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This study investigates the impacts of tropical storms originated from the Bay of Bengal (BOBTSs) on the precipitation and 
soil moisture over the Tibetan Plateau (TP) in April–June (AMJ) and September–December (SOND) during 1981–2011 based 
on the best track dataset provided by Joint Typhoon Warning Centre (JTWC). Results indicate that there are about 1.35 BOB-
TSs influence the TP in each year and most of them occurred in May and October, and the BOBTSs in AMJ influence the TP 
with larger extension and higher latitudes than those in SOND. The maximum regional precipitation induced by the BOBTSs 
accounts for more than 50% for the total precipitation in the corresponding month and about 20% for the season. Further anal-
ysis reveals that the surface soil moisture anomalies induced by the BOBTSs can persist only 20–25 days in AMJ, and the case 
is also true for the snow depth in SOND. Numerical simulations by using the regional climate model of Weather Research and 
Forecasting (WRF) suggest that the soil moisture anomalies in the sub-surface can last 2 months whereas for the surface it can 
persist only about 20 days, which agrees well with the observation analysis. Overall, the effect of the preceding BOBTSs on 
the snow depth and soil moisture anomalies over the TP cannot maintain to summer, and there is no robust connection between 
the BOBTSs and summer precipitation anomalies in East China. Moreover, since the mid-1990s, the spring rainfall induced by 
the BOBTSs over the TP seems to be enhanced to a certain degree because of the intensified BOBTSs. 
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The Bay of Bengal (BOB) is listed in the eight oceans with 
most tropical cyclone genesis (Atkinson, 1971). Generally, 
there are about four named tropical storms over BOB 
(BOBTSs) in each year and accounts for 5% of the total 
annual tropical cyclones around the world (Alam et al., 
2003). Despite relatively fewer geneses in the BOBTSs, 
they caused hundreds of people and millions of property 
losses to the fragile countries (i.e., India, Bangladesh, and 

Myanmar) along the coastal of BOB (Paul, 2010). When the 
BOBTSs moved northward, the Tibetan Plateau (TP) was 
affected usually by heavy snow storms (Zhu et al., 1998; 
Wang et al., 2010; Zhou et al., 2011). Dai (1974) pointed 
out that when the BOBTSs move to the north of 15oN and 
within the longitudes of 85°–90°E, more than 80% of them 
can induce a significant precipitation anomaly over the TP, 
hence he defined this area as the key region for the TP im-
pacted by the BOBTSs. Moreover, when the BOBTSs ap-
peared in early summer and late autumn move northeast-
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ward, the southwestern part of China is also easily to be 
influenced (Duan et al., 2009). So far, there are many quan-
titative studies concerning the contributions from typhoons 
over the northwest Pacific to the precipitation over south-
eastern China (Ren et al., 2002, 2006; Chen et al., 2010; Wu 
et al., 2007; Kim et al., 2012), whereas for the influence 
from BOBTSs on the TP, most of the existing studies are 
limited on case studies with qualitative assessment, lacking 
long time and systematic studies. 

The TP has the average altitude of 4000 m above sea 
level and can warm or cool the middle and upper tropo-
sphere atmosphere directly. Previous studies have shown 
that the TP exerts a significant influence on the atmosphere 
circulation over East Asia and even globally (Zhao et al., 
2001; Wang et al., 2013). Moreover, above normal snow 
over the TP in the preceding winter will induce a smaller 
land-sea thermal contrast and the resultant delayed and 
weaker East Asia summer monsoon, featured by floods 
along the middle and lower reaches of the Yangtze and 
Huaihe River basins (Zhang et al., 2001; Qian et al., 2003). 
In addition, the different spring atmospheric heat source 
over the TP may also induce anomalies in summer circula-
tion and precipitation over East Asia (Luo et al., 1995; Duan 
et al., 2003; Wang et al., 2013). Since the BOBTSs often 
cause snowfall in winter and precipitation in spring and 
early summer over the TP, both aspects will affect the in 
situ soil moisture, surface thermal conditions, and even the 
large scale atmosphere circulation systems.  

Considering that the BOBTSs can modulate the soil 
moisture, surface thermal conditions over the TP, and hence 
the atmosphere circulation over East Asia, in this work we 
will investigate the impacts from the BOBTSs on the TP 
precipitation mainly on the basis of data analysis. Also, the 
regional climate model of Weather Research and Forecast-
ing (WRF) is employed to evaluate the persistence of soil 
moisture anomaly over the TP. 

1  Data 

The best-track dataset of the tropical storms from Joint Ty-
phoon Warning Centre (JTWC) is employed in this study, 
including six hourly BOBTSs center latitude and longitude, 
the lowest central sea surface pressure, and the maximum 
central surface wind speed (http://www.usno.navy.mil/  
NOOC/nmfc-ph/RSS/jtwc/best_tracks/ioindex.html). Before  
the end of the 1960s, the tropical storms were detected 
mainly by ships’ log and land surface observation, and the 
torpical storms track became more reliable since 1985 (Chu 
et al., 2002). Satellite observations have been applied over 
the TP and the surrounding areas in the 1970s (Ding, 1975, 
1976), and the frequency in BOBTSs changed significantly 
since the end of 1970s (Duan et al., 2009). Therefore, in 
order to guarantee the quality of tropical storm best-track 
dataset and increase more samples, we focus on the storms 

during 1981–2011, which were recorded with high credibil-
ity. 

Also used are daily rainfall and snow depth at 756 sta-
tions over China for the period of 1981–2011, and the daily 
surface sensible heat calculated by 4-times daily 10-m wind 
speed, surface skin temperature and 2 m air temperature at 
73 stations (Duan et al., 2008) during 1980–2008, together 
with the 3-h precipitation data provided by Tropical Rainfall 
Measuring Mission (TRMM) (Huffman et al., 2007) with 
the resolution of 0.25°×0.25° starting from 1998. WRF is 
driven by the 6-h European Centre for Medium-Range 
Weather Forecasts (ECMWF) Interim Reanalysis (ERA- 
Interim, Dee et al., 2011), and all variables are on regular 
0.75°×0.75° grids. 

The Global Land Data Assimilation System Version 1 
(GLDAS-1) soil moisture is downloaded from Goddard 
Earth Sciences Data and Information Services Center (GES 
DISC: http://disc.sci.gsfc.nasa.gov/hydrology/data-holdings). 
The system is forced by the land surface models (LSMs) 
with station-observed data and the data assimilation tech-
niques are employed (Rodell et al., 2004), and it provides 
the global scale surface meteorology variables. This system 
includes four kinds of LSM, i.e., Community Land Model 
(CLM), Noah Model, MOSAIC Model, and Variable Infil-
tration Capacity Model (VIC). In this paper, we use the 3-h 
soil moisture from CLM with the horizontal resolution of 
1°×1°. 

2  The general feature of impacts from the 
BOBTSs on the TP 

It is about 6–7 latitudes (600–700 km) far away from the TP 
when the tropical storms make landfall in the coastal of 
BOB, and they weaken quickly after landfall, blocked by 
the huge Himalaya Mountains. So the impact of the BOB-
TSs on the TP is limited (Department of Geophysics, Pe-
king University Tropical Weather Research Group et al., 
1974). However, Zhu et al. (1998) argued that the TP orog-
raphy has no effect on the northward movement of the front 
cloud associated with BOBTSs and it can stretch across the 
Himalaya Mountains, inducing significant precipitation over 
the TP. Thus the main impact of TSs on the TP is precipita-
tion instead of wind speed.  

In order to select cases of BOBTSs which have an direct 
influence on the TP, and to quantitatively estimate the cor-
responding precipitation over the TP, we assume that rain-
fall rate of the BOBTS depends only on the distance from 
the TSs center as suggested by Kubota et al. (2009) and 
calculate the storm precipitation by this criterion. Owing  
to the lack of high temporal and spatial precipitation data 
from station observations over the TP, we use the 3-h 
TRMM precipitation in 1998–2011 and JTWC best-track 
dataset to determine the relationship between distance from 
the BOBTSs center and rainfall rate. Finally, 38 cases of 
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BOBTSs during 1998–2011 are selected in this study. The 
daily precipitation as a function of the distance between the 
BOBTSs center and rainfall rate is presented in Figure 1(a). 
The rainfall rate of BOBTSs decreases gradually with in-
creasing distance from the storm center, when the distance 
is greater than 1000-km, the precipitation rate varies very 
slowly and nearly independent of the distance. Basically, 
the influence radius of BOBTSs is about 1000-km, and this 
result agrees well with Kubota et al. (2009). Therefore, the 
1000-km is defined as the threshold distance to determine 
whether the BOBTSs has an impact on the TP, and the in-
fluence time period is defined between the genesis and dis-
sipation of BOBTSs based on JTWC best-track dataset. 

There are about 108 tropical storms generated in or move 
to the area of BOB (5°–25°N, 80°–100°E) during 1981– 
2011, including 36 (33.3%) in April-May-June (AMJ) and 
72 (66.7%) in September-October-November-December 
(SOND). If the BOBTSs impact no more than 3 stations 
over the TP, they will be excluded (Ren et al., 2007). If one 
storm generates and dissipates in different month, this storm 
will be assorted to the generated month but not the dissi-
pated month. Finally we get all the storms impacting the TP 
(impact BOBTSs) during these 31 years (Figure 1(b)). The 
impact BOBTSs occurs mainly in May and October, just the 
same as the bimodal character of the total BOBTSs number 
distribution over the year (Li et al., 2013). In AMJ, there are 
20 BOBTSs with a significant influence on the TP, and the  

 

 

Figure 1  Mean radial distribution of rainfall rate of the 38 BOBTSs from 
the center to 2000-km radius based on the TRMM data ((a) mm d1, red 
line means the average value), and the distribution of the selected BOBTSs 
during 1981–2011 ((b) the labels of TD, TS, C1, C2, C3, C4, and C5 rep-
resent the corresponding BOBTS intensity). 

rest 22 spread in SOND. This means that the number of 
impact BOBTSs in AMJ and SOND is almost identical. But 
the proportion of impact BOBTSs is 55.6% in AMJ and 
30.6% in SOND, so BOBTSs in AMJ seems to be easier to 
influence the TP than those in SOND because the southern 
trough tends to stretch southward during March–May and 
the background wind field leads the storms moving north-
ward. 

On the basis of the 1-min maximum sustained 10-m wind 
speeds, JTWC classifies the intensity of the BOBTSs as 
seven different grades according to Saffir-Simpson Scale 
(http://weather.unisys.com/hurricane/n_indian/index.php),  
storms with maximum wind speeds below 62.8 km h1 are 
classified as tropical depression (TD), storms with maxi-
mum wind speeds of 62.8–117.5 km h1 are tropical storm 
(TS), 119.1–153 km h1 are category1 (C1), 154.6–177.1 
km h1 are category2 (C2), 178.7–209.3 km h1 are catego-
ry3 (C3), 210.9–249.6 km h1 are category4 (C4), and larger 
than 249.6 km h1 are category5 (C5). Among them, cases 
are defined as strong storms with the intensity of C1–C5 
grades, while TD and TS grades are regarded as weak 
storms. As shown in Figure 1(b), 9 strong storms have an 
impact on the TP and 11 weak storms in AMJ, whereas 
there are 8 strong storms and 14 weak storms in SOND. The 
number of impact BOBTSs shows little difference in AMJ 
and SOND, but there are 17 strong storms and 25 weak 
storms from the perspective of the whole year, weak storms 
are more than strong storms in the total number. Typically, 
there are about 1.35 BOBTSs having an impact on the TP in 
each year and the maximum appears in 1992, with the 
number of four.   

The equatorial trough moves slowly northward from 
February to April and then quickly swings across BOB in 
May and the storms moves northward with it; from Sep-
tember to December the equatorial trough retreats from 
north Indian southward to the southern edge of BOB and the 
storms follows this southern retreat (Gray, 1968). Therefore, 
storms tracks in spring extend more northward than those in 
autumn and winter (Figure 2). During the study period, 
storms in AMJ can influence almost the entire TP area, even 
to the west of 80°E and to the north of 38°N (Figure 2(a)), 
covering more than 60 stations over the plateau; whereas 
storms in SOND reach to the relative lower latitudes and the 
influence on the TP caused by these storms is limited to the 
central TP with the north border of 34°N, covering only 37 
stations as shown in Figure 2(b). As we here assume that the 
impact area of TSs depends on its radius only, the impact 
frequency from BOBTSs on the TP declines with increasing 
latitude in both seasons, and it is not strange that the south-
ern TP receives the most frequent impact from the BOBTSs. 
Even in this area, the averaged maximum frequency of the 
impact BOBTSs is only 0.5 per year. From the aspect of 
impact BOBTSs tracks (Figure 2, blue curves), the north-
westward and northeastward paths are dominant in both 
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Figure 2  The impacted weather stations by BOBTSs over the TP (solid dots) and the corresponding frequency (shaded, units: one per year), as well as the 
distribution of BOBTSs tracks (blue lines) in AMJ (a) and SOND (b). The red solid line indicates the topography with altitude higher than 3000 m above the 
sea level. 

seasons. All the impact BOBTSs can move to the north of 
15oN and most of them pass the longitude of 85°–90°E, 
which is identical to the key region of impact TSs on the TP 
defined by Dai (1974). The averaged path center of BOB-
TSs in AMJ is located in (16°N, 90°E) with the genesis lo-
cation occurred in the central and south of BOB (Figure 
2(a)), whereas the path center of BOBTSs in SOND is lo-
cated more northward (i.e., 20°N, 89°E) with the genesis 
location in the central and eastern BOB, near the coastal 
regions of Bangladesh (Figure 2(b)).  

The rainfall pattern over the TP influenced by the BOB-
TSs is featured by the northward decreasing (Figure omit-
ted), which is consistent with the stations impacted fre-
quency of the TSs as shown in Figure 2. By comparing 
some typically years such as October 2008 and October 
2009, the TP receives influence from the BOBTSs in the 
former but not in the latter, we found that the daily average 
precipitation pattern has no obvious difference between 
them and both are similar to the climate mean (Figure omit-
ted). Therefore, despite the severe weather process, one 
single BOBTS activity cannot change the monthly or sea-
sonal precipitation pattern over the TP. 

Owing to the blocking effect of the huge Himalaya 
Mountains, the BOBTSs exert influence mainly on precipi-
tation rather than wind field over the TP, thus we focus 
mainly on the precipitation induced by the BOBTSs in the 
following parts. Kim et al. (2012) pointed out that typhoon 
rainfall has little contribution to the inter-decadal variation 
of summer precipitation over South China. However, when 
the season is divided into individual months, the precipita-
tion induced by tropical cyclones (TCs-induced rainfall) 
becomes comparable to the rainfall induced by factors other 
than TCs (i.e., non-TCs rainfall) in August. There are much 
fewer tropical storms geneses in BOB than the northwest 
Pacific and the TP receives influence from only about 1.35 

BOBTSs in each year (Figure 1(b)). Therefore, in order to 
estimate the contribution from the BOBTSs to the monthly 
and seasonal precipitation over the TP, here we conduct 
analysis for each impact BOBTS during 1981–2011. As 
shown in Figure 3, the precipitation proportion to the 
monthly or seasonal total precipitation among each BOBTS 
shows a big difference. The maximum percentage contribu-
tion induced by the BOBTSs can reach 50% of the monthly 
precipitation (Number 19951110). But in most cases, the 
BOBTSs are relatively weak and contribute little to the 
monthly precipitation (Numbers 199209, 200010, 200510, 
199404, and 199805). As for the seasonal time scale, the 
maximum precipitation percentage from single TS is about 
20% (Number 200810). In autumn and winter, the influence 
of the BOBTSs on the TP is usually featured by snowfall, 
which can cause severe disaster to the fragile TP area. For 
example, a heavy snowfall event that occurred on the TP in 
October 2008 (the precipitation contribution from this 
BOBTS accounts for more than 45% of the monthly total 
amount, Figure 3(b)) made the large scale power outage, 
roads collapsed and livestock perished (Zhou et al., 2011). 
Figure 4 shows the average precipitation amount at the im-
pacted stations during those BOBTSs days, one can see that 
the values are widely distributed among different cases. In 
general, the BOBTSs average precipitation intensity in AMJ 
is larger than the value in SOND, the average precipitation 
amount induced by the BOBTSs in spring and early summer 
is much larger than that in autumn and winter, with the val- 
ue of 8.61 mm in the former and 4.85 mm in the latter. The 
maximum precipitation in spring can reach 36.2 mm (Figure 
4(a), Number 200205), although it impacted only four sta-
tions in the southeastern TP with little property loss. In con-
trast, the maximum precipitation in autumn is only 24 mm 
(Figure 4(b), Number 200810), but the heavy snowfall in-
duced by the BOBTS covered a large domain and caused 
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Figure 3  The rainfall ratio induced by the BOBTSs (%). Gray: the BOBTSs rainfall divided by the corresponding month total rainfall; black: BOBTSs 
rainfall divided by the corresponding season total rainfall, all of these values start from zero and the vertical label is the storm number. 

many losses of livestock. 
Figure 5 shows the composite field of 500 hPa wind 

vector and the vertical integrated moisture flux divergence 
for the months receiving significant influence from the 
BOBTSs activity. There are only two impact BOBTSs in 
April and December, so the composite maps of April and 
December are not shown here owing to the lack of enough 
sample. The weather systems directly related to the TSs 
over BOB include the cold air intrusion from the mid lati-
tudes and the northwest Pacific subtropical high. The 
southwesterly in the front of the southern branch trough 
convey plentiful warm and wet air mass towards the TP, 
and a strong convergence between the cold and dry air from 
mid latitudes and the warm and wet air from tropics, to-

gether with the orography uplift effect, resulting in signifi-
cant precipitation over the central and eastern TP. Previous 
studies suggested that the blocking and uplift effects in-
duced by the huge mountains can change the atmosphere 
circulation in the outer BOBTSs. Through hydromechanics 
experiment, Wang et al. (1986) found that the uplift effect 
of the TP orography can enhance the upper level wind speed 
and the blocking effect can reduce the lower level wind 
speed. The cloud system in the northern BOBTSs often 
stretches to the TP and brings clear sky at 300 hPa nearby, 
inducing wind shear in direction and speed to the both sides. 
With numerical experiments from a mesoscale model, Xu et 
al. (2006) found that when the BOBTSs move to the south-
ern TP, the orography will force the circular cyclone to an  
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Figure 4  Station-averaged precipitation intensity over the TP during the BOBTSs impact period.  

ellipse shape, oriented with northwest-southeastward along 
the underlying orography. Also, the blocking and bypass 
effects of the topography are in favor of the low level air 
convergence over the southeastern BOBTSs. Further study 
from Wang et al. (2011) revealed that the symmetry circula-
tion of the BOBTSs will change to asymmetry circulation 
after the landfall, the wind speed in the northeastern part is 
obviously greater than other directions, and the surface 
wind speed in the outer BOBTSs will decrease with the in-
creasing topography.  

3  Persistence effects of the BOBTSs on the TP 

Anomalies in snow depth and soil moisture can reflect the 
surface thermal conditions over the TP to some extent (e.g., 
Zhang et al., 2001; Qian et al., 2003; Zhu et al., 2007). 
Some scientists pointed out that the winter-spring snow 
depth anomaly might affect the summer atmosphere circula-
tion and precipitation pattern in East Asia (Chen, 1998; Wu 
et al., 2003). In winter, snowfalls over the TP associated 
with the BOBTSs activity are often emphasized because the 
soil moisture anomaly is difficult to evaluate owing to the 
permafrost surface condition. Hence only the soil moisture 
anomaly induced by the BOBTSs in spring and early sum-
mer is discussed here. It is almost impossible to investigate 
the soil moisture anomaly induced by the BOBTSs through 
data diagnosis form the viewpoint of long period and large 

scale. By comparing some observations at certain stations 
over the TP with those in GLDAS, Chen et al. (2013) found 
that the assimilated soil moisture data in GLDAS agree well 
with the observation in surface layer (0–4.5 cm) and the 
subsurface layer (9.1–49.3 cm), so the GLDAS soil mois-
ture data in these two layers are employed. For a fair com-
parison with station observations, the gridded GLDAS soil 
moisture data are interpolated at 73 stations via bilinear 
interpolation. The soil moisture anomaly induced by every 
impact BOBTS is presented in Figure 6 before and after the 
dissipation for both seasons. 

Surface soil moisture responds to precipitation very 
quickly, changing with precipitation almost simultaneously. 
As shown in Figure 6(a)–(c), the surface soil moisture in the 
TP shows severe daily variation. Usually, when a BOBTS 
arrives at the northernmost location in the dissipation day 
(day 0, blue dashed lines in Figure 6), it is closest to the TP 
and produces the largest precipitation and the maximum soil 
moisture anomaly. After that, the soil moisture drops 
sharply and rises again until another raining process hap-
pens. There are few BOBTSs occurred in April and June 
with weak precipitation (Figure 4), and the soil moisture in 
the TP receives obvious influence only in surface (Figure 
6(a) and (c)). Meanwhile, the soil moisture in the subsurface 
changes little during those BOBTSs days (Figure 6(d) and 
(f)). In June, with the beginning of the rainy season over the 
TP, the soil moisture increases significantly (Figure 6(c) 
and (f)), and the maximum soil moisture anomaly affected  
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Figure 5  Composite of 500 hPa wind fields (vector, m s1) and total moisture flux divergence (shaded, g m1 s2) from surface to 300 hPa, only those days 
that BOBTSs that begin to impact the TP in each month are included. (a) May; (b) June; (c) September; (d) October; (e) November. 

by the BOBTSs usually does not happen exactly in the dis-
sipation day. Figure 1(b) shows that the impact BOBTSs 
have the highest frequency in May, accompanied by the 
largest storm precipitation (Figure 4(a)). An abrupt increase 
in soil moisture over the TP can be detected immediately 
with the northward movement of the BOBTSs (Figure 6(b)). 
Moreover, the in situ subsurface soil moisture can also be 
influenced (Figure 6(e)), only with the maximum value ap-

pearing later than that in surface because the needed time 
for infiltration. In Figure 6(b) and (e) (green lines, Number 
200705), one can see that the maximum soil moisture 
anomaly can sustain only 20–25 days after the demise of the 
BOBTS. We infer that the 20–25 days soil moisture anom-
aly is induced by the BOBTSs activity instead of other 
weather processes because only weak precipitation with the 
amount less than 1 mm occurred after the BOBTS (green   
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Figure 6  The averaged soil moisture in the surface ((a), (b) and (c) 0–4.5 cm) and sub-surface ((d), (e) and (f) 9.1–49.3 cm), together with their temporal 
evolutions over the TP. The negative and positive values in x axis mean the days before and after the dissipation of BOBTSs, separated by blue dash lines 
(i.e., the dissipation day). The red line in each panel represents the average value, the green lines in (b) and (e) represent the persistent days of soil moisture 
anomaly after the dissipation of the BOBTS (number: 200705), and green bars represent the corresponding precipitation (mm d-1). (a) and (d) April; (b) and 
(e) May; (c) and (f) June. 

bars in Figure 6(b) and (c)). The soil moisture declines 
quickly after the demise of the BOBTS, and it increases 
again after 20–25 days because other rainfall events com-
pensate the loss of soil moisture due to evaporation. There-
fore, we define this period as the direct effect time of the 
surface soil moisture anomaly caused by the BOBTSs.  

The persistence of soil moisture, or the so-called soil 
moisture memory, can be detected by the 1-day lag auto-
correlation coefficient, i.e., the autocorrelation coefficient is 
converted to soil moisture memory by using a first-order 
Markov process (Jones, 1975): 

 / ln( ( )),t r t    

where r(t) is soil moisture autocorrelation coefficient at de-
cay time t, means soil moisture memory in days. This 
method has been widely used (Delworth et al., 1988; Wu et 
al., 2004; Meng et al., 2013) to estimate soil moisture 
memory. Here, we choose the dissipation day of the BOB-
TSs as the first day to calculate the persistence days of soil 
moisture anomaly over the TP in spring and early summer. 
The results indicate that the surface soil moisture anomaly 
shows a huge variation among different BOBTSs cases, 
ranging from the shortest 5.5 days to the maximum 50 days 
and about 21 days for the average. The subsurface soil 

moisture memory is 14.5–141.5 days, with an average of 
40.7 days. The huge variation of soil moisture memory may 
be linked to the complicated surface condition, the different 
influenced district, and the varying precipitation intensity 
among those BOBTSs (Figure 4). 

In autumn and winter, the BOBTSs typically induce 
snowfall rather than rainfall over the TP. The temporal 
evolution of the averaged snow depth at the impacted sta-
tions before and after the BOBTSs is presented in Figure 7. 
Snowfall over the TP induced by each BOBTS is different, 
and the maximum snow depth averaged at all the impacted 
stations (nearly 9 cm) occurs in November (Figure 7(c)). 
The persistence of snow anomaly induced by the BOBTSs 
is similar to the soil moisture anomaly (Figure 6), and the 
snow melts rapidly after the BOBTSs demise and disap-
pears after about 20 days. Only in one case of December 
BOBTSs, does the snow anomaly maintain longer than 20 
days (Figure 7(d)), but it shows a clear variation after the 
demise day of the BOBTS (blue dashed lines in Figure 
7(d)), meaning that fresh snowfall compensates for the loss 
of snow melt. Overall, the direct impact of the BOBTSs on 
the snow over the TP can maintain only about 20 days, alt-
hough the cold weather in SOND over the TP benefits the 
persistence of snow.  
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Figure 7  The temporal evolution of the averaged snow depth at the impacted stations before and after the BOBTSs. (a) September; (b) October; (c) No-
vember; (d) December. 

4  Soil moisture anomaly simulated by WRF 

The new generation mesoscale climate model, WRF, has 
been widely used on the study of the TP and surrounding 
area weather and climate conditions. Maussion et al. (2011) 
simulated a large scale precipitation event over the TP in 
2008 using WRF, Li et al. (2013) employed WRF to simu-
late the winter rainfall anomaly in the lower latitudes of the 
plateau caused by the autumn soil moisture anomaly. The 
coupling of WRF and the Noah land surface model shows a 
reasonable ability to simulate the soil moisture over the TP 
(Peng et al., 2011, 2012). It is suggested that the soil mois-
ture memory over the TP is dependent on the background 
circulation, and it can persist longer under a relatively weak 
background circulation, with the initial disturbance lasting 
1–2 months (Peng et al., 2012). Yeh et al. (1984) argued 
that the persistence effect of soil moisture anomaly varies 
with latitude and lasts 3–5 months, whereas Rowntree et al. 
(1983) argued that the soil moisture anomaly can persist 
only about 20 days. 

As a typical case, a BOBTS formed on April 22, 1991 
over BOB (Number 199104) caused the loss of many lives 

and serious property damage (Bern et al., 1993). This storm 
began to impact the southeastern TP on April 29 and the 
average precipitation at those affected stations reached to 
4.2 mm on May 1, which is known as the strongest precipi-
tation event from the end of April to May (Figure 8). The 
soil moisture over the TP declined almost linearly after the  

 

 

Figure 8  The 6-h soil moisture (blue line: 0–7 cm; red line: 7–28 cm; 
brown line: 28–100 cm; green line: 100–289 cm) and the daily precipita-
tion (black bar, mm d1) evolution over the central and eastery TP from 
April 15 to September 30, 1991. The black storm label marks the storm 
genesis day (April 22) and the red storm labels represent the days of this 
storm has an impact on the TP (from April 29 to May 1).  
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dissipation of the TS, and turned to increase when another 
precipitation event occurred on May 23. Due to the strong 
impact and the soil moisture anomaly caused by this storm 
persisted nearly 20 days (from May 1 to May 23, Figure 8), 
which is identical to the above analysis (Figure 6). There 
fore, this BOBTS (Number 199104) is chosen to conduct 
the numerical simulation by the WRF3.5 coupled with the 
Noah land surface model. 

4.1  Experimental design 

The 6-h ERA-Interim reanalysis data were used to drive 
WRF as the initial and lateral boundary conditions, with a 
horizontal resolution of 0.75o×0.75o and 37 levels in verti-
cal, the top level of the model reaches to 1 hPa. The simula-
tion domain (Figure 9) was centered at 29oN, 102oE, in-
cluding BOB, the TP, East Asia, and a part of the north-
western Pacific. A Lambert projection is adopted and the 
model has a 45 km horizontal resolution, with time step of 
180 s. The choices of main physical processes parameteri-
zation schemes are listed in Table 1. 

To eliminate the uncertainties induced by the intrinsic 
errors of the model, the experiments contain five members 
with different initial conditions at 2900UTC, 2906UTC, 
2912UTC and 2918UTC April 29, 1991, and 3000UTC 
April 30, 1991, respectively, and each simulation ends at 
00UTC August 31, 1991. The ensemble mean of the five 
members is used to analysis. The sensitivity experiment is  

Table 1  The main options of WRF3.5 

Main parameterization Options used 

Microphysics scheme Lin 
Longwave radiation scheme RRTM 
Shortwave radiation scheme Dudhia 
Cumulus parameterization scheme Grell-Devenyi (GD) 
Planetary boundary layer scheme Mellor-Yamada-Janjic (MYJ) 
Land surface scheme Noah 

 

 

Figure 9  WRF domain and orography height (shaded, Unit: m). The 
black rectangles represent the central and eastern TP (28°–38°N, 
85°–105°E). 

only different at the initial soil moisture over the central and 
eastern TP (black rectangle with orography higher than 
3000 m above sea level in Figure 9), in which the soil 
moisture at each level is prescribed to be 150% of the nor- 
mal, and all the other conditions in physical schemes and 
model domain are the same as the control experiment. 

4.2  Experimental results 

WRF can well reproduce the atmosphere circulation over 
the East Asia (Kim et al., 2010; Wang et al., 2013), which 
can also be verified by our results (figures omitted). The 
control experiment shows that the soil moisture over the TP 
(blue lines in Figure 10) changes less with increasing depth, 
and the daily variation is rather flat. With the seasonal evo-
lution, however, the soil moisture increases slowly with the 
coming rainy season. In the sensitivity experiment, the ini-
tial soil moisture is specified to 150% of the control exper-
iment (black rectangle in Figure 9), but it declines rapidly in 
the first few days. The surface layer soil moisture (red solid 
line in Figure 10) even becomes comparable with the con-
trol experiment after about 20 days and remains stable since 
then (blue solid line in Figure 10). Though the surface soil 
moisture in the sensitivity experiment is smaller than that in 
the control run after the model integrated 20 days, it does 
show the similar daily variation. On the other hand, the 
subsurface soil anomaly (red dash line in Figure 10) is able 
to persist about two months from May to mid-July, which is 
consistent with the result of Peng et al. (2012). On the basis 
of observation data, Entin et al. (2000) revealed that the 
time scale of soil moisture anomaly shows a large variation, 
depending on different district in China, i.e., about one 
month in South China and 2.5 months in North China. The 
soil moisture in deep layers (red dotted and dot-dashed lines 
in Figure 10) decrease only in the first few days and show 
little change afterward, the soil moisture anomaly in deep 
layers can last several months and even irreversible. Kim et 
al. (2007) investigated that the soil moisture anomaly by 
using the CAM-CLM3 coupled model, and pointed out that  

  

 

Figure 10  Soil moisture evolution in four layers simulated by the WRF 
in the control experiment (blue line) and sensitivity experiment (red line), 
respectively. 0–10 means 0–10 cm, 10–40 means 10–40 cm, 40–100 means 
40–100 cm, 100–200 means 100–200 cm. 
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in deep layers it usually maintains longer than the surface 
layer, and the dry anomaly seems to be longer than the wet 
anomaly, with the memory of more than 7 months. We can 
also get the similar results (not shown). 

5  Impacts of the BOBTSs on sensible heating 
over the TP and summer precipitation in East 
China  

It has long been regarded that the thermal forcing and snow 
cover/depth over the TP have an important impact on the 
summer circulation over East Asia. Generally, above nor-
mal spring surface sensible heating and winter/spring snow 
depth over the TP are corresponding to the above normal 
summer precipitation in the middle and lower reaches of 
Yangtze and Huaihe River basins (Luo et al., 1995; Wu et 
al., 2003; Seol et al., 2009; Wang et al., 2013), and vice ver- 
sa. As discussed before, the TS generated over BOB is one 
of the main factors inducing precipitation over the TP. So, is 
it possible that the BOBTSs exert a seasonal lagged impact 
on the summer rainfall anomaly over East China through 
changing the snow or surface sensible heating over the TP? 

In order to answer this question, the maximum precipita-
tion and the most extension precipitation induced by the 
BOBTSs over the TP are further selected in both seasons 
(Table 2). Among those significant impacted years in snow 
over the TP, the summer rainfall pattern anomalies over 
East China are classified in different types. Four years 
(1982, 1987, 1989 and 1991) are characterized by “flood in 
the Yangtze and Huaihe River basins”, three years (1996, 
1998 and 2008) are “Totally above normal”, four years 
(1997, 1999, 2002 and 2006) are “South flood and north 
drought”, and only one year (2009) is “Totally below nor-
mal”. Therefore, no matter how the BOBTSs affect the TP, 

the summer rainfall pattern over East China is stochastic. 
Therefore, we can draw the conclusion that there is no clear 
relationship between the BOBTSs and the summer rainfall 
anomaly over East China. As a typical case of 2009, there 
are two BOBTSs impacted the TP, one in autumn of 2008, 
and the other in spring of 2009 (Table 2), and the former 
(Number 200810) caused historically ever seen largest ex-
tent snowstorm over the TP. Even though, the summer pre-
cipitation in East China is below normal in 2009. Thus, the 
TS formed in BOB is a kind of severe weather process and 
its persistent effect on the surface thermal condition and the 
atmospheric circulation in seasonal time scale over the TP is 
very limited, and it cannot bring about significant rainfall 
anomaly over East China, either.  

Figure 11 shows the monthly surface sensible heat flux 
anomaly at the impacted stations over the TP. Since the 
1990s, the impact BOBTSs show an increasing trend in 
spring and early summer, accompanied by the decreasing 
trend in the sensible heat flux. As presented in Figure 1(b), 
there are three strong BOBTSs that impact the TP during  

 

 

Figure 11  The monthly surface sensible heating flux (W m2) anomaly 
averaged at the impacted stations over the TP in each case of the BOBTSs. 
Red color represents negative anomaly, blue color means positive anomaly.  

Table 2  The time of the BOBTSs impact on the TPa)  

Preceding boreal autumn and winter 
(SOND) 

Spring or early summer 
(AMJ) 

Summer 
(JJA) 

East China summer precipita-
tion pattern (d JJA) 

1981-12 1982-05 1982 YH flood 
1986-11 1987-05 1987 YH flood 

1988-10/1988-11 1989-05 1989 YH flood 
1990-12 1991-04/1991-05 1991 YH flood 

1995-09/1995-11 1996-05 1996 total above normal 
1996-10 1997-052 1997 south flood north drought 
1997-094 1998-05 1998 total above normal 
1998-11 1999-06 1999 south flood north drought 

\ 2002-051 2002 south flood north drought 
2005-10 2006-06 2006 south flood north drought 
2007-11 2008-04 2008 total above normal 

2008-09/2008-103 2009-04/2009-05 2009 total below normal 

a) SOND means September-December, AMJ means April-June, JJA means the upcoming summer (June-August). Superscript 1 means the maximum 
BOBTSs precipitation intensity in AMJ and superscript 2 means the most extension BOBTSs precipitation in AMJ; the same as for superscripts 3 and 4, but 
for SOND. Label \ means no BOBTS impact on the TP in the autumn and winter of 2001. YH means Yangtze-Huaihe Rivers. 
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1981–1994, and six during 1995–2008. The number of 
strong BOBTSs in the later stage is double to the previous 
period and the average precipitation intensity increased re-
markably from 4.87 to 12.35 mm (Figure 4(a)). Therefore, 
the decadal change in the sensible heating over the TP is 
likely related to the enhancement of BOBTSs intensity, 
which might be induced by the weakened tropical easterly 
jet and the vertical wind shear and the resultant more fre-
quency and larger intensity of tropical storm over the north 
Indian Ocean (Singh et al., 2001; Rao et al., 2008). There 
were only two strong impact BOBTSs before 1995 in au-
tumn and winter with the average precipitation intensity of 
4.1 mm, whereas there were six strong storms after 1995 
and the average rainfall intensity is 5.74 mm (Figure 4(b)), 
increases only slightly. The BOBTSs mainly induce snow-
fall over the TP in autumn and winter and the snow cover 
will melt within 20 days. Hence the negative anomalies in 
sensible heat flux in both stages are almost identical (Figure 
11). Overall, the enhanced precipitation induced by the 
BOBTSs in spring and early summer may be responsible for 
the declining trend in the sensible heat flux over the TP to a 
certain degree.   

6  Discussions and conclusions 

The impacts of the BOBTSs on the TP are investigated in 
this work by data diagnosis during 1981–2011, together 
with a case study of WRF model simulation. Despite the 
weaker intensity and less frequency of BOBTSs compared 
to typhoons appearing in the northwestern Pacific, both of 
them have a comparable influence radius of 1000 km. Gen-
erally, there are 3.48 BOBTSs in each year and only 1.35 
storms can exert a significant impact on the TP region. May 
and October are the two peak months receiving most fre-
quent influence from the BOBTSs, exhibiting a notable bi-
modal character. The maximum BOBTSs rainfall occupies 
more than 50% of the total monthly rainfall over the plat-
eau. The pathway of the BOBTSs is modulated by the sea-
sonal swing of the equatorial trough from south to north, 
resulting in that the BOBTSs appeared in AMJ can move to 
higher latitude and influence larger areas than those in 
SOND. Data analysis reveals that the surface soil moisture 
anomaly over the TP induced by precipitation associated 
with the BOBTSs activity can persist 20–25 days, and the 
BOBTSs induced snow anomaly over the TP typically melts 
within about 20 days after the demise of the storms in au-
tumn and winter. Sensitivity simulation by WRF model 
indicates that the soil moisture anomaly over the TP is di-
rectly related to the soil depth, i.e., the deeper the layers, the 
longer the persistence, varying from 20 days in the surface 
layer to several months in deep layers. Overall, the activity 
of the BOBTSs cannot significantly change the seasonal 
mean surface moisture and sensible heating flux over the 
TP. Also, there is no clear correlation between the BOBTSs 

activity and the summer circulation and precipitation over 
China or East Asia, despite a decadal increasing trend of 
spring and early summer precipitation associated with the 
BOBTSs since the mid-1990s. 

Here we only investigated the precipitation and soil 
moisture anomaly over the TP associated with the BOBTSs 
activity, but the relationship between the seasonal soil 
moisture and snow depth anomalies and the atmosphere 
heating condition over the TP is still debated, thus a further 
study is needed to clarify this issue. Moreover, although the 
regional climate model has higher resolution and more 
comprehensive parameterization than global atmosphere 
general circulation, the complex surface conditions over the 
TP making large uncertainties in model results. For exam-
ple, the deep layer soil moisture (red dotted-dash line in 
Figure 10) is specified to be 150% compared to the control 
run, but it seldom changes after running several months 
except for the first few days. When the surface layer soil 
moisture (red solid line in Figure 10) becomes comparable 
with the control experiment after about 20 days and shows 
the similar daily variation since then, but keeping smaller 
than control experiment surface moisture. A single point 
offline LSM Noah experiment driven by observation data 
(1998 GAME/Tibet, station MS3478) is carried out, and the 
result shows that in the sensitivity experiment the surface 
soil moisture will tend to control experiment, but it is not 
smaller than the control experiment soil moisture (Figure 
omitted) as shown in the WRF-Noah couple experiment 
(Figure 10). 

In this work we investigated the snow depth over the TP 
on the basis of station observations, although the meteoro-
logical stations are sparse with spatial inhomogeneity over 
the TP and most of them are distributed in the central and 
eastern part and located on plains or in the valleys. Maybe 
this is one reason why the snow melts so fast. The higher 
altitude and sparse populated area is lack of observation and 
the persistence time of snow might be much longer or even 
permanent. In future, the rapid increase of satellite snow 
data will provide us a new way to overcome the shortage of 
regular observation over the TP.  
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