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Abstract

Seasonal variation of diurnal cloud activity (abbreviated DCA) over the Tibetan Plateau throughout
the year is examined using 3-hourly geostationary meteorological satellite (GMS) data for 6-years (1989-
1994). The DCA shows two distinct variance maxima in the seasonal cycle. One is in spring (pre-monsoon
season), and the other is in the summer monsoon season. The DCA begins in late January, and reaches
its maximum from March through April. The active DCA extends over almost the whole of the plateau,
especially over the southern part (around 30°N, 90°E) and the zonally oriented belt between 35°N, 80°FE
and 31°N, 102°E. A short interval between the two active DCAs is found around late May to early June.
The DCA starts again over the southeastern region of the plateau (centered around 30°N, 101°E) in June
and moves up to the southern region. From July to August, the DCA is most active over the southern
region (around 30°N, 86°E). After September, the active DCA retreats to the southeastern region.

In both spring and summer, the amplitude of the DCA fluctuates on intra-seasonal time scales. In
the active period of the DCA in spring, corresponding to the meandering of the upper-level mid-latitude
westerly to the south of the plateau with a trough, the cold air mass at the upper-level is clearly seen over
the plateau and weak wind speed is observed through the plateau troposphere. This atmospheric structure
and a heating of the lower atmosphere during daytime are likely to be responsible for the enhancement of
the DCA in spring. In contrast, during summer monsoon season, the increase of humidity and temperature
are identified at the lower atmosphere over the plateau, associated with a humid and warm air intrusion
from the South Asian monsoon area into the lower atmosphere over the plateau and precipitation due
to active convection. This indicates an increase of the instability for moist convection. These features
of the atmospheric circulation and the surface heating during daytime induce active moist convection.
Corresponding to the enhanced DCA over the southern part of the plateau, the center of the Tibetan high
is located over there. A possible mechanism for the intraseasonal variability of the DCA associated with
that of the upper-level atmospheric circulation is also discussed.

Introduction

1207

The Tibetan Plateau has a large thermal influ-
ence as well as a dynamical effect on atmospheric
circulation. During the Asian summer monsoon
season, thermally-induced direct circulation occurs
as a branch of the planetary-scale Asian summer
monsoon circulation (Luo and Yanai 1983; Yanai
et al. 1992). In addition, the thermal contrast be-
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tween the Eurasian continent, particularly at the
low latitudes, and the adjacent oceans is strength-
ened by the existence of the plateau. The land-
ocean contrast triggers large scale low-level mon-
soon westerlies (He et al. 1987; Li and Yanai 1996).
Recently, Ueda and Yasunari (1998) pointed out
that the early onset in mid-May of the Asian sum-
meér monsoon over the Bay of Bengal and the South
China Sea is likely induced by the thermal con-
trast between the Tibetan Plateau and the adja-
cent ocean.

The plateau is a heat source from March to
October, and a heat sink from November to Febru-
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ary (Yanai et al. 1992; Li and Yanai 1996). Sen-
sible heating from the surface provides a major
source of heating in the pre-monsoon season with
its maximum value over the western plateau. In
the summer rainy season, latent heating by cumu-
lus convection also becomes a major heat source
over the eastern plateau (Yeh and Gao 1979; Nitta
1983).

Previous studies found remarkable diurnal vari-
ations over the plateau in temperature, humidity,
wind speed, convective activity and other meteo-
‘rological elements (Yeh and Gao 1979; Gao et al.
1981; Murakami 1983; Yanai et al. 1992; Nitta and
Sekine 1994; Yanai and Li 1994; Endo 1996). Dur-
ing the GEWEX (Global Energy and Water Cycle
Experiment) Asian Monsoon Experiment (GAME),
GAME-Tibet IOP (Intensive Observation Period)
was conducted to clarify the interactions between
the land surface and atmosphere over the Tibetan
Plateau from May to September 1998 (Koike et al.
2001). Apparent diurnal variations of convective
clouds and precipitation cells were observed by the
doppler radar and the precipitation radar (PR) of
the Tropical Rainfall Measuring Mission (TRMM)
over the central part of the plateau during the
IOP (Shimizu et al. 2001; Uyeda et al. 2001).
These large diurnal variations are closely associ-
ated with the development of the planetary bound-
ary layer over the plateau, indicating that an en-
ergy exchange between the boundary layer and the
free atmosphere through the diurnal cycle is impor-
tant to form a general circulation over the plateau
and the surrounding regions.

The latent heat released by condensation is a
major source of heating to maintain atmospheric
general circulation over the monsoon and tropi-

cal regions. IR-Tbb (infrared equivalent black-
body temperature) and OLR (Outgoing Longwave
Radiation) data derived from meteorological satel-
lites have been used to study cloud activity over
these regions. These elements are good measures
for convective activity associated with various dis-
turbances. Such convection of clouds contains im-
portant information to estimate heating and hy-
drological processes in the atmosphere. Therefore,
analyses based on these satellite-derived data are
useful for investigating thermal and dynamic pro-
cesses in the atmosphere in these regions.
Murakami (1983) examined spatial distributions
of diurnal variations of the deep convection over the
western Pacific and Southeast Asia during FGGE
(First GARP Global Experiment) period based on
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the convective index Ic derived from GMS (Geo-
stationary Meteorological Satellite)-IR data. He
showed that the time of maximum convective activ-
ity over land is in late afternoon at around 18 LST,
while over adjacent oceanic regions, it is in the
morning. Nitta and Sekine (1994) specified spatial
distributions of amplitude and phase in the diurnal
variations of convection over the tropical western
Pacific by using long period GMS-IR data. They
also defined the convective index Ic, which differs
from that of Murakami (1983), to identify con-
vective activity of cumulus-type and to eliminate
the effect of surface temperature. Some studies by
these satellite-derived data have also shown that
enhanced convective activity occurs over the south-
ern part of the plateau during the Asian summer
monsoon (Murakami 1983; Murakami 1984; Nitta
and Sekine 1994; Yanai and Li 1994). Murakami
and Matsumoto (1994) redefined monsoon domains
by the annual difference of OLR. They showed that
the southern plateau forms one part of the Asian
summer Monsoon domain.

Cloud activity is an important physical process
not only for changing the surface heat balance
through precipitation, but also for controlling the
energy balance through radiative forcing. Some
previous studies focused on radiative forcing by
snow over the Tibetan Plateau. Yasunari et al.
(1991), Vernekar et al. (1995) and Ose (1996)
showed that anomalous snow cover over the plateau
induces atmospheric cooling by the albedo effect,
and delays the establishment of the following sum-
mer monsoon. They also pointed out that atmo-
spheric heating is suppressed by snow-hydrological
effects especially in early spring. Cloud radiative
forcing plays an important role in regulating the
heat and energy balance over the Tibetan Plateau.
Clouds produce large values of cloud-top longwave
cooling and smaller values of shortwave warming
within a cloud layer. Below a cloud layer, there
is a reduction in longwave cooling because of the
cloud-induced greenhouse warming effect as well as
a reduction of incoming shortwave radiation be-
cause of the enhanced cloud albedo effect. The
net effect of clouds is a radiative cooling of the
plateau atmosphere during the summer rainy sea-
son, because cloud-induced longwave cooling ex-
ceeds cloud-induced shortwave heating (Smith and
Shi 1995).

However, the seasonal variation of cloud activity
over the Tibetan Plateau is not yet fully under-
stood, because in analyses based on IR data, it is
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difficult to distinguish low ground surface tempera-
ture from cloud-top temperature in winter through
early spring. To comprehend the mechanisms of
heating and the hydrological cycle over the plateau,
further analysis is necessary to clarify the features
of cloud activity and the mechanisms of cloud de-
velopment throughout the year.

The main objectives of the present paper are:
1) to describe the seasonal and regional character-
istics of the diurnal cloud activity (hereafter abbre-
viated to DCA) over the plateau throughout the
year based on IR data, and 2) to show the variabil-
ity of the DCA and structures of associated atmo-
spheric circulation for the active/inactive periods
of the DCA at the intraseasonal time scales.

Data and methods of analysis are described in
Section 2. Section 3 reveals the spatial character-
istics and seasonal changes of the DCA over the
plateau. In addition, characteristics of clouds are
examined using GMS-Visible images and IR-Tbb
data with higher spatial resolution. The seasonal
migration of atmospheric static stability is also pre-
sented. In Section 4, we detail the intraseasonal
variation of the DCA, and the structure of the at-
mospheric circulation for the active and the inac-
tive periods of the DCA. A possible mechanism for
generating the variability in the DCA is then dis-
cussed. Summary and remarks are given in Section
5.

2. Data and methods of analysis

3-hourly IR-Tbb data for 6-years (1989-1994)
derived from GMS are utilized in this study. Tbb
data are obtained at each 1° x 1° grid point. In
order to examine the seasonal change of the DCA,
the index of cloud activity is defined by considering
the difference of the diurnal cycle of Tbb, which in-
cludes information about both ground surface tem-
perature and cloud-top temperature.

In order to study the regional characteristics of
diurnal cycles of Tbb in detail, we choose two dif-
ferent regions, as shown in Fig. 1. Additionally, to
confirm the total cloud activity over the plateau
during summer (JJA), the horizontal distribution
of convective index Ic presented by Nitta and Sekine
(1994) is also illustrated. It is defined by

Ic=250—-Tbhb
Ie=0

(Tbb < 250K), (1)
(Tbb > 250K). (2)

where 250K corresponds to the air temperature
near 9000m above sea level over the Plateau for
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Fig.1. Geographical map of the Tibetan
Plateau (thin solid liries) and the 6-year
averaged (1989-94) Ic defined by Nitta
and Sekine (1994) for the summer (JJA)
(thick solid). Topography is drawn by
global gridded elevation and bathymetry
(ETOPOS5), and topographic contours for
3000 m and 4500 m are shown. The con-
tour interval is 1 for Ic. Boxes I, II repre-
sent two regions for the detailed study of
cloudiness.

summer (JJA). This Ic thus represents an index
for the deep convective clouds whose top height
exceeds about 9000m. In this study, we treat the
areas at greater than 3000 m above sea level as the
Tibetan Plateau.

Region I (28°-32°N, 83°-93°E) is located in the
southern part of the plateau. Active convection
with precipitation occurs in this region during the
summer monsoon season (Murakami 1983; Nitta
and Sekine 1994; Yanai and Li 1994). This region
contains the center of enhanced convective activity
as shown in Fig. 1. Region II (33°-36°N, 80°-89°E)
is located in the western part of the plateau. This
region has little annual precipitation and is classi-
fied as a desert or dry region (Shi and Smith 1992).
It is evident from Fig. 1 that the convective activity
over this region is suppressed compared with that
over region I.

Figure 2 shows the 6-year averaged monthly
diurnal cycles of Tbb for the two regions. The di-
urnal cycles of Thb for July and August (Fig. 2-a),
corresponding to the summer rainy season over
Region I, show a maximum value from 03 to 06 UTC
(09-12LST at 90°E) and a minimum value around
12UTC (18LST). Convective activity over the
Tibetan Plateau is rapidly enhanced in the after-
noon and reaches its maximum at 12 UTC (18 LST)
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Fig.2. 6-year (1989-1994) averaged monthly mean diurnal cycles of Thb over Region I (left panels) and
Region II (right panels) for (a) (b) July, August, (c) (d) November, December and (e) (f) March, April.

during the summer (Murakami 1983; Yanai and
Li 1994). Shimizu et al. (2001) showed that pre-
cipitation with high storm height developed in the
afternoon (12 to 18 UTC) during GAME-Tibet
IOP. Considering these results, the minimum value
of Tbb in the evening indicates the changes of cloud-
top temperature related to cloud development.

Figure 2-b shows the same as Fig. 2-a, but for Re-
gion I1. Large differences in the diurnal pattern are
identified between Region I and Region II. Tbb in
Region II rises from the morning and reaches its
maximum around 06 UTC (12LST}), and falls again
after local noon until 15UTC (21LST). Tbb re-
mains near the same value from 15UTC (21 LST)
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through 00UTC (06LLST). It is well known that
frozen ground is broadly distributed over the
plateau. So, it is likely that this diurnal cycle rep-
resents the ground surface temperature of frozen
soil. The ground surface temperature rises after
sunrise, and reaches its maximum after local noon.
It then falls as incoming solar radiation decreases.
After sunset, ground surface temperature continues
to fall before sunrise mainly because of radiative
cooling. The less pronounced peak around local
‘noon seen in summer of Region I (Fig. 2-a) com-
pared to that in Region II (Fig.2-b) suggests that
convective clouds already start to develop in the
late morning over the southern plateau. The di-
urnal cycles of Tbb for winter months (November,
December) are shown in Figs.2-c and 2-d in Re-
gion I and II, respectively. In these winter months,
little precipitation is observed over the plateau.
The remarkable difference of the diurnal cycle can
be found between summer and winter in Region
I. In winter, the minimum value does not appear
at around 12UTC (18LST). The diurnal cycles of
the two regions are similar to that of Region II
for summer (Fig.2-b), and most likely represent
changes of the surface temperature of frozen soil
or snow surface. Spring months (March, April)
are shown in Figs.2-e and 2-f. Diurnal cycles of
Tbb are also pronounced and are very similar to
that shown in Fig.2-a. Tbb attains its maximum
around 03 to 06 UTC (09-12LST) and reaches its
minimum at 12 UTC (18 LST). Considering the di-
urnal cycle of the ground surface temperature, it is
difficult to believe that the ground surface temper-
ature in the evening is lower than that in the early
morning before sunrise. If the diurnal cycle shows
that of ground surface temperature, the minimum
value must be observed in the morning before sun-
rise as shown during the winter season (Figs.2-c,
2-d). So, the minimum value at 12UTC (18 LST) is
considered to reflect changes of cloud-top tempera-
ture, which are associated with cloud developments
(as shown for the summer monsoon season in Fig.
2-a). After 12UTC (18 LST), Tbb in Figs. 2-e and
2-f rise more quickly than that in Fig. 2-a, suggest-
ing that the DCAs in summer tend to continue
until later at night than those in spring. It is note-
worthy that, as in summer monsoon season, cloud
activity with diurnal variation appears in spring
as well. The role of diurnal convective activity and
cloudiness in spring in the seasonal migration of the
plateau atmosphere has not been studied, in spite
of their potential importance for radiation and
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energy processes over the plateau.

As mentioned above, it was shown by 3-hourly
IR-data that the cloud activity reaches its daily
maximum around 12 UTC (18 LST) throughout the
year. Moreover, nearly identical diurnal variation
was observed over the other plateau regions (not
shown). It is important to note that two pat-
terns of diurnal cycles of Tbb can be identified as

_shown in Figs.2-a and 2-c. These indicate cloud

developments in the evening and the change of the
ground surface temperature in the absence of diur-
nal clouds, respectively. To examine more clearly
the characteristics of this diurnal component of
cloud activity, we apply the index Icd (Index of
Cloud activity with Diurnal variation) at each grid
point defined by

Icd = Thb(00 UTC) — Thb(12 UTC),
(Tbb(00 UTC) — Tbb(12UTC) > 0), (3)

Ied =0,
(Tbb(00UTC) — Tbb(12UTC) < 0). (4)

That is, if the diurnal cycle shows a pattern of
cloud development with its peak in the evening,
Tbb(12 UTC) becomes lower than Thb(00 UTC) as
shown in Fig. 2-a. Therefore, the daily diurnal am-
plitude of cloud activity in each grid is determined
by Eq.(3). On the other hand, if Tbb represents the
ground surface temperature changes as shown in
Fig. 2-c, Eq.(4) is adopted. Because Tbb(12UTC)
can not decrease below Tbb(00UTC). The large
value of Ied indicates the enhanced diurnal varia-
tion of cloud activity. To reveal the seasonal
changes of the DCA, we use pentad (5-day mean)
Icd data, for the period of 1989-1994 in this study.

GMS-Visible images with higher spatial resolu-
tion of 0.05° x 0.05° and Tbb-IR data with 0.25° x
0.25° are also used to illustrate a process of cloud
formation with an apparent diurnal cycle. We
present the images on 17 April and 8 July 1996
as examples for spring and summer, respectively.
In order to ascertain whether the cloud activities
on 17 April and 8 July 1996 are precipitable or not,
we use the global surface summary of day data
(GLOBALSOD) produced by NOAA/NCDC, in-
cluding daily mean temperature, wind speed, pre-
cipitation and so on for many stations around the
world. 40 stations are available over the plateau,
though most of the stations are in the eastern part
of the plateau (see Fig.7-a). To examine the cir-
culation field over the plateau and surrounding re-
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gion, the 5-day mean NCEP /NCAR reanalysis data
on 2.5° x 2.5° are used for the period of 1989-1994.

3. Seasonal variation of the DCA

8.1 Seasonal variation of the DCA over Region I
and Region I

Figure 3 shows the time series of 6-year aver-
aged 5-day mean Icd in Region I (southern region)
and II (western region) as shown in Fig.1. In Re-
gion I (Fig. 3-a), the prominent feature is that the
variability of the DCA shows distinct bimodal vari-
ance maxima, one from February to May and the
other from June to September. Icd begins to in-
crease from late January and reaches a maximum
value more than 12 in March and April. During the
period from late May to early June, Icd decreases
temporally, indicating that the DCA is suppressed.
Icd becomes large again from mid-June, and the
active DCA persists until mid-September. In Re-
gion II (Fig. 3-b), Icd becomes large from late Jan-
uary and increases from March to mid-May as in
Region 1. After early June, the Icd value in this
region is smaller than that of Region I, indicating
that the DCA in spring is more prominent than
that in summer in the western region. After mid-
September, active DCA can not be identified over
either region.

(a) RegionI led

mean(1989—-1994)

JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

(b) RegionIl led mean(1989-1994)

Fig.3. Time series of 6-year averaged 5-day
mean Jcd for (a) Region I and (b) Region
II.
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3.2 Horizontal distributions of the DCA

To examine the horizontal distributions of DCA,
the 6-year averaged monthly mean Icd over the
Plateau are produced from January to September,
as shown in Fig. 4. In January (Fig. 4-a), no domi-
nant DCA can be identified over the plateau. The
DCA starts to appear over almost the whole of
the plateau in February (Fig.4-b). From March
to April (Figs.4-c, 4-d), the enhanced DCA with
Icd values greater than 10 extends over the whole
plateau. The region of the high Ied can be found
over the zonally-oriented region from 35°N, 80°E
to 31°N, 102°E, and around 30°N, 90°E. In May
(Fig. 4-¢), the DCA persists over the east-west ori-
ented region of central Tibet. The drastic change
of the spatial distribution occurs in June (Fig.
4-f); a center of DCA appears over the southeast-
ern region of the plateau centered around 30°N,
101°E. In July, the large Icd regions extend from
the southern periphery of the plateau to around
35°N with convection center around 30°N, 87°E
and 30°N, 100°E. This spatial distribution pattern
is in good agreement with that for July shown in
Nitta and Sekine (1994), although they used a dif-
ferent cloud activity index (Ic). In August, the
high DCA persists with a similar pattern until July,
but is more active to the west of 95°E. The most en-
hanced cloud activity appears around 30°N, 86°E.
The high DCA extend westward from June to
August. The DCA becomes weak and retreats east-
ward in September (Fig.4-i). After October, the
notable DCA does not appear over the plateau (not
shown).

To describe the meridional structure of the DCA
more in detail, the latitude-time section of 6-year
averaged 5-day mean Icd averaged over the same
longitude of Region I is indicated in Fig.5. It
should be noted that the meridional seasonal pro-
gress of the DCA is quite different between spring
and summer. The DCA are slightly enhanced be-
tween 28° and 38°N around late January. The high
Icd area more than 10 can be found from early
March to early May. The strong DCA tends to
persist until late spring to the north of the central
plateau. The suppressed DCA appears from mid-
May to early June extending over 27° to 32°N. In
the summer monsoon season, the DCA becomes
active around 30°N and reaches maximum from
July to August, and the high DCA tends to ex-
tend over the region to the south of 32°N. Similar
seasonal variation of the DCA can be seen over the
eastern part of the plateau from 95° to 102°E (not
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Fig.5. Latitude-time section of 6-year averaged 5-day mean Icd averaged between 83°-93°E. Heavy
shading denotes areas with Icd greater than 16, while light shading is for areas between 10 and 16.
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shown). However, the period of the high DCA in
the summer is longer than that to the west of 93°E,
corresponding to the early beginning of the DCA
in June and the late retreat in September seen in
Figs.4-f and 4-i, respectively. As seen in Figs. 4
and 5, the profound two variance maxima of the
DCA are observed, especially, to the south of the
central plateau.

3.8 The stability change in the lower atmosphere

It is obvious from Fig.4 that the center of the
lively DCA appears in both spring and summer
around Region I. Then, we treat Region I as a key
region to study the fluctuation of the DCA and
the associated features of atmospheric circulation
for both seasons.

The development of convective-type clouds is
closely associated with the vertical stability of the
atmosphere. The dry and moist static stabilities of
the lower atmosphere are especially important fac-
tors for controlling convection. In order to clarify
the seasonal march of the lower atmospheric stabil-
ity, we show the vertical gradient of both potential
temperature (f) and equivalent potential tempera-
ture (6.) between 500 hPa and 400 hPa.

Figure 6 shows the time series of 6-year aver-
aged 5-day mean lower atmospheric stability for
both dry and moist convection at 12 UTC (18 LST)
over Region I. For dry convection, the low sta-
bility with more than —4 K /100 hPa appears from
early March to mid-June with a peak in mid-April
(—2K/100hPa). The stratification from mid-June
to mid-September is more stable for dry convec-
tion than that from March to early May. The ver-
tical gradient of equivalent potential temperature
shows unstable stratification for moist convection
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after early March. The most unstable conditions
for moist convection appear from mid-July to mid-
August over the plateau. The two peaks of the
DCA in spring and summer, shown in Fig. 3-a, are
concurrent with the peaks of the low stability for
dry convection and the instability for moist con-
vection, respectively. This result indicates that the
enhanced DCAs are induced by different mecha-
nisms in the two seasons.

The lower atmosphere from June to September,
during the second Jcd maximum, is very suitable
for deep cumulus convection. However, this ob-
served conditional instability in summer does not
imply that convection will occur spontaneously.
The release of conditional instability requires the
forced lifting to the level of free convection (LFC).
The mean relative humidity in the lower tropo-
sphere over the plateau is below 100%, even in the
boundary layer. Therefore, low-level moisture con-
vergence or strong positive buoyancy is required to
induce moist convection. Over the plateau, strong
surface heating in daytime can produce positive
buoyancy due to the complex terrain surface.

On the other hand, the stratification of the lower
atmosphere from March to May, which is concur-
rent with the first enhancement of Icd, is nearly
neutral for dry convection and weakly unstable for
moist convection. The nearly neutral condition of §
over the lower atmosphere provides a good environ-
ment for rising parcels produced by surface heat-
ing, because of the decrease of convective inhibition
(CIN). Thus, though this condition is not favor-
able for deep cumulus convection, shallow convec-
tion with cumulus-type clouds is highly probable.
The DCA is weakened from mid-May to early June

0 d8/dp & d@e/dp:12UTC(18LST) Region | "
) °
a —21 8 aa
ac o c
=) N O
2 &2
T N 41 F4 O\
Y X
) N,

- 0
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Fig.6. Time series of 6-year averaged 5-day mean vertical gradient of potential temperature (solid line),
and equivalent potential temperature (dashed line with) between 500hPa and 400 hPa at 12UTC
(18 LST) over Region I. Note that the position of 0 on right axis (df./dp) is different from that on left

axis (df/dp).
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Fig.7. Visible images of GMS at (a) 03 UTC(09LST), (b) 07 UTC(13 LST), (c) 10 UTC(16 LST) and (d)
the distribution of Tbb (< 240K) at 12UTC (18 LST) on 17 April 1996. (e) and (f), same as (c) and
(d) but for 8 July 1996. Contour interval is (d), (f) 20K. The black dots indicate location of surface
observation stations for a case study of precipitation in (a). Heavy shading denotes areas with Tbb-
less than 220 K, while light shading is for areas between 240 to 220K in (d) and (f).



1216

temporarily as shown in Fig. 3-a. In this transition
period, the stratification becomes more stable for
dry convection than that from March to April and,
is more stable for moist convection than that for
sumimner monsoon season.

3.4 Characteristics of clouds in spring
and summer

We have already demonstrated by 6-year aver-
aged Icd that the DCA over the plateau has two
variance maxima in spring and summer. The DCA
for both seasons shows the different characteris-
tics in its spatial distributions and the lower atmo-
spheric stability. In the Asian summer monsoon,
active cumulus convection with precipitation is ob-
served over the plateau from the in-situ observa-
tions. Therefore, the DCA deduced from Icd from
June to September represents organized active cu-
mulus convection induced by strong surface heat-
ing. On the other hand, the peak of the cloud ac-
tivity in spring season also appears in the evening.
This result suggests that the DCA in spring season
also has the properties of convective-type clouds
induced by surface heating in daytime. In order
to verify the nature of clouds in spring specifically,
we examine GMS-Visible images with higher spa-
tial resolution of 0.05° x 0.05° and IR-Tbb data
with 0.25° x 0.25°.

Figure 7 shows the images of the cloud develop-
ments on 17 April 1996 as an example of a remark-
able DCA in spring season. For the comparison of
cloud type, images on 8 July 1996 are also shown.
At 03UTC (09LST) on April 17 (Fig.7-a), the
ground surface of the Tibetan Plateau can be seen
with low albedo, indicating fine weather over the
plateau. At 07UTC (13LST), many convective-
type clouds are developing over the plateau. The
clouds grow and combine to extend across the
plateau area at 10UTC (16 LST). To the east of
95°E, the convective-type clouds seem to develop
into organized cells with stratiform-type clouds.
The zonally-oriented distribution of the clouds at
this time is quite similar to the Icd distribution for
April shown in Fig. 4-d. We found that these cloud
activities reached their maxima at 12UTC (Fig.
7-d), and existed until mid-night by 3-hourly GMS-
Tbb data (not shown). The cloud top tempera-
ture is less than 220 K. If the clouds are blackbody
and their top temperature are roughly equivalent
to the environmental air temperature observed by
NCEP/NCAR reanalysis data, their top height cor-
responds to about 11000 m above sea level. In spite
of the broad existence of the clouds with low Tbb,
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precipitation is observed on only one station at
Xigaze {29.2°N, 88.5°E) on this day, and its value is
1mm per day. As for the synoptic-scale circulation
on this day, the westerly jet splits to the southward
and the northward of the plateau (not shown). As-
sociated with this circulation field, weak synoptic-
scale wind is observed over the plateau. Further
studies of the atmospheric structure related to the
variability of the DCA in both spring and summer
will be presented in Section 4.

In contrast, Fig.7-e shows the cloud distribu-
tions at 10 UTC (16 LST) on 8 July 1996. Convec-
tive clouds appear over the plateau to the south
of 34°N, especially along 30°N, which is in good
agreement with the Ied distribution for July (Fig.
4-g). Most of the cloud area attains more than
13000m above sea level, and the lowest Tbb area
around 30°N, 84°E reaches more than 16000 m. As
for the synoptic weather condition, the Tibetan
high appears over the plateau centered on 31°N,
91°E (not shown). Precipitation is observed at
the most stations over the southern part of the
plateau. For example, daily precipitation is 6 mm
at Xigaze. These images show that the DCA in
spring has the nature of convective-type clouds as
in summer, although precipitation related to the
DCA was observed at more stations in summer
than in spring. Considering the stability of the
lower atmosphere in spring as shown in Fig. 6, it is
probable that the convective-type clouds in spring
have higher cloud-base height and shallower cloud-
thickness than those in summer. However, fur-
ther studies are needed to clarify statistically theses
cloud properties as well as precipitation, and this
will require more detailed and reliable data sets.

4. Atmospheric circulation

In this section, we show the intraseasonal time
scales variability of the DCAs and their associated
atmospheric circulation fields for both active and
inactive periods in the spring and summer mon-
soon seasons. In this paper, we refer to variations
with periodicity from 10 to 90 days as having in-
traseasonal time scales.

4.1 Intra-seasonal variability of the DCA
in spring and summer

Figure 8 shows that the time series of the pen-
tad mean Tbb in Region I at 00UTC (06 LST),
06 UTC (12LST) and 12UTC (18LST) for each
year (1989-1994) from top to bottom. According
to the definition of Icd mentioned in Section 2, the
DCA is active for the period when the Tbb value
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at 12UTC (18LST) is lower than that at 00 UTC
(06 LST). So, the shaded period seen in Fig.8 de-
notes the enhanced period of the DCA. In each
year, the active periods of the DCA can be seen
from February to May, and from June to Septem-
ber as shown in the previous section. Moreover, a
gap (or break) between the two lively DCA peri-
ods is clearly seen in mid-May to early June. A
notable feature is that the DCA from February to
May show variations on intraseasonal time scales
with periodicity of about 15 days and about 30
days, even using the simple pentad mean data. The
DCA persists until late April in 1989, 1990, 1992
and 1994 (Figs. 8-a, b, d, ), while the active DCA
can be seen even until mid-May in 1991 and 1993
(Figs. 8-b, e). The beginnings of the cloud activity
around mid-June correspond to the arrivals of the
summer monsoon season over this region. Abrupt
transitions are recognized in 1989 and 1991, while
gradual transitions are seen in the other years. The
DCA from June to September also has a distinct
intraseasonal time scales variability.

4.2  The structure of circulation field

In the previous subsection, we showed the
marked variability on intraseasonal time scales for
the DCAs in both spring and summer. This result
suggests that the seasonal variation of the DCA
shown in Fig.3-a is composed mainly of the in-
traseasonal variability for both seasons. However,
considering the differences of the seasonal migra-
tion and the spatial distributions in I'cd (see Fig. 4),
we speculate that large differences between spring
and summer should exist in the atmospheric circu-
lation related to the DCA variability. To examine
the features of atmospheric structure for both ac-
tive and inactive periods of the DCA, a composite
analysis was performed. For understanding how
the DCA is enhanced in both seasons, this work is
important and useful.

The temporal variations of the DCA in spring
and summer were classified into two groups, “ac-

A A N
JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

Fig.8. Time series of 5-day mean Tbb
at 00 UTC (06 LST: solid line), 06 UTC
(12LST: dashed line) and 12UTC (18
LST: solid line with open circle) over Re-
gion I :(a) 1989, (b) 1990, (c) 1991, (d)
1992, (e) 1993 and (f) 1994. Shaded pe-
riods indicate the active DCA. Triangles
and cross marks denote major active and
inactive periods of the DCA, respectively.
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Fig.9. Composite of Icd for (a) active period and (b) inactive period of the DCA in spring. (c) .and (d),
same as (a) and (b) but for the summer. The contour interval is 3. Shading denotes areas with more

than 12.

tive period” and “inactive period” based on Thb
values shown in Fig.8. In order to show the dis-
tinct difference of atmospheric structure, we chose
the major active and inactive periods of the DCA
between March to April for spring, and July to
August for summer. The selected active periods
satisfy the following criteria, 1) the period with
high DCA (hatched areas in Fig.8), and 2) the
DCA persists for more than two pentad and the
period that Thb (12UTC) is less than 240K cor-
responding to the air temperature near 8000 m in
spring (above sea level) and 11000m in summer
over Region I. The definition of inactive period is
that Tbb (12UTC) is more than Tbb (00UTC)
or that Tbb (12UTC) is larger sufficiently, indi-
cating the suppressed DCA, than that in the ac-
tive period. Triangle marks and cross marks seen
in Fig.8 denote the selected periods as active and
inactive, respectively. Thus, these selected peri-
ods represent well the major active and inactive
cycle with intraseasonal time scale in the seasons.

We did not select the inactive period of summer
in 1991, because the DCA is not suppressed suf-
ficiently, compared with the other samples of the
inactive period.

Composites of Icd, associated with the active
and inactive periods of the DCA over region I for
both seasons, are shown in Fig. 9. In the active pe-
riod for spring (Fig.9-a), the high Icd value with
more than 12 is observed over the broad extent of
the plateau. This distribution of high Icd corre-
sponds well to the monthly mean value for March
and April seen in Figs.4-¢c and 4-d. But for the
inactive period (Fig.9-b), the DCA is suppressed
over the plateau to the west of 100°E. Similarly,
the Icd distribution for active period in summer
shows the enhanced DCA to the south of 34°N,
which corresponds to the monthly mean for July
and August as seen in Fig. 9-c. In the inactive pe-
riod (Fig.9-d), the suppressed DCA is found over
the plateau clearly, though the relative high Icd is
observed over the southwestern edge of the plateau.
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Fig.10. Composite of geopotential height and wind fields at 200 hPa for (a) active period, (b) inactive
period of DCA in spring and (c) difference between the two periods. The contour interval is (a), (b)
60 gpm and (c) 15 gpm. The unit wind vector is (a), (b) 50ms™" and (c) 30ms™". The shaded region

indicates the Tibetan Plateau.

The enhanced area of the DCA in spring extends
northward compared with that in summer. Thus,
we conclude that the variation of Icd over Region
I is associated well with the plateau scale variation
of Icd. That is, we regard Region I as a good ref-
erence region for the following composite analysis
of the atmospheric structure related to the active

and inactive periods of the DCA over the Tibetan
Plateau.

To examine the difference of circulation fields re-
lated to the active and inactive DCAs in spring,
the composites of 200 hPa geopotential height and
wind fields for (a) active period, (b) inactive pe-
riod and (c) difference between the two periods are
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Fig.11. Latitude-height section of composite difference in (a) windspeed and (b) temperature between
active and inactive period of the DCA in spring between 83° and 93°E. The contour interval is (a)
2ms~! and (b) 1K. Shading denotes areas with less than (a) —2 ms~! and (b) —2K.

presented in Fig.10. Both in Figs.10-a and 10-b,
the prevailing westerly is observed between 0° and
180°E to the north of 10°N. The enhanced DCA pe-
riod in spring (Fig. 10-a) shows a meandering of the
jet stream to the south of the plateau with trough
centered around 90°E and the axis of westerly jet-
stream located around 25°N. It is evident in the in-
active period (Fig.10-b) that the strong jetstream
crosses with a shallow ridge over the plateau. -‘The
difference (Fig. 10-c) denotes that a large negative
anomaly of geopotential height is located over the
southern edge of the plateau and another large neg-
ative anomaly is observed in the windward side of
the plateau around 30°N, 30°E. Note that a wave-
type distribution in geopotential anomalies can be
found over the subtropical jet. This result suggests
that the circulation change over the plateau, which
affects the variation of the DCA, is closely associ-
ated with that over the upstream region.
Associated with these differences of geopotential

height over the plateau and surrounding regions,
the windspeed over the plateau varies dramatically.
Figure 11-a shows the latitude-height cross section
of composite difference in wind speed for the same
longitude of Region L. It is obvious from this figure
that a large negative anomaly appears over the lati-
tude of the plateau centered around 32°N, 200 hPa.
This result indicates that the wind speed is weak-
ened throughout the troposphere over the plateau
in the enhanced period of the DCA in spring, and
vise versa.

Additionally, the two circulation regimes between
active and inactive periods of the DCA in spring
are also accompanied by cold and warm tempera-
ture anomalies over the plateau, respectively. Fig-
ure 11-b shows the same as Fig.11-a, except the
temperature difference. Because the tropospheric
temperature increase with seasonal migration in
spring, a Fourier analysis was applied to the tem-
perature data to remove the part with frequency
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lower than 90 days. Negative temperature anomaly
centered at 28°N, 300hPa can be seen over the
plateau. The value of the negative temperature
anomaly increases with height and a positive tem-
perature anomaly is also found to the north of
33°N below 400hPa. These results suggest that
the upper-level cold air mass penetrates over the
plateau and that the stratification of the tropo-
sphere becomes more unstable in the active DCA
period. The anomaly sign reverses and the stratifi-
cation of the troposphere over the plateau become

(a)Z & U,V(200hPa)
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more stable in the inactive DCA period.
Climatologically, the axis of the subtropical jet
exists to the south of the plateau in March and
April (not shown). Because a cold air mass ex-
tends on the northern side of this jet axis related
to thermal wind balance, the cold air can easily in-
trude into the middle and upper troposphere over
the plateau during this season. In addition, surface
heating increases over the plateau as incoming solar
radiation increases in the mid-latitudes in spring.
Because of these seasonal backgrounds, the stabil-
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The unit wind vector is (a), (b) 40ms™! and (c) 15ms™". The contour with 12570 gpm is added to
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ity for dry convection is more unstable in spring
than in the other seasons as shown in Fig.6. The
atmospheric circulation seen in Fig. 10-a is a typi-
cal case in which a trough is situated to the south
of the plateau and a cold air mass dominates over
the whole plateau. Meanwhile, a weak synoptic
wind condition over the plateau is likely to induce
a thermally driven local circulation due to complex
topography of the plateau. This would contribute
greatly to development of the convective clouds.
Therefore, we conjecture that the destabilization of
the troposphere caused by the intrusion of cold air
mass in the middle or upper troposphere (relating
to the mean features of the upper-level subtropical
jet), together with the weak wind speed and the
strong surface heating in daytime over the plateau,
provide a favorable condition to enhance the DCA
in spring.

As mentioned previously, the DCA is weakened
from late May to early June over the southern part
of the plateau. In this season, the axis of the
upper-level subtropical jet shifts northward up to
36°N (not shown), as a result of seasonal warm-
ing of the troposphere in the mid-latitudes. This
seasonal feature implies that a cold air intrusion,
which produces favorable conditions for convection
on this region, can not reach the southern part of
the plateau easily. In contrast, over the northern
part of the plateau, the DCA tends to persist until
early June (see Fig.5) affected by a cold air mass.

Next, we examine the circulation field associ-
ated with the DCA in summer. The composites
in geopotential height and wind fields at 200 hPa
for the (a) active period, (b) inactive period and
(c) difference between the both periods are indi-
cated in Fig.12. It is evident in both Figs.12-a
and 12-b that a large anticyclonic circulation is
dominated between 20°E and 150°E with a ridge
line along 29°N, and a westerly jet stream appears
to the north of the plateau. In the active pe-
riod of the DCA in summer (Fig.12-a), the cen-
ter of the Tibetan high is observed around 29°N,
90°E, which may be related to the enhanced DCA
over the southern plateau. Nitta (1983) showed
that the heat source, relative vorticity and pre-
cipitation change with the period of 10-30 days
for the analysis of the eastern plateau, and that
the strength of the anticyclonic circulation at the
upper troposphere also increases, when the tropo-
spheric heating increases. In the inactive period
(Fig. 12-b), the center of the Tibetan high moves
westward to 30°N, 70°E and the northeastern edge
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Fig.13. Composite of temperature and wind
fields at 500 hPa for (a) active period, (b)
inactive period of the DCA in summer
and (c) difference between the two peri-
ods. The contour interval is (a), (b) 1K
and (¢) 0.5K. The unit wind vector is
(a), (b) 10ms~" and (c) 5ms™1. (a), (b)
The shading region indicates the Tibetan
Plateau. (c) Shading denotes the area of
positive anomaly.
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of the high covers the plateau. That is, the ac-
tive/inactive DCA is related to the east-west os-
cillation of the center of the Tibetan anticyclone
on intraseasonal timescales. The distributions of
anomalies in the composite difference in summer
(Fig. 12-c) around the plateau are quite different
from that in spring (Fig. 10-c). Large geopotential
anomalies are observed along the northern periph-
ery of the plateau. A positive anomaly is appar-
ent centered around 37°N, 101°E, and a negative
anomaly is found centered around 41°N, 78°E, in-
dicating the enhancement of the anticyclonic circu-
lation over the plateau in the active period. This
result may suggest an interaction between the ac-
tive/inactive cycle of the DCA over the plateau and
the westerly flow pattern associated with a low fre-
quency mode in summer.

To reveal the difference of temperature and wind
fields in the lower atmosphere, the horizontal dis-
tributions of these elements at 500 hPa for (a) ac-
tive period, (b) inactive period and (c) the differ-
ence between the two periods are shown in Fig. 13.
It is apparent in the active period (Fig.13-a) that
the southerly wind component is dominated over
the plateau to the east of 78°E, and a warm cen-
ter is located around 32°N, 88°E. A branch of the
southerly wind toward the southern part of the
plateau, which carries a humid and warm air mass,
is found from the South Asian monsoon area along
90°E. In contrast, in the inactive period (Fig. 13-b),
the southerly wind is not evident over the plateau,
and a weak northerly wind spreads to the east of

specific humidity active—inactive(summer)
50N

40N A

30N A

20N +
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Fig.14. Composite difference in specific hu-
midity at 500 hPa between active and in-
active period of the DCA in summer.
The contour interval is 0.5 gKg~!. Shad-
ing denotes the area with more then
0.5gKg™t.
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95°E. The northerly wind becomes more prominent
between 400hPa and 200hPa over the plateau to
the east of 85°E (not shown). The warm center
is weakened and moves slightly westward. In the
difference of the two periods (Fig. 13-c), a positive
temperature anomaly appears over the plateau to
the east of 80°E, and a negative anomaly is lo-
cated around 38°N, 75°E. The positive and nega-
tive temperature anomalies over the plateau and
surrounding regions are associated roughly with
the southerly and northerly wind anomalies, re-
spectively.

In addition, the two regimes between active and
inactive periods of the DCA in summer are also re-
lated to the humid and dry anomalies of the lower
atmosphere over the plateau. Figure 14 shows the
composite difference in specific humidity at 500 hPa.
The positive anomaly extends to the east of 80°E
over the plateau, which may result in the humid
southerly wind and the increase of precipitation in
the active period. The increase of air tempera-

‘ture and specific humidity in the lower atmosphere

enhances the instability for the moist convection.
The atmospheric stratification becomes stable as
air temperature and humidity decrease in the lower
atmosphere.

These results suggest that a humid and warm
air mass intrusion from the South Asian monsoon
area into the lower troposphere over the plateau
enhances the DCA in summer and, as a result,
the Tibetan high is strengthened over the southern
part of the plateau. Meanwhile, it is also conceiv-
able that the atmospheric circulation over and sur-
rounding regions in the active period induces the
increase of a humid and warm air mass transport
into the plateau. It provides a suitable environ-
ment for moist convection. In the inactive period, a
dry and cold air mass intrusion from the northwest
into the plateau prevents a humid and warm air
mass transporting from the south. This may be a
cause of an increase of stability for moist convection
and a suppressed DCA over the plateau, indicating
that an air mass intrusion from the north affects
the convective activity over the plateau through
different processes from those in spring. Thus, we
conjecture that the existence of the Tibetan high,
the increase of air temperature and specific humid-
ity in the lower atmosphere, and also the strength
of heating from the surface in daytime are closely
related to the enhanced DCA in summer. To un-
derstand detailed processes of the DCA variability,
a further study for a transition period between in-
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active and active (active and inactive) periods is
needed.

Intensive surface and aerological observations
was conducted in the Tanggula mountain area
(33°N, 92°E) in the central plateau under CREQ
(Cryosphere research on Qinzang Plateau) project
from May to September in 1993. These observa-
tions revealed that the quasi-biweekly fluctuation
in surface meteorological elements dominates after
the onset of the summer monsoon season over the
plateau. It is also reported that the remarkable
increase of moisture was observed in the southerly
wind, while rapid decrease of moisture through the
troposphere occurred periodically associated with
cold and dry northerly wind and fair weather (Endo
et al. 1994). These findings from the in-situ obser-
vations support our results concerning the circu-
lation changes associated with the active/inactive
cycle of the DCA in summer.

5. Summary and remarks

In this paper, we examined the seasonal and
spatial distributions of the DCA over the Tibetan
Plateau throughout the year using index Ied, which
represents the diurnal amplitude of cloud activ-
ity. The DCA is active in spring, as well as in the
summer monsoon season. Remarkable differences
in seasonal march and spatial distribution of the
DCA are found between the two seasons. In addi-
tion, intraseasonal variability of the DCA is clearly
seen for both seasons. The features of atmospheric
circulation associated with active/inactive periods
of the DCA are also examined. These results are
summarized as follows.

1) The variability of the DCA shows two dis-
tinct variance maxima: One in spring, and the
other in the summer monsoon season. The DCA
begins in late January over the broad extent of
the plateau, and reaches its annual maximum from
March through April. The DCA extends over al-
most the whole plateau, with nearly complete cov-
erage over the southern part around 30°N, 90°E
and along a zonally oriented belt between 35°N,
80°E and 31°N, 102°E. A short break between the
two enhanced seasons of the DCA is found around
late May to early June. The DCA intensifies again
over the southeastern region of the plateau cen-
tered around 30°N, 101°E in June. From July to
August, the DCA reaches its second annual maxi-
mum, and the most active region appears over the
southern region around 30°N, 86°E. After Septem-
ber, the active area of the DCA retreats to the
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southeastern region.

2) The peak of the DCA in spring shows low sta-
bility for dry convection and weak instability for
moist convection in the lower atmosphere. Though
this stratification is not favorable for deep con-
vections, shallow convection with convective-type
clouds is highly probable. The second peak of the
DCA in summer is associated with the moist in-
stability, which is suitable for deep cumulus con-
vection.

3) As an example of remarkable DCA in spring
and summer, the cloud developments on 17 April
1996 and 8 July 1996 are illustrated using GMS—
Visible and IR-Tbb images with higher spatial res-
olution. The cloud on 17 April 1996 shows the
properties of a convective-type cloud, with cloud-
top height reaching more than 11000 m above sea
level. Precipitation is not observed at-most sta-
tions. On 8 July 1996, well-organized cumulus
convection with precipitation can be seen over the
southern part of the plateau. The highest cloud
height reaches more than 16000 m above sea level.

4) The DCAs in both spring and summer change
with intraseasonal time scales with periodicities of
about 15 days and about 30 days. In spring, the
enhanced DCA period is associated with a me-
andering of the jetstream over the plateau with
a trough over and to the south of the plateau,
while the suppressed DCA period corresponds to
the jetstream crossing over the plateau with a shal-
low ridge. The enhanced (suppressed) DCA are
associated well with a weak (strong) wind speed
through the troposphere over the plateau, and the
cold (warm) air mass in the upper atmosphere over
the plateau. In the active DCA period in summer,

the center of the Tibetan high is located over the

southern part of the plateau where enhanced di-
urnal convection occurs associated with the warm
and humid air mass in the lower atmosphere. In
contrast, in the inactive period of the DCA, the
center of the Tibetan high shifts westward, and
northerly wind with a cold and dry air mass dom-
inates across the plateau throughout the tropo-
sphere.

This study confirmed that the DCA is pro-
nounced not only in summer, but also in spring.
The DCA is modulated with intraseasonal time
scales in both seasons. Intraseasonal modulations
with the periodicities of about two weeks and 30-
60 days in wind fields, cloudiness and the other
meteorological elements are prominent phenomena
over the Tropics and the Asian monsoon region
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(Madden and Julian 1972; Yasunari 1979; Mura-
kami 1984; Krishnamurti and Gadgil 1985; Naka-
zawa 1991). These disturbances are of convective
origin and these scales are of zonal wavenumber 1
to 3.

Nitta (1983) found from a case study for 1979

that intraseasonal variations with the periods of
10-15 and -30 days appear in total heating, precip-
itation and relative vorticity in the upper tropo-
sphere over the eastern plateau during the summer
monsoon season. He also showed that a large con-
vective heating is associated with large amounts
of precipitation and enhanced upper level anticy-
clonic circulation with intraseasonal time scales.
The variations of precipitation over the plateau and
over India are opposite phase. This phenomenon
was explained by cloud systems moving northward
from the tropics to the southern foothills of the
Himalayas with intraseasonal variation (Yasunari
1979, 1980, 1981). In this study, the DCA over
the plateau intensifies on intraseasonal time scales,
although the relationship between the time varia-
tion of the DCA over the plateau and that of the
whole summer monsoon activity is not examined.
In the vicinity of the South China Sea, the diur-
nal cycle of cloud activity over land is suppressed
in the disturbed period of intraseasonal variation
in the northern summer, because the broad cloud
coverage caused by large scale ascending motions
reduces the incoming solar radiation (Chen and
Takahashi 1995). It is suggested that the response
of diurnal variation over the plateau to the intrasea-
sonal variation is different from that over the trop-
ics.

Some studies pointed out that intraseasonal vari-
ations are also seen in the extratropics (Krishna-
muruti and Gadgil 1985). Waves with wavenum-
ber 5-7 trapped in the subtropical jet on 10- to
30- day time scales were investigated by Black-
mon et al. (1984), Hsu and Lin (1992), Kiladis
and Weickmann (1992) and Terao (1998) for the
northern hemisphere. Terao (1998) showed that
standing wave-like disturbances with a 32-day pe-
riod are found in the subtropical jet during the
northern summer, through a case study for a typ-
ical year (1983). Their propagation routes corre-
spond to the well-defined wave-guide for the quasi-
stationary Rossby wave formed along the subtrop-
ical jet. He also noted the 25-day low pass fil-
tered wind velocity vector at 200 hPa and temper-
ature at 300hPa on the enhanced wave days. It
is interesting that the wind fields shown in both
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Figs.12-a and 12-b in our study are quite simi-
lar to those seen in his analysis for the enhanced
wave days (See Fig.8 in Terao 1998). These re-
sults suggest that the intraseasonal variation of the
DCA over the plateau in summer monsoon season
may be affected by the low-frequency disturbances
of both the midlatitude westerly and Asian mon-
soon regions. Further study is needed to clarify
whether heating over and around the plateau forces
the westerly, or whether the DCA over the plateau
fluctuates in response to the westerly jet.

On the other hand, the DCA in spring also
changes with intraseasonal timescales. In spring,
the subtropical jet is situated in the lower lati-
tude than that in summer. As seen in Fig. 10-c, a
wave-train type distribution of geopotential height
anomaly with wavenumber 5-6 appears over the
westerly region. It is likely that the variation of the
DCA in spring is also related to the disturbances
on intraseasonal timescales over the westerly re-
gion, although a more detailed study is necessary
to capture the characteristics of low-frequency dis-
turbances over the subtropical jet in spring. Since
the strong westerly prevails over the same latitude
of the Tibetan Plateau in this season, it may be
plausible that the dynamical effect of the plateau
orography changes depending on the intensity and
the meridional position of the upstream jet, which
in turn may induce a bimodal response of the cir-
culation over and around the plateau.

The DCA in spring also varies on interannual
time scales as shown in Fig.8. The persistence
of the DCA until late spring suggests the delay of
the seasonal migration of the atmospheric circula-
tion over the plateau and surrounding region. It
would be interesting to examine how the DCA and
the structure of atmospheric circulation in spring
relate to the onset and activity of the following
Asian summer monsoon. Clarifying the role of the
spring DCA in the seasonal heating processes over
the plateau will require further studies of precipita-
tion, cloud-radiation feedback processes and land-
surface heating during this season.
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