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ABSTRACT

The summer snow anomalies over the Tibetan Plateau (TPhairceffects on climate variability are often overlooked,
possibly due to the fact that some datasets cannot propstyi@ summer snow cover over high terrain. The satelétéreld
Equal-Area Scalable Earth grid (EASE-grid) dataset shbvassnow still exists in summer in the western part and albeg t
southern flank of the TP. Analysis demonstrates that the smsmow cover area proportion (SCAP) over the TP has a
significant positive correlation with simultaneous préeifion over the mei-yu—baiu (MB) region on the interanntiale
scale. The close relationship between the summer SCAP amehsuprecipitation over the MB region could not be simply
considered as a simultaneous response to the Silk Roadrpattd the SST anomalies in the tropical Indian Ocean and
tropical central-eastern Pacific. The SCAP anomaly has dependent effect and may directly modulate the land surface
heating and, consequently, vertical motion over the wastdt, and concurrently induce anomalous vertical motiorr ove
the North Indian Ocean via a meridional vertical circulatioThrough a zonal vertical circulation over the tropics and
Kelvin wave-type response, anomalous vertical motion ¢lverNorth Indian Ocean may result in an anomalous high over
the western North Pacific and modulate the convective agtinmithe western Pacific warm pool, which stimulates the East
Asia—Pacific (EAP) pattern and eventually affects summecipitation over the MB region.
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1. Introduction (EASM), is affected by anomalous nonlocal lower bound-

. . . . ary conditions, such as SST, sea ice, snow, and soil mois-
A quasi-stationary rainband extending from eaSteEUre (Chang et al., 2000; Chen and Wu, 2000; Kripalani et

Chinato Japan, called “mei-yu”in China and “baiu” in Japan,ll’ 2002: Yang and Lau, 2004: Zhao et al., 2004: Ding and

is an important climate phenomenpn Of. East Asia in ear han, 2005; Zuo and Zhang, 2007; Wang et al., 2012). Of the
summer (Tao and Chen, 1987; Ninomiya and Murakami . S :
. i . above-mentioned boundary conditions, snow anomalies af-

1987). The mei-yu-baiu (hereafter MB) front brings domi- e
o ; . ect the thermal characteristics of the land surface anédow

nant precipitation over East Asia and even determines #ie d|

tribution of precipitation in the whole summer (June Augusroposphere through modulating radiation, moisture, &ed t
precip o -“energy budget (Namias, 1985; Walsh et al., 1985; Cohen and
JJA). Anomalous summer precipitation over the MB regiof. ) ) .
. . . _Rind, 1991; Karl et al., 1993; Groisman et al., 1993). Thus,
may cause drought or flooding and exert important socie Cor
. . - Tibetan Plateau (TP) heating induced by snow-cover change
and economic impacts on the highly populated East Asian

countries. Therefore, the mechanisms and short-term tdimg\an trigger large-scale anomalous atmospheric circulatio

- . . _consequently leading to anomalous Asian summer monsoon
forecasts of MB precipitation are of great interest to cliena : : : i
scientists, governments and the public and associated monsoon rainfall (Yanai et al., 1992; Webste
NN . S etal., 1998; Wu and Qian, 2000; Zhang et al., 2004; Wang et
Precipitation in the MB region, which is closely associ 2008)
ated with the variability of the East Asian summer monsoon"’ ' . . o
There have been some previous investigations on the rela-
tionship between the TP snow anomaly and East Asian mon-
* Corresponding author: ZHANG Yuanzhi soon rainfall (including MB rainfall). For example, Cherdan

Email: yuanzhizhang@hotmail.com Wu (2000) found the winter—spring TP snow depth is posi-
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tively correlated with boreal summer rainfall in centrali@ between summer snow cover and simultaneous rainfall over
along the middle and lower reaches of the Yangtze RivEast Asia and the related mechanism are worthy of investiga-
(namely the mei-yu region of China), and negatively corréion
lated with that in northern and southern China. Zhang et al. In summer, the atmospheric heat source along the south-
(2004) argued that the interdecadal variation of snow demm edge of the TP is one of the maximum heating cen-
over the eastern TP in March—April is connected with a weters (Duan and Wu, 2003). Additionally, numerical simula-
ter (drier) summer climate in the Yangtze River valley anibns have shown that Himalayan heating plays a crucial role
a dryer (wetter) one over the southeast coast of China andmodulating Indian monsoon rainfall (Wu et al., 2012a).
the Indochina peninsula. Wu and Kirtman (2007) indicatéthese results imply that although it covers a relatively lkma
that spring snow cover over the TP shows a moderate pasigion over the western and southern TP, summer snow cover
tive correlation with spring rainfall in southern China. &h may have a more important impact on Asian climate than ex-
et al. (2007) pointed out that an increase in the number pécted. Recently, the simultaneous effects of summer snow
show-covered days (SCDs) in spring may result in a weakerover over the TP have been found important for the decadal
ing of the EASM and a decrease of rainfall over the Yangtze interdecadal variations of heat waves over northern&hin
and Huaihe Rivers and an increase in southeastern Chinaand for El Nifio—Southern Oscillation (ENSO) teleconnec-
The above studies mainly focused on the relationship kd@&ns (Wu et al., 2012b, ¢). The pronounced effects of sum-
tween preceding winter—spring snow over the TP and the fotker snow cover over the TP motivated us to further investi-
lowing spring or summer rainfall. It is important to notegate the relationship between summer snow cover and simul-
that anomalous summer heating resulting from boundary c@aaneous rainfall over East Asia.
ditions over the TP obviously plays a more direct role in The organization of the rest of the text is as follows. In
the variability of EASM rainfall. Zhao and Chen (2001)ection 2, the datasets used in the present study are decrib
found a remarkable correlation between the summer TP h&ae relationship between summer snow cover over the TP
source and simultaneous rainfall over the Yangtze River vaind simultaneous rainfall over East Asia is investigated in
ley. Wang et al. (2008) indicated that atmospheric heatigsgction 3, and the associated mechanism is explored in sec-
induced by rising TP temperatures can enhance East Asiem 4. A summary and discussion are presented in section 5.
subtropical frontal rainfall. The memory of anomalous win-
ter snow in the climate system resides in the wetness of the
underlying soil as snow melts during the spring and summer Datasets
seasons. This notion may generally explain the lingering ef Snow datasets used in the present study include monthly
fect of preceding snow anomalies on summer Indian mosatellite-derived snow water equivalent (SWE) from Novem-
soon rainfall (Shukla and Mooley, 1987; Bamzi and Shuklaer 1978 through May 2007 (Armstrong et al., 2005), ob-
1999). This was also supported by Zhao et al. (2007) wiained from the National Snow and Ice Data Center (NSIDC).
considered that soil moisture anomalies in May—June m@jie data are gridded to the northern and southern 25 km
act as a bridge linking the previous season’s snow over thgqual-Area Scalable Earth Grids (EASE-Grids). The SWE
TP and the subsequent EASM rainfall. in the dataset is derived from the Scanning Multichannel
However, it should be noted that although snow covéficrowave Radiometer (SMMR) and selected Special Sen-
clearly melts and disappears from winter and spring to suser Microwave/Imagers (SSM/I). With respect to those pix-
mer over the main body of the eastern TP, it may persisis with no microwave-derived SWE, the percentage fre-
through summer at high altitudes, such as in the western anpgncy of visible snow derived from weekly data is added
southern TP where there are large mountain ridges (Puirethe dataset as a supplement (more information about this
al., 2007; Wu et al., 2012b). The summer snow cover ovéataset is available online at http://nsidc.org/). Forvesn
the western and southern TP has a potential contributionrie@nce, the data were converted to regular ¥ZR1 grids by
the nonhomogeneous pattern of summer atmospheric heatialing the value at a regular grid to that at the nearest EASE
over the TP. For example, summer atmospheric heat sourgad. We also utilize monthly station snow depth data at 174
show an uneven distribution with stronger heating along tséations in the TP within the territory of China, provided
southern and southeastern edges and weaker heating ovebthéhe National Meteorological Information Center, China
northern part of the TP (Duan and Wu, 2003). Meanwhil&]eteorological Administration. The 20th century reanalys
there are different features in summer atmospheric heatmgnthly percentage of snow coverage and snow depth data
between the eastern TP and the western and southern TP, @ith92x 94 Gaussian grids (Compo et al., 2006), obtained
a stronger latent heating relative to sensible heating theer from the National Oceanic and Atmospheric Administration—
eastern TP and a stronger sensible heating relative tot lat€noperative Institute for Research in Environmental Szaen
heating over the western and southern TP (Table 1 in Zh@OAA-CIRES) Climate Diagnostics Center, Boulder, Col-
and Chen, 2001). The summer snow cover over the westerado (available online at http://www.cdc.noaa.govg,aso
and southern TP may to some extent modulate simultaneossd for the comparison of snow variation over the TP.
atmospheric heating in situ, which may affect EASM rainfall The precipitation dataset used in the present study is
in a way that is different from the atmospheric heating ovéiie monthly mean Climate Prediction Center (CPC) Merged
the eastern main body of the TP. Therefore the relationstipalysis of Precipitation (CMAP; Xie and Arkin, 1997),
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which is available on 25x 2.5° grids starting from Jan- we first removed the linear trend in the summer SCAP index
uary 1979. The monthly mean atmospheric variables, iand then calculated the correlation of the detrended SCAP in
cluding geopotential height, winds, vertical velocity .etadex with simultaneous precipitation over East Asia (Fig. 2)
were obtained from the National Centers for Environmehitereafter, the linear trends in all variables have been vexho
tal Prediction—National Center for Atmospheric Researcinless otherwise stated. Figure 2a shows that significanat ne
(NCEP-NCAR) reanalysis (Kalnay et al., 1996). The lanative correlation appears over the region to the east of the
skin temperature data were obtained from the NCEMmhilippines, and positive correlation is distinctly seereio
Department of Energy (DOE) reanalysis version 2 (Kanaentral-eastern China around°80(i.e. the mei-yu region)
mitsu et al., 2002). The NOAA extended reconstructed vaand central Japan (i.e. the baiu region). According to Fig.
sion 3b monthly mean SSTs (Smith et al., 2008) are also uska] summer precipitation averaged over the positive arel
in this study. tion regions, i.e. the mei-yu region (2&85°N, 107-120E)
and the baiu region (3543 N, 128-154E), is considered
) ) as an index to represent the variation in summer precipitati
3. Relationship between the summer SNOW over the MB band, hereafter called the MB precipitation in-
cover area proportion and precipitation dex. The MB precipitation index and the SCAP index have

Sj f1h . f1h t studv i correlation coefficient of 0.62, which is significant at the
Ince one of the main purposes ot the presett Sudy 'S%Q.Q% confidence level (Fig. 2b). In fact, summer precipi-

demonstrate the effect of summer snow anomalies over {ne ; )
atlon over the MB region does not show a clear linear trend

TP, we first compare summer snow variables in the differegu . o T :
! . . ) uring 1979-2006. The original MB precipitation index is
datasets. For the satellite-derived EASE-grid datasetdh still linked to the SCAP index with a correlation coefficiert

lowing process was carried out to calculate the snow coy B1. The results demonstrate that summer snow cover over
extent. The snow cover grids with SWE over 1 mm and an;f/ i

; TP is closely related to the variation in summer precipi-
cover percentage over 35% were assigned the number ° £ Y precip

. . X ation over the MB band, particularly on the interannuaktim
and those grids with no snow cover were denoted using the P y

. scale. Corresponding to higher (lower) summer snow cover
number “0”. In this way, we were able to calculate the sno P g gher ( )

o SN9%er the TP, summer precipitation increases (decreases) ov
cover extent over the TP based on synthetic information s MB region precip ( )

SWE and show cover percentage of visible snow in those pix-
els with no microwave-derived SWE.

Figure 1 shows the distri_bution of the climatological pery  potential mechanism
centage of summer and winter snow cover (based on the
EASE-grid dataset) over the TP for the period 1979-2006. Before exploring the potential mechanism of the relation-
In winter (Fig. 1b), the area with snow cover years more thahip between the SCAP index and summer precipitation, we
10% of total years occupies almost the entire TP region, afikst examine the atmospheric circulation anomalies rdlate
the area with snow cover years more than 50% also accoultsummer precipitation over the MB region. The correlation
for a large proportion of this region. In summer (Fig. lajjetween the summer MB precipitation index and simultane-
the area with snow cover years more than 10% shrinks in thies 500-hPa geopentential height shows a positive—negativ
western region and southern flank of the TP, and the area withsitive significant correlation pattern from the tropiaeist-
over 50% snow cover years is along the Himalayan Mouarn Pacific centered on the region around Taiwan and the
tains. Although the snow area shrinks in summer, it still-coWwhilippines, through central Japan, to the high latitudies o
ers a large region and accounts for approximately 23% of thast Asia (Fig. 3a). A large anomalous anticyclone appears
winter snow area in the TP region. This indicates that tlver the western Pacific in the regressed 850-hPa winds (Fig.
effects of summer snow cover over the TP should not be igb), which indicates a stronger western Pacific subtropical
nored. However, other datasets show that snow almost cdngh (WPSH). Along the northwestern rim of the stronger
pletely melts over the TP in summer, with the snow area a8/PSH, a stronger anomalous southwesterly flow prevails and
counting for approximately 0.7% (5%) of winter snow arettansports more moisture to China and Japan and feeds the
based on the 20th century reanalysis snow cover (depth) & rainband (Akiyama, 1973; Kodama, 1992). Moreover,
2% based on station observations of snow depth. It appeansanomalous cyclone over central Japan (Fig. 3b), which is
that the EASE-grid dataset can represent summer snow cdirgted to the anomalous Bonin (Ogasawara) high (Ninomiya
over the TP better than the other datasets mentioned ab@vel Akiyama, 1992; Enomoto et al., 2003), may bring more
Therefore, the former was chosen in the present study.  cold air along its western and southwestern rim to converge

To quantitatively measure the variation of snow covevith warm and wet air along the western and northwestern
overthe TP, anindex is defined as the snow cover area propon of the WPSH and favor summer precipitation over the
tion (SCAP) of the TP region (2543 N, 64°-105E), here- MB region. The above anomalous circulations are in good
after called the SCAP index. Note that clear linear decieassgreement with the East Asia—Pacific (EAP) pattern (Huang
can be identified in the summer SCAP index (not showrgnd Li, 1988) or the Pacific—Japan (PJ) teleconnectionnpatte
Therefore, to investigate the relationship between thensem (Nitta, 1987). The EAP/PJ pattern is considered as an im-
SCAP index and precipitation on the interannual time scalggrtant factor for the interannual variation of the EASM and
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Fig. 1. Climatological percentage (%) distributions of (a) sum-
mer and (b) winter snow cover over the TP for the period 1979—
2006. The black dashed lines indicate the topographic conto
of 1500 m, and the TP region (2543°N, 64°—-105E) is indi-

cated by the red boxes.
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Fig. 3. (a) Correlation of summer 500-hPa geopotential height
and (b) regressed summer 850-hPa winds with the summer MB
precipitation index. The areas significant at the 95% confide
level are shaded. The “C” and “A’ indicate anomalous cyclone
and anticyclone, respectively.

associated summer precipitation over the MB region (Nitta,
1987; Huang and Li, 1988; Huang, 2004).

The correlation between the summer SCAP index and si-
multaneous 500-hPa geopentential height and 850-hPa winds
(Fig. 4) shows a pattern very similar to Fig. 3. This implies
that the EAP (or PJ) pattern should be an important linkage
responsible for the close relationship between summer snow
cover anomalies and summer precipitation over the MB re-
gion.

The meridional propagation of quasi-stationary planetary
Rossby waves triggered by anomalous convective activity
in the western Pacific warm pool is an important factor in
the formation of the EAP (or PJ) pattern (Huang and Li,
1987; Nitta, 1987; Huang and Sun, 1992). Additionally, the
guasi-zonal propagations of Rossby waves over high- and
midlatitude regions of the Eurasian continent and over the
Asian jet region are responsible for generating basic pette

Fig. 2. (a) Spatial distribution of correlation coefficients be- Of high- and midlatitude anomaly centers of the EAP pat-
tween the summer SCAP index and summer precipitation fortern (Bueh et al., 2008), in which the midlatitude anomaly
the period 1979-2006, with the shaded areas denoting aerrel center is related to the Bonin high. Enomoto et al. (2003)

tion significant at the 90% confidence level. (b) The nornealiz

also suggested that the Bonin high is formed as a result of

time series of the summer SCAP index (solid line with dots) propaga‘[ion of Stationary Rossby waves a|ong the Asian Jet

and the simultaneous MB precipitation index (dashed lirth wi

circles); their correlation coefficiem is 0.62.

in the upper troposphere, which is called the Silk Road pat-
tern. This can be clearly seen in the meridional wind field
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40N =G

30N 4 v modulates local surface temperature and heat source condi-

= tions over the TP. The simultaneous correlation between the
20N 1 < summer SCAP and skin surface temperature (Fig. 6a) clearly
10N 4 = illustrates a significant negative area over the western and
EQ \ . . : Z southern TP. Meanwhile, in Fig. 6b, the total heat source (Q1
100 20E 140E  160E 180 also shows negative correlations over the western and-south

ern TP, although the significance level is relatively lovrert
Fig. 4. The same as Fig. 3, but for the correlation (a) and re-in Fig. 6a. In addition, a significant negative correlation
gression (b) with the summer SCAP index. of Q1 appears over the Himalayas, which is a crucial area
of summer atmospheric heat source (Duan and Wu, 2003).
at 200 hPa with alternative southerlies and northerliesgloHere, the Q1 was calculated according to Zhao and Chen
the Asian jet. Therefore, one may wonder whether the S{R001). Further correlation analyses illustrate that t8AB
Road pattern may modulate snow cover over the TP and lahs stronger negative correlations with surface sensisé h
ter the Bonin high and its associated MB precipitation at tf{fig. 6c) than with latent heat release of condensation (Fig
same time. If that is the case, it implies that the effect @i). This implies that anomalous snow cover over the west-
summer snow cover over the TP on MB precipitation may l&n and southern TP plays a more important role in modulat-
doubtful. To test the contribution of the Silk Road patterring surface sensible heat and eventually affects the tetl h
we examine the correlations of 200-hPa summer meridiosalurce. The high (low) snow cover corresponds to low (high)
winds with the MB precipitation index (Fig. 5a) and with thesurface temperatuia situ and associated low (high) surface
SCAP index (Fig. 5b). In Fig. 5a, a positive—negative akensible heat and low (high) total heat source. This can be
ternation pattern can be traced from Japan to the west of theplained by the snow albedo and snow hydrological effects
TP along the Asian jet. This suggests that the MB precigiBarnett et al., 1989). Through modulating the land surface
tation is really connected with the Silk Road pattern. Howemperature and atmospheric heat source, the SCAP may ex-
ever, no clear positive—negative alternation can be ifledti ert influences on atmospheric circulations.
in Fig. 5b. This indicates that summer snow cover anoma- Figure 6a also illustrates that, accompanying the negative
lies over the TP cannot be attributed to the Silk Road patterarrelation over the western TP, a large region of high pasit
and the relationship between summer TP snow cover and M8rrelation extends from the North Indian Ocean to the South
precipitation cannot be explained by the simultaneoustffe China Sea. The out-of-phase correlation pattern implias th
of the quasi-zonal propagation of stationary Rossby wavesrresponding to a colder TP (higher SCAP index), warmer
along the Asian jet. Therefore, the EAP pattern correlatedrface temperatures appear in the North Indian Ocean re-
with the SCAP index (Fig. 4a) is more likely induced by thgion. A warmer North Indian Ocean can lead to anomalous
meridional propagation of quasi-stationary planetarydRgs upward motion, and vice versa. The simultaneous correlatio
waves originating from anomalous convective activity ia thof precipitation with the summer SCAP index (Fig. 7) shows
western Pacific warm pool (Huang and Li, 1987; Nitta, 198that the North Indian Ocean region is occupied by a signif-
Huang and Sun, 1992). icant positive correlation, confirming the influence of atea
Next, we further explain the possible processes througgmperature on vertical motion. This result indicates, that
which the SCAP affects the EAP pattern. The SCAP firstigompanying the summer cold TP (the higher SCAP index),
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Fig. 6. Correlations of the summer SCAP index with (a) simultaneskis temperature, (b) total heat source,
(c) surface sensible heat, and (d) latent heat. The aremificigt at the 95% confidence level are shaded.

anomalous upward motion may appear over the North Indibrus vertical circulation between the tropical Indian Qtea
Ocean. Over the South China Sea—Philippine Sea, warmed the South China Sea—Philippine Sea in the interdecadal
surface temperature (Fig. 6a) corresponds to reducedcsurfehange around 1993. Figure 9 displays the regressed si-
heat fluxes (Figs. 6b—d) and suppressed precipitation (Figultaneous 200-hPa divergent wind component and 500-hPa
7). Suppressed precipitation indicates more downward-shafertical p-velocity against the summer SCAP index, which
wave radiation. This correspondence signifies that therocdarther illustrates the processes linking the SCAP to sum-
surface temperature anomalies over the western North €adtfier rainfall along the MB band. Corresponding to a higher
results from surface heat flux changes. (lower) SCAP index, significant downward (upward) mo-
Figure 8a displays the regressed summer meridional vBon appears over the western TP, which is accompanied by
tical circulation along 8TE against the summer SCAP indexupper-level (200-hPa) convergence (divergence) of anoma-
The longitude for the meridional vertical cross section wasus divergent wind component in situ. Note that significant
chosen based on Fig. 6. As shown in Fig. 8a, correspomtbwnward (upward) motion over the western TP related to
ing to higher SCAP index, air flow shows significant dowrnthe SCAP index corresponds to the positive (negative) cor-
ward motion over the TP around 30, and compensatory up-relation of precipitation in situ with the SCAP index (Fig.
ward motion around 18-15°N. The anomalous upward mo-7). This indicates that anomalous precipitation and verti-
tion around 16-15°N plays an important role in increasingcal motion over the western TP do not match with each
summer precipitation over the North Indian Ocean, as showther, and this mismatch implies that anomalous western
in Fig. 7. The above results imply that summer SCAP ov@P precipitation may not be primarily attributable to verti
the TP can to some extent modulate the vertical motion @&l motion over there. The vertical motion appearing over th
well as related convection and precipitation over the North
Indian Ocean. 60N A
The vertical motion over the North Indian Ocean modu-5gy | g L2202
lated by the SCAP index can affect the WPSH through zonal
vertical circulation in the tropics. The regressed summef®N]
zonal vertical circulation along 12N against the summer 3qy
SCAP index (Fig. 8b) shows that, accompanying a higher
SCAP index, is notable anomalous upward motion aroun
80°E near the center of the North Indian Ocean anomalouson { “</j
precipitation, and then air flow moves eastward and sinks 8\ Y & ) (éﬁi .
within 120°—14CE around the Philippines. The location of E%0E 50 60E 70E BOE OOF 1OOE110E120E130E14OE150E160E
the anomalous downward motion generally corresponds to
the center of anomalous geopotential height (Fig. 4a) amd thFig. 7. Correlation between the summer SCAP index and si-
western Pacific subtropical anticyclone (i.e. the WPSH, Fig multaneous precipitation, with the shaded areas denoting-c
4b). Wu et al. (2010) showed a similar east-west anomalation significant at the 90% confidence level.
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200 -%

300+ ‘ \ Meanwhile, through a zonal vertical circulation over thaptr

400 A ics, anomalous downward (upward) motion over the North
5004 \ Indian Ocean is closely linked to anomalous upward (down-

ool NN ward) motion over the subtropical Northwestern Pacific,
1§§§; T e which directly results in a weaker (stronger) WPSH as well
40E 60E 80E  100E  120E  140E  160E as associated stronger (weaker) convective activity armg mo
(less) precipitation over the subtropical Northwesteraifita
Fig. 8. Regressed simultaneous (a) meridional vertical circula-(Fig. 7). On the other hand, an increase in convection oer th
tion along 80E and (b) zonal vertical circulation along 128 North Indian Ocean can reinforce the WPSH through forcing
against the summer SCAP index, with the shaded areas denol ke|yin wave response, which also explains the out-of-phas
ing significant vertical motion at the 95% confidence level. linkage between summer precipitation over the North Indian
Ocean and that to the east of the Philippines (Fig. 7). In ad-
western TP is linked with vertical motions over the Indiadition, summer anomalous convective activity in the wester
Ocean and the western Pacific through meridional and zopgicific warm pool, which is closely related to the WPSH,
vertical circulations, as shown in Fig. 8. Thus, in Fig. Should be considered as an important factor in stimulating
significant upward (downward) motion and associated uppétie EAP (or PJ) pattern and accordingly affecting summer
level divergence (convergence) of anomalous divergerdsvinprecipitation over the MB region (Nitta, 1987; Huang and Li,
occur over the North Indian Ocean, and meanwhile signifig88; Huang and Sun, 1992). Therefore, through the above
cant downward (upward) motion and associated upper-leyebcesses, the summer SCAP index is closely related to the
convergence (divergence) of anomalous divergent winds o¥AP (PJ) pattern and associated summer precipitation over
the western Pacific warm pool. Eventually, this modulates tkhe MB region.
vertical motion over the MB region (Fig. 9). The result fur-  The upward motion and enhanced precipitation over the
ther demonstrates that the SCAP over the TP may remotgtypical Indian Ocean is essentially a response to the-tropi
affect MB precipitation via the North Indian Ocean and theal Indian Ocean warming (Xie et al., 2009). The correlation
western North Pacific. Additionally, the increase in summegetween the summer MB precipitation index and simultane-
precipitation over the Indian Ocean could force a Kelvin &awus SSTs shows a large positive aréss(&20N, 506°—-100E)
response with low pressure and easterly wind anomalies ogeer the tropical Indian Ocean (not shown). This confirms
the equatorial Pacific, triggering a reduction in precit@ that the SST anomalies in the tropical Indian Ocean may play
and the formation of a surface anticyclone over the subtropin important role in modulating the vertical motion in situ
cal Northwestern Pacific (Xie et al., 2009). This mechanisghd consequently affect the WPSH and associated MB pre-
provides an alternative explanation as to how convective agpitation. As such, one may wonder whether the summer
tivity (upward motion) and precipitation over the North INSCAP and MB precipitation have no real physical linkage,
dian Ocean modulated by the SCAP index affect the WPSHnd their close relationship is merely attributable to stenu
In summary, corresponding to a lower (higher) summegeous impacts of the SST anomalies in the tropical Indian
SCAP index, land surface temperatures and atmospheric h@aéan on the SCAP and MB precipitation. The summer
sources in the western and southern TP are higher (lowgELAP is significantly associated with the simultaneous SST
This leads to anomalous upward (downward) motion in sisthomaly in the tropical Indian Ocean with a correlation co-
and concurrently anomalous downward (upward) motion aagficient of 0.48 at the 99% confidence level. In this respect,
associated suppression of convection and precipitatien oF¥ig. 7 does not definitively display the feature of an indepen

the North Indian Ocean through a meridional vertical cigent effect of the SCAP, which should therefore be further
culation from the TP to southern Asia and adjacent oceag@monstrated.
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The years (1980 and 1999) with more snow cover (SCAPspy -2
index greater than .80) and the years (1988, 1990, and , "% @ ¢
2001) with less snow cover (SCAP index smaller than &)

—0.90) but with weak tropical Indian Ocean SST anomalies
(magnitude of the SST anomaly less thabd) were chosen 207
to examine the independent effect of summer SCAP whenq, |
the SST anomaly in the tropical Indian Ocean is relatively
weak (as shown in Fig. 10a). In addition, the SST anomaly in
the western Pacific warm pool is insignificant (Fig. 10a) and
should not be considered as an important factor driving verson
tical motion and precipitation over the western Pacific warmsen.
pool. The composite difference in summer precipitatiog (Fi |
10b) shows significantly positive anomalies over India anda0
the neighboring waters (primarily the eastern Indian Ofean
and over the MB region, and significantly negative anoma?*"|
lies over the western Pacific warm pool. The results confirni® ,
the independent effect of summer SCAP on upward MOtioN=e5="55 o5e :('?E 80E 90E 11105125 130E 140E 150E 160E 170E
and precipitation over the eastern Indian Ocean, which is a

key component for meridional and zonal vertical circulatio  Fig. 10. Composite differences in (a) summer SST€) and

in Fig. 8. These results further demonstrate that summe¢b) summer precipitation (mm) between the years (1980 and
SCAP in the TP is obviously an important factor and may t01999) with more summer snow cover and those (1988, 1990,
some extent independently modulate vertical motion ower th and 2001) with less summer snow cover when the SST anoma-
Indian Ocean and the western Pacific warm pool, and eventdLes in the tropical Indian Ocean are not clear. The shadesisar
ally affect summer precipitation over the MB region. denote differences significant at the 90% confidence level.

30N

vertical circulation in the tropics and the Kelvin wave re-
sponse processes, anomalous downward (upward) motion in
In this study, we compared the abilities of several datasét® North Indian Ocean may give rise to anomalous upward
in representing the summer snow anomaly in the TP and th@lownward) motion over the subtropical Northwestern Pa-
chose the EASE-grid dataset to explore the relationship hoéfic, and modulate the WPSH and associated convective ac-
tween the summer snow cover anomaly over the TP and thity in the western Pacific warm pool. Finally, anomalous
multaneous precipitation over East Asia as well as the poteaonvective activity in the western Pacific warm pool stimu-
tial mechanism underpinning this relationship. lates the EAP (or PJ) pattern and consequently affects sum-
Analysis revealed that although snow cover cleariyer precipitation over the MB region through the meridional
shrinks in summer, it still exists in the western region angropagation of quasi-stationary planetary Rossby wavés. A
the southern flank of the TP where the altitude is high aridough it plays an important role in the formation of the EAP
accounts for approximately 23% of winter snow area, whigiattern (Enomoto et al., 2003; Bueh et al., 2008), the zonal
can be identified in the satellite-derived EASE-grid datas@ropagation of stationary Rossby waves along the Asian jet
However, the summer snow anomaly over the TP cannot §gems not to be responsible for the relationship between the
properly reflected by the 20th century reanalysis and statiS8CAP and anomalous EAP pattern.
observations. The SCAP index, derived from the SWE and Typical years with stronger snow cover anomalies and
the percentage of visible snow of the EASE-grid dataset, apith no clear SST anomalies in the tropical Indian Ocean
pears more suitable for representing the variation in sumna¢ the same time were examined to investigate the indepen-
show cover over the TP region. dent effect of the summer SCAP. Composite analysis revealed
The summer SCAP over the TP is significantly related tbat the independent effect of the summer SCAP may modu-
simultaneous precipitation over the MB region on the intelate vertical motion over the North Indian Ocean, partidyla
annual time scale. Corresponding to higher (lower) SCA®¥er its eastern part, and eventually affect summer preeipi
over the TP, summer precipitation increases (decreases) dion over the MB region through the above-mentioned mech-
the MB region. Their close relationship can be explainethism.
by the following processes. Corresponding to lower (higher The SCAP index shows a good persistence in the interan-
summer SCAP index, land surface temperature in the westral variation, especially from the previous May to summer,
ern TP is higher (lower), which leads to anomalous upwavdth a high correlation coefficient of 0.50 at the 99% confi-
(downward) motion over the western TP and simultaneouslgnce level (Liu et al., 2014). Because of the high persigten
anomalous downward (upward) motion as well as associatgfdhe SCAP index from May to summer, the May SCAP in-
suppression of convection and precipitation over the Nortlex is significantly related to summer precipitation ovex th
Indian Ocean through meridional vertical circulation fronMB region (a correlation coefficient of 0.51 at the 99% con-
the TP to the southern Asian adjacent oceans. Through zdidénce level) and could be regarded as a forecast factor. The

5. Summary and discussion
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persistence of the SCAP index can partly explain the seaseational Science and Technology Cooperation of China (G¥an

delayed effect of snow cover over the TP on summer rainfald11DFG23450), and the Basic Research Fund of CAMS (Grant

over the MB region, which is different from the mechanismio. 2013Z002).

of a soil moisture bridge suggested by Zhao et al. (2007).

Moreover, the path of the impact of the SCAP on summer

precipitation over East Asia, which is through the North In-

dian Ocean and the western Pacific warm pool, is also diffekiyama, T., 1973: The large-scale aspects of the chaiatiter

ent from the path via the south Asian jet stream waveguide features of the Baiu fronPap. Meteor. Geophy24, 157—

in the impact of spring snow cover over the eastern TP inthe  188.

previous study (Zhao et al., 2007). Therefore, the effect ofirmstrong, R. L., M. J. Brodzik, K. Knowles, and M. Savoie,

SCAP in the present study should be considered as a supple- 2005: Global monthly EASE-Grid snow water equivalent cli-

ment to previous work ma?lo%yéklagpgzlﬁggaand Ice Data Center, Boulder, Col-
> . . orado, , Digi ia.

Addltllonally{ I.t should be stated thaF the upward m.OtIO.nBamzi, A. S., and g Shukla, 1999: Relation between Eurasian
(convective ?.CthIty) over the North Indian Ocean, whlgh_ls snow cover, snow depth, and the Indian summer monsoon:
a key factor in modulating the WPSH and summer precipita-  ap, gpservational studyl. Climate 12, 3117-3132.
tion over the MB region, is obviously not just affected by thegarmett, T. P, L. Dumenil, U. Schlese, E. Roekler, and Mifl.a
SST anomaly in the tropical Indian Ocean. The SCAP over  1989: The effect of Eurasian snow cover on regional and
the TP may also exert a crucial influence and should not be global climate variationsl. Atmos. Scj46, 661-686.
ignored. Moreover, the correlation of tropical centrastean  Bueh, C., N. Shi, L.-R. Ji, J. Wei, and S.Y. Tao, 2008: Featofe
Pacific SST with the summer SCAP index (not shown) is  the EAP events on the medium-range evolution process and
weak in winter and spring and significantly increases in sum-  the mid- and high-latitude Rossby wave activities during th
mer. This differs from the correlation with summer precipi-  Meiyu period.Chinese Science Bulletia3, 610-623. _
tation over the MB region, which is very significant in win- Chang, C.-P., Y Zhang, and T. Li, 2000: Interannual andrinte
ter and spring and clearly decreases in summer (not shown). dec’?‘da' variations of the Ea.'.;tA5|an summer monsoon a_nd the

g ) . o tropical Pacific SSTs. Part I: Roles of the Subtropical Ridge
'_rh|s |mpI|e_s that tropical C(_antral—feastern Pacific SST aaom J. Climate 13, 4310-4325.
lies have different connections ywth SUmmMer SNOW COVer OV&Ehen, |.-T., and R. Wu, 2000: Interannual and decadal variat
the TP and summer MB precipitation, and the close relation-  of snow cover over Qinghai-Xizang Plateau and their refatio
ship between the summer SCAP and summer MB precipita-  ships to summer monsoon rainfall in Chiredv. Atmos. Sci.
tion cannot be simply attributed to the simultaneous effect 17, 18-30.
of SST anomalies in the tropical central-eastern Pacifie. AlCohen, J., and D. Rind, 1991: The effect of snow cover on the
though the potential mechanism for the effect of SCAP has climate.J. Climate 4, 689-706.
been investigated using statistical analyses, the ddtaile-  Compo, G. P., J. S. Whitaker, and P. D. Sardeshmukh, 2006: Fea
cesses of its impact on summer precipitation over East Asia  Sibility of a 100 year reanalysis using only surface pressur
remain unclear and should be further explored by simulation_ data.Bull. Amer. Meteor. Soc87, 17.5_190' .
experiments. Forecasting summer precipitation over the Mang, Y. apd J. C. L. Chan, 2005: The East Asian summer

. . . . . monsoon: An overviewMeteor. Atmos. Phys39, 117-142.
region by synthetically using the preceding SST signals an

> . ) Buan, A.-M., and G.-X. Wu, 2003: The main spatial heating pat
the preceding SCAP signal over the TP is also worthy of fur- o1 over the Tibetan Plateau in July and the correspond-

ther exploration. ing distributions of circulation and precipitation oversezrn
Asia. Acta Meteorologica Sinig&61, 447-456. (in Chinese)
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