGOALS in North
China are exceptions, showing smaller deviatiotes afownscaling.

In the Yangtze river basin, the observed precipitapeaks in July, while all
GCMs and downscaled maxima appear in May with ararck in phase (except for
IPSL), and precipitation intensity is weaker in snem, autumn and winter, but
stronger in spring. In Southeast China, precigteti peak in June, but most
simulations show a phase shift to July or a toadrdistribution from May to August.
Precipitation amounts in all simulations are geleramaller than the observed
values (see Fig.10 SE).

The mountainous regions in Southwest and North@ésta (Fig. 10, SW and
NW) with their complex terrain show large differesdor each model throughout the
year. All the models overestimate precipitatiorthese two regions, while the three
downscaling simulations show significant improvemseiT his is particularly true for
the model FGOALS running with a lower resolution.

To quantify the above comparison, we calculatecthreelation coefficient and
the RMSE for each curve in Fig. 10 with their carpart from observation (black
curve in Fig. 10). Results (Table 2) show that e¢hisra general improvement from
GCMs to regional simulations in terms of RMSE, it always correlation
coefficient. This means that LMDZ-regional has d@dremean climatology, but its
seasonal match, controlled by GCMs, is not amdhkoraWe also observe the same
results for the surface air temperature (mean ¢tilngy improved, but not the
seasonal match itself; results not shown).

In summary, models show different performances iffler@nt sub-regions.
Consistent with previous studies (Zhou e802 Chen et al201% Jiang et al2013),
most GCMs have a poor skill in terms of precipdatin west China (especially the
Tibet Plateau). Encouragingly in our study, fortbt@mperature and precipitation, the
dynamical downscaling simulations are generall\setao observations. Among the
three GCMs, the downscaling simulation from FGOA&I$ws the most obvious
improvements. For both temperature and rainfale #guperiority of dynamical
downscaling is deeply dependent on topography. daibheover the complex terrain
in China, the dynamical downscaling has a more pveapacity than GCMs.

3.4 Orographic effects
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Our previous analysis shows clearly that a dynal downscaling gives
important improvements in complex-terrain regions outhwest and Northwest
China. The observational data at meteorologicdiiosts can be regarded as the
“ground truth”, which help us to examine GCMs armvdscaling performances in
more details. We select 25 stations covering thesition from wet coastal regions to
dry inland areas (see Fig. 11).

It can be seen that almost all elevations in GChaMDZ4 are higher than the
real elevation. This is due to the fact that teriaimodels is of mean topography, but
meteorological stations are generally located ifeya or low-land areas. The terrain
height deviations (seé\EL, simulations minus observations) for stationswiast
China are generally larger. For most stations Wt altitude in east China, the
surface height in LMDZ4 is closer to observed dievathan GCMs (as shown in
Table 3).

By comparing temperatures from GCMs and downscsil@dlations, it is found
that the average temperature bias at the 25 ssaareduced after downscaling, with
absolute value 2.53 in GCMs against 1.18 in downscaled simulations, except
for Fuzhou, Xichang, Kunming and Urumgi (s€eT). Bias of simulated temperature
is usually proportional to the increase of locaighe The accuracy of temperature
simulation depends on altitudes (Zhao e2ab9.

To investigate quantitatively the topographic effeon simulated temperature,
we perform a topographic correction, in a similarayw as used in a
land-data-assimilation system (Cosgrove et2@lD3. Temperatures from models at
each station are adjusted with the following altoni:

Teorr = Tsim T HAH (2)

corr

where T¢or is the temperature’() after correction, andsiy, the simulated one®)
before correction; is the lapse rate (assumed to be @WAEBOmM), and4H the
difference of elevations (m) between models andrteetopography.

Corrections from GCMs and regional simulations @teshown in Table 34
T-cor). For GCMs, the absolute value of temperahi@s after topographic correction
is reduced to 1.09 (against 2.5&8 before correction). The temperature bias of the
regional simulations is 1.13. The bias becomes 0.98°C if the same bias coorei
applied. It is evident that, for temperature, tbpagraphic correction plays a role in
GCMs as well as in the dynamical downscaling sitma. This correction leads to
temperatures closer to the observation. Fr&il and AT-cor, we can also observe
that, in western high-altitude stations like Lha¥gan, Lanzhou, Xining, Yinchuan
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with strong biases in GCMs, the effects of topobrapcorrection are also more
spectacular than that in eastern low-altitude atatilike Harbin, Shenyang, Chifeng,
Jinan, Nanjing, etc. In agreement with previousligs, our results confirm that the
simulated temperature is highly dependent on diitwof model grids and on
complexity of model topography. This general bebaghould be primarily taken into
account for any applications of model outputs tml&s of climate change impacts.

For precipitations, Table 3 shows that GCMs gehetave over-estimations at
stations in wet basins in the east, but under-esiims along the western mountain
ranges. The average precipitation bias for thet&togss is reduced after downscaling,
with a relative error of 35.8% in GCMs and 28.2%ragional simulations. The
amelioration provided by the dynamical downscalsfurthermore revealed different
for east and west regions. Some high-altitudeastatiike Lhasa, Lanzhou, Xining,
Yinchuan and Yushu, with serious wet bias in GCMaye the most significant
amelioration after downscaling. Table 3 also reve¢hht the simulated precipitation
deviations are relative to the elevation of staidor both GCMs and downscaling
simulations, the higher elevation the larger désrmat Unlike the surface air
temperature that can be partly corrected by consiglethe terrain height,
precipitation cannot be simply corrected withouhgidering changes in the regional
or local atmospheric general circulation (Tippetale2003.

Since surface air temperature and precipitation strengly controlled by
atmospheric circulation, their amelioration in dewealing simulations should be
accompanied with amelioration in atmospheric dymafrelds, such as wind and
geopotential height (GHT). Figure 12 (left two pBsheshows geopotential height at
500 hPa and winds at 850 hPa, as depicted in ER&Him for summer and winter
respectively. Mean biases of GCMs (middle) and dsmating simulations (right) are
also shown. For both summer and winter, there nsescesemblance between GCMs
and downscaling simulations, due to the nudgingtieship between them. This
resemblance is found larger in winter than in sumnvlich can be explained by the
fact that winter climate in the region is much marentrolled by large-scale
circulation in comparison to summer regional climaMany regional events can
develop in summer without necessarily a correspandiarge-scale structure,
especially when convection is dominant .

Let us now examine further the summer situatiore GCMs bias is consistent
with a general imperfection in many models, wittba-strong south wind system in
East China, making the summer monsoon too muchmdnldhis bias is largely
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reduced in downscaling simulations. We believe thatamelioration of atmospheric
circulation in the downscaling simulation bringsignificant improvement for both
surface air temperature and precipitation.

In summary, because the downscaling model LMDZ4ahagher resolution and
a more accurate representation of the underlyingite surface air temperature is
generally better in LMDZ4 than in GCMs. The topggr& correction plays a role in
GCMs as well as in the dynamical downscaling sitnote. However, the orographic
effect is not the only reason why the dynamical dsvaling performs better, the
amelioration of the atmospheric general circulaadmegional or local scale certainly
plays its role.

Our results are consistent with those presentgdaio et al. (2006) who studied
the performance of a limited-area climate modehmig over East Asia, in function
of different model horizontal resolutions. Theyaalsied to isolate the topographic
effect from that of the resolution. They showedt titnee first contributor for a better
simulation of precipitation in East Asia is the ne@se of model resolution. This
resolution effect is more important than that franbetter description of the surface
topography which is only a second contributor.

4. Summary and Conclusion

Three global models, BCC-csml1-1-m, FGOALS-g2 arflLHEM5A-MR, were
used to drive a variable grid atmospheric genenaulation model LMDZ4, to
produce an ensemble of dynamical downscaling simoulsin East Asia. Simulations
cover the present-day period (1961-2005). The relsea this study is, primarily, of
practical significance for developing and validgtisuitable regional climate model
system in eastern China. The performance of GCMsdawnscaling simulations has
been evaluated in terms of precipitation and serfaic temperature in China. We
compared their mean climatology and long-term trend

In general, GCMs and downscaling models are ak ablreproduce the main
spatial patterns of temperature and precipitatioer €hina. Compared to GCMs, the
intensity and location of simulated temperature pretipitation from LMDZ4 are
closer to observations. The spatial pattern cadroglacoefficient calculated for the
annual-mean temperature varies from 0.92/0.94 iM&@ 0.97/0.98 in downscaling
simulations. The same indicator for rainfall varfesm 0.59/0.62 to 0.67/0.69. The
root mean square errors also significantly decrelisen GCMs to regional
simulations for both temperature and precipitatibhe downscaling with FGOALS
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exhibits the most significant improvement, compaséth BCC and IPSL. This is due
to the fact that FGOALS has the lowest spatial ltggm and the downscaling shows
its most visible added-value.

For long-term trend from 1961 to 2005, a generatmuag is observed over
China with minimum amplitude near the coasts amdngier amplitude inland. All
GCM and regional simulations catch the warmingdreBut the spatial patterns are
not always consistent with the observed one. FHafai there is a dipole structure in
East China: wet conditions in the south and drydd@mns in the north. This structure
does not seem to be reproduced, neither in GCMdmaeoegional simulations. We
note however that the three regional runs presemessimilar structures, although
their counterpart in GCMs is quite different: drnyNortheast China and South China,
but weak wet conditions in North China. Simulationprecipitation tendency was
inferior to that in temperature. Deficiency in ttiend simulation has received more
and more concerns in climate models currently (Weingl.2013 Dong et al2013
Dong and Zhou.2013. That requires the comparison of multi-GCM or RCM
ensembles (Gao et @012h. The CORDEX project which we are taking part il w
help to understand uncertainties of climate chamgesding both historical period
and future projections (Giorgi et &009.

We also divided China into 6 sub-regions and ingattd the statistical
properties of regional-mean temperature and pratipn. Results are displayed in
the form of box-and-whisker plots allowing us takate the median values and the
extrema (minimum and maximum). For both temperatumé precipitation, medians
seem improved from GCMs to downscaling simulatiomst the range of extrema
does not show significant changes.

Seasonal evolution for the 6 sub-regions is exathiamad compared to
observations. We did not observe an obvious impraré in terms of monthly
correlation coefficient. But the RMSE is generadiyneliorated in the downscaling
simulations, for both surface air temperature amdipitation.

We believe that the good general performance of ndgaling simulations
resides (partly at least) in their higher resolutand the good representation of the
terrain. We select 25 representative stations tmlate simulations. The terrain in
downscaling simulations is closer to the real toppfy; deviations of both
precipitation and temperature are reduced. We @dseloped a simple algorithm of
topographic correction to ameliorate surface amperature at station level. It is
primarily destined to provide relevant informatifor climate impact studies. But it
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goes to the idea that a refined description ofténeain was one of the vital factors
leading to the superiority of downscaling simulatio (Giorgi et al. 2004).
Unfortunately, there is no simple algorithm possilbf terrain correction for
precipitation.

This paper mainly focuses on the added-value of MIOn its regional
configuration in comparison to its drivers, outplutsn GCMs. It is worth to note that
other validation works of LMDZ4 over East Asia wetlso reported with re-analyses
(ERA-40 or ERA-Interim) as drivers (Zou et &01Q Yang et al.2015. Such
simulations, in the “perfect boundary conditiomiode, did show a good model
performance of LMDZ4 in capturing both the sign andgnitude of temperature and
precipitation anomalies.

An inter-comparison is planned for our next works understand errors in
regional simulations and attribute them to imperées in either large-scale boundary
conditions or physical parametrizations in LMDZ4ndlly we need to point out that
the lack of a reliable observation dataset alsotrimries to uncertainties for
evaluating high-resolution climate models.
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Table Captions

Tablel Sources of models and data

Table 2 Correlation coefficients and root-mean-sgjror (RMSE) (unit: mm/day)
to measure the seasonal match between the obsandesimulated precipitations for
six sub-regions in China and three pairs of globglonal simulations. Figures in
bold in the regional simulation columns indicatepmewvement (higher correlation or
lower RMSE) compared to their counterparts in globadels.

Table 3 Weather stations details: EL (m) is the elevatbstation; AEL (m), AT
("C) and APr (%) are the differences of model elevation, $atead temperature and
precipitation with the true terrain, observed terapge and precipitation,
respectively. AT-cor ('C) is the same ag\T('C), but for topography-corrected
temperature. GCM-ave stands for the average of BRGDALS and IPSL, RCM-ave
stands for the average of LMDZ/BCC, LMDZ/FGOALS dddDZ/IPSL. Figures in
bold in the regional simulation columns indicateprovement compared to their
counterparts in global models.

Figure Captions

Fig.1 Grid (in the form of mosaic) and surface orografiingttom color shading in m)
of models (a) LMDZ, (b) BCC, (c) FGOALS, (d) IPSk East Asia

Fig.2 Distribution of annual-mean temperaturéC() during 1961-2005 from
observation (top), GCMs (middle row, BCC, FGOALESL) and downscaling
simulations (bottom row, LMDZ/BCC, LMDZ/FGOALS, LMBIPSL) over China.
Spatial-pattern correlation coefficients and rooemequare error (RMSE) between
the observed and simulated fields are given inIgamand b

Fig. 3 Same as Fig. 2, but for precipitation (mm/day).

Fig. 4 Seasonal evolution of Spatial-pattern (a, b) datien coefficients and (c, d)
root-mean-square error (RMSE) between the obsdieleld and simulated ones for (a,
c) temperature and (b, d) precipitation.

Fig. 5 Long-term trend of annual-mean temperature (unifs:(a)’, stippling
indicates areas where the trend is statisticafjgiicant at the 95% confidence level).
The layout of panels is the same as in Fig. 2: miasen on the top, GCMs in the
middle and downscaling simulations on the bottom.

Fig. 6 Same as Fig. 5, but for long-term trend of annpedcipitation (units:
(mm/d) - (@), stippling indicates areas where the trend isssizlly significant at the
95% confidence level).
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Fig. 7 Distribution of annual temperature during 19612 different data sets and
different regions. These, box and whisker plotsaskite median (“+”), inter-quartile
range, maximum and minimum of temperatures resgaygt{unit: 'C).

Fig. 8 Same as Fig. 7, but for the annual precipitationt{ mm/day).

Fig.9 Seasonal cycle of monthly-mean temperatute) (during 1961-2005 for
different data sets and different regions.

Fig. 10 Same as Fig. 9, but for the seasonal cycle oftatton (mm/day).

Fig. 11 Geographic positions of the 25 representativéostain China

Fig. 12 Climatological mean of geopotential height at 58@& l{contours, unit: dagpm)
and winds at 850 hPa (vectors, unit: m/s) for (EBRA-interim and biases in (b,e)
GCMs-ave and (c,f) RCMs-ave (a, b, ¢ for summee, d for winter).



725

726
727

Tablel Sources of models and data

Data Source Time Resolution
LMDZz4 France LMD 1961-2005 0.6x0.6

Moddl BCC-csmZ-1-m Ching, BCC 1961-2C0% 1.125%1.15
FGOALS-g2 China IAP 1961-2005 2.8125x2.8125
IPSL-CM5A-MR France IPSL 1961-2005 2.5x1.2676
Precipitation Chenetal 2010 1961-2005 0.5x0.5

Obs Temperature Xu et al, 2009 1961-2005 0.5x0.5
Elevation China CMA Station
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Table 2. Correlation coifients and root-mean-square error (RMSE) (unit: day) to measure
the seasonal match between the observed and sehyegcipitations for six sub-regions in China
and three pairs of global/regional simulations.ufés in bold in the regional simulation columns
indicate improvement (higher correlation or loweM&E) compared to their counterparts in
global models.

LMDz/ LMDz/ LMDz/
BCC FGOALS IPSL
BCC FGOALS IPSL

Corr (RMSE) Corr (RMSE) Corr (RMSE) Corr (RMSE) €RMSE) Corr (RMSE)

NE 0.97(0.58) 0.94(0.82) 0.97 (0.58) 0.96 (0.66)0.99 (0.91)  0.950,69)
NC 0.96(0.42) 0.960(35) 0.93(0.90) 097 (0.40) 0.97 (0.31) 0.96 (0.37)
YZ 0.86(1.21) 090(0.93) 0.85(0.89) 0.86(1.09) 0.95(0.75) 0.90(65)
SE 097(1.87) 0097@6) 0.85(1.83) 098(1.01) 0.83(1.74) 0.93(1.30)
NW 0.86(0.76) 0.830(40) 0.82(0.99) 0.68051) 0.95(0.47)  0.940(39)

SW 0.93(1.71) 0.86)89) 0.97 (1.46) 0.92064) 0.97 (1.25) 0.98 (0.83)




736  Table 3 Weather stations details: EL (m) is theaien of station; AEL (m), AT ('C) and APr
737 (%) are the differences of model elevation, sinedaiemperature and precipitation with the true
738 terrain, observed temperature and precipitatiospeetively. AT-cor (C) is the same ag\T(C),
739  but for topography-corrected temperature. GCM-dapds for the average of BCC, FGOALS and
740 IPSL, RCM-ave stands for the average of LMDZ/BCQIDRZ/FGOALS and LMDZ/IPSL.
741 Figures in bold in the regional simulation columinslicate improvement compared to their
742  counterparts in global models.
EL AEL (m) AT(C) | AT-cor(C) | APr(%)
Sta.
(m) GCM RCM| GCM RCM GCM RCM
BCCFGOALS IPSL LMDZ -ave -avg -ave -avg -ave -ave
1 Harbin 14p 129 245 139 63l -2.82 -0.37] -1.72 001 35 -7
2 Shenyang 49 187 247 86 4 -2.2€ -047 -1.17 -0.18 7 21
3 Chifeng 56B 65 199 154 -30| -2.73 0.18 -1.82 0.08) 68 2
4 Hohhot 1068 319 30 289 264 -2.2¢€ -1.69] -0.9C -0.39 9 -38
5 Beijing 31 596 811 562 328 -5.2€ -2400 -1.01 -0921 23 10
6 Jinan 170 -127 107 -24 10 -2.5Z2 -0.48] -2.61 -0.42 -7 -18
7 Nanijing T 46 102 50 97 -1.1C -0.25 -0.67 0.30 -2 -1
8 Hankou 2B 103 263 127 39 -1.44 100 -0.37 1.24 -23 -38
9 Fuzhou 8y 247 186 173 439 0.27 -0.99 1.5¢ 1.6 -10 -5
10 Nanchang 47 166 239 249 -4 -1.64 050 -0.2z2 0.4§ -36 -31
11 Changsha b8 140 316 203 41| -1.26€ 093 0.1t 1.14 -40 -36
12 Guangzhou 41 114 196 155 13 -0.91 -0.03f 0.1C 005 -36 -34
13 Nanning 122 155 257 192 71 -0.8C -0.57] 0.51 -0.15 -38 -9
14 Guizhou 1224-173 -251 -158 214 1.47 -0.71 0.21 054 -19 -22
15 Chongging 351 201 767 383 o6l -3.0¢ 1.32 -0.1t 1.74 -25 -64
16 Chengdou 506149z 1467 -61 271 -5.4C 0.87] 0.8¢ 1.04 18 -65
17 Xichang 1591 795 537 772 654 -0.82 -1.69 3.7¢ 224 10 -39
18 Kunming 18 96 -678 146 125 0.5¢€ -1.04 -0.3€ -0.27 -8 -25
19 Lhasa 3649120C 185 102¢ 854 -5.3t -389 -0.1z 1.29 86 -65
20 Xi'an 397 631 598 578 685 -4.17 -2.33 -0.2€ 1.171 52 26
21 Lanzhou 1517 847 863 560 781 -3.85 -1.32] 1.0€ 1.3 151 49
22 Yinchuan 1121 270 456 544 308 -3.4€ -1.51 -0.72 033 77 15
23 Xining 2295 952 419 518 560 -3.54 -1.89] 0.5t 141 58 -7
24 Yushu 3681 915 533 1127 864 -3.0¢ -2.071 2.5C 3.14 55 -43
25 Urumgi 93p 245 337 -219 -214] 1.8¢ 4.1 2.67 2.89 2 -35
Absolute-Ave 8623 408 412 340 272 253 113 1.09 098 35.8 28.2
743
744

745
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Fig.1. Grid (in the form of mosaic) and surfacegraphy (bottom color shading in m) of models
(a) LMDZ, (b) BCC, (c) FGOALS, (d) IPSL in East Asi
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758  Fig. 3 Same as in Fig. 2, but for precipitation (fuay).
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768  Fig. 5 Long-term trend of annual-mean temperatursits: ‘C-(a)*, stippling indicates areas
769  where the trend is statistically significant at 8% confidence level). The layout of panels is the
770  same as in Fig. 2: observation on the top, GCMBémmiddle and downscaling simulations on the
771  bottom.
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Fig. 6 Same as in Fig. 5, but for long-term trericaonual precipitation (units: (mm/d) -{g)

stippling indicates areas where the trend is $izdlly significant at the 95% confidence level).
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Fig. 7 Distribution of annual temperature durings12005 for different data sets and different

regions. These box and whisker plots show the me@id), inter-quartile range, maximum and
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minimum of temperatures respectively (ufit).
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Fig. 8 Same as in Fig. 7, but for the annual pitipn (unit: mm/day).
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797  Fig. 12. Climatological mean of geopotential heighb00 hPa (contours, unit: dagpm) and winds
798  at 850 hPa (vectors, unit: m/s) for (a,d) ERA-iimeand biases in (b,e) GCMs-ave and (c,f)

799 RCMs-ave (a, b, ¢ for summer, d, e, f for winter).
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