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ABSTRACT

In this paper, seasonal prediction of spring dust weather frequency (DWF) in Beijing during 1982–2008
has been performed. First, correlation analyses are conducted to identify antecedent climate signals during
last winter that are statistically significantly related to spring DWF in Beijing. Then, a seasonal prediction
model of spring DWF in Beijing is established through multivariate linear regression analysis, in which the
systematic error between the result of original prediction model and the observation, averaged over the last
10 years, is corrected. In addition, it is found that climate signals occurring synchronously with spring dust
weather, particularly meridional wind at 850 hPa over western Mongolian Plateau, are also linked closely
to spring DWF in Beijing. As such, statistical and dynamic prediction approaches should be combined to
include these synchronous predictors into the prediction model in the real-time operational prediction, so
as to further improve the prediction accuracy of spring DWF in Beijing, even over North China. However,
realizing such a prediction idea in practice depends essentially on the ability of climate models in predicting
key climate signals associated with spring DWF in Beijing.
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1. Introduction

China is one of the countries which suffer from the

most severe meteorological disasters. Drought, flood,

dust weather, low temperature during summer, frost,

cold disaster, snowstorm, landfalling typhoon, etc., are

main weather and climate disasters in China (Huang

et al., 2003). In recent years, spring dust weather

occurring frequently in northern China has impacted

upon many aspects of the social system, leads to con-

siderable economic loss by influencing air quality, re-

gional climate, traffic, human heath, etc., and becomes

one of the severest natural disasters in the country.

Dust weather is closely linked to geophysical environ-

ment and meteorological conditions. Its occurrence

is determined mainly by land surface characteristics

and weather and climate conditions in the dust source

area, while its transformation is determined mainly by

weather and climate conditions. At present, seasonal

prediction of spring dust weather is a key issue in the

field of short-term climate prediction in China. For ex-

ample, spring dust weather forecasting meetings have

been held twice annually in the National Climate Cen-

ter since 2003. One of the key topics at the meeting

is about the seasonal and extra-seasonal prediction of

spring dust weather in China.

In general, two methods are taken in predicting

spring dust weather on the seasonal timescale, i.e.,

purely statistical and dynamic methods. The former

uses statistical method to establish prediction mod-

els on the basis of precursory atmospheric circulation

modes and meteorological variables that are closely re-

lated to spring dust weather (Quan et al., 2001; Mao

et al., 2005). The latter predicts spring weather di-

rectly by using the dust module embedded in climate

models (Nickovic et al., 2001), or indirectly by using

a synthesis of dust weather-related atmospheric fac-

tors and meteorological variables derived from a

dynamic prediction system (Wang Huijun et al.,

2003; Chen et al., 2004). On the whole, owing to the
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complicated nature of the precursory climate predic-

tors of spring dust weather in China, the skill of the

pure statistical prediction approach needs to be im-

proved, particularly in the way to reasonably identify

the precursory predictors. On the other hand, the dy-

namic prediction system and its performance are lim-

ited overall in terms of accuracy due to the imperfec-

tion of climate models. Accordingly, the prediction

by use of dynamically predicted main climate factors

of dust weather is largely uncertain. Taken together,

the skill of spring dust weather prediction needs to be

further improved although many advances have been

achieved in recent years.

Based on a pure statistical approach alone and

a combination of statistical and dynamic approaches,

Lang (2008) predicted spring dust weather in north-

ern China on the seasonal and extra-seasonal scales,

respectively, which provides a new implementation in

this area. However, the corresponding prediction skill

of spring dust weather is still limited in practice. An

important reason is that the number of predictors is

relatively large, which tends to lead to the instability

of prediction, particularly when the relationship be-

tween some predictors and dust weather weakens or

is even not statistically significant any more. There-

fore, three steps have been taken in this study to im-

prove the seasonal prediction of spring dust weather

in Beijing. First, to improve the skill and stability of

the prediction model, the number of predictors is re-

duced, in which only the critical precursory and syn-

chronous predictors are considered. Second, the areas

where predictors such as regionally averaged precipi-

tation and surface air temperature are identified cover

the global, rather than China as before. Finally, the

systematic error between the result of the original pre-

diction model and the observation is corrected so as to

improve the accuracy of prediction.

2. Data and method

Winter is defined as the average of December–

January–February (DJF), and spring as the average

of March–April–May (MAM). Spring dust weather fre-

quency (DWF) is defined as the sum of the days with

blown sand, floating dust, or dust storm. DWF obser-

vation at Beijing was obtained from the National Cli-

mate Center of the China Meteorological Administra-

tion. Since spring DWF in Beijing is almost the same

as that in northern China on the whole (Zhou, 2001;

Wang Shigong et al., 2003; Wang and Zhai, 2004), the

result of this study based on Beijing station is appro-

priate for addressing spring DWF prediction related

problems over the whole northern China.

The precursory variables and climate factors dur-

ing last winter consist of meridional wind at 850 hPa

(V850, northward wind speed is positive), surface air

temperature (SAT), precipitation (PRE), sea surface

temperature (SST), the Arctic Oscillation (AO), the

Antarctic Oscillation (AAO), the Southern Oscilla-

tion index (SOI), and Eurasian westerly index (EUI).

V850, PRE, AO, AAO, SOI, and geopotential height

at 500 hPa used for calculating EUI were obtained

from the Climate Prediction Center (CPC) of the Na-

tional Weather Service of the US National Oceanic and

Atmospheric Administration (NOAA). The horizontal

resolution of V850 and PRE data is 2.5◦×2.5◦. The

AO (AAO) is defined as the time coefficient series of

the first mode of empirical orthogonal function anal-

ysis of the geopotential height anomalies at 1000 hPa

(700 hPa) poleward of 20◦N (20◦S). The EUI is de-

fined as the normalized difference of zonally averaged

geopotential height at 500 hPa along 40◦–65◦N, 60◦–

120◦E. The SAT data, with a horizontal resolution of

2.5◦×2.5◦, were obtained from the US National Cen-

ters for Environmental Prediction (NCEP). The SST

data, with a horizontal resolution of 1◦×1◦, were from

the National Aeronautics and Space Administration

(NASA) (Reynolds et al., 2002). The present study

period is 1982–2008, during which the reanalysis data

are more reliable than before owing to the availability

of satellite data.

To investigate the effect of synchronous factors

on spring dust weather prediction, a set of hind-

cast experiments of spring climate during 1982–2008

were performed by using an atmospheric general cir-

culation model developed at the Institute of Atmo-

spheric Physics, Chinese Academy of Sciences (IAP9L-

AGCM). The model has a horizontal resolution of



684 ACTA METEOROLOGICA SINICA VOL.25

5◦×4◦ and 9 levels in the vertical, with the top at 10

hPa. The model has been widely used in the numeri-

cal simulation and short-term climate prediction stud-

ies (Jiang and Zhang, 2006; Lang and Wang, 2008).

For each year, the ensemble hindcast experiments

were composed of seven integrations from February

25 to the end of May, which were forced by observed

monthly SSTs and initialized from the atmospheric

conditions on 22–28 February from the NCEP/NCAR

reanalysis dataset (Kalnay et al., 1996). The result

was expressed as the ensemble mean of the seven in-

tegrations with the same weights.

3. The seasonal prediction model

3.1 Correlation analysis between spring DWF

in Beijing and climate factors during last

winter

It has been documented that surface wind

strength, SAT, and precipitation are main factors

determining spring dust weather in northern China

(Zhang and Ren, 2003; Kang and Wang, 2005; Fan

and Wang, 2006) and dominant factors for changes in

spring DWF in Beijing (Zhang et al., 2005). On the

other hand, the preceding SST has been well known

as an important predictor of short-term climate and

plays an important role in climate prediction on the

seasonal scale (Goddard et al., 2001). Taken together,

the relationship between spring DWF in Beijing and

the preceding V850, SAT, PRE, and SST during last

winter is first analyzed during 1982–2008, respectively.

It can be seen in Fig. 1a that spring DWF in Bei-

jing has a statistically significant positive correlation

with the preceding V850 over northwestern Badain

Jaran desert and Hunshandake sand land during last

winter, with the strongest relationship seen over west-

ern Mongolia and north of this region. In other words,

spring DWF in Beijing is more than normal when low-

tropospheric meridional wind strength is above nor-

mal, and vice versa. This means that dust weather

Fig. 1. The geographical distribution of the correlation coefficient between spring DWF in Beijing and the preceding

(a) V850, (b) SAT, (c) PRE, and (d) SST during last winter during 1982–2008. Light to dark shadings correspond to

the 90%, 95%, and 99% confidence levels, respectively.
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occurring over the dust source area is inclined to move

into northern China when the intensity of cold air is

above normal over northern China and neighbouring

areas in the north during last winter. This corrob-

orates, to a certain degree, that the Mongolian cy-

clone during last winter can impact upon spring dust

weather in northern China (Li et al., 2008), and that

Hunshandake sand land is a main source of spring dust

weather in Beijing (Qiu et al., 2008). Figures 1b and

1c show statistically significant negative correlations of

spring DWF in Beijing with SAT and PRE over south-

western Buyant-Uhaa of Mongolia during last winter.

According to the studies of Wang et al. (1995) and

Zhang et al. (2002), the probable cause could be the

following. The southern part of this area south to the

adjacent mid-western Inner Mongolia of China is cov-

ered to a large extent by sand, and drier and looser

than normal dust material tends to accumulate there

when SAT and precipitation are below normal during

the preceding winter. As such, when the ground of this

area becomes warm and the soil thaws during spring,

more dust material will be transformed along with

northerly and northwesterly wind from Mongolia into

northern China, where spring dust weather is there-

fore increased. Given that the locations where SAT

and PRE are statistically significantly correlated to

spring DWF in Beijing are almost the same, and that

the mechanisms through which they affect spring dust

weather in Beijing are similar, plus, the area with a

statistically significant correlation coefficient between

SAT and spring DWF in Beijing is overall larger, SAT

rather than PRE is chosen as a predictor of spring

DWF in Beijing, and SAT averaged over the regions

from the northern part of northern China to Northeast

China is chosen as one of the prediction factors.

On the other hand, sea surface condition, as an

external forcing of atmosphere, has caught much at-

tention in studies of spring dust weather forecast prob-

lems in northern China (Ye et al., 2000). Thus, the

key oceanic region in which SST is closely related to

spring DWF in Beijing and where the correlation is

relatively large in extent is selected. As shown in Fig.

1d, spring DWF in Beijing is significantly correlated to

the preceding SST in 1) northern North Pacific, 2) cen-

tral North Pacific in the middle latitudes, and 3) the

tropical southwestern Pacific during last winter, par-

ticularly in the third region where the obtained rela-

tionship is the largest as a whole. To examine the sta-

bility of such a relationship, the correlation coefficient

between spring DWF in Beijing and regionally aver-

aged SST in each of the above three oceanic regions is

further calculated for each 20-yr moving window. A

statistically significant and stable relationship is found

only between spring DWF in Beijing and the preceding

regionally averaged SST in the tropical southwestern

Pacific during last winter, which is accordingly taken

as a predictor for spring DWF in Beijing, although the

underlying mechanism for the relationship is unclear.

Collectively, regionally averaged V850, SAT, and SST

addressed above are finally chosen as the critical pre-

dictors of spring dust weather condition in Beijing,

and the corresponding correlation coefficient between

each of them and the spring DWF in Beijing passes

the significance test at the 99%, 95%, and 99.5% con-

fidence level, respectively. The key region concerning

each variable is given in Table 1.

Table 1. The region where the preceding regionally

averaged variable during last winter is used as a

predictor for spring DWF in Beijing. Also listed is the

temporal correlation coefficient (ACC) between each

predictor and the spring DWF in Beijing during 1982–

2008

Variable Region ACC

V850 50.0◦–55.0◦N, 115.0◦–127.5◦E 0.54

SAT Regions over China with confidence –0.46

level above 95% in Fig. 1b

SST 25.5◦–14.5◦S, 233.5◦–260.5◦W 0.60

Besides the above variables, relationships between

spring DWF in Beijing and AO, AAO, EUI, and SOI

on the interannual and interdecadal (smoothed over 11

yr) scales are also investigated. ACC between spring

DWF in Beijing and each of the four factors is small

overall on the interannual scale (Table 2). By contrast,

except for SOI, the correlation is obviously large on

the interdecadal scale, with ACC being significant at

the 98% (AO), 98% (AAO), and 99% (EUI) confidence

level, respectively. Since the systematic error between
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the original prediction model result and the observa-

tion over the most recent 10 years is removed, the

final prediction result involves, to a certain extent,

the interdecadal variation of predictors. It is therefore

necessary to take AO, AAO, and EUI into considera-

tion when establishing the seasonal prediction model

of spring DWF in Beijing.

Table 2. ACC between spring DWF in Beijing

and the preceding climate factors during last winter

during 1982–2008

Factors AO AAO EUI SOI

ACC on the interannual scale –0.19 –0.10 –0.32 0.09

ACC on the interdecadal scale –0.47 –0.48 –0.68 0.11

3.2 Prediction model of spring DWF in Bei-

jing

According to the above analyses, the preceding

regionally averaged V850, SAT, and SST (AO, AAO,

and EUI) during last winter are chosen as critical (al-

ternative) predictors of spring DWF in Beijing dur-

ing 1982–2008. A seasonal prediction model of spring

DWF in Beijing is then constructed through multi-

variate linear regression analysis. Note that the pre-

diction model is not finalized until the systematic error

of spring DWF in Beijing between the original predic-

tion model result and the observation over the most

recent ten years is removed. This procedure has been

found valuable for further improving the accuracy of

prediction (Lang and Wang, 2010).

The ability of the prediction model is assessed by

the ACC between the cross-validation analysis result

of spring DWF in Beijing and its observational coun-

terpart. Where a full range of combinations of all the

above predictors are concerned, the combined effect of

V850, SAT, SST, and AAO is found to be the most

outstanding in terms of the accuracy of prediction and

hence is taken in the present study. In this manner, if

Y0 and Y ′ denote the original prediction model result

and the systematic error respectively, the predicted

spring DWF (Y ) in Beijing in a certain year can be

expressed as follows:

Y0 = A0 +

m∑

i=1

Ai(xi)DJF,

Y ′ =
1

n

n∑

j=1

((Y0)j −DWF
obs

j ),

Y = Y0 − Y ′, (1)

where xi denotes the normalized series of AAO, re-

gionally averaged V850, SAT, and SST; i and j rep-

resent the number of predictors and years for cal-

culating the systematic error, respectively, i.e., 4

and 10; Ai denotes the weight coefficient of predic-

tors in the regression equation. Additionally, for

each year, the data of predictors cover the preced-

ing 20 years, and Ai is therefore altered with target

year.

Seasonal prediction of spring DWF in Beijing dur-

ing 1982–2008 is performed by using cross-validation

analysis with the above prediction model. It can be

seen in Fig. 2 that the cross-validation analysis re-

sult of spring DWF in Beijing obtained by the pre-

diction model is in a good agreement with observa-

tion in terms of interannual variation and linear trend,

even values in certain years. During 1982–2008, ACC

and RSSA (rate of the same sign of anomaly, i.e., the

rate of the number of the years in which predicted

anomalies are the same in sign as observation to the

entire studied years) between the prediction and ob-

servation are 0.77 and 74%, respectively, indicating a

high skill of the prediction model. It is worth not-

ing that the corresponding ACC is reduced to 0.68

when the systematic error between the original pre-

diction model result and the observation is neglected,

suggesting the importance of such an error correction

approach. In addition, to evaluate, in a quantitative

manner, the effect that the predictors have in the pre-

diction model, they are used to construct the fitting

equation of spring DWF in Beijing during 1982–2008.

The weight coefficient and partial correlation coeffi-

cient (at least at the 95% confidence level) of each

predictor given in Table 3 indicate that, among all the

predictors considered, SST (AAO) is the most (sec-

ond) important for spring dust weather in Beijing, cor-

roborating that the preceding AAO during last win-

ter is indeed a valuable predictor of the subsequent

spring dust weather in China, although the mecha-

nism behind remains unclear (Fan and Wang, 2004;

Lang, 2008). It is also revealed that the roles of V850
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Fig. 2. The normalized interannual variation of spring

DWF in Beijing during 1982–2008 as derived from the ob-

servation and cross-validation reanalysis result of the pre-

diction model, respectively.

Table 3. Weight coefficient and partial correlation

coefficient of each predictor in the fitting equation of

spring DWF in Beijing during 1982–2008

V850 SAT SST AAO

Weight coefficient 0.28 –0.29 0.59 0.45

Partial correlation coefficient 0.42 0.43 0.70 0.48

and SAT in predicting spring DWF in Beijing are com-

parable.

3.3 Seasonal real-time prediction of spring

DWF in Beijing

The performance of a certain prediction model

should be evaluated in practice. In this connection,

seasonal real-time prediction of spring DWF in Bei-

jing during 2002–2008 is performed by using the model

constructed above. For each target year, the normal-

ized value of each predictor is calculated on the basis of

observation for the preceding 20 years. On the whole,

the skill of prediction is high in terms of the interan-

nual variation and RSSA of spring DWF in Beijing,

with respect to observation (Fig. 3), particularly in

2003, 2004, and 2007. On the other hand, the mag-

nitude of prediction disagrees in general with observa-

tion, and the interannual variation between the pre-

diction and observation is not always the same, such

as in 2008. This can be, at least partly, explained by

the fact that spring dust weather in Beijing is closely

related to not only the preceding climate factors, but

Fig. 3. The normalized interannual variation of spring

DWF in Beijing during 2002–2008 as derived from the ob-

servation and real-time prediction of the prediction model,

in which only the preceding predictors during last winter

are used.

also the synchronous climate conditions during spring.

From the perspective of real-time prediction, only the

preceding four predictors during last winter are used

in the present prediction model. The synchronous

valuable predictors are neglected, which inevitably re-

stricts the skill of the prediction model. Given that the

synchronous climate factors are not available in prac-

tice, an effective approach is to turn to the dynamic

prediction of spring climate.

3.4 Idealized seasonal prediction model of

spring DWF in Beijing

There is a close relationship between spring dust

weather in northern China and the synchronous cli-

mate conditions. This brings the question as to the

degree to which the skill of the prediction model may

be changed if the synchronous valuable predictors dur-

ing spring are included into the prediction model. To

this end, the temporal correlation coefficient between

spring DWF in Beijing and synchronous V850, SAT,

and PRE reanalysis data is calculated, respectively,

so as to examine the corresponding relationship be-

tween each other. It is found that spring DWF in Bei-

jing has a statistically significant positive correlation

with the synchronous V850 over western Mongolian

Plateau, and a negative correlation with precipitation
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over eastern North China and SAT over mid-western

Inner Mongolia, with the positive correlation being no-

tably larger than the negative ones. Such being the

case, the synchronous V850 over western Mongolian

Plateau is further taken into account in Eq. (1) of the

regression prediction model, so as to establish a new

prediction model (hereinafter referred to as the ideal-

ized prediction model since the synchronous climate

of spring dust weather is unavailable in the real-time

operational prediction). The cross-validation analysis

of the idealized prediction model during 1982–2008 in-

dicates that the corresponding ACC and RSSA, with

respect to observation, are increased to 0.82 and 82%,

respectively. Moreover, the real-time prediction of the

idealized model is closer to observation during 1982–

2008 in terms of interannual variation, magnitude, and

RSSA (being 100%). Compared to the skill of the pre-

diction model in which only the preceding predictors

during last winter are considered, ACC and RSSA are

respectively increased by 0.11 and 13%, while root-

mean-square error (RMSE) and mean absolute error

(MAE) are respectively decreased by 0.19 and 0.17

(Fig. 4).

The above analysis indicates that the synchronous

V850 over west of the Mongolian Plateau is valuable

for predicting spring DWF in Beijing. A following is-

sue of concern is how about the potential predictability

Fig. 4. Differences in ACC, RMSE, MAE, and RSSA

of the predicted spring DWF in Beijing during 2002–2008

between the idealized (using both the precursory and syn-

chronous predictors from observation) and real-time (using

only the precursory predictors from observation) prediction

model.

of this predictor in the climate model, as dynamic pre-

diction is an effective way to obtain the data. Accord-

ingly, a set of seasonal ensemble hindcast experiments

of spring climate during 1982–2008 are performed by

IAP9L-AGCM, and the predictability of V850 is ex-

amined. IAP9L-AGCM demonstrates a level of predic-

tion skill for V850 in some regions, but a statistically

significant skill cannot be seen over western Mongo-

lian Plateau (figure omitted). That is to say, IAP9L-

AGCM cannot provide a valuable real-time prediction

for V850 needed by the idealized prediction model in

practice. In future work, to realize a dynamical and

statistical hybrid prediction approach for spring DWF

in Beijing, two studies are imperative. One is to im-

prove the skill of IAP9L-AGCM to predict spring cli-

mate through an effective correction scheme, and the

other is to make use of the result of other climate mod-

els with a demonstrable prediction skill of spring cli-

mate. These shall be helpful for further improving

the real-time prediction skill of spring dust weather in

northern China.

4. Conclusions and discussion

In this study, the preceding V850, SAT, SST,

AAO, AO, and EUI during last winter are first iden-

tified as predictors of spring DWF in Beijing by the

correlation analysis. A seasonal prediction model of

spring DWF in Beijing is then constructed through

multivariate linear regression analysis, in which the

systematic error between the original prediction model

result and the observation is removed. Compared to

the study of Lang (2008), the prediction model estab-

lished here is much better. First, the valuable infor-

mation of V850, SAT, PRE, and SST are looked for

on the global scale, and the resultant predictors are

therefore more representative. Second, the number of

predictors is notably decreased. This procedure sim-

plifies the formula of the regression prediction model

and enhances the stability of the prediction skill as

well. Finally, the accuracy of prediction is improved

through an error correction scheme presented by Lang

and Wang (2010). Therefore, the newly established
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prediction model of spring DWF in Beijing is more

valuable in practice according to both the easiness of

construction and the demonstrable skill of prediction.

When only the preceding V850, SAT, SST, and

AAO during last winter are used as the predictors of

spring DWF in Beijing, ACC and RSSA between the

cross-validation analysis result and the observation are

0.77 and 74% during 1982–2008, respectively, and lin-

ear trend agrees well with each other as well, indicat-

ing a high skill of the prediction model. Furthermore,

when the synchronous V850 during spring is addition-

ally taken into account, not only ACC and RSSA are

increased to 0.82 and 82%, respectively, but also the

linear trend between the prediction and observation is

more consistent. This gives importance to the use of

the synchronous predictors of spring dust weather in

Beijing. In practice, seasonal real-time prediction of

spring dust weather in China is performed in late win-

ter to early spring. As such, a dynamical and statisti-

cal hybrid prediction approach may be an effective way

to take into account the predictors during both last

winter and the synchronous spring. That is to say, the

preceding predictors during last winter are obtained

from observation, while the synchronous predictors are

obtained from seasonal dynamic prediction of spring

climate. It is seen from the earlier analysis this paper

that the synchronous predictors of spring dust weather

in northern China exist mainly in the middle and high

latitudes, where the prediction skill of spring climate,

as derived from climate models, is low overall. To ap-

ply the dynamical and statistical hybrid approach, one

way is to develop an effective error correction scheme

in light of the present prediction system of IAP9L-

AGCM. On the other hand, special attention should

be paid to the construction of new dynamic predic-

tion systems with a demonstrable better performance.

In this regard, the regional climate model suitable for

the East Asian monsoon area should be emphasized,

which has been an important aspect of climate model

development in China (Fu et al., 2005; Gao et al.,

2006). Finally, observational change in spring dust

weather is in general consistent throughout northern

China (Zhou, 2001; Wang Shigong, 2003; Wang and

Zhai, 2004). Therefore, the present results concern-

ing the seasonal prediction of spring DWF in Beijing

are representative for the whole northern China and

even a larger area. The prediction approach presented

here can also be applied in the seasonal prediction of

spring DWF in other regions of China where spring

dust weather occurs frequently.
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