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ABSTRACT

Based on summer precipitation hindcasts for 1991-2013 produced by the Beijing Climate Center Climate System
Model (BCC_CSM), the relationship between precipitation prediction error in northeastern China (NEC) and global
sea surface temperature is analyzed, and dynamic—analogue prediction is carried out to improve the summer precipit-
ation prediction skill of BCC_CSM, through taking care of model historical analogue prediction error in the real-time
output. Seven correction schemes such as the systematic bias correction, pure statistical correction, dynamic—ana-
logue correction, and so on, are designed and compared. Independent hindcast results show that the 5-yr average an-
omaly correlation coefficient (ACC) of summer precipitation is respectively improved from —0.13/0.15 to 0.16/0.24
for 2009-13/1991-95 when using the equally weighted dynamic—analogue correction in the BCC_CSM prediction,
which takes the arithmetical mean of the correction based on regional average error and that on grid point error. In
addition, probabilistic prediction using the results from the multiple correction schemes is also performed and it leads
to further improved 5-yr average prediction accuracy.

Key words: summer precipitation, northeastern China, sea surface temperature, El Niflo—Southern Oscillation,
Beijing Climate Center Climate System Model, dynamic—analogue correction, probabilistic prediction

Citation: Fang, Y. H., H. S. Chen, Z. Q. Gong, et al., 2017: Multi-scheme corrected dynamic—analogue prediction of
summer precipitation in northeastern China based on the BCC_CSM. J. Meteor. Res., 31(6), 1085-1095,
doi: 10.1007/s13351-017-7069-3.

2008; Shen et al., 2011). In addition, the prediction of
summer precipitation is important for disaster prevention

1. Introduction

Northeastern China (NEC) is the major commodity
grain base of China, and changes in its weather and cli-
mate have important restrictive impacts on crops. Sum-
mer is the main crop-growing and rainfall-concentration
season in NEC. Anomalous summer precipitation can
result in flood/drought disasters over a large area and
may have serious impacts on the yields of crops. Meteor-
ologists have conducted much research on the character-
istics of the climate variability and factors influencing
summer precipitation in NEC (He et al., 2006; Wu et al.,

and mitigation at the government management level.
Therefore, research on short-term climate prediction—
especially, improving the prediction accuracy of summer
precipitation—is a major and longstanding scientific is-
sue and a focus of domestic and international meteorolo-
gists.

There are two main methods for short-term climate
prediction: the statistical method, which analyzes the
evolution of climate on the basis of historical data; and
the dynamic method, which involves establishing numer-
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ical models based on physical mechanisms. Each method
has its own advantages and shortcomings. Chou (1986)
proposed the idea that combining the statistical method
with the dynamic method might be a reasonable way to
correct the dynamic method’s prediction errors by using
historical analogue information. Overseas scholars have
conducted corresponding research on how to combine the
two methods more effectively (Mo and Straus, 2002;
Tippett et al., 2005), while Chinese scholars have used
the dynamic—analogue method based on historical data
(Qiu and Chou, 1989; Huang et al., 1993; van den Dool,
1994; Ren and Chou, 2005, 2007) and atmospheric self-
memory theory (Cao, 1993; Feng et al., 2001) to im-
prove the dynamical—statistical prediction method. There-
after, meteorologists applied the dynamical—statistical
combined prediction approach to summer precipitation in
East Asia (Gong et al., 2015, 2016), and conducted in-
vestigations on appropriate dynamical and statistical
schemes for seasonal precipitation prediction in the
Yangtze River basin (Wang et al., 2011), NEC (Xiong et
al.,, 2011), and North China (Yang et al., 2012). The
dynamical-statistical prediction based on the year-to-
year increment approach (Fan et al., 2008; Fan and
Wang, 2009, 2010) and the tropical analogue theory that
considers the fact that the predictability of the models is
higher in the tropics than in the extratropics (Wang and
Fan, 2009), has been carried out, leading to improved ac-
curacy in climate prediction in East Asia. Meanwhile,
meaningful results from a number of associated studies
(Smith et al., 2007; Kim et al., 2012; MacLeod et al.,
2012; Van Oldenborgh et al., 2012; Fang et al., 2016)
have also been reported.

The second-generation ocean—atmosphere coupled
model titled the Beijing Climate Center Climate System
Model (BCC_CSM) has been applied in operational cli-
mate prediction in China. Compared with the first-gener-
ation model, BCC_CSM has shown many improvements
in the prediction of sea surface temperature (SST) and at-
mospheric circulation, especially in low-latitude regions
(Wu et al., 2013). However, evaluations have also re-
vealed that this model has relatively constrained ability in
predicting summer (June—August) precipitation in NEC,
and corrections are needed for the successful application
of this model in NEC.

Based on correlation analysis between the error sets of
summer precipitation in NEC and the SST fields in previ-
ous winters, the present study attempts to establish an in-
ternal connection between them, acquire historical ana-
logue information by using the time series of the SST
fields averaged over key regions, and then develop a
dynamic—analogue correction method for summer precip-
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itation prediction in NEC with physical rationales (Qi-
ang and Yang, 2013; Gao and Gao, 2014). Seven correc-
tion schemes are also designed and compared with one
another to clarify their advantages and disadvantages in
the prediction of summer precipitation in NEC.
Moreover, as probabilistic prediction can provide a broad
range of information for climate prediction (Zhi et al.,
2014), we intend to use the multiple correction schemes
to configure probabilistic prediction for the NEC sum-
mer precipitation. Probabilistic prediction has become in-
creasingly popular since its introduction (Zhi et al.,
2014). See Section 2.6 for details about probabilistic pre-
diction.

Following this introduction, the BCC_CMS model,
data, and methods applied in this study are introduced in
Section 2. An evaluation of the simulation ability of
BCC _CSM for summer precipitation in NEC is presen-
ted in Section 3. Correction of BCC_CSM’s prediction of
summer precipitation in NEC, along with cross-
validation and probabilistic prediction, is performed in
Section 4. Finally, the conclusions and a brief discussion
are presented in Section 5.

2. Data and methods

2.1 Introduction to BCC_CSM

BCC CSM is a global land—atmosphere—sea-ice
coupled climate system model with a resolution of nearly
110 km. In BCC_CSM, the atmospheric component
model is BCC_AGCM2.2, with a horizontal resolution of
T106 and 26 layers in the vertical; the land surface com-
ponent model is BCC_AVIM1.0, with a horizontal resol-
ution of TI106; the oceanic component model is
MOM _L40, which uses a three-level grid with a hori-
zontal resolution of 1/3°~1° and 40 layers in the vertical,
and the sea-ice component model is the U.S. Geophysical
Hydrodynamics Laboratory’s Sea Ice Simulator. These
component models are directly coupled by the coupler
CPLS (Wuetal., 2013).

2.2 Data

The model data used in this paper are the hindcast pre-
cipitation data for June—August 1991-2013 generated by
BCC _CSM, and the model results with Gaussian resolu-
tion are interpolated to a 1°x1° spatial lattice. The actual
cumulative precipitation observations for June—August
are based on the daily precipitation data at 226 meteoro-
logical stations in NEC during 1991-2013. The error
field for the summer precipitation prediction in NEC is
the difference between the model hindcast and the obser-
vation. The SST data used are the monthly average SSTs
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from December 1990 through January 2013 recon-
figured by NOAA at a resolution of 2° x 2°, which are
downloaded from ftp://ftp.cdc.noaa.gov/Datasets/noaa.
ersst/sst.mnmean.v4.nc.

2.3 Dynamic—analogue correction for SSTs in previous
periods

The dynamic—analogue correction method consists of
the following steps:

(1) Obtain the error field of the summer precipitation
hindcasts in NEC by calculating the difference values
between the hindcast fields of BCC_CSM for summer
precipitation in NEC and the observational precipitation
fields during 1991-2008. Then, obtain the error time
series by calculating the regional averages of the error
field.

(2) Calculate the correlation coefficients between the
time series of summer precipitation error in NEC for
1991-2008 and the global SST field in the previous win-
ters (1990-2007). The region with correlation coeffi-
cients that pass the significance test will be regarded as
the key ocean region in the previous winters. The time
series of SST over the key region are computed as the av-
erage values of SSTs at each grid in the key region for
1991-2013.

(3) On the basis of the time series of SST over the key
region, select historical years that are the best analogues
with the year to be corrected (2009—13). “Best analogue”
refers to there being the same sign of the SST value
between the year to be corrected and the analogue year,
as well as a minimum absolute difference value. The ap-
propriate number of analogue years can be determined
through comparative testing.

(4) The error of the year to be corrected is obtained by
calculating the average values of the errors in historical
analogue years. Then, subtract the error from the hind-
cast results of the year to be corrected, so as to obtain the
prediction result after dynamic—analogue correction.

2.4 Design of various correction schemes

Scheme 1: Systematic bias correction; hereafter called
“system correction.” Using the 18-yr average value of
summer precipitation error (June—August) in NEC for
1991-2008 as the error in the year to be corrected to cor-
rect the summer precipitation results of the model in the
year to be corrected.

Scheme 2: Pure statistical correction of SST ana-
logues in the previous winters; hereafter called “pure
statistical correction.” Based on the correlation between
time series of the regional average summer precipitation
error in NEC and SSTs in previous winters, establish the
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time series of SST over the key region and calculate the
analogue years to the year to be corrected. Then, use the
average value of summer precipitation in the analogue
years as the prediction result for summer precipitation in
the year to be corrected. The correction results are not
based on the model prediction results.

Scheme 3: Dynamic—analogue correction of analogue
SSTs in previous winters as the regional average error;
hereafter called “analogue correction.” Based on the cor-
relation between the time series of regional average sum-
mer precipitation error in NEC and SSTs in previous
winters, establish the time series of SST over the key sea
region and calculate the analogue years to the year to be
corrected. Then, use the average hindcast errors of sum-
mer precipitation in the analogue years as the summer
precipitation error in the year to be corrected and sub-
tract it from the model hindcast result (hereafter called
the “model prediction”) to correct the summer precipita-
tion results from the model in the year to be corrected.
This scheme realizes the combination of the statistical
method with the dynamic method.

Scheme 4: Dynamic—analogue correction of analogue
SSTs in the previous winters as single-point errors; here-
after called “analogue correction (single point).” This
method is the same as Scheme 3 except that each gird
point in NEC is corrected, instead of the regional aver-
age. This scheme takes the regional differences into ac-
count.

Scheme 5: Equally weighted averages of the analogue
correction and analogue correction (single point) results;
hereafter called “weighted-correction-1".

Scheme 6: Equally weighted average of the system
correction, analogue correction, and analogue correction
(single point) results; hereafter called “weighted-correc-
tion-II". Schemes 5 and 6 take the advantages of the other
schemes.

Scheme 7: Directly use the uncorrected model predic-
tion results. This scheme is temporarily called “Scheme
7” to facilitate the description.

2.5 Evaluation of the correction results

The evaluation method for the correction results in this
paper follows the standard recommended by the World
Meteorological Organization. The anomaly correlation
coefficient (ACC) and root-mean-square error (RMSE)
are used for the purposes of testing and error analysis.

The ACC is calculated as follows:


ftp://ftp.cdc.noaa.gov/Datasets/noaa.ersst/sst.mnmean.v4.nc
ftp://ftp.cdc.noaa.gov/Datasets/noaa.ersst/sst.mnmean.v4.nc
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where X(j) is the ACC value, F(i, j) is the prediction
value, A(i, j) is the actual situation, and C(i, j) and C'(i, j)
are the climate mean states of the model climatology and
observed climatology, respectively. The ACC values
range between —1 and 1, and a larger value implies that
the prediction is better.

The RMSE is calculated as follows:
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The smaller the RMSE value, the better the prediction.
The RMSE is 0 when the prediction is fully consistent
with the actual observation.

2.6 Probabilistic prediction and testing

The probabilistic prediction is performed as follows.
On the basis of the first six schemes in Section 1.4, we
correct the model hindcast results of each grid point in
NEC, and then the precipitation anomaly percentage of
the correction results is calculated, so each grid point has
six precipitation anomaly percentage correction results.
The number of correction schemes with the precipitation
anomaly percentage greater than zero at each grid point
is divided by six (total number of schemes) to obtain the
probability of precipitation anomaly percentage greater
than zero at each grid point. For a grid point where the
probability of precipitation anomaly percentage greater
than zero is more than (or below) 50%, the precipitation
is recognized as anomalously high (or low). If the prob-
ability is 50%, the probabilistic prediction result will not
be considered.

In order to test the effect of the probabilistic predic-
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tion, we make a comparison between the accuracy rate of
probabilistic prediction and that of the model prediction.
If the accuracy rate of probabilistic prediction is higher
than that of the model prediction, the probabilistic pre-
diction is regarded as successful. The method for calcu-
lating the accuracy rate of probabilistic prediction is as
follows: for each grid point, if the probability of precipit-
ation anomaly percentage greater than zero is higher
(lower) than 50% and the actual precipitation is anomal-
ously high (low), the probabilistic prediction result of
this grid point is correct and the correct number of grid
points will be divided by the total number of grid points
for the region of NEC to calculate the proportion of cor-
rect grid points in the probabilistic prediction result. Sim-
ilarly, if the model prediction precipitation anomaly per-
centage at each grid point has the same sign as the actual
precipitation percentage, the model prediction result at
this grid point is accepted as correct and the correct num-
ber of grid points will be divided by the total number of
grid points to calculate the proportion of correct grid
points in the model prediction result.

3. Evaluation of BCC_CSM simulation of
summer precipitation in NEC

First, we evaluate the ability of BCC_CSM to simu-
late summer precipitation in NEC. Figure 1 shows the
average summer precipitation in NEC during 1990-2010
as predicted by the model, the actual average summer
precipitation distribution diagram, and the distribution
diagram for the difference between predicted precipita-
tion and observed precipitation. By comparing Fig. la
with Fig. 1b, it is found that the model captures the ob-
served characteristics that precipitation in the northwest-
ern part of NEC is less than that in the southeast, and that
the rough location of the small precipitation center
(northwestern part) and the large precipitation center
(southern part) can be predicted; however, there is a large
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Fig. 1. (a) Average summer precipitation in northeastern China predicted by BCC_CSM for 1990-2010, (b) observed average summer precipit-
ation, and (c) difference between predicted precipitation and actual precipitation. Units: mm.
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difference in the specific distributions and in the precipit-
ation values. Figure 1c shows the differences between the
model prediction and the observed precipitation, in
which it can be seen that the difference in most areas of
NEC is negative, meaning that the model prediction res-
ults are lower than the actual precipitation. In accord-
ance with the difference values, the prediction results are
lower overall than the actual precipitation by approxim-
ately 50-100 mm. In the southern regions outside of the
three provinces, the prediction result is lower overall than
the actual precipitation by approximately 100-250 mm.

Next, we will further evaluate the model’s ability to
predict summer precipitation with respect to the ACC
between the summer precipitation predicted by the model
for 1990-2010 and the actual precipitation. Figure 2
shows that the ACCs in most regions do not pass the sig-
nificance test, except for a small part in the northwest of
NEC, and that most of the southern regions in NEC have
negative ACC values. According to the average hindcast
results over 20 yr, it appears that BCC_CSM is not able
to accurately predict summer precipitation in NEC and
corrections should be made before the model is applied
in this region.

4. Correction of BCC_CSM and the effect on
summer precipitation prediction in NEC

4.1 The analogue correction for SSTs in the previous
winters

Shen et al. (2011) noted that midsummer (July and
August) precipitation in NEC is mainly influenced by the
East Asian summer monsoon and the western Pacific
subtropical high. Studies also show that the SST in the
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Fig. 2. Anomaly correlation coefficients between the 20-yr average
summer precipitation in northeastern China predicted by the model for
1990-2010 and the actual precipitation. The shaded area represents
correlation coefficients passing the significance test at the 0.05 level.
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previous winters has a significant influence on the shape,
location, and strength of the summer subtropical high in
later periods, which then influences the summer precipit-
ation in NEC and other places (Qiang and Yang, 2013;
Gao and Gao, 2014). That is to say, the SST in the previ-
ous winters is a precursor prediction signal and can
provide a reference for the analogue prediction method.
Therefore, we considered by using the errors in analogue
years to correct the summer precipitation model results
by searching for analogue years on the basis of the rela-
tionship between the summer precipitation error and the
SST field in the previous winters. On the basis of this
analysis, we conduct correction and test the effect on five
independent samples of the summer precipitation from
model prediction results in NEC during 2009—13 by ana-
lyzing the correlation between the summer precipitation
errors and the SST fields in the previous winters
(1990-2007) in NEC during 1991-2008.

According to the distribution diagram (Fig. 3) of the
correlation coefficients between the regional average
time series of the summer precipitation error fields and
the SST fields in the previous winters, the main signific-
ant correlation region is located in North Pacific and the
correlation coefficient distribution is significantly negat-
ively correlated in the equatorial East Pacific and signi-
ficantly positively correlated in the middle of North Pa-
cific. The absolute value of the central correlation coeffi-
cient is up to and above 0.6, a distribution situation simil-
ar to that of the El Nifio—Southern Oscillation (ENSO).
This conclusion is similar to the conclusion of Zong and
Chen (2013) that “the ENSO circulation in the equatorial
East Pacific in previous winter has a certain impact on
the Chinese rainband in July and August.” Therefore, we
conclude that the model’s prediction error for summer
precipitation is related to the SST in the equatorial East
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Fig. 3. Distribution of the correlation coefficient between the regional
average time series of the summer precipitation error in northeastern
China for 1991-2008 and the sea surface temperature in previous win-
ters. The dotted area represents the correlation coefficient passing the
significance test at the 0.05 level.
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Pacific in the previous winters and the SST in the middle
of North Pacific. This is because of the insufficient re-
sponse of BCC_CSM to the SST anomaly (ENSO).
Based on the preceding analysis, we determined that
the equatorial East Pacific and the middle of the North
Pacific Ocean are the key SST areas for the errors in the
previous winters. The difference values between the av-
erage SST in the equatorial East Pacific region and the
average SST in the middle of the North Pacific Ocean for
1991-2013 are regarded as the SST time series of the key
region. On the basis of the SST time series of this key re-
gion, we determined the analogue years calculated by
SST in the previous winters (2008—12) in 2009-13. Ta-
ble 1 lists five analogue years of summer precipitation er-
rors for the years to be corrected (2009—-13) according to
the analogue degree. When the number of analogue years
is one to five, the average value of errors in the analogue
years is used as the error in the years to be corrected, in
accordance with the steps in Section 2.3 (when the num-
ber of analogue years is one, the error of the analogue
years is the error of the years to be corrected). Finally,
the average error in analogue years is subtracted from the
model prediction results for the years to be corrected to
obtain the correction results of the years to be corrected.

4.2 ACCs of the correction results

It is necessary to determine the number of analogue
years before correcting the model results, and in this
study, we use comparative testing to determine the num-
ber of analogue years. Figure 4a shows the average ACC
of the corrected results for the seven schemes after aver-

Table 1. Five analogue years for the summer precipitation errors for
the years to be corrected (2009-13)
Year to be corrected

Analogue year

2009 2007, 1995, 2004, 2013, 2003
2010 1992, 2003, 2005, 1997, 1991
2011 2012, 2001, 2000, 2002, 1999
2012 2011, 2001, 2000, 2002, 1999
2013 2002, 2001, 2007, 2011, 2009

0.083 (a)

ACC

~0.05 (
5 0.046 55 0.052

0.10 I 2 3 4 5

Number of analogue years
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aging the ACCs for the five correction scheme results in
the years to be corrected and the actual situation when
the number of analogue years is one to five. Note that the
average ACC gradually becomes smaller with the in-
crease in the number of analogue years; the average ACC
is 0.083 when the number of analogue years is one, and
the average ACC is negative when the number of ana-
logue years is two to five.

Figure 4b shows the average ACCs between the cor-
rection results in 5 yr to be corrected in the various
schemes and the actual situation when the number of
analogue years is one to five. The 5-yr average ACC in
most schemes is negative when the number of analogue
years is two to five; although the average ACC is posit-
ive in certain schemes, the value is generally lower than
0.05. When the number of analogue years is one, the 5-yr
average ACC is positive in the other 6 schemes except
for Scheme 7, where the value is negative, which means
that the ACC of the corrected results is superior to the
ACC of the uncorrected results for whichever scheme is
selected. The analogue correction has the largest 5-yr av-
erage ACC value (0.24), whereas the 5-yr average ACC
of the weighted-correction-I and -1I schemes are 0.16 and
0.14, respectively. The 5-yr average ACCs in these three
schemes pass the significance test with a confidence de-
gree of 0.01; the 5-yr average ACC of the pure statistical
scheme is 0.11 and passes the significance test with a
confidence degree of 0.05. The 5-yr average ACCs in the
system correction and analogue correction (single point)
schemes are 0.02 and 0.04, respectively, but these values
fail to pass the significance test. Therefore, when the
number of analogue years is one, the analogue correc-
tion scheme and the two weighted correction schemes
can obtain obviously improved results for ACCs com-
pared with the system error or pure statistical correction
results, and these three dynamic—analogue correction
schemes are most suitable for operational use. From the
preceding results, the ACC has an obviously greater ad-
vantage when the number of analogue years is one rather

w System correction
0.3 ) w Analogue correction
(b) w Weighted-correction-1
u Model result
= [ure statistical correction
= Analogue correction (single point)
= Weighted-correction-11

0.2

0.1

ACC

2 3 4

Number of analogue years

L

Fig. 4. (a) Comparison of the influence of the number of analogue years on the average anomaly correlation coefficient (ACC) of five independ-
ent sample years and seven correction schemes. (b) Average ACCs of 5 yr to be corrected in various correction schemes when the number of ana-

logue years is one to five.
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than two to five. Therefore, the number of analogue years
will be one for making corrections, and the following
analyses are conducted when the number of analogue
years is one.

4.3 RMSEs of the correction results

Figure 5a shows the RMSEs of the correction results
for five independent samples for the various correction
schemes when the number of analogue years is one. The
RMSE of Scheme 7 (uncorrected model result) is the
largest value in the various schemes for 5 yr; therefore,
the RMSE of the corrected result is superior to the
RMSE of the uncorrected result regardless of which
scheme is selected. In addition, the analogue correction,
pure statistical correction, and analogue correction
(single point) schemes have the largest RMSE values for
5 yr except for the RMSE of Scheme 7. The system cor-
rection and the two weighted correction schemes have
lower RMSE values, which have small year-to-year fluc-
tuations and are relatively stable.

Figure 5b gives the average RMSE of five independ-
ent samples in the correction results of each scheme. The
RMSE values from low to high for each scheme are as
follows: systematic correction (90), weighted-correction-
IT (92), weighted-correction-I (97), analogue correction
(single point) (103), pure statistical correction (116), ana-
logue correction (116), and model result (157). For the
RMSE, the system correction and two weighted correc-
tion schemes have the lowest values when the number of
analogue years is one.

4.4 Case study in summer 2013 for the weighted-correc-
tion-1 scheme

From the analyses in the preceding two sections, we
can see that the two weighted correction schemes achieve
significant improvements as seen in the ACC and RMSE
results and have the greatest advantages among the vari-
ous correction schemes. To intuitively display the correc-

® System correction ® Pure statistical correction
00 @ Analogue correctio & Analogue correction (single point)
{a) ®Weighted-correction-I @ Weighted-correction-II
® Model result

RMSE

2009

2010
Year

2011 2012 2013
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tion effect of the weighted correction scheme, we ana-
lyzed the spatial distribution of the precipitation anom-
aly percentage after correction by using the weighted-
correction-I scheme as an example.

The summer precipitation in NEC was abnormally
high in 2013 (Zhao et al., 2015), and here we conduct a
comparative analysis of the results of the weighted-cor-
rection-I scheme, the model prediction results, and the
system correction results. Based on the actual summer
precipitation anomaly percentage in NEC in 2013 and a
comparative analysis of the model prediction results and
weighted-correction-I results (Fig. 6), the actual precipit-
ation in most areas of NEC in the summer of 2013 was
anomalously high, but the model prediction results show
that the precipitation in most areas was anomalously low,
which resulted in an inaccurate trend prediction. The res-
ults of the weighted-correction-I scheme show that most
areas in NEC were anomalously high; therefore, the res-
ult of weighted-correction-I was closer to the actual situ-
ation than the trend prediction made by BCC_CSM. The
model result of weighted-correction-1 was improved to a
certain degree, and the correction results for other years
(figures omitted) resulted in similar conclusions. Addi-
tionally, the weighted-correction-I scheme was closer to
the actual situation than the weighted-correction-II
scheme (figure omitted) according to the distribution res-
ults of the precipitation anomaly percentage.

4.5 The weighted-correction-I scheme for corrected pre-
diction in 1991-95

The weighted correction method provided accurate
results compared with other correction methods for the
five independent samples in 2009-13. To further verify
the effect of the weighted-correction-1 scheme, the model
results for 1991-95 were corrected to investigate the cor-
rection effect. Figure 7 shows the ACC of the weighted-
correction-I scheme, the system correction scheme,and
the model results. The 5-yr average ACC of the

200
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16 116
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Fig. 5. (a) RMSEs of the correction results in various schemes for the five independent samples. (b) Annual average RMSEs of five independ-

ent samples in the correction results of various schemes.
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Fig. 6. (a) Actual summer precipitation anomaly percentage, (b) model prediction result, and (c) weighted-correction-I result in northeastern

China in 2013. Units: %.
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Fig. 7. ACC of the weighted-correction-I scheme, system correction
scheme, and model results in 1991-95.

weighted-correction-I scheme was 0.24 and passed the
significance test with a confidence degree of 0.01; the
ACC was higher than the system correction scheme and
the model results. Moreover, the system correction meth-
od produced a negative value in 2 out of 5 yr; therefore,
the value is not stable. For the ACC, the weighted-cor-
rection-I scheme had a better correction effect for the
period 1991-95.

The 5-yr average RMSEs of the weighted-correction-I
scheme, the systematic correction scheme, and the mod-
el results were 82.6, 79.2, and 135.2, respectively. The
RMSE was obviously decreased by the weighted-correc-
tion-I and system correction schemes. However, the ef-

fect of the weighted-correction-I scheme was slightly
worse than that of the system correction scheme; the
reason for this result has yet to be investigated.

Figure 8 shows the results of the comparative analysis
on the actual summer precipitation anomaly percentage,
model prediction results, and the results of the weighted-
correction-I scheme in NEC in 1991. In accordance with
the trend of the actual situation, summer precipitation in
most areas of NEC was anomalously high in 1991;
however, the model prediction results show that the pre-
cipitation in most areas was anomalously low. The result
of weighted-correction-1 shows that the precipitation in
most areas was anomalously high. In accordance with the
trend, the result of the weighted-correction-I scheme was
closer to the actual situation and the distribution of the
precipitation anomaly percentage was also closer to the
actual situation. The model results of the weighted-cor-
rection-I scheme were greatly improved, and the correc-
tion results of other years (figures omitted) produced
similar conclusions.

4.6 Probabilistic prediction based on the multiple correc-
tion schemes

Six correction schemes were presented in Section 2.4
(except for the model result itself), and the probabilistic
prediction results for summer precipitation in NEC are
presented here. Moreover, we take the summer precipita-
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Fig. 8. As Fig. 6, but for 1991.
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tion in 2013 as an example to discuss the probabilistic
prediction results. Based on the spatial distribution dia-
gram (Fig. 9) of the probabilistic prediction of anomal-
ously high precipitation in NEC in 2013, the probability
of anomalously high precipitation was above 50% in
most areas of NEC, which is consistent with the actual
higher summer precipitation situation in most areas of
NEC in 2013, but the model prediction results show that
the summer precipitation in most areas of NEC in 2013
was anomalously low, which is contrary to the actual
situation. Thus, the probabilistic prediction better pre-
dicted the summer precipitation trend in NEC in 2013
and was greatly improved compared with the model pre-
diction results. The probabilistic prediction results for
other years (figures omitted) are similar.

To further verify the effects of probabilistic prediction,
we compared (Table 2) the model prediction accuracy
rates and probabilistic prediction accuracy rates in
2009-13. In 5 yr, only the probability accuracy rate in
2010 was slightly lower than the model prediction accur-
acy rate, whereas the probabilistic prediction accuracy
rate in the other four years was higher. The probability
accuracy rate was approximately 20%, 47.1%, and 49.4%
higher than the model prediction accuracy rate for 2009,
2012, and 2013, respectively. The 5-yr accuracy rate is

Table 2. Model prediction accuracy rate and probability prediction
accuracy rate in 2009—13

Testing Model prediction Probability prediction
year accuracy rate accuracy rate
2009 34.8% 54.8%
2010 49.7% 47.1%
2011 48.9% 53.5%
2012 22.2% 69.3%
2013 24.1% 73.5%
54°N
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45°N .
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= 1120
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Fig. 9. Probability prediction results of anomalously high summer
precipitation in northeastern China in 2013 based on six correction
schemes.

Fang, Y. H., H. S. Chen, Z. Q. Gong, et al.

1093

improved by 23.7%. Therefore, probabilistic prediction
that is based on multiple schemes should be considered
to realize a breakthrough from single deterministic pre-
diction to probabilistic prediction.

5. Conclusions and discussion

This study began by evaluating BCC_CSM'’s ability in
predicting the summer precipitation in NEC, which
showed that the model has limited skill in this respect.
BCC_CSM’s limited ability in prediction of summer pre-
cipitation in NEC may be due to it containing insuffi-
cient atmospheric remote responses to SST anomalies,
that is, ENSO. Moreover, the model performance evalu-
ation also indicated that the predicted value of summer
precipitation was systematically lower than the observa-
tion. Therefore, supplementary corrections should be per-
formed before BCC_CSM can be effectively applied for
operational summer precipitation prediction in NEC.

This paper describes how to improve the summer pre-
cipitation prediction skill of BCC_CSM through integrat-
ing historical prediction errors of analogue years, extrac-
ted from model hindcasts, with the real-time prediction.
This kind of integration between analogue prediction er-
rors and current model output is referred to as the “dy-
namic—analogue correction method”, as proposed by
Chou (1986). Based on this main idea, several schemes
were designed for improving the model’s summer precip-
itation prediction skill in NEC. Corresponding independ-
ent sample validations show the feasibility and physical
meaning of estimating analogue prediction errors by us-
ing the SST series of previous winters, which is signific-
antly correlated with summer precipitation in NEC.
Meanwhile, independent sample validations further show
that the 5-yr averaged ACC of BCC_CSM’s summer pre-
cipitation prediction in NEC is respectively improved
from —0.13/0.15 to 0.16/0.24 for 2009-13/1991-95 by
using the weighted-correction-I scheme. Compared to the
pure statistical scheme and other dynamic—analogue
schemes, the weighted-correction-I scheme exhibits the
best performance in terms of high ACC and low RMSE,
which verified that the weighted-correction-I scheme is
an appropriate correction method for reducing
BCC_CSM’s summer precipitation prediction errors in
NEC.

This paper also proposes the idea of using probabilistic
prediction to present the precipitation tendency based on
results of multiple correction schemes described in Sec-
tion 2.4. After verification, the 5-yr averaged probability
prediction accuracy can be improved by 23.7%. There-
fore, the probabilistic prediction based on multiple cor-
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rection schemes can be considered as another approach
that can be successfully applied in summer precipitation
predictions in NEC.

Based on the above statement, it is inferred that the
prediction skill of BCC_CSM can be improved by integ-
rating historical analogue information extracted through
the statistical method (Chou, 1986) with the model’s cur-
rent prediction. The dynamic—analogue schemes intro-
duced in this paper make obvious contributions to im-
provements in BCC _CSM’s prediction accuracy and
could be applied operationally in terms of predicting
summer precipitation in NEC.
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