SCIENCE CHINA
Earth Sciences

* RESEARCH PAPER -

October 2015 Vol.58 No.10: 1827-1839
doi: 10.1007/s11430-015-5104-8

Statistical downscaling model for late-winter rainfall over
Southwest China

RUAN ChengQingl’z, LIJ ianPing3 #" & FENG Juan>*

! State Key Laboratory of Numerical Modeling for Atmospheric Sciences and Geophysical Fluid Dynamics, Institute of Atmospheric Physics,
Chinese Academy of Sciences, Beijing 100029, China;
2 College of Earth Sciences, University of Chinese Academy of Sciences, Beijing 100049, China;
3 College of Global Change and Earth System Science, Beijing Normal University, Beijing 100875, China;
* Joint Center for Global Change Studies, Beijing 100875, China

Received February 3, 2015; accepted March 20, 2015; published online May 15, 2015

A statistical downscaling model is built for the late-winter rainfall over Southwest China (SWC). A partial-correlation method
is used for selecting factors. The results show that the selected factors for late-winter rainfall in SWC are sea level pressure in
Western Europe (SNAO) and sea surface temperature in Western Pacific (WPT). SNAO is related to the southern pole of
North Atlantic Oscillation (NAO) and excites Southern Eurasian teleconnection, which influences the development of the
southern branch trough and the water vapor transport to SWC. WPT indicates the variability of ENSO in the tropical Western
Pacific. WPT excites Pacific-East Asia teleconnection and an anticyclone (cyclone) is formed in the southern part of China and
suppresses (enhances) rainfall over SWC. A regression statistical downscaling model using SNAO and WPT shows good per-
formance in fitting the variability of late-winter rainfall in the whole SWC region and every observation station, and the model
also shows strong robustness in the independent validation. The statistical model can be used for downscaling output from
seasonal forecast numerical models and improve the SWC late winter rainfall prediction in the future.
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Southwest China (SWC) is based on the Yunnan-Guizhou
Plateau, and the autumn and winter rainfall in this region
recently are shown to have undergone significant interde-
cadal changes and suffer more droughts (Liu et al., 2011;
Zhang et al., 2011, 2013a, 2014; Gu et al., 2014; Yu et al,,
2014). Especially for the year of 2009/2010, a severe
drought with record extent started in the autumn and ended in
the winter. More than 25 million residents suffered drinking-
water shortage, and more than 1 million ha of crops died
(Barriopedro et al., 2012; Zhang et al., 2012; Huang et al.,

*Corresponding author (email: l[jp@bnu.edu.cn)

© Science China Press and Springer-Verlag Berlin Heidelberg 2015

2012; Xu et al., 2012).

Many researchers have studied the external forcing fac-
tors that influence the autumn and winter rainfall over SWC,
and these studies focus on the signals from the low or mid-
high latitude regions. For low latitude factors, researchers
analyze the tropical sea surface temperature over different
regions and their influence on SWC rainfall (Huang et al.,
2012; Feng et al., 2014). Some studies emphasize that the
SWC drought in 2009/2010 occurred under the background
of decadal aridification over the southern China, which is
related to the increasing CP El Nifio events in recent dec-
ades (Zhang et al., 2011, 2014); Zhang et al. (2013b) also
pointed out that the 2009 CP El Nifio event was character-
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ized by the relatively farther westward location and the
strongest intensity among all the CP El Nifio events in the
past 60 years, which was the main reason causing the severe
drought over SWC in the autumn of 2009. For the mid-high
latitude factors, Song et al. (2011) indicated the winter
North Atlantic Oscillation (NAO) can produce the quasi-
stationary waves propagating along the Asia-Africa sub-
tropical jet and influence the winter rainfall over SWC. Xu
et al. (2012) further stressed the asymmetric relationship
between the winter NAO and SWC precipitation. In the
positive NAO phase, the excited stationary waves are fur-
ther northward and cannot propagate to SWC. So only the
negative NAO phase can produce the stationary waves to
induce the negative anomalous SWC winter rainfall. Yang
et al. (2012) pointed out that the occurrence of the 2009/
2010 drought over SWC is related to the anomalies of the
atmospheric circulation systems in the westerly belt.

The projection results from the CMIP5 models show that
the droughts over SWC will be further frequent in the future
(Wang et al.,, 2014). Previous studies made detailed and
thorough analysises of the extenal forcing factors to SWC
rainfall, but few studies are focused on the prediction mod-
els. Rainfall prediction can provide estimates for economic
governance strategy, so prediction model studies have great
significance and realistic value. Besides, the importance of
winter precipitation gets more attention recently. More win-
ter rainfall causes cryogenic freezing rain and snow disaster
whereas less rainfall causes severe droght (Tao et al., 2014).
So it is meaningful for the study of winter rainfall over
SWC. Because most of the SWC winter rainfall (70%) occurs
between January and February, this paper analyzes SWC
late-winter rainfall and builds the statistiacal downscaling
model, which can help improve the prediction skill of late-
winter SWC rainfall in the future.

Downscaling is a common method for studying local
climate. In statistical downscaling method, the model is
built between large scale circulation forcing factors and
local rainfall, then the circulation prediction results from
climate models are taken in the statistical model to get the
local rainfall prediction in the future (Salathé, 2003; Hewit-
son and Grane, 2006; Fowler et al., 2007). Because the nu-
merical climate models show better skill in simulating large
scale circulation fields than local rainfall (Wilby, 1997;
Yarnal et al., 2001), the statistical downscaling method can
improve the ability of predicting local rainfall for climate
models. Guo et al. (2011) took the 500 hPa geopotential
height and the 700 hPa vapor transport as predictors and
built the statistical downscaling model for the summer rain-
fall over the middle-lower reaches of the Yangtze River; Li
et al. (2009) linked the principal modes of seansonal mean
sea level presure (SLP) and winter rainfall over southern
Australia, and built statistical downscaling for future pro-
jection; Guo et al. (2012) analyzed summer rainfall over
North China using time-scale decomposition method and
builtthe interannual and interdecadal rainfall models respec-
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tively, which effectively predicted the summer rainfall in
the following years (Li et al., 2013a; Guo et al., 2014).

The method for forcing factor selection is important for
the skill of statistical downscaling models. Stepwise regres-
sion method is widely used in previous studies, but this
method can only explain limited variance and the selected
factors will interfere with the next factor selection. There-
fore, this paper proposes a partial-correlation method for
selecting factors. In the partial-correlation method, the fac-
tors are selected based on the variance which is not ex-
plained by the old factors, so explained variance of models
is improved. This paper uses the partial-correlation method
to find the forcing factors influencing the SWC winter rain-
fall and builds the statistical downscaling model.

1 Data and methods
1.1 Data sources and Southwest China rainfall index

Observed rainfall data were derived from 160-station-
monthly rainfall dataset for China provided by the China
Meteorological Administration for the period of 1951-2014.
We also used monthly China land rainfall dataset (V2.0) on
a 0.5°x0.5° grid during 1961-2010. This dataset is used for
empirical orthogonal function analysis over southern China.

The primary monthly data for atmospheric fields were
extracted from the National Centres for Environmental Pre-
diction-National Center for Atmospheric Research (NCEP-
NCAR) reanalysis on a 2.5°x2.5° grid with 17 levels (Kal-
nay et al., 1996); monthly sea surface temperature (SST)
data used in this study were taken from Hadley Centre SST
Dataset I on a 1°x1° grid (Rayner et al., 2003). Several
well-known climateindices are employed like northern an-
nular mode (NAM) index (Li and Wang, 2003b), NAO in-
dex (Li et al., 2003a, 2013b), and ENSO-related indices (Ni-
fiol+2, Nifio3, Nifio3.4 and Nifio4, http://www.cpc.noaa.gov/
data/indices). All the data are the average of January and
February for each year.

The region of SWC is based on the EOF analysis of
late-winter rainfall over the southern China. The result in-
dicates that all the southern China shows the same signal in
the first mode (Figure 1(a)), and the variance center is lo-
cated in South China. The second mode reveals distinct an
east-west dipole (Figure 1(b)). The western pole includes
the southwest of Yunnan, southern Sichuan, most Guizhou
and western Guangxi; the other is located over Jiangxi,
Zhejiang, and Fujian. The two regions show opposite sig-
nals. The EOF results indicate that the rainfall over SWC is
one of the main variance centers in the late-winter rainfall in
the southern China. So the regions of SWC is defined as
97.5°E-107.5°E, 21.5°N-27.5°N and there are 14 stations
in this regions (Baise, Zunyi, Guiyang, Bijie, Xingren,
Xichang, Huili, Lijiang, Dali, Baoshan, Kunming, Lincang,
Mengzi and Jinghong). The averaged late-winter rainfall of
the 14 stations is defined as Southwest China rainfall index
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Figure 1 The analysis of the late-winter rainfall over the southern China. (a) Spatial distribution of the first leading EOF mode of the late-winter southern
China rainfall; the dashed box indicates Southwest China region used in this study (97.5°-107.5°E, 21.5°-27.5°N). The green crosses indicate the distribu-
tion of 160 gauge stations; (b) same as (a), but for the second leading mode; (c) the time series of Southwest China rainfall index, the straight line is the
long-term mean (1951-2014). Unit: mm; (d) correlation map of late winter rainfall between SWRI and 160 gauge stations. The contour interval is 0.2.

(SWRYI, Figure 1(c)) and SWRI shows good consistency with
the rainfall over SWC (Figure 1(d)). Late-winter SWRI has
significant interannual variance and a decreasing trend in
the recent two decades. In the last six years (2009-2014),
the values of SWRI are lower than the climate mean and the
value of 2009/2010 is the least one since the year of 1950/
1951.

1.2 Partial-correlation method for factor selection

Local rainfall is usually controlled by several external forc-
ing factors. When the primary factor is found, this factor

can only explain part of the rainfall variance. In order to
find other factors related to the unexplained variance, this
paper proposes the partial-correlation method. The main
steps are: (1) identifying potential forcing factors with cor-
relation analysis; (2) calculating root-mean-square errors
(RMSE) for each of the potential factors with the leave-one-
out cross validation method (Guo et al., 2011; Li et al.,
2013a) and selecting the factor with the minimum RMSE;
(3) testing the significance of the selected factor; (4) if the
factor passes the significant test, removing the signal of this
factor from the rainfall series and repeating Steps (1)—(3)
with the left rainfall series to find the next forcing factor; if



1830 Ruan C Q, et al.

the factor cannot pass the test, the selection is over.

The advantage of the partial-correlation method is that
the new forcing factors are closely related to the unexplained
rainfall variance and supplement the skill of old forcing
factors. With more new factors selected, the explained var-
iance gradually increases and the performance of the statis-
tical model is improved (Figure 2). But the partial-correlation
method is based on linear analysis, whereas some climate
forcing has a nonlinear effect (Zhang et al., 2011, 2014,
2015). For example, the two types of ENSO warm events
have opposite influences on the autumn rainfall over South
China (Zhang et al., 2013b, 2015). Therefore, the partial-
correlation method may be invalidated for the nonlinear
climate forcing factors.

After the factor selection, the statistical model is build
using local rainfall and factors. Although local rainfall has
the nonlinear character, linear models show good perfor-
mance on seasonal time scale. Besides, linear models are
also widely used because of their simplicity and explicit
physical meaning (Zorita and Storch, 1999; Guo et al., 2011,
2012). So, the linear regression method is applied to build-
ing the statistical downscaling model.

The assumption of statistical downscaling is that the rela-
tionship between local rainfall and forcing factors is stable.
But in the long time scale, the interdecadal change of cli-
mate system may induce the change of statistical relation-
ship. So after the model is built, an independent validation
must be performed using observed data which are different
from the model building period. In this paper, the data from
1951 to 1980 (30 yr) are used for training the model and the
data from 1981 to 2014 (34 yr) are used for independent
validation to test the robustness of the statistical downscal-
ing model.

2 Selecting the factors for SWRI

Previous studies show that the remote forcing factors can
influence local rainfall by teleconnection effect (Wilby and
Wigley, 2000; Guo et al., 2012). So, the correlation is ana-
lyzed between SWRI and global circulation fields (geopo-
tential height, SLP and SST) to find potential factors. The
results are shown in Figure 3. There are several significant
correlated regions in the pressure fields. One quasi-barotropic
structure with a positive correlation with SWRI is located
over the western Europe from the surface to the upper levels.

Rainfall

variability
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A negative correlated region is located to the northeast of
the quasi-barotropic structure on the lower levels. Over the
east coast of North America, there is a dipole structure be-
tween the subtropical and mid-high latitude in Figure 3(b)-
(d). Besides, some scattered significant correlation regions
can be found on the 850 hPa geopotential height and SLP
fields. There are only two main regions with a significant
correlation in the SST field. The negative one is located in
the tropical Western Pacific Ocean and the other positive
one is located in the west coast of subtropical North America.
All these significant correlated regions are the potential
forcing factors that may influence the late-winter rainfall
over SWC.

The boxes in Figure 3 are the regions of potential factors
and the factor indices are defined as the areal mean of grids
whose correlation coefficients are significant at the 95%
confidence level. There are totally 22 potential factors in
Figure 3 and RMSEs are calculated using leave-one-out
cross validation method (Table 1). The forcing factor locat-
ed in the SLP field over the western Europe (17.5°W-
32.5°E, 22.5°-55°N) has the minimum RMSE and the cor-
relation coefficient with SWRI (0.64) passes the significant
test, so this is the first factor selected for the late-winter
SWRI statistical model. This factor is named as SNAO
(Southern pole of NAO) as it is located at the southern pole
of winter NAO (Li and Wang, 2003a).

After the first factor is selected, the signal of SNAO is
removed from SWRI according to partial-correlation method:

SWRI, = SWRI-SWRI,,,,
= SWRI-4122.8—4.09xSNAO,

the unit of SWRI;, SWRI and SWRIgnao is mm, and the
unit of SNAO is hPa. SWRI, is linearly independent with
SNAO, so the variance of SWRI; cannot be explained by
SNAO. The correlation is calculated between SWRI, and
circulation fields to find the next forcing factor (Figure 4).
One important character in Figure 4 is that the significant
correlated regions located over western Europe and the
eastern coast of North America in Figure 3 now cannot not
be found. This result implies these factors have the same
forcing effect as SNAO. Since the factor of SNAO is already
selected, these factors are not necessary for the model. Be-
sides, some factors still can be found in Figure 4 and their
areas get larger, like the factors in the SLP field over the
tropical Atlantic; some new factors are identified this time,
like the factors in the upper levels of geopotential height

factor B

Figure 2 Schematic graph for partial-correlation based factor selection method. White indicates unexplained rainfall variability. Different colors indicate
different factors and explained rainfall variability. Each factor is selected based on the unexplained part (white) of rainfall variability.
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Figure 3 Correlation maps between late-winter SWRI and (a) 200 hPa geopotential height, (b) 500 hPa geopotential height, (c) 850 hPa geopotential height,
(d) SLP and (e) SST during 1951-1980. The boxes are the regions of potential factors. The contour interval is 0.2. The shaded areas indicate statistically
significant correlation at the 90%, 95%, and 99% confidence levels respectively.

Table 1 The four potential factors with the minimum RMSE during the cross validation in Steps (1)—(3) of factor selection (1951-1980)

Potential factors Longitude Latitude R? RMSE
SLP (Western Europe) 17.5°W 32.5°E 22.5°N 55°N 0.64™ 12.4
Step 1 H850 (Western Europe) 20°W 22.5°E 30°N 57.5°N 0.64™ 12.5
H500 (Western Europe) 22.5°W 15°E 40°N 57.5°N 0.61™ 12.8
H200 (Western Europe) 22.5°W 12.5°E 42.5°N 60°N 0.56™ 13.4
SST (tropical Western Pacific) 139.5°E 159.5°E 13.5°S 14.5°N -0.50™ 10.8
Step 2 SST (Tropical Atlantic) 34.5°W 2.5°E 11.5°S 4.5°N -0.15 11.0
(Remove SNAO) H850 (Southern Pacific) 162.5°W 132.5°W 35°S 17.5°S -0.35" 113
SLP (South Atlantic) 42.5°W 20°W 32.5°S 0 0.39" 114
H200 (Northern Pacific) 62.5°E 80°W 52.5°N 87.5°N 0.15 8.5
Step 3 H850 (Northern Pacific) 125°E 80°W 55°N 85°N 0.02 8.7
(Remove SNAO and WPT) H200 (Eastern China) 92.5°E 130°E 22.5°N 42.5°N -0.12 8.7
HS500 (Northern Pacific) 115°E 87.5°W 52.5°N 85°N 0.13 8.9

a) * Significant at the 95% level; ** significant at the 99% level.
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Figure 4 Same as Figure 3 but for results after removing the signal of SNAO.

over the northern part of North America. These factors have
the signals that are different from SNAO and may also in-
fluence the late-winter rainfall in SWC.

The significant correlated regions in Figure 4 are defined
as the new 15 potential forcing factors. The SST factor lo-
cated over the tropical Western Pacific Ocean (139.5°E-
159.5°E, 13.5°S-14.5°N) has the minimum RMSE (10.6
mm) and the correlation coefficient (—0.50) is significant at
the 95% confident level (Table 1). So this factor is selected
and named as WPT (Western Pacific sea surface tempera-
ture). The correlation coefficient between WPT and SNAO is
—0.18, implying the independence between the two factors.

In the next step, the signals of SNAO and WPT are linearly
removed from SWRI according partial-correlation method:

SWRI, = SWRI-SWRIg o wer
= SWRI+3079.1—3.87xSNAO +28.5x WPT,

the unit of SWRIQ, SWRI, and SWRISNAO_WPT is mm, and
the units of SNAO and WPT are hPa and °C respectively.
Figure 5 is the correlation analysis between SWRI, and cir-
culation fields. After removing the SNAO and WPT signals,
some factors disappear and some reappear. The factor with
the minimum RMSE is the one in the 200 hPa geopotential
field over the northern Pacific (62.5°E-80°W, 52.5°N-
87.5°N). But the correlation coefficient between this factor
and SWRI is only 0.15, not significant at the level of 95%
(Table 1), so this factor cannot be selected in the model.
Besides, the other potential factors cannot pass the signifi-
cant test, either, implying that after removing the signals of
SNAO and WPT, the rainfall variance shows a low rela-
tionship with the large scale circulation and mainly reflects
the internal variability of local rainfall. So the factor selec-
tion is over. SNAO and WPT are the selected factors related
with the late-winter rainfall over SWC.
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3 Mechanism for the influence of factors on
SWRI

Two factors, SNAO and WPT, are selected using the partial-
correlation method. But how the two factors affect the late-
winter rainfall over SWC is still not clear. This section ex-
plains the mechanism for the influence of factors on SWRI.

3.1 Mechanism for the influence of SNAO on SWRI

Figure 6(a) and bare the detrended correlation analysis be-
tween SNAO and geopotential height and wind to show the
circulation structure of SNAO. The geopotential height
fields on all levels indicate a positive phase of winter NAO
over the mid-high latitude region of North Atlantic (Li and
Wang, 2003a). One negitive center is located over Green-
land and the other positive center is located over western

Europe and the mid lattitude of the North Atlantic. The
SNAO index also shows a high correlation with the NAO
and NAO indices (Table 2). These results imply that SNAO
represents the variability of the southern pole of NAO.
Previous studies show that the spring NAO can excite
downstream development of subpolar teleconnections across
the northern Eurasia and strengthen (or weaken) the East
Asian summer monsoon (Wu et al., 2009, 2012). So how
does the southern pole of late-winter NAO influence the
downstream rainfall over SWC? In the middle and upper
troposphere in Figure 6(a) and (b), the circulation pattern
shows the teleconnection response from the mid-high lati-
tude areas of North Atlantic to the downstream regions.
Three positive response centers are located in the western
Europe, Arabian Sea, and the Mongolia-Northeast China
region respectively, and the Red Sea and SWC show a neg-
ative response. This circulation structure is consistent with
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Figure 6 Correlation pattern (detrended) between late winter SNAO and 200 hPa geopotential height and wind (a), 500 hPa geopotential height and wind
(b), all level water vapor transport (c) and China rainfall (d). Stippled areas and superimposed vectors indicate statistically significant correlation at the 95%
confidence level. The box indicates Southwest China region used in this study (97.5°E-107.5°E, 21.5°N-27.5°N).

the Southern Eurasian teleconnection pattern (Song et al.,
2011; Xu et al., 2012). This teleconnction pattern induces a
negative anomaly of geopotential height over the southern
part of Tibetan Plateau, which strenghthens the southern
branch trough. The southern branch trough is the main
weather system over SWC. It can strengthen or weaken the
southwesterly winds in the frontal trought and the water
vapor transport to influcence the rainfall over SWC (Qin et
al., 1991; Suo and Ding, 2009; Guo et al., 2010; Wang and
Li, 2010). Figure 6(c) is the detrended correlation between

SNAO and all level water vapor transport. The resutlt shows
that when SNAO is positive, more water vapor from the
Bay of Bengai is transported to SWC, Central and South China
and enhances the late-winter rainfall over these regions.
Figure 6(d) is the detrended correlation between SNAO
and late-winter rainfall over 160 gauge stations. The signif-
icant correlated regions include not only SWC but also
Central and South China. This result is consistent with the
forcing effect of SNAO. Besides, there is a weak negative
correlated region over the northeast China, which is related
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to the positive anomaly and anticyclone response over
Mongolia and the Northeast China in Figure 6(a) and (b).

3.2 Mechanism for the influence of WPT on SWRI

Figure 7(a) is the detrended correlation between WPT and
SST. The correlation pattern shows a La Nifia-like structure
over the tropical Pacific Ocean. There is negative correlated
SST over the middle and eastern tropical Pacific, and a
classic horseshoe positive pattern covers the western and
subtropical Pacific. The South China Sea, northwest Pacific
Ocean and the eastern Indian Ocean are negative correlated

40°N
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with WPT. WPT also shows negative correlation coeffi-
cients with the ENSO-related indices (Table 2). This im-
plies that WPT represents the variability of ENSO over the
tropical Western Pacific Ocean.

Tropical atmosphere circulation mainly responds to the
forcing of SST anomaly (Webster, 1972; Feng et al., 2011,
2013a, 2013b). WPT represents the signal of ENSO over
the Western Pacific, so the atmosphere response of WPT is
similar to that of ENSO events. Figure 7(b) is the detrended
correlation between WPT and 925 hPa stream function and
wind. The result shows that in the positive WPT phase,
there is an anticyclone structure over the north of middle
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Figure 7 Correlation pattern (detrended) between late winter WPT and (a) SST, (b) 925 hPa stream function (shaded) and 925 hPa wind (vectors), (c)
omega (the cross section along the thick solid line in (a)) and (d) China rainfall. The boxes in (a) and (d) indicate the Southwest China region and WPT re-
gion. Markers A and C in (b) denote anomalous anticyclone and cyclone respectively. Stippledareas and superimposed vectors indicate statistically signifi-

cant correlation at the 95% confidence level.
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Table 2 Detrended correlation coefficients between SNAO, WPT and climate indices in the late winters (1951-2014) ©

SNAO WPT NAO NAM Nifiol+2 Nifio3 Nifio4 Nifio3.4
SNAO - -0.18 0.74" 0.68" 0.17 0.08 -0.04 0.06
WPT -0.18 - 0.08 -0.04 -0.47" -0.53" —-0.48" -0.56"

a) ** Significant at the 99% level.

Pacific, which is the Rossby response of tropical atmos-
phere to the cold SST anomaly over the middle-east Pacific
(Gill, 1980). To the west of the anticyclone, a cyclone
structure is formed over the Philippine Sea and the southern
China is covered by an anticyclone structure. The “A, C, A”
atmosphere response is similar to the Pacific-East Asia tel-
econnection, which is the result of air-sea interaction over
the tropical Western Pacific (Zhang et al., 1999, 2002;
Wang et al., 2000; Weng et al., 2009). That is: the warm
SST anomaly over the tropical western Pacific can induce
cyclone response of atmosphere over the Philippine Sea. To
the southeast of the anticyclone, the southwest anomaly
wind is formed and overlaid to the northeast trade winds
(basic states). So the total wind speed and evaporation are
weakened, which favors the positive SST anomaly over
tropical western Pacific and forms a positive feedback
(Wang et al., 2000). Under the forcing effect of the Pacific-
East Asia teleconnection, SWC is covered by the anticy-
clone system. The cross section of omega along (97.5°E,
27.5°N) and (160°E, 5°S) shows that there are updrafts over
the Philippine Sea and downdrafts over SWC (Figure 7(c)),
which will suppress the rainfall over SWC. Moreover, South
China is also covered by the anticyclone and shows nega-
tive correlated rainfall with WPT.

Figure 7(d) is the detrended correlation between WPT
and late-winter rainfall over 160 gauge stations. Besides
SWC, the southeast coast of China also shows a significant
negative correlation. The whole significant correlated re-
gions exhibit a northeast-southwest pattern, consistent with
the anticyclone forcing over the southern China.

The diagnostic analyses of circulation structures related
to SNAO and WPT explain how the two forcing factors
influence the late-winter rainfall over SWC. SNAO is re-
lated to the southern pole of North Atlantic Oscillation
(NAO) and excites Southern Eurasian teleconnection, which
influences the development of the southern branch trough
and the water vapor transport to SWC. WPT indicates the
variability of ENSO in the tropical Western Pacific. WPT
excites Pacific-East Asia teleconnection and an anticyclone
(cyclone) is formed in the southern part of China and sup-
presses (enhances) rainfall in SWC. It is noted that the af-
fected areas are not confined to SWC. The southern China
is also influenced by SNAO and WPT

4 Building and validating the model of SWRI

This section uses the forcing factors, SNAO and WPT, to

build the statistical downscaling of SWRI. SWRI is the
seasonal mean rainfall and the nonlinear character is weak,
so linear regression model is valid. The time series of
SNAO and WPT are shown in Figure 8(a). Between 1951
and 2014, the values of SNAO have not changed much but
WPT exhibits an increasing trend. The increasing tempera-
ture over the tropical Western Pacific may be related to the
global warming. Based on the data from 1951 to 1980, the
statistical model between SNAO and WPT and late-winter
SWRI is built as follows:

SWRI = -3079.1+3.87 xSNAO —-28.5x WPT,

the units of SWRI, SNAO, and WPT are mm, hPa and °C,
respectively. The estimated SWRI during 1951-1980 and
1981-2014 are calculated respectively and compared with
the observed values. The results are shown in Figure 8(b)
and Table 3. During the model training period, the correla-
tion coefficient between the observed and estimated SWRI
is 0.79 and the RMSE of cross validation is 10.8 mm, and
the anomaly sign consistency rate is 83%. The regression
model shows good performance in simulating the change of
SWRI. During the independent validation period, the corre-
lation coefficient, RMSE, and the anomaly sign consistency
rate are 0.79, 9.9 mm, and 71%, respectively. So the statis-
tical model shows a similar skill in training and validating
periods, which implies the robustness and reliability of the
model.

When the severe drought occurred in the winter of 2009/
2010, the SNAO was in the strong negative phase while the
anomaly of WPT was weak (Figure 8(a)). The estimated
rainfall is 9.74 mm, similar to the observation (10.1 mm).
This result implies that the 2009/2010 drought was caused
by the extreme forcing from the mid-high latitude regions
and was weakly related with tropical SST. This conclusion
is consistent with parts of previous studies (Song et al.,
2011; Xu et al., 2012; Yang et al., 2012). But the model in
this paper is based on the linear analysis. Some studies have
shown that the nonlinear influence of ENSO on the autumn
rainfall over the southern China causes the decadal drough
in this region (Zhang et al., 2011, 2014). So, further re-
search is needed to check whether tropical SST also has a
nonlinear effect on late-winter rainfall over SWC.

SWRI is the regional average rainfall over the whole
Southwest China. Then we study the statistical model per-
formance on every station rainfall. We still take SNAO and
WPT as the forcing factors and take the observed station
rainfall as the predictand. A binary linear regression model
is built for each station and tested during 1981-2014. The
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Figure 8 Time series of late winter SNAO and WPT (a) and observed and fitted SWRI (b), correlation pattern between observed and fitted late winter
rainfall for each observation station during 1981-2014 (c). The training period in (b) is 1951-1980 and the independent validation period is 1981-2014; the

straight line is the long-term mean (1951-2014). The shaded areas in (c) indicate

statistically significant correlation at the 95% confidence level. The dashed

box indicates Southwest China region used in this study (97.5°E-107.5°E, 21.5°N-27.5°N). The red crosses indicate the distribution of 160 gauge stations.

Table 3 Correlation coefficients, RMSE in cross validation and anomaly
sign consistency rate between observed and fitted late-winter SWRI during
the training period (1951-1980) and the independent validation period
(1981-2014)

Cor. RMSE (mm) P
Training period (1951-1980) 0.79 10.8 83%
Validation period (1981-2014) 0.79 9.9 71%

correlation coefficients are shown in Figure 8(c). The result
shows that the statistical model performs well for the whole
SWC region except for the southernmost station of Hongjing.
The correlation coefficients are more than 0.50 in most sta-
tions and exceeding 0.70 in some stations. The result shows

that the statistical model with SNAO and WPT is also valid
for the station rainfall over SWC. Besides, the model exhib-
its some skill in South China although the model is origi-
nally designed for the SWC region, which is the result of
the SNAO and WPT influences on the rainfall over the
southern China.

S Discussion and summary

SWC suffered consecutive droughts in recent decades, and
the continuous drought from the autumn of 2009 to the
winter of 2010 was the most severe event since the records
began. This paper analyzes the attribution of the late-winter
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rainfall over SWC and proposes partial-correlation method
to build the statistical downscaling model. The two selected
factors are SNAO over the western Europe and WPT over
the western tropical Pacific. The statistical model with the
two factors shows good performance in estimating the rain-
fall over the whole SWC region and every observation sta-
tion. The model also shows robustness and reliability in the
independent validation.

Both SNAO and WPT influence the late-winter rainfall
over SWC through teleconnections. SNAO shows the vari-
ability of the southern NAO pole and induces Southern
Eurasian teleconnection in the winter. The excited Rossby
waves propagate by the way of the western Europe, the Red
Sea, the Arabic Sea, and the southern part of Tibet Plateau.
The teleconnection influences the strength of the southern
branch trough and water vapor transport, which further in-
fluence the rainfall over SWC. WPT reflects the effect of
ENSO on SWRI. In the positive phase of WPT, the La
Nifa-like pattern of SST in the tropical Pacific excites
Pacific-East Asian Teleconnection, which induces the
A-C-A response of atmosphere along the Philippine Sea and
the southern China. SWC is covered by anticyclone and
down-drafts suppress the rainfall.

SNAO and WPT show the influence of NAO and ENSO
on the late-winter rainfall over SWC, so is it valid to build
the model with NAO and ENSO? A new regression model
with the NAO and Nifio3.4 indices is built and validated to
evaluate the model’s performance. The result shows that the
estimation skill of the new model is worse than the model
with SNAO and WPT. The correlation coefficient, RMSE,
and the anomaly sign consistency rate are 0.59, 12.69 mm,
and 68%, respectively. The possible reason is that NAO and
ENSO influence SWRI through SNAO and WPT, so the
direct relationship between NAO and ENSO and SWRI is
weaker. Besides, other studies found that the forcing effect
of ENSO is nonlinear (Zhang et al., 2011, 2014), which is
another possible reason for the poor performance of NAO
and Nifio3.4 in a linear model.

Both the forcing factors and predictand in this paper are
in the late winter, so the statistical model cannot make pre-
diction alone. Numeric models are needed in the practical
prediction. Are there any preceding forcing factors related
to SWRI and how to build a preceding statistical downscal-
ing model? Besides, we found that the model in this paper
also shows good skill in estimating the rainfall over South
China. What is the relationship of interannual and interde-
cadal variability between SWC and South China? How to
build the model for South China? These questions are still
not clear and further work is needed in the future.
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