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Abstract: This study investigates the variation and prediction of the west China autumn rainfall (WCAR) and their
associated atmospheric circulation features, focusing on the transitional stages of onset and demise of the WCAR.
Output from the 45-day hindcast by the National Centers for Environmental Prediction (NCEP) Climate Forecast System
version 2 (CFSv2) and several observational data sets are used. The onset of WCAR generally occurs at pentad 46 and
decays at pentad 56, with heavy rainfall over the northwestern China and moderate rainfall over the south. Before that,
southerly wind changes into southeasterly wind, accompanied by a westward expansion and intensification of the
western Pacific subtropical high (WPSH), favoring rainfall over west China. On the other hand, during the decay of
WCAR, a continental cold high develops and the WPSH weakens and shifts eastward, accompanied by a demise of
southwest monsoon flow, leading to decay of rainfall over west China. The CFSv2 generally well captures the variation
of WCAR owing to the high skill in capturing the associated atmospheric circulation, despite an overestimation of
rainfall. This overestimation occurs at all time leads due to the overestimated low-level southerly wind. The CFSv2 can
pinpoint the dates of onset and demise of WCAR at the leads up to 5 days and 40 days, respectively. The lower
prediction skill for WCAR onset is due to the unrealistically predicted northerly wind anomaly over the lower branch of
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the Yangtze River and the underestimated movement of WPSH after lead time of 5 days.
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1 INTRODUCTION

The west China autumn rainfall (WCAR), character-
ized by continual rainfall, high moisture, and a lack of
sunlight, is the second peak of rainfall in west China
(Zhang™; Bai and Dong™; Yuan and Liu®). Its domain
covers Sichuan, Chongqing, Guizhou, eastern and south-
ern Gangsu, Guanzhong, southern Shaanxi, western Hu-
nan and Hubei (Gao and Kuo™; Liang®™). The WCAR is
regarded as a special rainfall process in autumn, especial-
ly in September and October. Due to the influences of this
last wet season over mainland China (Wang and Ding!®;
Yu et al.”?) on agricultural production, geological hazards
(e.g. debris flow and landslide), and autumn flood, nu-
merous studies have been conducted to understand the
cause and impact of the WCAR (Bao et al.¥; Cai et al.”; Li
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et al."; Liu et al.'") and monitor its variations (Wang et
al.l?),

Previous studies have investigated the variability of
WCAR on different time scales. As a transitional phe-
nomenon (Huang et al.!*!), WCAR is associated with the
adjustment of atmospheric circulation from the summer
pattern to the winter pattern in the Northern Hemisphere.
On interannual time scale, Ren and Li ™ pointed out that
WCAR amplified approximately every 5.5 years. Jiang et
al. also found that WCAR exhibited an oscillation of
about 6 years 1. Wang et al. analyzed the relationship
between WCAR and ENSO based on a 4-year cycle of
WCAR !, Xu et al. indicated that both ENSO and the
Indian Ocean Dipole (IOD) strongly influenced the inter-
annual variability of WCAR!!, In addition, WCAR al-
so experiences strong interdecadal variability (Zhang!™;
Feng and Guo ™]; Zhao et al.™; Xue et al.™). WCAR
shows a weakening tendency during the last 50 years in
the 20th century and then strengthens again after the 21st
century (Li et al.'%; Liu et al.'; Jiang et al.!"!; Xue et
al. P; Luo et al. ™). The factors that contribute to
WCAR variability are complex. The possible effects of
the topography of west China!?, the intensity and posi-
tion of the western Pacific subtropical high (WPSH), the
East Asian jet stream (EAJS) coupled with the retreat of



No.1 DONG Shao-rou (#/032), YANG Song (17 #2), et al. 115

the Indian monsoon', the sea surface temperature (SST)
in the tropical Pacific (Li et al.'”; Wang et al."; Wang et
al.™)), and the eastern heat source and snow cover of the
Tibetan Plateau (Xue et al.®; Chen et al.®¥; Ai et al.™")
have been discussed by previous studies.

Because various meteorological disasters are in-
duced by WCAR, substantial effort has been devoted to
simulate and predict the phenomenon (Shao et al. P9
HeP?; Liu et al.™!; Pan et al.™®!; Saha et al.®). The
National Centers for Environmental Prediction (NCEP)
Climate Forecast System (CFS) is a state-of-the-art opera-
tional climate forecast system, which shows reliable skills
in climate prediction(Saha et al.?; Gao et al.t¥). As a ful-
ly coupled model, it not only provides the official forecast
of the U.S. climate but also is an important source of in-
formation for global and regional climate prediction, such
as ENSO, the Asian summer monsoon (Yang et al.?), the
East Asian winter monsoon (Li and Yang ™¥), and the
rainfall patterns over the Indo-Pacific region and North
America (Zuo et al.’¥; Kim et al.?¥). In 2011, the early
version of the CFS was substituted by version 2 (CFSv2)
and this modified version represents a substantial change
to all aspects of the forecast system including model com-
ponents, data assimilation system, and ensemble configu-
ration (Zuo et al.’). The CFSv2 demonstrates improved
skills in predicting large-scale monsoon circulation (Jiang
et al.P™), the Madden-Julian Oscillation (MJO) (Wang et
al.B), extratropical climate (Gao et al.P”), etc. Zhao and
Yang “* explored the ability of the CFSv2 in predicting
the early-season rainfall (ESR) over southern China and
found that the ESR could be predicted by 2 weeks in ad-
vance. Like the ESR, the WCAR is also an important re-
gional rainfall process that exerts influences on both hu-
man lives/properties and social-economic development. It
is anticipated that the CFSv2 also possesses skills in sim-
ulating and predicting WCAR variations to various ex-
tents; however, these possible skills have never been as-
sessed.

In this study, we evaluate the prediction skills of the
CFSv2 for WCAR variations and their relationships with
large-scale climate anomalies. The rest of this paper is
organized as follows. Section 2 introduces the model
output and observational data sets applied in this study. In
section 3, the major features of the WCAR and associated
atmospheric circulation predicted by the CFSv2 at 0-day
lead are depicted, with a comparison against observations.
Section 4 contains an assessment of the major features of
predicted WCAR at different leads of time and the
atmospheric circulation during the transitional periods
before and after the WCAR. Finally, a summary of the
results obtained and a further discussion are provided in
section 5.

2 MODEL, DATA AND METHODS

The NCEP CFSv2, a fully coupled dynamical
prediction system, consists of the NCEP Atmospheric

Global Forecast System with T126 resolution in the
horizontal and 64 sigma layers in the vertical as the
atmospheric component. Its land and ocean components
are the NCEP, Oregon State University (OSU), the Air
Force, and the Hydrologic Research Laboratory land
model and the Modular Ocean Model version 4.0 from
the Geophysical Fluid Dynamics Laboratory of the
National Oceanic and Atmospheric Administration (EK et
al.™; Griffies et al.™); Moorshi et al.™), respectively. The
output of rainfall, 850 hPa and 200 hPa winds, and 500
hPa geopotential height from the retrospective forecasts
of 45-day integrations of the CFSv2 is used. The hindcast
runs were initialized from every 0000 Coordinated
Universal Time (UTC), 0600 UTC, 1200 UTC, and 1800
UTC cycle from 2000 to 2014. The longest lead time for a
target day is 44 days. The 0-day lead represents that the
model runs were initialized on the current day; the 1-day
lead for the forecasts were initialized on the previous day;
the 44-day lead were initialized 44 days ago. In this paper,
pentad means are applied to daily data to remove the
higher-frequency signals that may interfere with the
determination of transitional date (Zhang et al.™"). There
are totally 73 pentads for each year from 1-5 January (the
first pentad) to 27-31 December (the last pentad), with 29
February being omitted in the leap years. For
convenience, LDO, LDI1, LD2, -+, and LD44 represent
0-day lead, 1-day lead, 2-day lead, ‘-, and 44-day lead,
respectively.

The observational data used comprise the daily
precipitation with a horizontal resolution of 1° in both
latitude and longitude from the Global Precipitation
Climatology Project (GPCP) (Adler et al.™!), winds with a
horizontal resolution of 1° from the ECMWEF/European
Centre for Medium-range Weather Forecasts (Dee et al.*?),
and 500 hPa geopotential height with a horizontal
resolution of 2.5° from the NCEP/National Center for
Atmospheric Research ~ (NCEP/NCAR) Reanalysis
(Kalnay et al. ™). Moreover, the precipitation from
approximately 850 meteorological stations in China is
used to confirm the reliability of the GPCP data and the
simulating result from the model. In this study, the spatial
domain of WCAR is defined as the region of 24.5-39.5°N
/99.5-110.5°E.

3 PREDICTION OF WCAR IN LD0O

3.1 Magjor features in observation

Figure la shows the climatological (2000-2014)
rainfall in China from the 3rd pentad in August to the 3rd
pentad in October (Kao and Kuo™; Yuan™). During this
period, heavy rainfall is mainly over west China and the
east coast of China (Fig. 1a). We have also analyzed the
climatological rainfall in China during the same period,
but from 1979 to 2014 using both station and GPCP data
(figure not shown) and found that the features depicted by
the two data sets are like those shown in Fig. la.
According to previous studies® > we choose 99.5°E
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Figure 1. The WCAR (mm day™) averaged from pentad 3 in August to pentad 2 in October for (a) GPCP and (b) CFSv2 at LDO.

and 110.5°E to represent the west and east borders of
WCAR, respectively.

Figure 2 shows the time-latitude cross-sections of
climatological pentad-mean rainfall and 850 hPa winds
along the longitudes of WCAR in observation. According
to Fig.2a, the largest rainfall occurs during early June to
late July due to the influence of summer monsoon
circulation and rainfall decreases subsequently, followed
by a secondary rainfall increase over west China in
August. Rainfall reaches its secondary peak over
northwestern China after pentad 46 and then decreases
rapidly. The rainfall over southwestern China (25-29°N)
experiences an earlier decrease at around pentad 46.
These features are also shown by China station data,
which reveals a smaller magnitude (Fig. 2c).
Correspondingly, the low-level southerly wind changes to
southeasterly wind from the north to the south at around
pentad 46 and then the wind gradually weakens during
October. This transitional feature and the weakening of
southeasterly wind are associated with the movement of
the WPSH, which will be discussed later.

To measure the overall change in rainfall when
WCAR starts and ends, we define the time of WCAR
onset and demise following several criteria. (1) The
starting pentad is determined when the area-averaged
rainfall first reaches its peak after pentad 43. (2) The
ending pentad is determined when the area-averaged
rainfall is below the annual mean but higher than that of
the following pentad, and the rainfall of the following 6

pentads is all below the annual mean. Fig. 3 shows the
climatological pentad-mean precipitation over west
China, in which the black line represents observed
precipitation. The rainfall displays strong sub-seasonal
variations, with an annual mean of 2.22 mm per day.
After the peak value in early summer, rainfall decreases;
and then it increases and reaches a second peak in
autumn. According to the definition, the WCAR starts at
pentad 46 and ends at pentad 56. Similar features can also
be seen from the station data (figure not shown). From
above analysis, the WCAR can be regarded as a part of
the continual process in which rainfall peaks in summer,
weakens slightly afterwards, and increases again in late
August before it decays finally.

The associated atmospheric circulations in
observation are shown in the left panels of Fig. 4. Before
the WCAR occurs (at pentads 42-44), the subtropical
ridge line is located at around 32°N; the convergence
zone over India is at its northernmost position; strong
southwesterly wind affects west China. Southerly wind
prevails in the south of the Yangtze River. When the
WCAR occurs (at pentad 46), several changes are
apparent. The transformation of winds from southerly
flow to easterly flow over northern central China is
associated with an obvious anticyclone over the Shandong
Peninsula, and a westward extension of strengthened
subtropical high is accompanied by a change from
southerly wind to southeasterly wind over southern
central China. This transition of winds over southern
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Figure 2. Time-latitude cross-sections of climatological pentad-mean precipitation (shaded areas; mm/day) and 850 hPa winds
(vectors; m/s) along longitudes 99.5°-110.5°E from pentad 1 to pentad 73 (x-coordinate) for (a) GPCP and the NCEP-NCAR
reanalysis, (b) CFSv2 LDO prediction, and (c) gauge precipitation of meteorological stations.

CFSv2 & Obs & YM 0.967

20
B c
[ o)
B (0]
[ 10 ©
B (b)
N =
= o]
— 00 o
B O
E [
- o
__'1.02
- )

O 477717 T 71T 1T 7 T T 1T 1T 17 T T =20

1 6 11 16 21 26 31 36 41 46 51 56 61 66 71
— GPCP —==-GPCP mean —CGFSv2 —==-GCFSv2 mean
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Figure 4. Climatological 3-pentad mean 850 hPa winds (vectors; m/s) and 500 hPa geopotential height (shaded areas; meter) for
observation (left panels) and CFSv2 LDO (right panels).
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central China (Fig. 4b) in the beginning of WCAR has
facilitated the transport of moisture from the East China
Sea to west China. It should be noted that the southwest
monsoon also favors rainfall over west China. As a result,
rainfall reaches its second peak over west China (i.e. the
WCAR). In pentads 54-56 (before WCAR decays), East
Asia is controlled by a continental cold high and the
subtropical high weakens and shifts eastward, which
contribute to the decrease in rainfall over west China,
despite that the weakening southwest monsoon is still in
favor of rainfall in west China. In pentads 58-60,
southwest monsoon flow is prohibited from entering west
China due to the development of the continental cold
high, which cuts off moisture supply thereby ending the
WCAR.

3.2 Prediction in LDO

As in Fig. 1b, the NCEP CFSv2 shows generally
good skills in simulating the climatological spatial
distribution of WCAR except an overestimation
especially for the Sichuan Basin. Fig. 2b, which shows the
time-latitude cross-sections of climatological
pentad-mean precipitation and 850 hPa winds along the
longitudes of WCAR at LDO, indicates that the model
captures the major features observed (Fig. 2a and Fig. 2c¢),
but overestimates the southwestern China rainfall and
underestimates the northwestern China rainfall, resulting
in a smaller northern-southern difference in rainfall
compared with observed. The associated transition and
decay of the low-level winds are also well simulated,
except an overestimation in the magnitude. These
stronger-than-observed low-level winds provide more
moisture and contribute to the overestimation of WCAR.

Figure 3, in which the red solid line and the red
dashed line respectively represent the climatological
pentad-mean and the yearly-mean rainfall of west China
at LDO, shows that the yearly-mean rainfall in the model
(red dashed line) reaches 2.89 mm per day, higher than
the observed value of 0.67 mm per day. The CFSv2 well
captures the sub-seasonal variation of rainfall over west
China, with a correlation coefficient of 0.967 between the
observation and the model through the whole year,
despite an overall overestimation of rainfall. It well
simulates the onset and demise of WCAR, owing to its
high skill in capturing the features of atmospheric
circulation as discussed above.

Compared with the observational features shown in
the left panels of Fig. 4, the characteristics of atmospheric
circulation are well simulated by the CFSv2 (the right
panels of Fig. 4), including the location of the subtropical
high during the WCAR period, the transition of low-level
winds when the WCAR occurs, and the development of
the continental cold high as the WCAR decays. However,
the subtropical high is weaker than observed, leading to
weaker southeasterly wind over China. The westward
extension of the underestimated subtropical high is also
limited so that cold air cannot be trapped in the western or

northern Sichuan Basin™'?, thus reducing the rainfall over
northwestern China. Additionally, in the model,
southwestern China such as Guizhou Province is under
the control of low pressure system at the edge of the
subtropical high, yielding more rainfall over southwestern
China due to strong upward movement when the complex
topography is taken into account!”. Therefore, the gradient
of observed rainfall during the early stage of WCAR is
underestimated by the model due to the underestimation
and overestimation of rainfall over the northwestern and
southwestern China, respectively.

The model well captures the development of
continental cold high near the end of WCAR, and
successfully simulates the transition of atmospheric
circulation from the summer type to the winter type. The
model can generally capture the transform from easterly
wind to westerly wind at the higher levels over
northwestern China at the beginning of WCAR™, the
high-level divergence and low-level convergence over
west China during the WCAR, the withdrawal of the
Indian monsoon, and the appearance of westerly jet
stream over the Sichuan Basin in addition to the large
convergence at 200 hPa level during the end of WCAR™
(figures not shown) are all generally captured by the
model (figures not shown). These good skills all
contribute to the model’s good performance in capturing
the onset and demise dates of WCAR.

4 PREDICTION IN DIFFERENT LEADS

4.1 Prediction of WCAR in different leads

Figure 5 shows the pentad-mean precipitation
predicted by the CFSv2 of different leads at LD1, LDS5,
LDI10, -+, and LD40. Overall overestimations of rainfall
and underestimations of the north-to-south gradient of
rainfall can be seen at all leads of time. The difference in
850 hPa winds between model and observation exhibits
southerly anomalies over southern China, causing
overestimated rainfall ~ (figures not shown). This
overestimation weakens with lead time, which can be
ascribed to the growing underestimation of the
subtropical high with increasing leads (figures not
shown). The model well captures the southeasterly flow
associated with the gradually westward shift of the WPSH
at all leads, despite the exaggerated southerly wind
component.

From Fig. 6, the magnitude of overestimated rainfall
over west China decreases as lead time increases. After
the lead of 2 weeks, the bias of annual mean rainfall
between model and observation drops from 1.29 mm to
091 mm. Within the lead of two weeks, the
overestimation of WCAR (from pentad 46 to pentad 56)
is more apparent than that in the longer leads, which can
also be seen from the root-mean-square errors (RMSE)
for the WCAR period at different leads. Fig. 6 also shows
that the prediction errors (blue line) are mainly
contributed by the overestimation of rainfall during the
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Figure 5. Same as Fig. 2b, but for LD1, LDS, LD10, LD15, LD20, LD25, LD30, LD35, and LD40.

late stage of WCAR. The correlation coefficient for the
WCAR period remains surprisingly high at all leads; that
is, the CFSv2 can well mimic the climatological variation
of WCAR even at long leads. In addition, the model
captures the onset and the demise of WCAR up to 5 days
and 40 days, respectively. An analysis of the
area-weighted mean convergence of the low-level winds
also shows features that are consistent with those
discussed above (figure not shown).

Previous studies have shown that the position and
strength of the East Asian jet stream (EAJS) may

influence rainfall variations not only in East Asia (Xu and
Lin®) but also in west China (Ai et al.”; Yang et al.FY).
In observation (left panels of Fig. 7), the maximum center
of high-level zonal wind shifts eastward during WCAR,
with a decay of large-scale anticyclone over the Tibetan
Plateau. The CFSv2 well predicts the position and
strength of the EAJS as well as the high-level atmospheric
circulation at all leads (only LD1 is shown), explaining
why the model possesses good skills in predicting the
variation of WCAR even at long leads of time as
mentioned in Fig. 6.
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4.2 Prediction of the onset and demise of WCAR in
different leads

Southerly wind is replaced by southeasterly flow
when the WCAR starts, implying an adjustment of
atmospheric circulation as shown in Fig. 2a and Fig. 4a-b.
The question is how the associated atmospheric
circulations at different levels change during the
transitions of onset and demise of the WCAR and to what
extent the model captures them.

Figure 8 manifests that southerly winds weaken
(northerly wind anomalies) over west China, central
China, and south China during the onset of WCAR in
observation. In the CFSv2, northerly wind anomalies
occur not only over the above-mentioned areas but also
over the lower branch of the Yangtze River and to the
south of the Yangtze River (Fig. 8, LD5-LD20), implying
the decay of predicted southerly winds over/near the
Yangtze River areas after LD5. As shown in previous
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Figure 8. Differences between the mean of pentads 42-44 and the mean of pentads 46-48 for 850 hPa winds (vectors; m/s) and V - Vh.

studies, this southerly flow comes from the South China
Sea monsoon (Yeh et al.??; Chen et al.’; Zhang et al.F¥)
and the subtropical summer monsoon, and it encounters
the southwesterly flow from the Indian monsoon over
west China to trigger the WCARP!. The exaggeration of
northerly anomaly before WCAR onset in the model after
LDS5 inhibits the transport of moisture so that the model
cannot capture the start date of WCAR after LDS.
However, the transformation of associated general
circulation near the end of WCAR is generally well
captured, explaining the good skill of the model in
capturing the demise of WCAR with a long lead up to 40
days (figure not shown).

At the middle troposphere, the change in the
subtropical high before and after the onset of WCAR can
be seen from the contours with different colors. In
observation, the high strengthens near the start of WCAR
(Fig. 9, Obs). The model well captures this feature before
LD5 but it fails in catching this variation after LD10. The
subtropical high can not only facilitate the transformation
from southerly flow to southeasterly flow over the lower
branch of the Yangtze River but also deepen the
India-Burma trough to foster another important moisture
contributor, the southwesterly flow over South Asia.

Thus, the rainfall triggered by these two main flows
during WCAR is closely associated with the westward
extension of the subtropical high. The failure in capturing
the strengthening high should be responsible for the poor
skill of the model in predicting the onset of WCAR after
LDS. On the other hand, the model well captures the
weakening of the WPSH before the demise of WCAR,
contributing to higher prediction skill for WCAR demise
(figure not shown).

The prediction skill of the position and magnitude of
the upper-tropospheric EAJS with increasing leads for the
demise of WCAR is also higher than that for the onset of
WCAR (figure not shown). Pattern correlations between
model and observation of the differences in
climatological rainfall over west China for these two
transitional stages respectively verify the better skill for
the ending of WCAR (figure not shown).

S CONCLUSIONS AND DISCUSSION

The WCAR is characterized by relatively light but
incessant and non-ignorable rainfall, following the first
peak of rainfall over west China in summer. It has a
significant influence on the autumn climate over China.
Despite the limited previous effort, the characteristics of
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WCAR variations, especially the onset and demise
features, and WCAR predictions in dynamical climate
forecast systems are seldom investigated. In this study we
have used various observational data and the output from
the NCEP CFSv2 hindcasts to understand WCAR
variations and prediction including the transition features
of WCAR onset and demise, the associated atmospheric
circulation features, and the skills of dynamical
prediction.

The WCAR generally occurs from pentad 46 to
pentad 56, with heavy rainfall over the northwestern
China and relatively moderate rainfall to the south.
Before its onset, the dominant southerly wind changes to
southeasterly wind, accompanied by a westward
expansion and strengthening of WPSH. This southeasterly
flow and the southwesterly monsoon flow transport
moisture to west China and lead to enhanced rainfall. On
the other hand, during the decay of WCAR, a continental
cold high develops and the WPSH weakens and shifts
eastward, together with a decay of southwesterly
monsoon wind, leading to a decrease in rainfall over west
China. Simulating the uneven rainfall distribution of
WCAR is a huge challenge for numerical models
including the CFSv2. Such challenge comes from the
underestimation of the subtropical high. Nevertheless, the
CFSv2 well captures several major features including the
earlier onset and demise of raining season in northwestern
China than in the southern portion. In addition, the model
well captures the variation of climatological rainfall
during WCAR even after 2 weeks’ leads. Due to

exaggerated southerly flow, the model exhibits an
overestimation of rainfall during the WCAR period.
However, this overestimation withers with increasing
leads due to the growing underestimated subtropical high.
The model can successfully capture the onset and demise
dates of WCAR in advance by 5 days and 40 days,
respectively. The model shows unrealistically northerly
wind anomaly over the lower branch of the Yangtze
River, and fails to predict the change in the subtropical
high after LDS5, contributing to the lower prediction skill
for WCAR onset. On the other hand, the transition of
atmospheric circulation from the summer pattern to the
winter pattern near the end of WCAR is well captured by
the CFSv2 up to 40 days, resulting in a preferable
prediction for the demise date of WCAR. A better
performance of model for the low-level northerly
anomaly over the lower branch of the Yangtze River and
the movement of the subtropical high could lead to a
higher accuracy in predicting WCAR onset.

In this study, we have mainly focused on the
climatological features of WCAR and the associated
atmospheric circulation. It should be noted that there must
be difference in WCAR predictions among different
years, as seen from Fig. 10. For example, the years of
2007 and 2014 present outstandingly good skills attaining
long leads up to 28 days, while the skill for 2001 is only 6
days. Overall, for most years, the skills of capturing the
variability of WCAR drop drastically at the leads around
two weeks. The causes and associated features deserve
further studies to enhance our understanding and
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Figure 10. Coefficient of correlation of west China (24.5°-39.5°N, 99.5°-110.5°E) precipitation between observation and CFSv2.

prediction of WCAR.

The years of 2001, 2007, and 2014 are further
chosen for a case analysis. According to the area mean
bias (blue curves as shown in Fig. 6; but for 2001, 2007,
and 2014, figures not shown), overestimations of rainfall
are all shown from LDO to LD40 in the model among the
three years in general. The bias of annual mean rainfall
suffers from a larger fluctuation with increasing leads in

2001 compared with 2007 and 2014 when the range of
biases is closer to that of climatological state shown in
Fig. 6. In addition, the onset and demise of WCAR in
2001 also exhibit lower skill in the model. Positive bias of
WCAR is more obvious in 2007: the positive bias
maintains at a high level of above 1 mm/day with little
change from LDO to LD40. However, in 2001 the positive
bias shows a sharper change with increasing leads and is
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even replaced by negative values at long leads, associated
with the relatively more northward location of the EAJS
in the model.

In the model, the location of the EAJS during
WCAR is relatively more southward than observed for
2007 while it is comparatively northward for 2001. In
observation, the region where U200 exceeds 20 m/s in
2001 is broader, which implies a stronger EAJS during
WCAR in 2001 than in 2007 and 2014. The model well
pinpoints the location and the magnitude of EAJS during
WCAR in the three years but skills drop after LDS5. At the

middle troposphere, the change to the subtropical high
during WCAR can also explain the low skill of WCAR in
2001: the subtropical high exhibits a larger change during
WCAR with its western edge extending from 150°E to
90°E in 2001, but from 140°E to 120°E in 2007, and from
120°E to 100°E in 2014, respectively. The strong
fluctuation of the subtropical high brings a challenge to
forecast the WCAR in 2011. According to the left panel
of Fig. 11 (only 2001 is shown), the low-level winds in
observation exhibit stronger outbreak and southward
invasion of cold air from the north in 2001, compared
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Figure 11. Three-pentad mean 850-hPa winds (vectors; m/s) and 500-hPa geopotential height (shaded areas; meter) in 2001 for

observation (left panels) and CFSv2 LDS5 (right panels).
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with the years of 2007 and 2014. The sharp
transformation of low-level circulation in 2001 also
makes it harder to capture the related atmospheric
circulation features. The difference in UV850 between
model and observation during WCAR in 2001 also shows
that the model cannot capture the sudden change from
southerlies to easterlies after the onset of WCAR when
the lead time is longer than 5 days (figures not shown),
which is consistent with the result discussed above. In
short, the low skill for the WCAR in 2001 is mainly
contributed to the high threshold of capturing the related
circulation features.
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