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Abstract The structure and evolution features of the first
two leading modes of the intraseasonal diabatic heating
variability over the Tibetan Plateau (TP) during northern
summer are investigated using reanalysis and observa-
tional data. Both of the leading modes present a dominant
10-30-day intraseasonal oscillation (ISO). The first mode
is characterized by a perturbation center over the southern
TP (STP), which remains quasi-stationary and is closely
related to the low-latitude ISO. The associated low-latitude
ISO is originated from the tropical western Pacific (WP)
and propagates westward/northwestward toward northwest-
ern India along the mean monsoon trough. The westward
propagation near the South China Sea is mainly attributed
to anomalous meridional vorticity advection and the advec-
tion of the planetary vorticity by ISO flow. The stationary
feature of the perturbation over the STP is ascribed to the
topographical features around the STP. The intraseasonal
heating variability over the STP is attributed to the alterna-
tion of anticyclonic and cyclonic flow associated with the
westward-propagating ISO perturbation originated from
the tropical WP. The second leading mode is character-
ized by an east—west asymmetric structure over the TP. The
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intraseasonal diabatic heating anomaly propagates clock-
wise from the northwestern to eastern TP, while a heat-
ing anomaly with an opposite sign propagates from the
southeastern to western TP. The mid-latitude Rossby wave
trains play an essential role in forming the dipole structure.
The wave trains propagate southeastward before reaching
the TP and then eastward as they cross the TP. The source
of anomalous water vapor over the TP is originated from
lower latitudes. The upper- and lower-level wave trains are
well coupled over the TP, exhibiting a baroclinic structure.

Keywords The Tibetan Plateau - The intraseasonal
oscillation - Diabatic heating anomaly

1 Introduction

The intraseasonal oscillation (ISO) appears not only over
the tropics (Madden and Julian 1971, 1972; Lau and Chan
1986; Annamalai and Slingo 2001; Li and Wang 2005;
Wang et al. 2006; Wen et al. 2010), but also over mid- and
high-latitudes (Anderson and Rosen 1983; Krishnamurti
and Gadgil 1985; Kikuchi and Wang 2009; Wang et al.
2013; Yang et al. 2013b). Large-scale circulations associ-
ated with the ISO may affect tropical cyclone activities
(Maloney and Hartmann 2000; Xu et al. 2014; Bi et al.
2015), rainfall or temperature anomalies over continent
(Hoyos and Webster 2007; Mao et al. 2010; Yang et al.
2010, 2013a; Yang and Li 2016a), onset of the monsoon
(Zhang et al. 2002; Lorenz and Hartmann 2006; Jia and
Yang 2013), and ENSO activities (Rong et al. 2011; Chen
et al. 2016).

The Tibetan Plateau (TP) has been known as the third
pole of the world. Its mean elevation is 4000-5000 m above
sea level, reaching almost to the mid-troposphere. Due to
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its thermal effect in the mid-troposphere, it profoundly
affects the general circulation in the Northern Hemisphere
(Ye 1981; Ye and Wu 1998; Duan and Wu 2005; Wu et al.
2007; Duan et al. 2008, 2013; Zhou et al. 2009), includ-
ing the Asian monsoon (e.g., Flohn 1957; Yanai et al. 1992;
Li and Yanai 1996; Sato and Kimura 2007; Wu et al. 2012)
and global hydrological cycle (e.g., Tao and Ding 1981;
Zhao and Chen 2001; Wang et al. 2008, 2014; Yang et al.
2014).

Many previous studies demonstrated the intraseasonal
variability around the TP including South Asia (e.g., Anna-
malai and Slingo 2001; Chatterjee and Goswami 2004;
Fujinami et al. 2011, 2014). Bangladesh is located to the
south of the TP, and lies in few latitudes away from the TP.
Fujinami et al. (2011) reported that a sub-monthly mode is
predominant in the summer precipitation over Bangladesh.
Detailed characteristics of the sub-monthly variation in
summer rainfall and circulation fields over the Meghalaya-
Bangladesh-western Myanmar area have been revealed in
Fujinami et al. (2014). As the TP is closely related to the
climate of the Asian area (Flohn 1957; Duan et al. 2008),
there should be a relevant intraseasonal variation over the
TP. The heat source and associated dynamic and thermo-
dynamic variables (e.g., precipitation, relative vorticity,
air temperature, wind and geopotential height) over the
TP show a marked intraseasonal oscillation (e.g., Krishna-
murti and Subrahmanyam 1982; Nitta 1983; Fujinami
and Yasunari 2001; Wang and Duan 2015). Nitta (1983)
revealed that the total heating over the eastern TP fluctuates
with ~12-day and ~30-day periods. Fujinami and Yasunari
(2001) reported that summer convection over the TP pre-
sents a periodicity of ~15 and ~30 days. Wang and Duan
(2015) identified a 10-20-day oscillation of the heat source
as well as the circulation fields over the TP. On the intra-
seasonal time scale, the TP plays an important role in the
Asian summer monsoom (Fujinami and Yasunari 2009;
Wang and Duan 2015).

The heat source and moisture sink show different fea-
tures between the eastern and western TP (Luo and Yanai
1984; Ueda et al. 2003). The land cover over the TP
shows an obvious difference between eastern and western
parts (Cui and Graf 2009), which can affect the behavior
of clouds and rainfall through modulating the local heat-
ing in summer (Chen et al. 2015). The southern TP com-
poses the Asian summer monsoon as one main component
(Murakami and Matsumoto 1994). The above mentioned
studies suggest that the intraseasonal heating variability
over the TP maybe exhibit different spatial patterns, which
has not been fully understood yet. Fujinami and Yasunari
(2004; hereafter FY04) showed that there is a maximum
convection center over the southern TP in climatologi-
cal summer, and the regional mean convection over the
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southern TP shows a significant sub-monthly (7-20-day)
oscillation. Note that FY04 used equivalent blackbody
temperature (Tbb) data as an index of cloud cover. When
precipitation data was used, the maximum center appears
over the southeastern TP. The associated convection oscilla-
tion exhibits a clockwise rotation around about 28°N, 90°E,
along a pathway of TP—Indochina—the Bay of Bengal—
India. By using various datasets, Wang and Duan (2015;
hereafter WD15) revealed that there is a predominant peri-
odicity in the band of 10-20 days (quasi-biweekly oscilla-
tion, QBWO) in various fields. Referring to a location at
27°N along 70°-100°E, WDI15 reported that the propa-
gating QBWO (from the low latitudes to the TP) shows a
clockwise propagation, by a pathway of equatorial western
Pacific—the Bay of Bengal—northern India—southeastern
TP—the eastern Asia. The above results suggest that differ-
ent ISO patterns appear over the TP. The objective of the
current study is two folds. Firstly we intend to identify the
principal modes of the intraseasonal variation of diabatic
heating over and near the TP (including the Himalayas and
Meghalaya Plateau) in boreal summer based on the empiri-
cal orthogonal function (EOF) analysis. Secondly we will
further investigate the origin of the intraseasonal heating
variability over and near the TP.

The rest of this paper is organized as follows. In Sect. 2,
data and methodology are described. The dominant mode
of the intraseasonal diabatic heating anomaly over and near
the TP is analyzed in Sect. 3, including its spatial pattern,
evolution characteristics, and possible mechanisms of the
evolutions. In Sect. 4, the second leading mode is further
identified, including its structure, evolution, and possible
causes of the formation of this mode. Summaries are con-
cluded in Sect. 5.

2 Data and methodology

The reanalysis data at a 1.5° x 1.5° horizontal resolution
and 37 vertical levels for the period of 1979-2014 derived
from the European Centre for Medium-Range Weather
Forecasts (ECMWF) Interim reanalysis (ERA-Interim; Dee
et al. 2011) are used in this study. We average the origi-
nal 4-time daily data to create the daily mean datasets. The
ERA-Interim datasets have already been used to study the
intraseasonal variation over the TP in WD15. Daily outgo-
ing longwave radiation (OLR) at a 2.5° x 2.5° horizontal
resolution during 1979-2010 derived from the National
Oceanic and Atmospheric Administration (NOAA) polar-
orbiting satellites (Liebmann and Smith 1996) is used as a
proxy for convection. Also used is the daily precipitation
at a horizontal resolution of 0.5° x 0.5° during 1979-2007
derived from Asian  Precipitation-Highly-Resolved
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Observational Data Integration Towards Evaluation project
(APHRODITE; Hamada et al. 2011, Yatagai et al. 2012).
The APHRODITE precipitation is a state-of-the-art dataset
for Asia covering the land only. This dataset is produced
primarily with data obtained from a rain-gauge-observa-
tion network. Fujinami et al. (2014; hereafter FY14) have
already used this dataset to investigate the sub-monthly
variations around South Asia. Also used is the daily pre-
cipitation from Global Precipitation Climatology Project
(GPCP; Huffman et al. 2001) at a horizontal resolution of
1° x 1° during 1997-2014.

According to Yanai et al. (1973), the vertically integrated
apparent heat source (Q,) and moisture sink (Q,) are cal-
culated as residuals of the thermodynamic and moisture
equations, respectively. Velocity potential and divergent
wind at pressure levels are also calculated using daily mean
ERA-Interim data. To confirm the ERA-Interim reanalysis
data can reproduce a reasonable temporal evolution over
the TP, daily precipitation data from 1979 to 2008, obtained
from National Meteorological Information Center of China
Meteorological Administration, at 34 observational stations
over the TP are also used.

The ISO signals for each field are isolated by three
steps. First, the annual cycle and its first four harmonics
are removed to get a non-filtered anomaly field. Second,
the obtained anomalies are subject to a 5-day running mean
to remove the synoptic turbulence. Third, a filtered anom-
aly field is derived by a Lanczos bandpass filter (Duchon
1979). The ISO signals in each summer (June—July—
August, JJA) are abstracted finally.

Fig. 1 Distribution of the

3 The first leading mode of diabatic heating
over the TP

3.1 Climatological feature

Prior to analyzing the leading modes of diabatic heating
over the TP, we first illustrate the climatological summer-
mean distribution of the diabatic heating and APHRODITE
precipitation. The precipitation pattern is characterized
by an enhanced rainfall in the windward areas around the
southern TP, especially over the southern slope of Hima-
layas (Fig. la). The precipitation pattern obtained from
GPCP exhibits a similar feature (figure omitted). The fea-
tures of enhanced rainfall resulting from reginal-scale ter-
rain have also noted by previous studies (e.g., FY14). As
shown in Fig. 1b, large (Q,) appears over and near the
southern TP including Himalayas and Meghalaya Plateau.
In this study, we select the TP-Himalayas-Meghalaya Pla-
teau region to explore the leading modes of the (Q,).

To judge whether or not the ERA-Interim reanalysis
can reproduce a reasonable spatial distribution, the (Q,)
which is chiefly related to the condensational heating is
displayed in Fig. lc. It is found that the spatial feature of
the (Q,) agrees well with that of the precipitation shown
in Fig. la, especially over the southern TP—Himalayas—
Meghalaya Plateau regions. To further confirm the reanaly-
sis can reproduce a reasonable temporal evolution, the time
series of a regional mean (boxed area in Fig. 2a) (Q,) and
a station-averaged (dots in Fig. 2a) rainfall are compared
(Fig. 2b). The correlation coefficient between them reaches
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Fig.2 a Geographical position of observational stations (dots)
located in a regional area (box); shading denotes the topography. b
Comparisons of box-averaged (Q,) and station-averaged rainfall

~0.82, exceeding the 0.01 significance level. Moreover, the
maximum rainfall corresponds to the greatest value of (Q,)
(see purple dots), and the minimum rainfall to the lowest
(Q,) (see green crosses). The analysis above indicates that
the ERA-Interim reanalysis can reproduce both the spatial
distribution and temporal evolution well compared to the
observed data over and near the TP.

3.2 Spatial pattern and evolution feature

The EOF analysis is used to get a dominant pattern of the
non-filtered (Q,) anomaly over the TP. The variance contri-
bution of the first three modes is 12.5, 6.5 and 4.6%, respec-
tively. As shown in Fig. 3a, the first mode (EOF1) pattern
exhibits a perturbation center over the southern TP (STP).
The pattern of the standard deviation (STD) of the non-
filtered (Q,) anomaly exhibits a maximum center also over
the STP (Fig. 3b). One may notice that the high variance
appears over the southern slope of the Himalayas. To avoid
the effect of the region south of the TP, we select a region of
28.5°-40.5°N, 70.5°-105°E, in which the Himalayas and the
Meghalaya Plateau are excluded, to perform an EOF analysis
again. The so-calculated EOF1 pattern is also characterized
by a perturbation center over the STP (figure omitted). Thus,
the result obtained from the EOF analysis in this study is not
sensitive to the choice of analysis domain. Moreover, accord-
ing to Fujinami et al. (2011) and FY14, there exists a domi-
nant QBWO mode to the south of the Himalayas. By using
station observational data, WD15 revealed that the QBWO is
a predominant mode over the TP. Hence, it seems reasonable
to consider the Tibetan Plateau-Himalayas-Meghalaya Pla-
teau region as a whole. In subsequent Sects. 3 and 4, Himala-
yas-Meghalaya Plateau regions are included, once the “STP”
is mentioned, unless indicated otherwise.
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To obtain the dominant period, a power spectrum analy-
sis is subject to an area-averaged (the rectangle region of
25.5°-31.5°N, 79.5°-100.5°E) (Q,) anomaly (Fig. 3c).
It is seen that the statistically significant peak appears in
the 10-30-day band. The same significant period is also
detected in (Q,) anomaly (Fig. 3d) and 500-hPa geopoten-
tial height anomaly (Fig. 3e). Next, we will examine the
perturbation features associated with the intraseasonal vari-
ability of 10-30 days.

The EOF1 pattern of the filtered (Q,) anomaly also
exhibits a center over the STP (Fig. 3f). The fractional
variance explained by the first four EOF modes is shown
in Table 1. It is seen that the EOF1 and EOF2 are statisti-
cally distinguished from the third mode. What’s more, the
first two modes are statistically separable from each other
in terms of the sampling error (see Table 1), referring to the
method proposed by North et al. (1982). Similar to Wang
et al. (2013) and Yang and Li (2016a), a composite analysis
is used to diagnose the evolution of the ISO perturbation
associated with this leading mode. Based on the first princi-
pal component (PC1) time series, a total of 69 positive and
69 negative extremes which exceed 1.5 standard deviations
are selected for composite. Daily lead-lag composites of
various anomaly fields are conducted by reference to these
extreme days (i.e., day 0). As the negative case composite
nearly exhibits a mirror image of the positive case compos-
ite, the difference between them (positive minus negative)
is examined in the subsequent text.

Figure 4 shows the evolution patterns of the (Q,) and
OLR anomalies from day —12 to +6, at an interval of
2 days. The evolution of the composite OLR anomaly
(contours) as well as the GPCP rain anomaly (not shown)
is highly consistent with that of the (Q,) anomaly. At day
—12, a maximum (Q,) anomaly center is located over the
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South China Sea (SCS). This perturbation originates from
the tropical western Pacific suggested by the evolution
patterns at previous days. At day —10, the perturbation
intensifies and extends to the Bay of Bengal (BOB). From
day —8 to —4, the perturbation continues to propagate
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f EOF1 of 10-30-day filtered (Q,). Solid and dashed lines in (¢)—
(e) is spectrum density of red noise and the 0.01 significance level,

respectively

northwestward and stretches over the northwestern India
by day —4. During these days (—8 to —4), a negative (Q,)

anomaly is located over the STP. At day

-2, the (Q,)

anomaly over the STP changes its sign quickly. This posi-

tive (Q,) anomaly reinforces and reaches

its maximum
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Table 1 Fractional variance (%) explained by the first four EOF
modes of the filtered (Q,) anomaly and the associated unit standard
deviation of the sampling errors

EOF1 EOF2 EOF3 EOF4

224+1.29 6.7 £0.39 52+£0.30 4.8 £0.28

The effective sample sizes are estimated referring to Bretherton et al.
(1999)

over the STP at day 0. From day —2 to +2, the positive
(Q,) anomaly (with negative OLR anomaly) over the
STP remains quasi-stationary, similar to the negative (Q,)
anomaly (with positive OLR anomaly) from day —8 to —4.
During these days (—2 to +2), a negative (Q,) anomaly
(with positive OLR anomaly), which also originates from
the tropical western Pacific (see day —8), reaches the BOB
and northwestern India in sequence. At day +4, the per-
turbation over the STP attenuates, and then alters its sign
at day +6 when a positive (Q;) anomaly (with a negative
OLR anomaly) reaches the BOB. The perturbation from
the SCS propagates northwestward toward the northwest-
ern India along the mean monsoon trough. Once the pertur-
bation reaches the BOB and Indian sector, it could propa-
gate northward to the TP, which has been well illustrated
in WD15. WDI15 suggested two mechanisms (i.e., vertical
shear mechanism and a moisture advection effect) that lead
to the northward propagation of the QBWO over the Indian
sector. In this study (next subsection), we will propose
another process that causes the intraseasonal variability
over the STP. It is observed that the ISO perturbations over
tropical western Pacific and the SCS can gradually move
to the eastern China (e.g., from day —12 to —6), indicating
the impact of the tropical ISO on the weather and climate
change in China.

To confirm the evolution feature above, the patterns of
the moisture condition are shown in Fig. 5. Generally, a
positive (Q,) center is associated with a moisture conver-
gence. It is noted that (Q,) and OLR perturbations over
the STP undergo a strengthening from day —2 to day O
(Fig. 4). A reason for the strengthening of the perturbations
is that an anticyclonic anomaly propagates westward from
the western Pacific onto the BOB, and then enhances the
southwesterly flow (marked as “SW” in Fig. 5) toward the
areas to the south of the TP. This leads to more moisture
transport to the STP and an evident moisture convergence
over the STP due to the topographical feature around the
STP. Therefore, the convective activities become exuberant,
inducing the intensifying of convective heating. Of most
obviousness is that the (Q,) (shadings in Fig. 4) and mois-
ture flux divergence (shadings in Fig. 5) anomalies do not
move but remain quasi-stationary over the STP, although
the perturbations from the SCS to the BOB move west-
ward. However, the evolution of the vertically integrated
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water vapor flux mainly reflects the lower-troposphere cir-
culation features. The mid- and upper-tropospheric circula-
tion associated the ISO mode will be discussed in the next
subsection to further examine the cause of the intraseasonal
variability over the STP.

The propagation feature of ISO perturbations can be
readily displayed by the hovmoller diagrams of the com-
posite fields. Figure 6a, b shows the time-longitude pattern
of the (Q,) (OLR) anomaly averaged along 10.5°-15°N
(10°-15°N). These patterns clearly illustrate the west-
ward propagation (see red arrows). Over the BOB (regions
between the two blue lines), the perturbations can succes-
sively propagate northward to near 20°N (Fig. 6¢, d). The
stationary feature over the STP is also seen obviously. Of
most importance is that the mechanisms of the variation in
the anomalies over the BOB (marked by “A”) and over the
STP (marked by “B”) are quite different from each other.
The variation over the BOB directly results from the west-
ward-propagating ISO originated from the western Pacific.
As implied in the above paragraph, it is not a successive
process from the BOB (related to “A”) to the STP (related
to “B”). One process through which the convection or heat-
ing anomalies over the STP varies will be discussed in the
next subsection.

It seems that the evolution features of the first leading
mode are related to those revealed in both FY14 and WD15,
although the key area for the composite analysis in FY 14
is 20°=26°N, 88°-93°E obtained from rainfall data and the
composite analysis is referred to the location at 27°N along
70°-100°E in WD15. It is worth noting that the distribu-
tions of the perturbations in this study are somewhat simi-
lar to those in WD15, but in this study we focus on a differ-
ent process, in which the perturbations over the STP is not
directly caused by a successive propagation of the pertur-
bations over the BOB or northwestern India. In addition,
we reveal the STP mode is dominant over the TP, in which
the perturbation over the STP remains quasi-stationary.
However, in WD15 they demonstrated the propagating ISO
mode (from low latitudes to the TP, i.e., type-I in WD15) is
predominant over the TP, in which the perturbation over the
TP can further move northward and eastward to the East
Asian area. Both of the results are validated with each other
by some similarities of the ISO evolution between WD15
and this study.

3.3 Mechanism of the perturbation evolutions

At low latitudes, the perturbation originated from the tropi-
cal western Pacific propagates westward/northwestward
from the SCS to the BOB and northwestern India along the
mean monsoon trough. The analyses in previous subsection
suggest that this propagating ISO is closely related to the
intraseasonal variability over the STP. In the following, we
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Fig. 5 As in Fig. 4, but for 10-30-day vertically integrated water
vapor flux (vector; kg m™! s~!) and moisture flux divergence (shad-
ing; 107> kg m~2 s™'). Red arrow indicates a southwesterly (“SW™)
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or northeasterly (“NE”) flow, the same as bellow. Shadings and vec-

tors exceed the 0.05 significance level
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Fig. 6 Time-longitude distribution of composite 10-30-day filtered a
(Q,) and b OLR. ¢, d As in (a), (b), but for latitude-time distribution.
Zero contours are omitted; shadings surpass the 0.05 significance
level. Area between dashed lines in (a), (b) denotes the target region

intend to discuss the possible mechanism of the propaga-
tion at low latitudes and the cause of the intraseasonal vari-
ability over the STP.

3.3.1 Mechanism of propagation at low latitudes

There is a certain amount of consensus that the westward-
propagating ISO originated from the western Pacific
comes from the equatorial Rossby waves (e.g. Chen and
Chen 1993; Annamalai and Slingo 2001; Chatterjee and

Time(day)

of (¢), (d); area between dashed lines in (c), (d) denotes the target
region in (a), (b). “A” and “B” in (c), (d) indicated two perturbation
center. Unit is W m™2

Goswami 2004; Yokoi and Satomura 2005; Kikuchi and
Wang 2009; FY14; WD15). Based on the axis of the maxi-
mum perturbation, the average zonal phase speed of the
Rossby wave is estimated to be 6.2-7.5 m s~!, which is
consistent with those in previous studies (about 4-8 m s7h
as summarized in Yokoi and Satomura (2005).

To further explore the possible mechanism of the west-
ward propagation of the ISO, referring to Jiang et al. (2004)
and WD15, each zonal structure is first constructed for a
given field based on the longitude distance from each
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convection center (where the maximum (Q;) or minimum
OLR anomalies occur) over the SCS (where an obvious
westward propagation occurs; see Fig. 6a, b), and then the
anomalies with the same longitude distance are averaged
because of the similarity of these meridional structures.
The zonal-vertical structure of the composite ISO fields
with respect to the maximum convection location is shown
in Fig. 7. It is seen that the asymmetries of the anomaly
fields are not obvious, except for the vorticity anomaly
filed. Thus, in the following we perform a vorticity budget
analysis to reveal the primary contributor to the westward
propagation. The tendency of the relative vorticity equation
can be written as (Holton 1992):

100 T——=mer— . 100

1000+

r/é\\,/ 1000 ;

1000 +——r——=r— —— 1000 - <t =

vvvvvvvvvvvvv

Fig. 7 Zonal-vertical distribution of 10-30-day filtered a vertical
velocity (interval: 1072Pas™"), b vorticity (interval: 2.0 x 107057,
¢ specific humidity (interval: 107* kg kg™"), d divergence (interval:
107 s71), e geopotential height (interval: 2 gpm) and f temperature
(interval: 0.1 K) associated with the westward propagating 10-30-day
(Q,). Shadings exceed the 0.05 significance level. Positive (negative)
value in X-axis means the zonal distance (°lon) to the east (west) of
the convection center. Y-axis is pressure (hPa)
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/ /

I 3 : 9
=) - (%) ~o - (oF)
dw v /

- [ +f)v-V}’—(—a”a‘”> (D

where a single prime denotes the intraseasonal component;
V = (u,v) is wind velocity vector; V denotes the horizontal
gradient operator. The other symbols follow convention in
meteorology.

Figure 8a shows the vertical-time evolution of the vor-
ticity anomaly tendency (9¢/0r)" at the grid —3 longitudes
(where a vorticity center appears; see Fig. 7) away from the
convection center. Here the X-axis represents the relative
time. For example, day DO is the reference time when max-
imum convection occurs; D—2 (D+2) means 2-day lead
(lag) from day DO. As shown, a maximum (a;/at)’ occurs
at the mid-troposphere at day D—4. Figure 8b portrays the
(8¢/0r) and ¢ at 500 hPa as a function of the relative time.
It is seen that the maximum (9¢/0¢)" appears at day D—4,
while the maximum ¢’ occurs at day DO. Thus, we conduct
a vorticity budget analysis at day D—4 based on Eq. (1).
Figure 8c illustrates the contribution of each budget term to
the vorticity tendency at day D—4. The leftmost bar is the
observed (8;/80/, while bars 2—7 is the six budget terms at
the right hand side of Eq. (1), and the rightmost bar is the
sum of the six terms. It is found that the anomalous meridi-
onal vorticity advection (—vd¢/dy)’ (bar 3) is the primary
term contributes to the vorticity tendency. The advection
of the planetary vorticity by the meridional wind anomaly
—pv (bar 4) is the secondary contributing term. The simi-
lar results are also clearly seen in the vertically averaged
budget analysis. However, for more specific processes, one
must analyze the interaction between the different time
scales in detail.

As illustrated well in Jiang et al. (2004) and WDI15,
the easterly vertical shear mechanism is responsible for
the northward propagation taking place over the area to
the south of 20°N. Taking into account the gradient of the
Coriolis force which is neglected in Jiang et al. (2004),
Yokoi and Satomura (2006) further revealed the northward
propagation mechanisms over the BOB. For the barotropic
component, the vertical shear mechanism plays a key role
in the middle and upper troposphere, while the advection
of the vorticity perturbation by the mean meridional flow
operates in the lower troposphere. For the first baroclinic
component, both the advection of the vorticity perturbation
by the mean meridional flow and the planetary vorticity by
the meridional wind anomaly contributes to the northward
propagation. All the mechanisms mentioned above explain
the northward propagation occurring from ~10°N to 20°N
(see Fig. 6¢c, d). As mentioned in the previous subsection,
we mainly emphasize that the perturbation over the STP is
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Fig. 8 a Time-vertical distribution of the vorticity tendency (9¢/0f)’
(unit: s72) at the grid —3°lon (see Fig. 7b). X-axis represents the rela-
tive time. DO denotes the time when maximum convection occurs;
D—2 (D+2) means 2-day lead (lag) from DO. Shadings exceed the
0.05 significance level. b As in (a), but for ¢’ (dashed line; 107> s71)

and (3¢/0rY (solid line; 1071 s72) at 500 hPa. ¢ The value of 500-hPa
(8{/31‘)’ (leftmost bar), its individual terms (bars 2—7) and the sum of
individual terms (rightmost bar) at the time of D—4 at —3°lon with
respect to convection center
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Fig. 9 Composite of 10-30-day filtered (Q,) (shading; W m~2), 500-

hPa stream function (contours with interval of 1.0 x 10° m? s~'; zero

contours omitted) and horizontal wind (vector, m s'). “A” (“C”)

quasi-stationary and is not simple phase propagation from
low latitudes. In the following, we will examine the cause
of the intraseasonal variability over the STP through ana-
lyzing the evolutions and structures of the circulation at dif-
ferent tropospheric levels.

3.3.2 Cause of the intraseasonal variability over the STP

The temporal evolution of the lower-tropospheric circu-
lation (not shown) associated with the (Q,) anomaly is
highly consistent with that of the vertically integrated water
vapor flux and moisture convergence anomalies shown in
Fig. 5. The signal from mid-latitudes is not obvious in the
lower troposphere.

The evolution patterns of the mid-tropospheric (500-hPa)
circulation as well as the (Q,) anomaly from day —4 to +6
are displayed in Fig. 9. As shown, the evolution feature is
quite similar to that in the lower troposphere, especially at
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denotes anticyclonic (cyclonic) anomaly; shadings, vectors, and dark
contours exceed the 0.05 significance level

low latitudes. The ISO perturbation over the STP is induced
by the alternation circulation anomalies over the BOB. Once
an anticyclonic anomaly propagates to the BOB, westerly/
southwesterly anomaly blows into the STP (e.g., day —2),
corresponding to a moisture convergence and positive (Q,)
anomalies over the STP. Once a cyclonic anomaly propa-
gates from the western Pacific to the BOB, easterly/north-
easterly anomaly dominates around the STP (e.g., day +6),
corresponding to a moisture divergence and negative (Q,)
anomalies over the STP. Due to the westward/northwest-
ward propagation of the ISO perturbations at low latitudes,
the amplitude of the ISO perturbation over the STP gradu-
ally changes. The stationary feature of the ISO perturba-
tion over the STP is essentially attributed to the topographi-
cal features over and around the STP, which has also been
revealed in Fujinami et al. (2011) and FY14. The specific
topography around the STP can be clearly seen in Fig. 1 of
Fujinami et al. (2011) and FY14. In comparison with the
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Fig. 10 Asin Fig. 9, but for 200-hPa circulations

lower troposphere, the signal from mid-latitudes is a little
evident in the mid-troposphere. The easterly (westerly) flow
in the south flank of the anticyclonic (cyclonic) anomaly
over and around Japan intrudes into the easterly (west-
erly) in the north/northeast flank of the cyclonic (anticy-
clonic) anomaly over the SCS and western Pacific, slightly
strengthening the low-latitude ISO circulation.

A dominant feature of the upper-tropospheric circulation
anomaly (Fig. 10) is a westward-propagating wave train
along the Asian jet, which possesses a Rossby wave nature
as demonstrated in FY14. Once an anticyclonic anomaly
as one part of the Rossby wave train moves westward onto
the TP (e.g., day —4), the STP is controlled by an easterly
anomaly associated with this anticyclonic anomaly. As
the Rossby waves move westward, the STP is gradually
controlled by a southerly anomaly in the south flank of a
cyclonic anomaly (e.g., day +2). Thus, the mid-latitudes
perturbation in the upper-troposphere can enhance the
zonal wind anomaly around the STP.

E T T T T T T T T T
Q5OE 60E 70E 80OE 90E 100E110E120E130E140E

4 The second leading mode of diabatic heating
over the TP

4.1 Spatial pattern and evolution feature

It is seen that the STD pattern of non-filtered (Q,) anomaly
plotted in Fig. 3b exhibits an obvious difference between
the eastern TP (ETP) and western TP (WTP). This indicates
another leading mode of (Q,) anomaly over the TP. Further
analysis reveals that the EOF2 pattern of the non-filtered
(Q,) anomaly shows an asymmetric structure between the
ETP and WTP (Fig. 11a). This non-filtered-based PC2 is
subject to a power spectral analysis, and its statistically
significant peak appears in the 10-30-day band (Fig. 11b).
The EOF2 pattern of the 10-30-day filtered (Q,) anomaly
also exhibits an east—-west asymmetric structure over the TP
(Fig. 11c). Note that this EOF2 pattern is statistically dis-
tinguished from higher patterns (see Table 1). In addition,
the lead-lag correlation coefficients between PC1 and PC2
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Fig. 11 EOF2 of a non-filtered and ¢ 10-30-day filtered (Q,) anom-
aly in JJA. b Power spectral analysis of non-filtered-based PC2. d
Schematic diagram of the definition of phases in terms of filtered-

show that there is no statistically significant correlation
between them (figure omitted). It implies that the two lead-
ing modes do not represent the same physical mode over
the TP.

A phase composite technique, similar to FY04, is used to
examine the evolution features of the intraseasonal (10-30-
day) variability associated with the second leading mode.
In this method, each life cycle of the filtered-based PC2 is
classified into eight phases (Fig. 11d). Phase 3 (phase 7)
corresponds to the positive (negative) extreme of the PC2,
phases 2 and 4 (phases 6 and 8) to the half of positive (neg-
ative) extreme, and phases 1 and 5 to the anomaly value of
zero. To get robust results, a total of 79 cycles, in which
both the positive and negative extremes exceed 1.0 standard
deviation of the PC2, are used for phase composite.

Figure 12 displays horizontal distributions of the fil-
tered (Q,) anomaly (shadings) from phase 1 to 8. The dot-
ted grids exceed the 0.05 significance level according to
a t test used by Jia et al. (2011) and Yang et al. (2013b),
which is also used to test the statistical significance in the
subsequent text. From phase 1 to 3, a positive anomaly

@ Springer

based PC2. Solid and dashed lines in (b) is spectrum density of red
noise and the 0.01 significance level, respectively

gradually propagates southeastward from the northwest-
ern to eastern TP. By phase 3, the anomaly pattern is char-
acterized by an east—-west asymmetric structure over the
TP. By phase 4, most of the TP regions are under the con-
trol of a negative anomaly, except for the southeast bor-
der of the TP. The negative anomaly is originated from
the southeast edge of the TP (see phase 1). The structures
from phase 5 to 8 are nearly opposite to those from phase
1 to 4, respectively. Thus, the anomaly in the second
mode shows a clockwise propagation over the TP, which
is similar to the evolution of OLR anomaly in FY04 (see
their Fig. 9).

4.2 Relationship to tropospheric circulations

Many previous researches (e.g., FY04; Ding and Wang
2007; Yang et al. 2010; WD15) pointed out the linkage of
the ISO perturbation between the low- and mid-latitude
regions. Is the evolution of the perturbation in the second
leading mode related to the mid-latitude perturbation?
How is this asymmetric structure formed? To address the
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Fig. 12 Spatial distribution of composite 10-30-day filtered (Q,)
(shading; W m™2) and vertically integrated water vapor flux (vec-
tor; kg m™! s’l) from Phase 1 to Phase 8. Shadings, dots, and blue

questions, the evolutions and structures of the large-scale
circulations at different tropospheric levels are analyzed.

Figure 13 displays the evolution patterns of 200-hPa
horizontal wind and stream function anomalies as well as
the precipitation anomaly (41 cycles) from phase 1 to 8.
Similar to FY04 (see their Fig. 10), a wave train stretches
over the mid-latitude area during phase 1-8. Thus, the
EOF2 mode can capture the evolution feature revealed in
FYO04. The wave train gradually moves southeastward/east-
ward from phase 1 to 8. From phase 1 to 2, an obvious anti-
cyclonic (cyclonic) circulation as one part of the wave train
governs the ETP (WTP) region. Meanwhile, the flow in the
southeast/northeast flank of a 500-hPa cyclone transports
water vapor onto the northern and eastern TP, inducing
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vectors exceed the 0.05 significance level. Topography exceeding
3000 m is shown by dashed contours (the same as below)

moisture convergence anomalies over there (shadings in
Fig. 14). Thus, positive precipitation anomalies appear over
the northern and eastern TP (shadings in Fig. 13), although
they do not pass the 0.05 significance level over the north-
eastern TP. The evolution of the integrated water vapor flux
(vectors in Fig. 12) suggests that the water vapor is trans-
ported from the low-latitude region. As reported in WD15,
the water vapor over the central and eastern TP is also sup-
plied from low latitudes in the active phase of the TP sum-
mer monsoon.

In phase 3, the 200-hPa anticyclone over the ETP
extends eastward. It superimposes on the climatological
South Asian High (FY04; Duan et al. 2008) and strengthens
the east mode of the South Asian High on the intraseasonal
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time scale (Yang and Li 2016b), facilitating above-normal
precipitation over the ETP. The water vapor over the ETP
is also originated from low latitudes (see Fig. 12). At the
same time, the 500-hPa cyclone moves eastward. This
causes the ETP (WTP) controlled by a southerly (north-
erly), increasing (decreasing) the water vapor transport
from the low latitudes. In phase 4, both the 200-hPa anti-
cyclone and 500-hPa cyclone over the TP move eastward
and leave the TP, and the upstream perturbations continue
to move southeastward onto the TP. The signs of the anom-
alous fields in phase 5-8 are nearly opposite to those in
phase 1-4, respectively.

@ Springer

The evolution patterns at 850 hPa (Fig. 15) are similar to
those in the mid-troposphere. However, the transport of the
water vapor from low latitudes to the TP by the ISO flow is
more significant than that in the mid-troposphere.

The above analyses indicate that the upper- and lower-
level waves are tightly coupled and exhibit a baroclinic
structure in the troposphere over the TP. However, Kikuchi
and Wang (2009) reported that in most cases, the subtropi-
cal wave trains associated with the QBWO modes show a
barotropic structure. Given that most of the waves identi-
fied in Kikuchi and Wang (2009) appear over the ocean
region, it is likely that the complex terrain and moist
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Fig. 14 As in Fig. 13, but for 10-30-day vertically integrated moisture flux divergence (shading; 107> kg m~2 s~!) and 500-hPa circulations

convection over the TP play an important role in generat-
ing a baroclinic structure over the TP. The baroclinic waves
associated with the QBWO mode over the TP have been
reported in previous studies (e.g., FY04; WD15).

The results above suggest that the coupling of the
anomalous circulation at different pressure levels plays an
important role in the second leading mode. In the follow-
ing, we further reveal the couplings of the vertical velocity
and divergence anomaly fields. To save place, only phases
3 and 7, when the east-west asymmetric structures are
established, are plotted. Figure 16a shows that at 200 hPa, a
significant divergent (convergent) flow is prevalent over the

ETP (WTP) in phase 3. The situation is opposite in phase 7
(Fig. 16b). The situation at 500 hPa (Fig. 16c¢, d) is opposite
to that at 200 hPa. These upper- and lower-level configu-
rations favor the ascending (descending) motion over the
ETP (WTP) in phase 3 (Fig. 16e) and an opposite situation
in phase 7 (Fig. 16f).

Different features between the ETP and WTP on the
intraseasonal time scale maybe exist, similar to those on
the interannual (e.g., Chen et al. 2015) and seasonal (e.g.,
Ueda et al. 2003) time scales. However, in order to get the
different causes of the intraseasonal oscillation between the
two regions, the ISO patterns over the TP should be divided

@ Springer
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Fig. 15 As in Fig. 14, but for 850-hPa circulations; gray solid lines denote topography exceeding 1500 m

into an east mode and a west mode individually, which

warrants further investigation in the future.

of the modes clearly show a statistically significant 10-30-
day period. Therefore, the 10-30-day anomalies associated
with the two modes are analyzed.

A composite analysis reveals that the ISO perturbation
over and near the STP in the first mode shows a quasi-

S Summary and discussion

Two leading modes of the intraseasonal diabatic heating
variability over and near the TP in boreal summer (JJA) are
identified based on long-term various data. The first lead-
ing mode is characterized by a perturbation center over and
near the STP. The second one is characterized by an east—
west asymmetric structure over the TP. It is found that both
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stationary feature and is mainly related to the low-latitude
ISO that is originated from the tropical western Pacific and
propagates westward/northwestward from the SCS toward
the northwestern India along the mean monsoon trough.
The possible mechanism of the westward propagation of
the ISO perturbation over the SCS is examined through a
vorticity budget diagnosis, because of the striking zonal
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asymmetry of the vorticity with respect to the maximum
convection. The results suggest that the dominant term that
contributes to the westward propagation of the vorticity
anomaly is the anomalous meridional vorticity advection,

100
100E 110E 120E 130E

0
S50E 60E 70E B8OE 90E 100E 110E 120E 130E

in (left) phase 3 and (right) phase 7; “C” (“D”) denotes convergent
(divergent) center; vectors and shadings exceed the 0.05 significance
level

and the secondary contributing term is the advection of the
planetary vorticity by the meridional ISO flow.

In this study, we mainly focus on a process that leads
to the formation of the first leading mode, in which the

@ Springer
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intraseasonal diabatic heating variability over and near the
STP is not directly caused by the successive propagation
of the ISO at low latitudes, but by the gradual alternation
between the anticyclonic and cyclonic anomalies over the
BOB originated from the western Pacific in the mid-lower
troposphere. Once an ISO anticyclone (cyclone) propa-
gates from the SCS into the BOB, a westerly/southwesterly
(easterly/northeasterly) prevails around the STP, leading
to an anomalous moisture convergence (divergence) due
to the topographical features around the STP. During the
westward-propagating journey of low-latitude perturba-
tion, the intensity of the zonal flow around the STP gradu-
ally changes, resulting in the variation in the amplitude
of the perturbation over and near the STP. Further analy-
sis indicates that the mid-latitude perturbation in mid- and
upper-troposphere plays an active role in the enhancement
of the zonal wind anomaly around the STP. Especially, in
the upper-troposphere, the anticyclonic/cyclonic anomaly
as one part of the westward-propagating wave train at mid-
latitudes increases the easterly/westerly around the STP.

A phase composite analysis reveals that the diabatic
heating anomaly in the second leading mode (i.e., the east—
west asymmetric structure) over the TP shows a clockwise
propagation over the TP. When a positive (negative) anom-
aly propagates southeastward from northwestern to the
eastern TP and the negative (positive) anomaly originated
from the southeastern TP propagates to the western TP, the
east—west asymmetric structure is formed over the TP.

The formation of the asymmetric structure is closely
related to the mid-latitude wave trains, which exhibit a
baroclinic structure over the TP in the troposphere. The
waves propagate from northwest to southeast, and mainly
show an eastward propagation when crossing the TP. The
coupling between lower- and upper-level perturbations over
the TP plays an essential role in setting up the east—west
asymmetric structure. When the ETP (WTP) is controlled
by an upper-tropospheric anticyclonic (cyclonic) anomaly,
it is propitious to above-normal and under-normal convec-
tion over the ETP and WTP, respectively. Simultaneously,
in the mid-troposphere, the ETP and WTP are under the
control of the east and west flank of a cyclonic anomaly,
respectively. Furthermore, upper-level divergence and
lower-level convergence is prevalent over the ETP, lead-
ing to ascending motion and positive convective heating
anomalies over the ETP, which is opposite to that over the
WTP. The water vapor over the TP associated with the sec-
ond mode is transported from the low-latitude area, which
is most obvious in the lower troposphere. Thus, upper- and
lower-level perturbations are well coupled and exhibit a
baroclinic structure over the TP, causing the formation of
the east—west asymmetric structure.

As indicated in FY04, FY14 and WD15, there are two
dominant intraseasonal modes over and around the TP,
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i.e., QBWO and boreal summer intraseasonal oscilla-
tion (BSISO). More than 25-day periodicity is often used
to detect BSISO mode (e.g., Kikuchi et al. 2012). Thus,
10-30-day filtered perturbation in this study may catch
ISO signals in both QBWO and BSISO modes. However,
compared with the results in FY04, FY14 and WDI135, the
10-30-day signals capture the typical features of QBWO
mode rather than BSISO mode in both the TP and South
Asia. The characteristics of BSISO in the tropics has been
received more attention (e.g., Wang et al. 2006), while the
BSISO features over the TP warrant further study. In FY04,
FY14 and WDI1S5, they have revealed a simultaneous rela-
tionship between the low- and mid-latitudes around the TP
using lag-regression or lag-composite technique, indicating
that tropical—mid-latitude interaction is an inherent prop-
erty of ISO perturbation on QBWO mode around the TP.
Thus, although the first two leading modes seem independ-
ent from each other, they can concur over and near the TP
during summer time.
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