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ABSTRACT: Extratropical and tropical influences on Tibetan Plateau severe and extreme dry and wet summer months
are investigated focussing on the large-scale circulation and using results of the coupled climate model ECHAM5/MPIOM. A pre-industrial control run and scenario runs for the 4th Assessment Report of the Intergovernmental Panel on
Climate Change (IPCC) are considered. Tibetan Plateau precipitation in months of wetness and drought is related to
atmospheric circulation anomalies in the North-Atlantic/European sector and to sea surface temperature anomalies in the
Tropics. Drought on the Tibetan Plateau is associated with a pronounced wave train bridging Eurasia from the North
Atlantic to Asia. Increased transient eddy activity in the North Atlantic storm track has a more south-west to north-east
orientation. This supports a high pressure anomaly over the eastern North Atlantic and Scandinavia which excites a cross
Eurasian wave train reducing the moisture inflow to the Tibetan Plateau from the Arabian Sea. A concurrent warming in
the tropical Indian Ocean increases the low level monsoonal westerlies deviating the moisture transport from the Bay of
Bengal towards the Indochinese Peninsula and the Philippines. Wetness on the Tibetan Plateau is dominated by a cooling
in the tropical oceans, whereas atmospheric flow is predominantly zonal in the extratropics of North America and Europe.
Thus, moisture inflow can reach the Tibetan Plateau via the Arabian Sea, the Bay of Bengal and the mid-latitude westerlies.
Future scenarios show little change of atmospheric flow composites for wetness and dryness; the Tibetan Plateau droughts
increase by 10% for an A1B-scenario, while extreme wet summer months are reduced by approximately 1%. Copyright 
2010 Royal Meteorological Society
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1.

Introduction

The Tibetan Plateau is of outstanding relevance for the
atmospheric circulation. In particular, it is of primary
importance for the Eurasian and Northern Hemispheric
climate including the Austral-Asian-monsoon circulation.
From an atmospheric point of view its altitude leads
to an elevated heat source and its extent (including
the Himalayan mountains) presents a mechanical barrier
(Flohn, 1968; Raghavan, 1973; Hahn and Manabe, 1975;
Tang and Reiter, 1984; He et al., 1987; Li and Yanai,
1996; Wu and Zhang, 1998; Held et al., 2002; Hsu and
Liu, 2003; Zhang et al., 2004; Sato and Kimura, 2007;
Wang et al., 2008). Considering the water cycle, Tibetan
Plateau precipitation feeds the largest Asian rivers
(Fekete et al., 1999, 2000; Xu et al., 2008). Thus, Tibetan
Plateau precipitation variability and the factors influencing it potentially affect the lives of more than 2 billion
people in the bordering countries (Xu et al., 2008).
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Assessment of possible future climate changes relies
on the ability of coupled ocean–atmosphere general circulation models (GCMs) to capture the effects of the
Tibetan Plateau and the forcings due to anomalies in the
larger environment, say, for example, sea surface temperatures (SST). The model representation of precipitation
depends critically on its resolution and the orography
implemented (Dai, 2006). Especially in orographically
pronounced regions such as the Tibetan Plateau and its
surroundings (e.g. the larger Asian monsoon region),
large errors occur in modelled precipitation, its means
and variances (Hagemann et al., 2006; Kripalani et al.,
2007; Orlowsky et al., 2010).
Simmonds et al. (1999) identify the Arabian Sea, the
Bay of Bengal, the South China Sea and the mid-latitude
westerlies as routes of moisture supply to the Tibetan
Plateau. These are modified by the Asian monsoon circulation and sea surface temperature conditions (Hong
et al., 2008). Regional and remote sea surface temperature (SST) anomaly influences on Tibetan Plateau precipitation can be classified as ‘direct’ and ‘indirect’ impacts.
The Indian Ocean Dipole Mode (IOD, Saji et al., 1999)
and El Niño Southern Oscillation (ENSO, Webster and
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Yang, 1992) directly influence the sub-systems of the
Asian monsoon circulation (Chang et al., 2000a, 2000b;
Hong et al., 2008; Yun et al., 2008) with subsequently
reduced or enhanced moisture fluxes onto the Tibetan
Plateau. Kucharski et al. (2008) report the non-ENSOforced component of the Indian monsoon variability to
be driven by remote tropical Atlantic SST-anomalies
(primarily the Gulf of Guinea). Lau and Peng (1992)
describe atmospheric teleconnections due to anomalous
tropical divergence forcing in boreal summer. In their
study, a wave pattern emerges in the subtropics of the
west Pacific that arches north-eastward via North America to the North Atlantic storm track. The latter is forced
by anomalous stationary wave activity flux emerging
over the North American continent. In winter, an extratropical response to western Pacific ENSO-forcing arises
(Shaman and Tziperman, 2005) with an eastward propagating Rossby wave. This remote influence affects snow
fall over the Tibetan Plateau with subsequent impacts on
the Asian monsoon.
A number of intra-annual modes are shown to link
the North Atlantic and Europe to Asia, and eastern Asia
to North America, respectively (Ding, 2007). The following long distance atmospheric teleconnection impacts
on the moisture flux to the Tibetan Plateau are most
notable: (1) Liu and Yin (2001) found an influence of
the North Atlantic Oscillation (NAO) on precipitation
on the eastern part of the Tibetan Plateau in summer,
whereas Li et al. (2008) describe a wave train teleconnection related to the NAO bridging Eurasia in March.
(2) Wakabayashi and Kawamura (2004), Ding and Wang
(2005) and Sato and Takahashi (2006) demonstrate quasistationary, almost circumglobal, wave patterns along the
Northern Hemispheric westerly jet and emphasize their
influence over Eurasia. (3) In addition, Wakabayashi and
Kawamura (2004) find two zonally orientated wave patterns from Europe to the Okhotsk sea crossing northern
Eurasia.
This note supplements an observational analysis (Bothe
et al., 2010) to further demonstrate the upstream impact
on Tibetan Plateau precipitation, to present the ability of
GCMs to represent these, and to utilize a long model
run providing a larger sample size for the evaluation
of circulation anomaly statistics. A further topic is the
interaction of tropical forcings with upstream extratropical influences. In addition, future changes in drought
and wetness occurrence are studied. Data and analysis methods are described in Section 2 and the Tibetan
Plateau drought and wetness-related circulation climatology is presented in Section 3 together with composites
for months of severe and extreme drought and wetness
with an interpretation of mid-latitude and tropical features in Section 4. Section 5 summarizes the results and
draws conclusions.
2.

Simulations and methods of analysis

Tibetan Plateau summer (June, July, August) drought
and wetness have been analysed (Bothe et al., 2010)
Copyright  2010 Royal Meteorological Society
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based on ERA-40 reanalysis (Uppala et al., 2005) and
Vasclimo-precipitation data (Beck et al., 2005). Monthly
extreme wetness and drought in terms of the standardized
precipitation index (SPI) introduced by McKee et al.
(1993) are found to be related to circulation anomalies
in the North Atlantic sector and wave trains bridging
the Eurasian continent. In dry months, wave trains cross
Eurasia south-eastward and modulate the flow north and
east of the Tibetan Plateau, while in wet months wave
trains emerge from the North Atlantic and pass along the
Mediterranean–Arabian Sea route to India. There they
interact with the monsoon’s western branch.
2.1. IPCC simulations
This analysis is based on IPCC-simulations of the GCM
ECHAM5/MPI-OM (Marsland et al., 2003; Roeckner
et al., 2003) with the IPCC AR4 emission scenarios
(Nakicenovic and Swart, 2001). A triangular T63 resolution (≈2° × 2° ) with 31 vertical levels is applied for
the atmosphere. The ocean model MPI-OM uses 1.5°
resolution without flux correction. Main results are presented for the pre-industrial control-run and compared
with the commitment phases of (1) 20th century (20C)
and (2) A1B scenario ensembles (three members with
100 years, A1B run number two has 200 years of data).
The control-run (pre-industrial) has a length of 506 years.
Model runs analysed are referred to as control-run
(pre-industrial), 21st century (commitment phase of the
20th century ensembles), and 22nd century (commitment
phase of the 21st century ensembles). Precipitation and
atmospheric circulation data are analysed on a monthly
basis for the summer season (June–August) and for preceding months for the full period. Precipitation is used as
an area averaged time-series for the Tibetan Plateau. The
Tibetan Plateau is defined in a 1° × 1° resolution as the
area above 2500 m and then interpolated onto the respective grid (e.g. T63 for ECHAM5). ERA-40 data (Uppala
et al., 2005, Figure 1) for atmospheric circulation and
Vasclimo-climatology (Beck et al., 2005, Figure 2) for
precipitation serve as comparison for the simulations
(modifying Bothe et al. 2010). Moisture fluxes for simulation and ERA-40 data are computed following Simmonds et al. (1999).
2.2. Standardized precipitation index
Dryness and wetness are classified using the SPI (introduced by McKee et al., 1993). It is based on an ‘equal
probability transformation’ that transforms monthly precipitation to a standard normal distribution (for details
see Bordi and Sutera, 2001). Due to its standardization,
the SPI gives a uniform measure for dryness and wetness
in different climate regimes and on different timescales.
Therefore, it can characterize periods of meteorological
(months), hydrological (season) and agricultural (year)
dryness or wetness. We choose the monthly timescale
for meteorological dry and wet spells and their extremes
(Dracup et al., 1980). The SPI classification accords with
McKee et al. (1993) (Table I).
Int. J. Climatol. 31: 832–846 (2011)
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Figure 1. Climatologies of ECHAM5/MPI-OM control-run (left) and ERA-40 re-analysis (right) data (Tibetan Plateau shaded in panels a and b):
(a and b) 200 hPa velocity potential (in 106 m2 s−1 , contours), (c and d) 200 hPa zonal wind (in m/s, shaded), the 300–500 hPa layer thickness
(contours), (e and f) 500 hPa storm track (in 102 m4 s−4 ), shaded, zonal asymmetric barotropic upper tropospheric circulation component [0.5
times (300 + 500 hPa geopotential height) (in m2 s−2 ), contours], Plumb’s stationary wave flux in 500 hPa (in m2 s−2 , arrows), (g and i) monthly
mean of vertically integrated moisture flux and its divergence (in mm day−1 ), (h and j) eddy contribution of vertically integrated moisture flux
and its divergence. Shades are from light to dark grey in (b), (c) −20, −10, 10 and 20 and in (e and f) 900, 1200 and 1500. In (g and i) and
(h and j), divergence and convergence of moisture flux are shaded in light and dark grey above and below +5 (+0.5) and −5 (−0.5). Arrows
of magnitude smaller 1.5 (in panels e and f), 26 (g and i) and 2.5 (h and j) are omitted. Grids for the fluxes have been adjusted to facilitate
comparison.

Table I. SPI classification and probability (p in %) of events.
SPI intervals
SPI ≥ 2
2 > SPI ≥ 1.5
1.5 > SPI ≥ 1
1 > SPI > −1
−1 ≥ SPI > −1.5
−1.5 ≥ SPI > −2
SPI ≤ −2

SPI classes

p-value

Extremely wet
Severely wet
Moderately wet
Normal
Moderately dry
Severely dry
Extremely dry

2.3
4.4
9.2
68.2
9.2
4.4
2.3

The transformation of precipitation to SPI is also
utilized to assess future changes in dryness and wetness (Sienz et al., 2007) on the Tibetan Plateau in
the ECHAM5/MPI-OM-scenario runs. Therefore, the
scenario-run Tibetan Plateau precipitation is transformed
using the parameters of the transformation of the
Copyright  2010 Royal Meteorological Society

control-run precipitation. Thus, the same monthly precipitation amount in the future results in the same SPIvalue, but the ‘equal probabilities’ are now representing
the scenario-run-precipitation distribution. This results in
deviations from the standard normal distribution, which
can be expressed as future precipitation changes.

3. Summer drought and wetness climatology:
pre-industrial and future
The climatological setting of the Tibetan Plateau
(Figure 1) shows the main characteristics both of the
upper level and lower level circulation; the Tibetan
Plateau anticyclone is associated with upper tropospheric outflow, and moisture import is provided by the
lower tropospheric circulation. The reanalysis ERA-40
(Figure 1; Kållberg et al., 2005; Bothe et al., 2010) and
simulated ECHAM5/MPI-OM climatologies (Figure 1,
Int. J. Climatol. 31: 832–846 (2011)
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Figure 2. Tibetan Plateau averaged annual cycle of precipitation (mm per month), (a) ECHAM5 control-run, (b) Vasclimo-climatology (dark
shading minimal amount per month, light shading mean amount, clear boxes maximal amount, line standard deviation).

506 year control) show similarity of the basic flow patterns and the underlying dynamics; differences occur
in the intensity and location of the continental scale
wave activities, storm tracks and jets. The summer
westerly jet is stronger over the North Atlantic and
over Asia in ECHAM5/MPI-OM (Figure 1(c)) compared
to ERA-40 (Figure 1(d)), which is accompanied by a
more zonal orientation of the North Atlantic storm track
(Figure 1(e) and (f)). Notable are also the strong stationary wave activity sources induced by the Himalayan
mountains and over the eastern Mediterranean region
(Figure 1(e) and (f)).
Asian summer monsoon moisture flow and the three
routes of moisture to the Tibetan Plateau appear in
monthly mean and eddy moisture fluxes (and their divergences). Convergence over the Tibetan Plateau dominates the mean flow, while the eddy-flow shows mostly
divergence (Figure 1(g)–(j)). The area averaged precipitation climatology for the control-run (Figure 2(a)) differs notably from the observed climatologies (Vasclimo,
Figure 2(b), see Bothe et al., 2010): the model simulation shows larger monthly precipitation and a shift in
the annual cycle (Figure 2) with notable deviations in
monthly minima, maxima and standard deviations. Note
however, that the observed precipitation climatology suffers from the low station density on the western Tibetan
Plateau. Hagemann et al. (2006) report too strong monsoon precipitation on the Himalayan mountains southeastern slopes in ECHAM5, which contribute to the
Tibetan Plateau as defined here.
3.1. Regression analysis
Regression of the 300 hPa geopotential height and
200 hPa zonal wind fields onto the Tibetan Plateau SPI
Copyright  2010 Royal Meteorological Society

variability shows the planetary scale flow’s relation to
Tibetan Plateau drought and wetness conditions. A large
negative (positive) geopotential height pattern arises over
northern Europe for wet (dry) conditions on the Tibetan
Plateau with a positive (negative) height anomaly stretching from the eastern Mediterranean to north-eastern Eurasia, and another negative (positive) one directly upstream
of the Himalayan mountains (Figure 3(a)). This hints to
a wave train-like structure connecting the North Atlantic
and south-east Asia. Under wet (dry) conditions, the westerly jet over Europe is intensified (weakened) as is the
zonal wind over northern Eurasia and the subtropical
easterly jet (Figure 3(a)). The westerly jet north of and
over the Tibetan Plateau is weakened (intensified) while
strong easterly anomalies prevail over northern Africa
(Figure 3(a)). The 200 hPa velocity potential shows a
weakening (strengthening) of the cells over west Africa
and in the Pacific region for wetness (dryness), whereas
over the Himalayas, India and the Tibetan Plateau the
circulation is strengthened (weakened) (Figure 3(b)). The
Tibetan Plateau summer SPI is negatively (99.99% significance level) correlated with monthly summer indices
of the Western North Pacific Monsoon (correlation coefficient −0.2407) and the Indian Monsoon (coefficient
−0.1446) as defined by Wang and Fan (1999) and Wang
et al. (2001).
Mid-latitude surface temperature regressions correspond to the 300 hPa geopotential height regressions
with cold (warm) anomalies, where negative (positive)
geopotential height anomalies occur (Figure 3(c)). In
nearly all tropical ocean regions, especially the eastern equatorial Pacific and the western Indian Ocean,
cold (warm) anomalies arise in the Tibetan Plateau wet
(dry) months. Considering the tropical ocean variability,
Int. J. Climatol. 31: 832–846 (2011)
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Figure 3. Tibetan Plateau SPI regression (pre-industrial control-run) with (a) 200 hPa zonal wind (in m s−1 , shaded) and the 300 hPa geopotential
height (in m2 s−2 , contours), (b) 200 hPa velocity potential (in 106 m2 s−1 , contours) and (c) skin temperature (in K); Tibetan Plateau is shaded.

Jungclaus et al. (2006) describe a 0.5 K higher standard deviation in ECHAM5/MPI-OM for the Niño-3
region compared to observations. According to their
study, the model underestimates the nonlinearity and
the non-normality in ENSO, while the modelled period
is also smaller. However, van Oldenborgh et al. (2005)
find the simulated ENSO in ECHAM5/MPI-OM fairly
robust.
3.2. Future changes
Projected 21st century (20C commitment phase) and
22nd century (A1B commitment phase) annual cycles of
precipitation do not differ considerably from the controlrun (Figure 2): the maxima of monthly precipitation
increase for all seasons except the A1B-ensemble summers (not shown). The following changes in SPI classes
Copyright  2010 Royal Meteorological Society

(compare Section 2) are noted: (1) for the 21st century
climate (20C commitment phase) compared to the preindustrial climate, an increase in all dry classes is compensated by a decrease in normal and moderate wet
classes (Figure 4); and (2) the 21th century increase in
extreme and severe dry cases is most pronounced in the
summer season with approximately 5% more extreme
dry months and about 2% less extreme wet months.
A weak increase in extreme dryness is also found in
autumn. (3) In the A1B scenario (commitment phase,
years 2101–2200) only the normal classes decrease. Wet
and dry classes increase with particularly more extreme
dry cases. (4) The model projects a strong rise of extreme
dry classes for the 22nd century in winter and summer with about 8 and 10%, respectively. In spring and
fall, about 2% more extreme dry cases are found. This
Int. J. Climatol. 31: 832–846 (2011)
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Figure 4. SPI class frequencies as in Table I for the ECHAM5 pre-industrial control-run (CTL), present day scenario (20C) and future scenario
climate (A1B); SPI event probabilities in percentage on right vertical axis (left panel). Differences in frequencies of extreme SPI classes per
season (right panel).

is accompanied by an increase of about 3% in extreme
wet spring-months and of nearly 8% in extreme autumnmonths.
Note that the SPI classes used are those relative to
the probability density function (pdf) of the control-run.
Thus the pdf for the 21st century commitment period is
shifted towards dry cases; the pdf for the 22nd century
commitment phase appears flatter with larger tails, i.e
more extreme cases.
Future changes in Tibetan Plateau SPI-regressions can
be computed for each scenario-run’s commitment phase
separately and independent of the control-run. For the
commitment periods of the ECHAM5/MPI-OM 20C and
A1B scenarios, they mainly agree with the controlrun (not shown). Major exceptions are 200 hPa zonal
wind regressions with partially more pronounced jets
and 200 hPa velocity potential regressions with differing
extent of anomalies. In addition, considering surface
temperatures, one 21st century projection considerably
deviates from the control-run.
3.3. Composite analysis
The regression analysis suggests a dynamical link
between dryness and wetness on the Tibetan Plateau and
the upstream circulation on a linear basis. The following composite analysis presents regional moisture flux
anomalies and large-scale flow patterns related to the
extreme episodes.
3.3.1. Simulations (ECHAM5/MPI-OM)
Of the 1518 summer months (control-run), 100 are
classified as severe or extreme wet and 103 as severe
or extreme dry. Composites reveal the following major
features:
(1) Water vapour convergence is reduced over the
Tibetan Plateau with weakened moisture fluxes
reaching the Tibetan Plateau (Figure 5(b) and (c))
for dry months. In addition, the moisture fluxes
related with the east Asian summer monsoon are
reduced along the eastern coast of Asia and enhanced
towards the Philippines and the Pacific warm pool.
Copyright  2010 Royal Meteorological Society

The situation for wetness is the opposite (Figure 6(b)
and (c)): more moisture reaches the Tibetan Plateau
via the Arabian Sea and the Bay of Bengal;
the south-east Asian moisture flux is weakened;
India and the Indochinese peninsula receive less
moisture.
(2) Dry case circulation composites show a pronounced
stationary wave (Figure 5(a)). Commencing from
a high pressure anomaly over the eastern North
Atlantic it stretches towards central western Asia
and the Tibetan Plateau region. The anomalous
eastern North Atlantic anti-cyclone is supported by
transient eddy activity of a slightly anomalous southwest/north-east orientated North Atlantic storm track.
Stationary wave flux anomalies (Plumb, 1985) document the downstream energy flux (Figure 5(a)).
The related western Asian positive geopotential
height anomaly inhibits the moisture flux from the
Arabian Sea. A negative flow anomaly over the
oceans from the Bay of Bengal to the South China
Sea combined with a positive one over the lower
Yangtze reduces the moisture flux from there into
the Tibetan Plateau and the east Asian summer
monsoon.
(3) Severe wet months (Figure 6(a)) are characterized
by a continental scale (Europe-Asia) quadrupole-like
anomaly of the (barotropic) circulation. The northern
dipole of this pattern is supported by a more zonally
directed North Atlantic storm track (upstream) leading to more zonally directed stationary wave fluxes
(downstream). From the south-eastern pole (Tibetan
Plateau) of the pattern wave flux anomalies emerge
over eastern China (Figure 6(a)) as an atmospheric
response to the thermal heating over the wet Tibetan
Plateau (Wang et al., 2008).
(4) The surface temperature anomalies over land are
associated with the overlying atmospheric features
for wetness and dryness (not shown). Tibetan Plateau
dryness (wetness) is accompanied by a significant near circumglobal warm (cold) anomaly in
the Tropics (Figures 5(d) and 6(d)). In months preceding dryness (wetness) this feature (not shown)
Int. J. Climatol. 31: 832–846 (2011)
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Figure 5. Control-run dry case composites: (a) the storm track on 500 hPa as variance of geopotential height (shaded, shades are 900, 1200
and 1500 m4 s−4 ), zonally asymmetric barotropic upper tropospheric circulation component [0.5 times (300 + 500 hPa geopotential height)]
anomalies (contour intervals are 60 m2 s−2 ), and anomalies of Plumb’s stationary wave flux in 500 hPa (in m2 s−2 , arrows); (b) monthly mean
contribution of vertically integrated moisture flux and its divergence (in mm day−1 ); (c) eddy contribution of vertically integrated moisture
flux and its divergence; and (d) surface temperature (in K, contours), shading indicates 90% significance level. In (b and c) divergence and
convergence of moisture flux are shaded in light and dark grey above and below +1.25 (+0.25) and −1.25 (−0.25). Arrows of magnitude
smaller 0.2, 2.5 and 0.25 are omitted in (a), (b) and (c), respectively.

remains basically unchanged, but with an eastward
phase-shift.
(5) Future scenario composites do not show substantial differences to the results presented for the
control-run.
3.3.2. Comparison to observations (ERA-40)
Control-run and ERA-40 (Bothe et al., 2010) dry and wet
case composites are compared for geopotential heights
(vertical average over five isobaric levels from 100to
500 hPa, Figure 7). The dry case composites (contours
in Figure 7(a) and (b)) show similar patterns, except
for the zonally oriented negative anomaly over the
Mediterranean which, in the simulation, extends further
to the west and connects with the north-eastern Eurasian
anomaly.
Wet case circulation anomalies (shaded in Figure 7(a)
and (b)) are qualitatively very similar over northern
Eurasia, with the northern European anomaly extending
to about 45 ° E. Further downstream, the eastern Asian
Copyright  2010 Royal Meteorological Society

anticyclone stretches to the Pacific. Deviations occur
along 30° N: ECHAM5/MPI-OM composites do not feature the wave train structure from the North Atlantic
to the Pacific as clearly as in ERA-40. The wet-dry
anti-symmetry, which is notable in the simulation composites, does not occur as pronounced in ERA-40, if
at all.

4. Mid-latitude and tropical impacts and dynamical
interpretation
The regression and composite flow patterns related
to Tibetan Plateau drought and wetness are supplemented by analyses of the internal dynamics of midlatitude teleconnections embedded in the global atmospheric circulation. They are also responding to tropical SST-anomalies, which induce local centres of
action in terms of convectively forced heat sources or
sinks.
Int. J. Climatol. 31: 832–846 (2011)
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(a)
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Figure 6. Control-run wet case composites: (a) the storm track on 500 hPa as variance of geopotential height (shaded, shades are 900, 1200
and 1500 m4 s−4 ), zonally asymmetric barotropic upper tropospheric circulation component [0.5 times (300 + 500 hPa geopotential height)]
anomalies (contour intervals are 60 m2 s−2 ), and anomalies of Plumb’s stationary wave flux in 500 hPa (in m2 s−2 , arrows); (b) monthly mean
contribution of vertically integrated moisture flux and its divergence (in mm day−1 ); (c) eddy contribution of vertically integrated moisture
flux and its divergence; and (d) surface temperature (in K, contours), shading indicates 90% significance level. In (b and c) divergence and
convergence of moisture flux are shaded in light and dark grey above and below +1.25 (+0.25) and −1.25 (−0.25). Arrows of magnitude
smaller 0.2, 2.5 and 0.25 are omitted in (a), (b) and (c), respectively.

4.1. Mid-latitude influence
Upstream and downstream of the Tibetan Plateau, the
large-scale dynamics is suitably represented by the hemispheric meridional wind field to capture wave dynamics.
Space-time lag-correlations of the 300 hPa meridional
wind, centred over the Tibetan Plateau (30° to 35° N,
86° to 96 ° E), with the whole hemispheric field are computed on a day-to-day basis up to ±10 days lags (June
1 to August 31). First, the summer climate mean is
presented based on the last 200 years of the controlrun (Figures 8 and 9), before four summer seasons are
selected, each characterized by 2 months of severe and
extreme wetness (dryness). The deviations from summer
climate (Figures 10 and 11) are analysed, revealing the
following results:
(1) The summer climate displays a circumglobal teleconnection in the 300 hPa meridional wind upstream
and downstream of the Tibetan Plateau. The timelongitude lag-correlation cross-sections (Figure 8,
averaged from 35° N to 55° N) indicate a wave train
Copyright  2010 Royal Meteorological Society

commencing in the North Atlantic region. This wave
train reaches the Tibetan Plateau via Eurasia continues across the North Pacific to America reinforcing
the North Atlantic storm track after about 20 days.
This circumglobal perspective fits the teleconnection
pattern described by Ding and Wang (2005);
(2) The summer climate lag-correlation fields (Figure 9,
selected lags ±9, ±6, −±3 and 0 days) show the
preferred teleconnection route stretching from North
America via the North Atlantic storm track to
the Tibetan Plateau; even further upstream, signals
appear in the transient eddies over the North Pacific
reaching North America. Therefore, a circumglobal
influence of tropical Pacific SST-anomalies on the
North Pacific storm track and, further downstream, on
the Tibetan Plateau can be envisaged (Figure 9) in the
sense that storm track activities over the oceans can
act as wavemakers of cross-continental wave trains;
(3) Severe and extreme dry events show upstream circulation patterns of similar spatial structure (Figure 10,
lags −9, −6, −3, 0 and +3 days) which is dominated
Int. J. Climatol. 31: 832–846 (2011)
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(a)

(b)

Figure 7. Composite comparison between (a) ECHAM5/MPI-OM control-run simulation and (b) ERA-40 re-analysis. Displayed is the vertical
mean of zonal asymmetric geopotential height (in m2 s−2 ) on the 100, 200, 300, 400 and 500 hPa levels. Wet case anomalies are displayed
shaded, dry case anomalies in contours. Shadings are from light to dark grey −350, −250, −150, −50, 50, 150, 250, 350.

Figure 8. Control-run longitude-time lag diagrams for Tibetan plateau averaged and hemisphere-wide 300 hPa meridional wind correlations,
from −10 to +10 days. Dark (light) shadings are significance level of positive (negative) correlation coefficients at the 90% level.

by the link from the North Atlantic storm track
to the Tibetan Plateau. This structure is modulated by a wave train emerging from the subtropical North Pacific crossing North America and
reaching the North Atlantic. For wet events, however, the correlations are less distinct (Figure 11).
The upstream teleconnection route is more zonally
oriented and commences near the Mediterranean.
A mechanism described by Rodwell and Hoskins
(1996, 2001) and Trigo et al. (1999) may operate
here.
4.2.

Tropical steering

Tropical SST-anomalies in the Indian and Pacific affect
south-east Asian precipitation (Hong et al., 2008) by
modulating the lower tropospheric flow patterns and,
therefore, the regional water supply. These SST-anomalies can be associated with ‘centres of action’ which,
depending on their strength, influence the tropical flow
Copyright  2010 Royal Meteorological Society

and, subsequently, may affect the mid-latitude circulation (Simmons et al., 1983; Lau and Peng, 1992; Walter
and Graf, 2002). Liu and Alexander (2007) review global
teleconnections in the climate system and their development due to tropical–extratropical ocean–atmosphere
interactions. Here, it should be noted that the tropical
surface temperature fields composited with respect to
Tibetan Plateau drought and wetness appear to be biased
by the ENSO variability in ECHAM5/MPI-OM (Jungclaus et al., 2006), which is more intense than observed.
The following SST-induced anomaly centres appear to
affect the Tibetan Plateau.
(1) Cold SST-anomalies extending from the Indian
Ocean to the tropical Pacific (Figure 6(d)) lead to
subsidence induced low level anticyclonic circulation, enhancing the moisture-transports to the Tibetan
Plateau along their southern routes (Simmonds et al.,
1999). Furthermore, this tropical anticyclonic anomaly also affects the South China Sea (Figure 6(a))
Int. J. Climatol. 31: 832–846 (2011)

LARGE-SCALE CIRCULATIONS AND TIBETAN DROUGHT AND WETNESS IN ECHAM5

841

(a)

(b)
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Figure 9. Control-run correlations for Tibetan Plateau averaged (June 11 to August 21, last 200 years of control-run) and hemisphere-wide
300 hPa meridional wind for lags ±9 days (a and g), −6 days (b and f), −3 days (c and e), and concurrent (d). Dark (light) shadings indicate
significance of positive (negative) correlation coefficients at the 90, 99, 99.9 and 99.99% levels.

and, concurrent with a weaker North Pacific subtropical high, enhances the moisture flux and precipitation
also in south-east China.
(2) Warm anomalies extending from the Indian to the
Pacific Ocean show the opposite effect (Figure 5(d)):
for dry months a warmer Indian Ocean-induced
regional cyclonic anomaly suppresses moisture inflow to the Tibetan Plateau by enhanced low
level westerlies. Again, the anomalies extend to
the South China Sea. Concurrent with anticyclonic
anomalies over north-eastern China and a strengthened North Pacific subtropical high they modify
the east Asian summer monsoon reducing moisture
Copyright  2010 Royal Meteorological Society

inflow from the south-east and through the Bay of
Bengal.
(3) The months preceding severe and extreme Tibetan
Plateau wetness (dryness) display anticyclonic (cyclonic) anomalies over the Gulf of Alaska and southwestern United States (Figure 12); from here a wave
train of alternating cyclonic- anticyclonic anomalies
emerges reaching the eastern North Atlantic, which is
weak for dry but distinct for the wet events. Numerical GCM experiments (Lau and Peng, 1992) show the
response of the large-scale flow to divergence anomalies in the tropical Indian and Pacific Ocean, which
act as wavemakers and lead to wave trains affecting
Int. J. Climatol. 31: 832–846 (2011)
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(a)
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Figure 10. Control-run dry case lag-correlations for Tibetan Plateau averaged (June 11 to August 21) and hemisphere-wide 300 hPa meridional
wind for lags −9 days (a), −6 days (b), ±3 days (c and e), and concurrent (d). Dark (light) shadings are significance level of positive (negative)
correlation coefficients at the 90, 99, 99.9 and 99.99% levels.

the extratropical flow in the Northern Hemisphere.
These wave trains can extend, under favourable flow
conditions, further eastward modifying the circulation over North America and the North Atlantic storm
track region. In this sense, they may be interpreted
as predecessors for the Tibetan Plateau drought and
wetness.

5.

Summary and conclusions

Pre-industrial and IPCC-scenario climate simulations
with a state-of-the-art coupled atmosphere-ocean GCM
(ECHAM5/MPI-OM) are analysed to identify atmospheric circulation patterns, which affect extreme and
severe drought and wetness on the Tibetan Plateau
(identified by the Standardised Precipitation Index). The
present analysis supplements a previous study based on
ERA-40 and observations (Bothe et al., 2010). The following results are noteworthy.
(1) Dry events on the Tibetan Plateau are related to a
warming in the tropical oceans (Figure 5(d)) because
over the Indian Ocean region tropical upper level
Copyright  2010 Royal Meteorological Society

easterlies are reduced and lower level westerlies
are enhanced which prohibit moisture flow onto the
Tibetan Plateau. Weaker moisture inflow from the
south-east relates to a concurrent anomalous anticyclone over north-eastern China and a strengthened North Pacific subtropical high. A conceptional
sketch (Figure 13(a)) displays the principle results
for dry events found here, and how they compare
to the observations (Figure 7(b) and Bothe et al.,
2010). Circulation composites (Figure 5(a)) show a
pronounced upstream wave pattern, forced and maintained by transient eddies of the North Atlantic
storm track (compare Bueh and Nakamura, 2007);
i.e a more south-west/north-east orientation of the
North Atlantic storm track is observed with enhanced
zonal winds east of Greenland (Figure 5). The transEurasian wave train ends in a high pressure anomaly
west of the Tibetan Plateau which, in combination with the mechanical barrier of the Himalayan
mountains, reduces the moisture inflow from the
Arabian Sea. Locations of related flow anomalies
differ between model and observations (Figure 7,
Bothe et al., 2010), but the mechanisms obviously
match (Figure 13(a)). Similar circulation features
Int. J. Climatol. 31: 832–846 (2011)
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(a)
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Figure 11. Control-run wet case lag-correlations for Tibetan Plateau averaged (June 11 to August 21) and hemisphere-wide 300 hPa meridional
wind for lags −9 days (a), −6 days (b), ±3 days (c and e), and concurrent (d). Dark (light) shadings are significance level of positive (negative)
correlation coefficients at the 90, 99, 99.9 and 99.99% levels.

are also noted by Sato and Takahashi (2006) and
Wakabayashi and Kawamura (2004). A circumglobal
picture (see also Ding and Wang, 2005) emerges
when following the circulation further downstream
of the Tibetan Plateau.
(2) Wet events on the Tibetan Plateau are associated with strong near global tropical cold SSTanomalies (Figure 6(d)). In the Indian Ocean, this
cooling leads to more intense moisture-transports
through the Arabian Sea and the Bay of Bengal onto the Tibetan Plateau because the more
zonally oriented hemispheric circulation (compared
to the summer mean) reduces mid-latitude influences. Observations (Figure 7(b), Bothe et al., 2010)
show a zonally oriented wave train commencing
from the Atlantic and crossing the Mediterranean
to Asia and even the Pacific (dashed ellipses in
Figure 13(b)). Lag-correlations (300 hPa meridional
wind, Figure 11) for wet months display zonally
oriented patterns upstream of the Tibetan Plateau
commencing near the Mediterranean. The schematic
diagram (Figure 13(b)) summarises the main simulated and observed (Figure 7, Bothe et al., 2010)
anomalies.
Copyright  2010 Royal Meteorological Society

(3) The circumglobal perspective comprises upstream
and downstream circulation patterns in the summer
lag-correlations centred on Tibetan Plateau (Figure
8). The upstream wave train bridging Eurasia from
the North Atlantic to the Asian monsoon regions
interacts with the regionally SST-forced circulation anomalies. This interaction provides the conditions of precipitation variability on a monthly
timescale. The upstream influence dominates in dry
months (Figure 10), but is weakened for wet events
(Figure 11). It also arises in the summer climate
lag-correlations (Figures 8 and 9). Downstream lagcorrelation patterns exhibit a Pacific/North American
wave pattern which can be interpreted as forced by
the Tibetan Plateau (Lau and Peng, 1992; Held et al.,
2002; Wang et al., 2008) or emerging from thermodynamical steering in the Tropics of the Indian
or Pacific Ocean (Lau and Peng, 1992). This further resembles the Pacific-Japan-pattern described by
Nitta (1987).
Atmospheric composites for IPCC future scenarios
(ECHAM5/MPI-OM, not shown) and for selected periods
of the control-run (not shown) confirm the circulation
Int. J. Climatol. 31: 832–846 (2011)
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(a)

(b)

Figure 12. Control-run composites for the month before dry events (a) and wet events (b). Shades are surface temperatures (dark grey −0.6 and
−0.2 K, light grey 0.2 and 0.6 K), contours are zonally asymmetric streamfunction anomalies (in 105 m2 s−1 ).

(a)

(b)

Figure 13. Schematic diagram of the dynamics related to drought (a) and wetness (b) on the Tibetan Plateau for observations (1958–2000) and
model scenarios. Circulation anomalies (model) are shown as ellipses with solid lines. Dark (light) grey are anticyclonic (cyclonic) patterns.
Observation anomalies differing from model scenarios are dashed. The storm track (model and observations do not differ significantly) is
presented as thick arrow in the North Atlantic. The main wave flux is shown as thin arrow (solid for model, dashed for observations). Tropical
surface temperature anomalies are shaded (hatched) for model (observations). Moisture flux anomalies are (not shown) in (a) a stronger transport
from the Indian to the Pacific Ocean with subsequent larger reflow into south-east China and in (b) weakened flow from the Indian to the Pacific
Ocean with enhanced flow onto the Tibetan Plateau from the Arabian Sea and the Bay of Bengal.
Copyright  2010 Royal Meteorological Society
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patterns presented here, but give even stronger indications
for a symmetric relation between Tibetan Plateau SPI
and hemispheric circulation in summer. Analysed data of
the other models included in the IPCC fourth assessment
report (obtained from the IPCC data distribution centre,
not shown) demonstrate a wave train bridging Eurasia
from larger Scandinavia to central or eastern Asia as
the most common anomalous atmospheric flow feature
for Tibetan Plateau wetness and drought. Differences in
the results of the various models may be due to the
representation of the Tibetan Plateau; i.e different model
resolutions and implementation of orography.
Finally, it is noted that higher resolution model simulations may lead to a more realistic representation of
the cross Eurasian and circumglobal flow, which is provided by coherent large-scale circulation patterns such as
wavemakers and wave trains. These are few ‘low dimensional’ modes relevant to the bridging process which, to
be generated, require higher resolution processes. Capturing these modes may lead to more consistency between
model results and observations in future present day and
scenario simulations.
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