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Abstract

This study reveals the close correspondence between the interannual variability of the dominant East Asian summer
rainfall pattern and the diabatic heating over the Tibetan Plateau in both spring and summer. The heating fluctuation over
the Tibetan Plateau is associated with two wave-like circulation patterns, which bear the characteristics of forced Rossby
wave emanating away from the deep heating. The wave-like pattern in turn affects the East Asian summer rainfall.
Because of the persistent heating over the Tibetan Plateau from spring to summer and its possible effect on the
surrounding areas, the heating index defined in this study can be used as a good predictor for the JJA heating and
precipitation distributions. Evidences shown suggest that external conditions other than the SST anomaly must be
considered to understand the interannual variability of the East Asian summer rainfall.

1. Introduction

East Asian summer monsoon rainfall (EASMR)
exhibits significant interannual variability. This
variability is well correlated with the El Nifio-Southern
Oscillation {e.g., Tian and Yasunari 1992, Weng et al.
1999, Lau and Weng 2001). Other studies found that the
EASMR variability is associated with a north-south
c¢irculation oscillation called the Pacific-Japan pattern and
suggested that this pattern is forced by the anomalous sea
surface temperature {SST) in the tropical Western Pacific
(Nitta 1987, Lau 1992, Huang and Sun 1992). kt has also
been suggested that the Tibetan Plateau (TP) heating
effect might also affect the EASMR. This factor has been
included in the seasonal rainfall forecast procedure used
by Chinese meteorological agencies. However, the
possible link between the TP and the interannual EASMR
variability is not as well studied as in the SST anomaly
effect. This study reveals the close relationship between
the TP heating and the EASMR and suggests that external
conditions other than the SST anomaly should be
considered to understand the interannual EASMR
variability.

2. Data

The monthly NCEP/NCAR reanalysis (Kalnay et al.,
1996) from 1958-1997 were used in this study. The
diabatic heating rate A, defined in the following equations,
was estimated on a 1.875"x1.875" grid at 28 ¢ levels.

Q(o) =st(o) +11(0) +RD(0) (M
where SH(O‘ ) denotes the vertical diffusion heating rate,

LH(O‘) denotes the sum of latent heat released in deep
and shallow convection and large scale condensation, and
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RD (O‘) denotes the net radiative heating at every o level.
The column heating is defined as
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where ¢, is the specific heat at the constant pressure, p; is
the surface pressure and g is the gravitational acceleration.
An examination of the confribution from each heating
component indicates that the column heating H is
dominated by the latent heating. Other NCEP data were
used on a 2.3°x2.5" grid. The Climats Research Unit
(CRU) precipitation data (New et. al., 1999) used in this
study covers only the land area on a 0.5° % (.5° grid, The
data during the 1958-1996 period were used to match the
NCEP reanalysis.

3. Results

A heating index (hereafter referred to as HIP) was
computed o represent the diabatic heating over the
Tibetan Plateau. It is defined as the area average of the A
for those grid points where the altitude is above 3000
meters, One can also compute a similar index based on the
precipitation. Our calculation indicates that the
correlation between the two indices based on the heating
and precipitation is about 0.4, which is significant at the
0.01significant level. The HTP represents the collective
heating effect, while the precipitation could only reflect
the amount of latent heat release. The HTP, which can be
used as a forcing in the dynamical framework, is therefore
chosen for this study.

The June-August (JJA) time series shown in Figure
ia fluctuates between 60 and 140 Wm™ and exhibits
multiple time scales. The inter-decadal fluctuation was
marked by a dramatic shift in the late 1970s, which



occutred concurrently with the well-documented climate
regime shift. The HTP fluctuates between negative and
positive values before the shift, but remains mostly
positive afterward. The fluctuation before the shift
exhibits larger amplitude and a longer peried than its
counterpart after the shift. (Juasi-biennial fluctuation is
evident in the 1990’s.

The correlation coefficients between HTP and H
during JJA at every grid point shown in Figure 1b reveal
that the index is highly correlated with the heating in the
eastern TP. Negative correlations are found in the
surrounding areas with the largest signals in northern and
southern China. This JJA heating distribution is highly
correlated with the HTP in March-May (MAM) as shown
in Figure 1c, which presents the correlations between the
MAM HTP and the JJA heating at every grid point. The
great similarity between the JJA and MAM heating
distributions suggests that, because of the persistent
heating over the TP from spring to summer and its
possible effect on the surrounding areas, the HTP can be
used as a good predictor for the JJA heating distribution.

Eight strong and weak heating summers with HTP
ancmalies larger than or equal to one standard deviation
were chosen for composite purpose to reveal the
relationship between the TP heating, the precipitation and
circulation in East Asia. Figure 2a presents the difference
between the rainfall composites for eight strong and weak
JJA cases. This pattern exhibits a zonally elongated tripole
structure with positive anomalies in central China, the
southern Korean peninsula, and most areas of Japan, with
negative anomalies in northern and southern China,
Taiwan, and the northern Korean peninsula. The
differences are larger than 100 percent in many areas. It
means that the interannual variation associated with the
strong and weak HTP years can be larger than the
long-term climatological mean. Note that the negative
rainfall anomalies correspond to the negative heating
anomalies in northern and southern China. This was
further confirmed by comparing the diabatic heating
composite {not shown) and Figure 2a.

This tripole paitern resembles the leading EOF
rainfall pattern reported in previous studies (e.g., Tian and
Yasunari 1992, Nitta and Hu 1996, Weng et al. 1999). A
similar pattern is reproduced in Figure 2b, which is the
first EOF of the JJA rainfall. The similarity between
Figures 2a and 2b is remarkable. This result suggests that
the leading rainfall pattern embedded in the East Asian
summer monsoon is closely associated with the diabatic
heating over the TP. The corresponding principle
component {PC) is shown in Figure la, Quasi-biennial
oscillation is particularly evident in the first PC after 1980,
a feature that has been reported in several studies (e.g.,
Shen and Lau 1992, Tian and Yasunari 1992). The regime
shift observed in the HTP time series is also evident in late
1970%s. The similarity in the interannual and inter-decadal
variations between the composite and EOF pattern
reconfirms the close relationship between the TP heating
and the EASMR.

The corresponding vorticity anomalies with zonal
means removed at 200 and 500 hPa are shown in Figure 3.

275

The pattern evidently consists of zonally-elongated and
wave-like structures. At 200 hPa, two wave-like
structures emanate northeastward and southeastward from
the TP into the high latitudes and the tropics, respectively.
This wave-like pattern was also documented by Liu et al.
{2002). A close examination between the rainfall and
vorticity anomalies indicates that the positive and
negative rainfall anomalies are located on the southern
flank of the positive and negative vorticity anomalies,
respectively. The large-scale circulation anomaly
apparently modulates the interannual EASMR
fluctuation,

While the 200 and 500 hPa anomalies exhibit the
same signs in many areas, indicating an equivalent
barotropic vertical structure, they exhibit opposite signs
over the southern TP where the maximum heating is
located, indicating a baroclinic vertical structure. The
corresponding vertical structure and circulation along
90°E and 27.5°N-32.5°N are shown in Figures 4a and 4b,
respectively. The most significant upward motion
anomaly is located at the southern TP along 90°E and the
eastern TP along 27.5°N-32.5°N, Vorticity anomalies
exhibit a baroclinic vertical structure near the updraft
regions {i.e., the anomalous heating regions) and the
equivalent barotropic vertical structure in the areas away
from the TP. This spatial variation in the vertical structure
and the two wave-like structures shown above are
consistent with the forced Rossby wave characteristics
from deep heating (Hoskins and Karoly 1981). Moreover,
the relative spatial relationship between the anomalous
heating and circulation shown in figures 2 and 3a is
consistent with the suggestion by Wu et al. (2002) that a
deep heating would force anticyclonic and cyclonic
circulation in the upper troposphere to the west and east of
a deep heating, respectively.

4. Discussion and concluding remarks

The results presented above reveal the close
relationship between the EASMR and the diabatic heating
over the TP. It is proposed that the heating forces
anomalous circulation propagating like a Rossby wave,
which in turn affects the EASMR. This conjecture is
supported by the following facts. First, the diabatic
heating over the TP is a persistent feature lasting from
spring to summer. Therefore, it is likely to be a forcing to
the circulation rather than & response. Secondly, the
spatial distribution of the vertical and horizontal structure
exhibits forced Rossby wave characteristics from deep
heating. In the mountain vs. no-mountain simulation,
Hahn and Manabe (1975) found that one of the major
effects of the TP is the existence of a realistic rain belt in
East Asia in the mountain experiment. It is thus likely that
the interannual fluctuation in the TP heating effect
modulates the rainfall variability in East Asia. Nigam
(1994) found that the orographically forced stationary
waves in summer modulate the low-level moisture
convergence in Indochina and East Asia. A recent
numerical simulation study by Enomoto et al. {2003)
found that the Bonin high affecting Japan in sunumer,



which corresponds to the positive vorticity anomaly over
Japan Sea in Figure 3, is mainly influenced by the diabatic
heating fluctuation in the Eurasian continent rather than in
the Tropical Western Pacific. These findings are
consistent with the proposed conjecture. Further studies
are needed to investigate whether the anomalous heating
over the TP force the wave-like structure.

However, the TP heating might not be the only and
dominant forcing. A similar pattern was found correlated
with the SST anomaly in the Tropical Western Pacific
(e.g., Nitta and Hu 1992) and can be forced by the
SST-induced convection anomaly in the Tropical Westem
Pacific in numerical simulation (e.g., Kurihara and
Tsuyuki 1987). Our results do not necessarily contradict
these studies. The SST correlation, although statistically
significant, is normally around 0.3-0.4 and explains less
than 20 percents of variance. It is likely that the dominant
circulation pattern associated with the EASMR is affected
by several factors. Normal-mode or nonmodal instability
(Simmons et al. 1983, Newman 1997) can be triggered by
small perturbations, which may be forced by different
types of boundary forcing (e.g., heating due to the
anomalous SST in the Tropical Western Pacific and/or the
orographic effect of the TP). This view is consistent with
the conclusion by Lau et al. (2000) that the zonally
elongated rainfall pattern is the result of the interaction of
the East Asian jet stream with the tropical convection and
extratropical disturbances. The mechanism leading to the
significant interannual variability of the EASMR can be
quite complicated. It may involve the intrinsic instability
and the ocean-atmosphere-land interaction. This study
provides evidence to reiterate the important role of the
atrmosphere-land interaction in this complex framework.
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Figure caption

Figure 1. (a) Time series of the HTP and the first principle

component corresponding to the ECF shown in
Figure 2b. Correlation coetficients between the (b)
JIA, (¢) MAM HTP and the column heating at every
grid points in JJA. Contour interval is 0.1 and the
zero line is not plotted. Shading indicates the areas
where the correlation coefficients are statistically
significant at the 0.05 significant level.

- Figure 2. (a} Difference of the rainfall composites for

eight strong and weak HTP summers. The
percentage denotes the ratio of the difference to the
long-term climatological mean. The contour interval
is 40% and areas where values are larger than 120%
and less than -120% are shaded. (b) First EOF of the
JJA rainfall. Contour interval is 0.01 and arcas where
values are larger than 0.025 and less than —0.025 are
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shaded. Zero lines in both (a) and (b) are not plotted.

Figure 3. Difference of the (a} 200 hPa and (b) 500 hPa

eddy vorticity (i.e., with zonal means removed)
composites for eight strong and weak HTP summers.
Contour interval is 0.2x107 s/, Shading indicates the
areas where the differences are statistically
significant at the 0.01 significant level. Zero lines are
not plotted.

Figure 4. Cross section of the difference in the vertical

circulation and vorticity composites for eight strong
and weak HTP summers along (a) 90°E and (b)
27.5°N-32.5°N, The contour denctes vorticity and
the -vectors denote the vertical velocity and the
meridional wind in (a) and the zonal wind in (b}. The
contour intervals and units are indicated in the
figures.
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