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Impact of global warming on the Asian winter monsoon 
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Abstract. The Asian winter monsoon (AWM) response to the global warming was 
investigated through a long-term integration of the transient greenhouse warming 
with the ECHAM4/OPYC3 CGCM. The physics of the response was studied 
through analyses of the impact of the global warming on the variations of the ocean 
and land contrast near the ground in the Asian and western Pacific region and the 
east Asian trough and jet stream in the middle and upper troposphere. Forcing 
of transient eddy activity on the zonal circulation over the Asian and western 
Pacific region was also analyzed. It is found that in the global warming scenario 
the winter northeasterlies along the Pacific coast of the Eurasian continent weaken 
systematically and significantly, and intensity of the AWM reduces evidently, but 
the AWM variances on the interannual and interdecadal scales are not affected 

much by the global warming. It is suggested that the global warming makes 
the climate over the most part of Asia to be milder with enhanced moisture in 
winter. In the global warming scenario the contrasts of the sea level pressure and 
the near-surface temperature between the Asian continent and the Pacific Ocean 
become significantly smaller, northward and eastward shifts and weakening of the 
east Asian trough and jet stream in the middle and upper troposphere are found. 
As a consequence, the cold air in the AWM originating from the east Asian trough 
and high latitudes is less powerful. In addition, feedback of the transient activity 
also makes a considerable contribution to the higher-latitude shift of the jet stream 
over the North Pacific in the global warming scenario. 

1. Introduction 

Climate variability in Asia is an integral component 
of the global climate system. Summer climate variabil- 
ities in Asia are closely related with the variations of 
Asian summer monsoon system and have been exten- 
sively studied both in model simulations and in data 
analyses by many investigators [WCRP. 1998]. The 
active role of the Asian summer monsoon on the in- 

traseasonal and interannual timescale variations of the 

global climate system has been suggested [Yasunari, 
1991; Lau, 1992]. However, the resem'ch on the Asian 
winter monsoon (AWM) is relatively limited. The most 
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northeasterly flow (NE) along the eastern flank of the 
Siberian high and the east coast of the Eurasian con- 
tinent. The strong NE, starting Dom the front edge 
of the Siberian high, periodically pushes toward lower 
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latitudes to become a winter monsoon surge [Ji et al., 
1997]. The NE dominates a vast area of the tropical 
and extratropical regions of Asia and the western Pa- 
cific for nearly half a year [Ding, 1991; Chen et al., 
1991]. The AWM variation is closely related with the 
land-ocean contrast near the ground, and the locations 
and intensities of the east Asian trough and jet stream 
in the middle and upper troposphere, and cohered with 
variation of the Hadley cell over the Asian and west- 
ern Pacific region [Ding, 1991; Chen et al., 1991]. The 
AWM is one of the most active and powerful circulation 
in the Northern Hemisphere (NH) winter. It is believed 
that the AWM is one of the most important medium 
to the interaction between tropics and extratropics and 
between the two hemispheres. 

Anomalies of the AWM do not only bring anoma- 
lous weather and climate (cold or warm winter) in Asia 
[Ding, 1991; Chen et al., 1991] but also link to the 
variations of large-scale general circulation [Ding, 1991; 
Chen and Graf, 1999], tropical convection and tropo- 
spheric circulation [Compo et al., 1999], convective ac- 
tivity over the tropical maritime continents [Chang et 
al., 1979] and the western Pacific [tlu and Nitta, 1997], 
and the air-sea interaction in the tropical central and 
eastern Pacific [Liet al., 1988; Ji et al., 1997]. Sun 
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and Sun [1994] have found that the AWM anomaly is a 
precursor to the following smnmer drought and flood in 
China. The impacts of the AWM variations on the air- 
sea coupling in the tropical Pacific. the following sum- 
mer drought and flood in China and the Asian summer 
monsoon are mainly through the memory of sea surface 
temperature (SST), snow cover, and soil moisture over 
the Eurasian continent. It seems that the AWM plays 
an important and active role in the global atmosphere- 
ocean-land interaction system. Therefore a study on 
the variability of the AWM is not only important to 
recognize the role of the AWM in this region but also 
beneficial for a better understanding of the variability 
of the global atmosphere-ocean-land system. 

Investigations of climate changes in China during the 
last 44 years [Nitta and Hu. 1996] and the last 100 years 
[Wang and Ye, 1993] have shown a pronounced warm- 
ing trend in North China and a minor cooling trend 
in the central part of China. With observational data 
and model simulations of the climate change in the east 
Asian region, Hulme et al. [1994] also indicated the 
possible impact of the global warming on variations of 
temperature and precipitation for the east Asian region. 
It seems that the global warnting will have significant 
impacts on the climate in Asia [Hulme et al., 1994]. In- 
vestigating the response of the AWM to the transient 
greenhouse gas concentration changes will help under- 
standing the present climate variation and predicting 
the future change due to the anthropogenic effect, not 
only in Asia but also globally. 

In this work the AWM response to the global warm- 
ing and the physical mechanisms are investigated on the 
basis of a long-term integration with a time-dependent 
greenhouse gas concentration increase in a coupled 
atmosphere-ocean-sea ice-land surface model. In sec- 
tion 2 the coupled model, experiments, and data are 
briefly described. Simulated AWM variations, includ- 
ing wind field at 10 m, total precipitation, and surface 
evaporation, in response to the greenhouse warming, 
are analyzed in section 3. The involved mechanism is 
investigated in section 4 through analyzing the varia- 
tions of the land-ocean contrast near the ground, the 
east Asian trough and jet stream in the middle and up- 
per troposphere, and the transient feedback on the zonal 
circulation in the Asian and Pacific region. Section 5 
contains a summary and discussion. 

2. Model, Experiment, and Data 
2.1. Model 

The climate model is a global coupled atmosphere- 
ocean-sea ice-land surface climate model, the 
ECHAM4/OPYC3 CGCM. The atmospheric and land 
surface components of the CGCM are the ECHAM4, 
which is a spectral model of triangular truncation with 
total ho,'izontal wavenmnber 42 (T42) and with 19 ver- 
tical levels. The ECHAM4 includes a comprehensive 
set of physical parameterizations, such as radiation, 

vertical diffusion, gravity wave drag, cumulus convec- 
tion, shallow convection. stratiform clouds, and a sim- 

ple model for soil processes. The soil model comprises 
the budgets of heat and water in the soil, the snow 
pack over land, and the heat budget of land ice. Prog- 
nostic variables are vorticity, divergence, surface pres- 
sure, temperature, water vapor, and cloud water. The 
ECHAM4 model has been tested extensively and has 
been found to reproduce the present atmospheric circu- 
lation with a high level of realism [e.g., Roeckner et al., 
1996b; Chen and Roeckner, 1996]. A detailed descrip- 
tion of the ECHAM4 model is given by Roeckner et al. 
[1996a, and references therein]. 

The OGCM component is an ulxlatexl version (OPYC3) 
of the OPYC oceanic general circulation •nodel devel- 
oped by Oberhuber [1993a, b]. The OPYC3 uses isopy- 
cnals as the vertical coordinate system of the oceanic 
GCM. The OPYC3 consists of three submodels; the in- 
terior ocean, the surface mixed layer, and the sea ice, 
respectively. The OPYC3 includes a realistic equation 
of state, employs primitive equations, and has a sur- 
face mixed layer coupled to a snow and sea ice model. 
A surface mixed layer is coupled also to the interior 
ocean in order to represent near-surface vertical mixing 
and to improve the response timescales to atmospheric 
forcing which is controlled by the mixed layer thickness 
of the ocean. Poleward of 36 ø. the horizontal resolu- 

tion is identical to the Gaussian grid of the atmospheric 
model (2.8125 ø for the T42 model). In low latitudes the 
meridional spacing is gradually decreased to 0.5 ø at the 
equator. In the vertical, 10 interior layers below the sur- 
face mixed layer are used. The sea ice model calculates 
the thickness and concentration of ice and its momen- 

tum. A detailed description of the OPYC3 model can 
be found in the work of Oberhuber [1993a, b]. 

The ECHAM4 and OPYC3 are coupled through a 
mutual exchange of fluxes. Fluxes of momentum are un- 
constrained, while fluxes of heat and fresh water are flux 
adjusted but only as annual averages. The ECHAM4 
is driven with SSTs simulated by the OPYC3, and the 
OPYC3 is forced by the momentum, heat, and freshwa- 
ter fluxes given by the ECHAM4. The ECHAM4/OPYC3 
CGCM has also been thoroughly evaluatexl in extensive 
control integrations [Roeckner et al., 1996a; Bacher et 
al.. 1998] and a global warnting run [Hu et al., 1999; 
Bengtsson, 1997, 1996]. I• has been demonstrated that 
the ECHAM4/OPYC3 CGCM can reasonablely sinre- 
late the present climate, its variability and future cli- 
mate change in the global warming scenario. The de- 
tailed coupling strategy and technology of the ECHAM4 
and OPYC3 are described by Ben9tsson [1996] and 
Bacher et al. [1998]. 

2.2. Experiment and Data 

The experiment is a 240 year long simulation of the 
transient greenhouse gas warming (GHG). In the GHG 
run, from 1860 to 1990, the annual concentrations of 
the greenhouse gases are prescribed as observed and, 
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Figure 1. Mean wind fields at 10 m in winter (DJF) averaged for (a) the GHG 1940 -• 1989, 
(b) the GHG 2000 • 2049, and (c) the GHG 2050 • 2099, and their differences: (d) Figures lb 
mintis la, (e) Figures lc illinus la, and (f) Figures lc minus lb. The rectangular frames indicate 
the area where the Asian winter monsoon index (AWMI) is averaged. Shading marks the regions 
with values of wind speed greater than 4 m/s in Figures la-lc, and 0.2 m/s in Figures ld-lf. 

from 1990 onward, according to IPCC scenario IS92a 
[Intergovernmental Panel on Climate Change (IPCC), 
1992]. The transient integration starts in the year 1860 
and ends in the year 2099 (denoted by GHG 1860 • 

2099). More details on the GHG experiment can be 
found in the work of Roeckner et al. [1999]. Bengtsson 
[1997, 1996] compared the E1 Nifio-Southern Oscilla- 
tion (ENSO) cycle, low-frequency variability, feedback 
processes, energy cycle, and hydrological cycle of this 
long-term integration with that in a corresponding con- 
trol run. With the GHG run, Huet al. [1999] investi- 
gated the impact of the global warnling on the trend and 
standard deviation of geopotential height at 500 hPa in 
winter, on the variabiiities of the large-scale interannual 
and interdecadal climate modes, and on the ENSO cycle 
and the teleconnection patterns. In the present work we 

focus on the AWM climate varying with the greenhouse 
gas concentrations and the involved mechanism in the 
GHG run. 

• ue u,•,• LL•CU irlclude seasonal means of temperature 

at 2 m (T2m), geopotential height difference between 
300 hPa and 700 hPa (H300 - H700), wind field (u 
and v) at 10 m and 300 hPa, and the sea level pres- 
sm'e (SLP)in Decembe,', January, and February 
in the GHG run. Divergences at 200 hPa in DJF are 
also used to examine the variations of the Hadley cell 
over the Asian and western Pacific region due to the 
greenhouse gas concentration changes in the GHG run. 
The investigation is focused on the comparison of the 
present climate of the model (represented by the GHG 
1940 • 1989) with simulation of future climate in two 
different periods with significant warnling (represented 
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l*igure 2. Variations of the AWMI in the GHG 1860 ,, 2099. The smoothed line represents the 
9-year running mean. The long-dashed line is the linear trend of the AWMI during the GHG 
1990 ,, 2099, which is different from zero at the significance level of 98% using the T test. The 
unit of the AWMI is m/s. The linear trend of the AWMI is -0.005 m/s per year for the period 
of the GHG 1990 ,, 2099. 

by the GHG 2000 ,, 2049 and GHG 2050 ,, 2099). In 
addition, with a 2-6 day bandpass filter data, seasonal 
(DJF) means of the zonal component of the localized 
Eliassen - Palm flux at 300 hPa, 

E - u-.)/2, 
and its divergence (• ß E) are calculated on the basis of 
the definition given by Trenberth [1986], where u • and v • 
are the transient components of daily data with the 2-6 
day bandpass filter, and u •2, v •2, and u•v • represent the 
seasonal mean. Only the decadal (10 years) averages 
(GHG 1980 ,, 1989, GHG 2030 ,, 2039, GHG 2070 
2079, and GHG 2090 ,, 2099) of the localized Eliassen- 
Palm flux and their divergence and the differences in 
winter (DJF) are used to identify the role of the tran- 
sient eddy activity on the variation of the AWM general 
circulation in the global warming scenario. 

3. Simulated AWM Variations 

The impact of global warming on the AWM is re- 
vealed in this section through analyzing the variations 
of the wind fields at 10 m, total (large-scale and con- 
vective) precipitation, surface evaporation, and the dif- 
ferences between the total precipitation and the evap- 
oration in different periods of the model simulations. 
Evolution of an AWM index (AWMI) is examine for 
its linear trend and variances on the interannual and 

interdecadal scales. 

3.1. Wind Fields at 10 m 

The wind fields at 10 m over the Asian and west- 

ern Pacific regions in DJF averaged for the (Figure la) 
GHG 1940 ,, 1989, (Figure lb) 2000 ,, 2049 and (Fig- 

ure lc) GHG 2050 ,, 2099 and their difference (Fig- 
ures l d, l e, and lf) are shown in Figure 1. Figure 1 
demonstrates that the AWM is strongly related to the 
surface cold high over Siberia (Siberian anticyclone). In 
addition, Figure 1 suggests some associations between 
the AWM and the general circulation over the Pacific 
Ocean and India Ocean. In comparisons of the simula- 
tions (Figures la, lb, and lc) with observations [Chen 
et al., 1991; Ding, 1991; Chen and Graf, 1999] it is 
indicated that the spatial distribution pattern of the 
AWM with strong northerlies along the Pacific coast of 
the Eurasian continent is quite well simulated by the 
ECHAM4/OPYC3 CGCM. Thus it is reasonable to in- 
vestigate the AWM response to the global warming and 
the involved mechanism with the CGCM. 

The impact of the global warming on the AWM is 
demonstrated in Figures l d, l e, and lf. In comparison 
with the present climate (GHG 1940 ,, 1989) (Figure 
la) the northerlies are weakened in the global warming 
scenario (GHG 2000 ,, 2049 and GHG 2050 ,, 2099) 
(Figures lb, lc), and the anomalous southerlies are 
dominating Figures l d, l e, and If along the coast re- 
gions from the Indian peninsula to Japan via the In- 
dochina peninsula and China. The impact is more pro- 
nounced in the GHG 2050 ,, 2099 than in the GHG 2000 

,, 2049 (Figures ld, le, and lf). Figure 2 shows the in- 
terannual evolution of the AWMI in the GHG 1860 

2099. The AWMI is defined as the average of-v with 
v < 0 over the region of 15øN ,, 40øN, 115øE ,, 130øE 
(see the rectangles in Figure 1), and v is the seasonal 
mean of the meridional wind at 10 m. This definition is 

similar to that given by Ji et al. [1997] and Chen and 
Graf [1999]. Large interannual and interdecadal varia- 
tions of the AWMI are evident in Figure 2. The linear 
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Figure 3. Average of the total precipitation in (a) the GHG 1940 ,,- 1989, (b) the GHG 2000 -,, 
2049, (c) the GHG 2050 ,,- 2099, and their differences: (d) Figures 3b minus 3a, (e) Figures 3c 
minus 3a, and (f) Figures 3c minus 3b. Contours are at 1, 5, 10, 15, 20, 30, 40, and 50 mm/month 
in Figures 3a-3c, at -5, -2, -1, -0.5, 0.5, 1, 2 mm/month in Figures 3d-3f. Darker (lighter) 
shading indicates the regions with values greater (less) than 5 (1) mm/month in Figures 3a-3c, 
0.0 (-0.5) mm/month in Figures 3d-3f. 

decreasing trend of the AWMI is pronounced after the 
year 1990, which is different from zero at the signifi- 
cance level of 98% using the T test. The linear trend in 
Figure 2 is consistent with the difference shown in Fig- 
ures ld, le, and lf. Therefore the intensity of the AWM 
will be reduced systematically and significantly in the 
global warming scenario. Variances of the detrended 
AWMI are, however, similar in the different period of 
the GHG run. It means that the interannual and inter- 

decadal variances of the AWM are not affected much by 
the global warming. 

3.2. Total Precipitation and Surface 
Evaporation 

The distribution patterns of total precipitation are 
similar for the various periods of the GHG run with 
large values in the tropics and the northwestern and 
western Pacific and small values over the Asian conti- 

nent (Figures 3a, 3b, and 3c), but their amounts change 
considerably in the temperate and high latitudes of Asia 
and the Indian Ocean and the western Pacific region 
(Figures 3d, 3e, and 3f). The total precipitation will 
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Figure 4. Same as Figure 3 but for the ratios of the total precipitation in different periods to 
that in the whole integration (GHG 1860 -,• 2099). Contour intervals are 10% in Figures 4a-4c, 
and 15% in Figures 4d-4f. Contours with values of 100% in Figures 4a-4c, and 0% in Figures 
4d-4f are omitted. Darkel' (lighter) shading indicates the regions with values greater (less) than 
110% (90%) in Figures 4a-4c, and 15% (-15%)in Figures 4d-4f. 

increase over the North Pacific, the tropical central Pa- 
cific, and the most parts of the Asian continent, espe- 
cially in the temperate and high latitudes of the con- 
tinent (Figures 3d, 3e, and 3f). The increase of the 
precipitation in the northern and central parts of Asia 
in the global warming scenario takes place mainly as 
solid (snowfall) and liquid precipitation (figures are not 
shown), respectively. It seems that the area and thick- 
ness of the snow cover in the northern part of Asia will 
increase in the global warming scenario. 

Since the amounts of the total precipitation is small 
in the northern part of Asia, the total precipitation 
changes are more clearly demonstrated through con]- 

parison of the ratios of the total precipitation (Figtire 
4). In the GHG 2050 • 2099 the total precipitation 
will increase by more than 15% in the northern part of 
Asia and decrease more than 15% in the regions from 
the Indian Ocean to the southwestern Pacific (Figure 
4e). It is noted that the precipitation change is not 
pronounced in the regions from Indochina peninsula to 
Japan via the western Pacific and the southeastern part 
of China (Figures 3d, 3e, 3f, 4d, 4e, and 4f). This is also 
coherent with the regional average of the total precipi- 
tation in the southern Asia and Tibetan Plateau shown 

in Figures 5b and 5c. The precipitation increasing (de- 
creasing) is coherent with the convergence (divergence) 
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of the wind field changes as shown in Figures ld, le, 
and lf. The increase of the precipitation over Asia is 
more pronounced in the high latitudes than in the low 
latitudes of Asia and in the GHG 2050 ,• 2099 than in 
the GHG 2000 ,• 2049 (Figures 4d, 4e, and 4f). 

Analyses of the regional average of the total precipi- 
tation show that the precipitation will increase signifi- 

cantly at the level of 99% using the T test in northern 
Asia (Figure 5a) and decrease slightly in southern Asia 
(Figure 5b) after the GHG 1990. This is coherent with 
the result in Figures 3 and 4. It is notable that the 
interannual variability of the precipitation in southern 
Asia with timescales of 2 -,• 3 years will enhance after 
the GHG 1990 (Figure 5b). It is found that the pre- 
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Figure 6. Same as Figure 3 but for the surface evaporation. Contours are at 0, 1, 10, 20, 30, 
40 mm/month in Figures 6a-6c. and at -5, -2, -0.5, 0.5. 2, 5 ram/month in Figures 6d-6f. 
Darker (lighter) shading indicates the regions with values greater (less) than 10 (1) ram/month 
in Figures 6a-6c. 0.0 (-0.5) ram/month in Figures 6d-6f. 

cipitation (snowfall) change is region dependent over 
the Tibet Plateau, but the average will increase slightly 
for the whole region of the Tibet Plateau in the global 
warming scenario (Figure 5c). It is expected that winter 
precipitation (snow cover) changes in the Tibet Plateau 
and the Asian continent in the global warming scenario 
will have a notable feedback on the general circulation 
in the NH and on the Asian summer monsoon [Douville 
and Royer, 1996]. 

Evaporation is much larger over the oceans than over 
the lands (Figures 6a, 6b. and 6c). The impact of the 
global warming on the evaporation is mainly concen- 
trated in the regions over the Asian continent and from 

the tropical western Pacific to the northwestern Pacific 
with enhanced evaporation (Figures 6d, 6e, and 6f). 
A decreased evaporation is visible over the tropical and 
subtropical central Pacific (Figures 6d, 6e, and 6f). The 
distribution patterns of the total precipitation minus 
the evaporation (P-E) are similar for the various pe- 
riods of the GHG run (Figures 7a, 7b, and 7c). In com- 
parison with the period of the present climate (GHG 
1940 -.• 1989), P -E will increase in the high latitudes 
of the Asian continent, North Pacific, and the tropical 
and subtropical central Pacific and decrease in the re- 
gions from the tropical Indian Ocean to the northwest- 
ern Pacific via the tropical western Pacific in the global 
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Figure 7. Same as Figure 3 but for the total precipitation minus the surface evaporation. 
Contours are at 1, 10, 20 ram/month in Figures 7a-7c, at -10, -5, -1, -0.2, 0.2, 1, 5, 10 
ram/month in Figures 7d-7f. Darker (lighter) shading indicates the regions with values greater 
(less) than 10 (1)mm/month in Figures 7a-7c, and 0.2 (-0.2) mm/month in Figures 7d-7f. 

warming scenario (Figures 7d, 7e, and 7f). The impacts 
of the global warming on the evaporation and P -E are 
more pronounced in the GHG 2000 • 2049 than in the 
GHG 2050 • 2099 (Figures 6, 7). Moisture in the soil 
and low levels of atmosphere will increase (decrease) in 
the regions with positive (negative) values of P-E in 
the global warming scenario. This suggests that the 
global warming will make the climate to be milder in 
the most parts of Asia, especially in the high latitudes, 
with enhanced moisture in winter. However, it should 
be pointed out that the above restilts are obtained from 
just one scenario run, and some of the precipitation 

and evaporation changes n!ay be model dependent, es- 
pecially in the high latitudes. 

4. Mechanism of the AWM Response to 
Greenhouse •rarming 

In this section, the mechanism of the AWM response 
to the greenhouse warming is investigated through an- 
alyzing variations near the ground (T2m and SLP) and 
in the middle and upper troposphere (H300 - H700) 
in the Asian and western Pacific regions. The distribu- 
tions of T2m and SLP in the Asian and western Pacific 
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Figure 8. Sanhe as Figure 3 but for the T2m. Contour intervals are 5øC in Figures 8a-8c, and 
iøC in Figures 8d-8f. Darker (lighter) shading indicates the regions with values greater (less) 
than 20 (-15) øC in Figures 8a-8c. and 4 (2) øC in Figures 8d-8f. 

regions are directly associated with the AWM, and the 
thickness distribution (H300 - H700) in high latitudes 
is related to the variations of the trough and jet stream 
over east Asia, which are the regulator of cold air in the 
AWM and energy of the AWM activity [Ding, 1991]. 
The localized Eliassen-Palm flux and its divergence at 
300 hPa in the Asian and western Pacific region give an 
insight of feedback effects of the transient flow on the 
zonal circulation in various periods of the GHG integra- 
tion. 

4.1. Variations Near the Ground 

Figure 8 shows the average of T2m in the (Figure 
8a) GHG 1940 • 1989, (Figure 8b) GHG 2000 • 2049. 

(Figure 8c) GHG 2050 • 2099, and their difference (Fig- 
ures 8d, 8e, and 8f). In comparison with the mean in 
the GHG 1940 • 1989 (Figure 8a) the temperature will 
increase over the whole domain in the global warming 
scenario (Figures 8d, 8e). However, as the temperature 
increasing is much more manifest over the Asian conti- 
nent than over the Pacific Ocean (Figures 8d, 8e, and 
8f). the temperature contrast between the cold land and 
the warm ocean in boreal winter will be reduced pro- 
nouncely in the global warnting scenario. especially in 
the GHG 2050 • 2099 (Figures 8c, 8e. and 8f). The dis- 
tribution patterns in Figures 8d. 8e, and 8f are coherent 
with the changes in annual mean surface temperature 
in the ECHAM4/OPYC3 CGCM with different forcing 
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Figure 9. Same as Figure 3 but for SLP. Contour intervals are 5 hPa in Figures 9a-9c, and 1 
hPa in Figtires 9d-9f. Darker (lighter) shading marks the regions with values greater (less) than 
1025 (1010) hPa in Figures 9a-9c, and i (-1) hPa in Figures 9d-9f. 

scenarios [see Roeckner et al.. 1999, Figure 8], which 
'J •' 0 '0 ......... 

scenario used. 

SLP changes due to the global warming exist over 
the Asian and western Pacific regions. Comparing the 
SLP distribution in Figures 9b and 9c with that in Fig- 
ure 9a, it is indicated that the Siberian high is weak- 
ened both for its intensity and range in the period with 
significant war]ning (GHG 2000 •- 2049, GHG 2050 •- 
2099) in contrast with that in the period without signif- 
icant warnting (GHG 1940 •- 1989). From the difference 
(Figures 9d, 9e, and 9f) the decrease of SLP is demon- 
strated over temperate and high latitudes of the Asian 
continent, and minor increases of SLP is also visible 

over the North Pacific along about 30øN • 50øN, es- 
pecially in the GHG 2050 •0 2099 (Figures 9c, 9e, and 
9f). This is agreed with Roeckner et al. [1999] (see their 
Figure 14). The similarity of the distribution patterns 
between the SLP differences (Figures 9d, 9e, and 9f) 
and the T2m differences (Figures 8d, 8e, and 8f) sug- 
gests the coherent and coupling relation between SLP 
and T2m variations over the Asian and western Pacific 

regions. The d•ange between the SLP in the temperate 
and high latitudes of the Asian continent and over the 
North Pacific is significant (see Figure 10). 

Figure 10 shows the temporal variations of SLP and 
T2m gradients along latitudes between the Asian conti- 
nent and the western Pacific. The longitudinal gradient 



4618 HU ET AL.: ASIAN WINTER MONSOON RESPONSE TO GLOBAL WARMING 

GRADIENT <80E•- 100E>-< 1 60E•- 1 80>/55N•-55N/DJF 
(e) TEMPERATURE 2M 

-15 

-21 

-24 

-27 
1860 1890 1920 1950 1980 2010 2040 2070 

MODEL TIME (YEAR) 

(b) SEA LEVEL PRESSURE 
35 

25 

2o 

15 
1860 1890 1920 1950 1980 2010 2040 2070 

MODEL TIME (YEAR) 

Figure 10. Same as Figure 2 but for the variations of the gradient of (a) T2m and (b) SLP 
between the mean of 80øE -• 100øE and the mean of 160øE -• 180 ø averaged in the latitudes of 
35øN -• 55øN. The linear trends are 0.018øC per year and -0.033 hPa per year for the period of 
the GHG 1990 -• 2099 in Figures 10a and 10b, respectively. The linear trends (long-dashed lines) 
during the GHG 1990 -• 2099 in Figures 10a and 10b are different from zero at the significance 
level of 99% using the T test. The units are (a) øC and (b) hPa. 

is defined as the difference between the mean of 80øE 

•- 100øE and the mean of 160øE -• 180 ø averaged in 
the latitudes of 35øN -• 55øN. The region of (80øE -• 
100øE, 35øN -• 55øN) represents the variations of SLP 
and T2m associated with the Siberian high, and the re- 
gion of (160øE -• 180 ø, 35øN ,• 55øN) reflects the vari- 
ations of SLP and T2m over the North Pacific. Inter- 

annual and interdecadal variations are clearly demon- 
strated in Figure 10. Linear trends of decreasing SLP 
and T2m gradients are pronounced after the year 1990 
in the GHG run. They are different from zero at the 
significance level of 99% using the T test. Therefore 
the SLP and T2m contrasts between the Asian conti- 

nent and the Pacific Ocean become significantly smaller 
in the global warming scenario. 

4.2. Variations in the Middle and Upper 
Troposphere 

Intensities and locations of the jet stream and the 
trough over east Asia in the middle and upper tropo- 
sphere are closely related with the activity and strength 
of the AWM. Figure 11 shows the average of H300-H700 
in the (Figure lla) GHG 1940 -• 1989, (Figure llb) 
GHG 2000-• 2049, (Figure 11c) GHG 2050-• 2099, and 
their difference (Figures lld, lle, llf). In the global 
warming scenario the central value of the thickness is 
increased from 5700 geopotential meters (gpm) in Fig- 
ure lla to 5800 gpm in Figures llb and llc. In the 
different fields (Figures 11d, 11e, and 11f), larger val- 
ues are in the Eurasian continent with the central val- 

ues exceeded 60, 125, and 75 gpm in Figures lld, lle, 
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Figure 11. Same as Figure 3 but for H300-H700 over the region (15øN ,,• 90øN, 0 ø ,,• 180ø). 
Contour intervals are 100 gpm in Figures 1 la- 1 lc, and 5 gpm in Figures 1 ld- 1 if. Shading marks 
the regions with values less than 5900 gpm in Figures 11a-11c. Darker (lighter) shading marks 
the regions with values greater (less) than 50 (40) gpm in Figure 11d, 110 (100) gpm in Figure 
1 le, and 65 (55) gpm in Figure 1 if. 

and 1 lf, respectively, and smaller values by the northern 
and southern sides. The change resulted from the global 
warming in the GHG 2050 ,,• 2099 is more evident than 
in the GHG 2000 •,, 2049 (Figures 1 ld, 1 le, and 1 if). 
This kind of distribution with larger values by the west- 
ern side and relatively smaller values by its eastern side 
of the east Asian trough (located in 120øE •,, 150øE) 
reflects the eastward shift of the east Asian trough in 
the global warming scenario. Figures 11d, 11e, and 11f 
also demonstrate the weakening and northward shift of 
the maximum gradient between the south and north 
sides of the jet stream and trough over east Asia, as 
larger values of the thickness changes are in the central 
part of the Eurasian continent and smaller values by 
its southeastern side along 20øN •,, 30øN. Therefore it 
is concluded that the jet stream and trough over east 

Asia will shift eastward and northward and weaken as 

well in the global warming scenario. The change of the 
average of H300 - H700 associated with the jet stream 
and trough over east Asia in Figure 11 is significant (see 
Figure 12). 

Figure 12 shows temporal variations of the gradients 
of H300-H700 between the western (90øE •,, 120øE) 
and the eastern (140øE •,, 170øE) sides of the east 
Asian trough averaged along 40øN •,, 60øN (Figure 12a) 
and between the southern (20øN •,, 30øN) and north- 
ern (35øN ,,• 50øN) sides of the east Asian trough av- 
eraged along 100øE •,, 130øE (Figure 12b). Beside in- 
terannual and interdecadal variations, linear trends are 

pronounced, which are different from zero at the signifi- 
cance levels of 95% and 99% in Figures 12a and 12b us- 
ing the T test, respectively. The increasing trend of the 
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Figure 12. Sanhe as Figure 2 but for the variations of the gradients of H300-H700 (a) between 
the western (90øE ,• 120øE) and eastern (140øE ,• 170øE) sides of the east Asian trough averaged 
along 40øN ,,• 60øN, and (b) between the southern (20øN ,,• 30øN) and northern (35øN ,,• 50øN) 
sides of the east Asian trough averaged along 100øE ,• 130øE. The long-dashed lines are the 
linear trends of the gradients during the GHG 1990 • 2099, which are different from zero at the 
significance levels of 95% and 99% in Figures 12a and 12b using the T test, respectively. The 
units are gpm. The linear trends are 0.18 and -0.35 gpm per year for the period of the GHG 
1990 ,• 2099 in Figures 12a and 12b, respectively. 

gradient in Figure 12a mainly reflects the eastward shift 
of the east Asian trough, and the decreasing trend in 
Figure 12b demonstrates the weakening and northward 
shift of the east Asian trough in the global warming 
scenario. The weakening and eastward and northward 
shifts of the east Asian trough will make the cold waves 
and cold air in the AWM to be less powerful in the 
Asian region. This corresponds to the weakening trend 
of the AWM in the global warming scenario. 

4.3. Transient Activity 

The AWM has a mean and a transient component 
of which the transient part has a more dramatic im- 
pact on the daily weather. The integral effect of the 

transient activities associated with the cold fronts and 

cold waves over east Asia and its feedback play an im- 
portant role in the AWM variations. The large values 
of zonal component of the two-dimensional (latitudinal 
and longitudinal) localized Eliassen-Palm flux (/•) and 
its divergence (V ß/•) for various periods in the GHG 
run at 300 hPa in the Asian and western Pacific regions 
are mainly concentrated in the North Pacific associated 
with the jet stream and storm tracks (Figures 13a, 13b, 
13c, and 13d). There exist systematic and pronounced 
changes of the localized Eliassen-Palm flux and its di- 
vergence due to the global warming in the Asian and 
western Pacific regions (Figures 13e, 13f, and 13g). A 
coherent signal from the global warming is an anoma- 
lous convergence of the localized Eliassen-Palm flux in 



HU ET AL. ASIAN WINTER MONSOON RESPONSE TO GLOBAL WARMING 4621 

60N 

40N 

20N 

EQ 
90E 120E 150E 180 150W 

(b) GHG2070,,-,2079 

[ - - -- -•'• '.'••• • n"-• "••••••••• 

20N -, 

gOE 120E 150E 180 150W 

(a) GHG2050•205g 
60N 

40N 

20N 

LOCALIZED ELIASSEN-PALM FLUX(ARROW)&DIVERGENCE(SHADED) 
U(CONTOUR)/500hPm & DdF (UNITS' M/S; M/S/DAY; M/S) 

((3) GHG2090,,,.,2099 (e) <2090,,-,2099>-<1980--,1989> 

...... ................. , 

EO 
90E 120E 150E 180 150W 

(d) GHG1980--,1989 
60N 

90E 120E 150E 180 150W 

(f) <2070,,-,2079>-<1980,'-,1989> 
6 0 • ....... -,- .... •.•,. ............ - .............. •,,.:•:•,•.• 1.:.• i!: 

40• 

2o• .,:•-":-:•ii-!i!iii::•.2'"':•? 
!:: ••.: :;,•:: :•..o-,; : ;.: ::.:: ;:: :: ::;; :; 

90E 120E 150E 180 150W 

(g) <2030,,-,2039>-< 1 980,,-, 1 989> 

:,:::::: .... * ...... .• ß •, •, • ,iii• '•:""" ... • ' ' :e;,/18 ' 

' • , • + • ..... 

tOE 120E 150E 180 150W 

40N 

20N 

EO 
90E 120E 150E 180 150W 

Figure 13. Localized Eliassen-Pahn flux (arrow), its divergence (shaded), and u component of 
the wind field (contour) at 300 hPa in winter for the decadal averages in'the periods of (a) the 
GHG 2090 • 2099, (b) the GHG 2070 • 2079, (c) the GHG 2030 • 2039, and (d) the GHG 1980 
• 1989, and the difference: (e) Figures 13a minus 13d, (f) Figures 13b minus 13d, (g) Figures 
13c minus 13d. Darker (lighter) shading marks the regions with values greater (less) than 0.5 
(-0.5) m/s/d for the divergence of the localized Eliassen-Palm flux. The contour intervals are 10 
m/s in Figures 13a-13d, and 2 m/s in Figures 13e-13g. The dashed lines represent the negative 
values in Figures 13e-13g. 

the Pacific Ocean along 25øN -• 40øN, which is in favor 
of decelerating westerlies in the core of the jet stream 
(Figures 13e, 13f, and 13g). Anomalous divergence is 
also evident in the northwestern Pacific along the coast, 
but the area of action changes from one to another pe- 

riod (Figures 13e, 13f, and 13g), which is in favor of 
accelerating westerlies. However the deceleration in the 
Pacific Ocean along 25øN • 40øN is larger than the ac- 
celeration in the latitudes farther north. The changes 
of the localized Eliassen-Palm flux and its convergence 
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Figure 14. Time-latitude diagram of the anomalies of the zonal component of the wind field at 
300 hPa averaged 120øE -• 150øE. The anomalies are calculated relative to the mean of 1860 -• 
1979. The dashed lines represent the negative values. The shading marks the regions with the 
values larger than 1 m/s. The contour intervals are 1 m/s. 

in the Pacific Ocean along 25øN ,,, 40øN are consistent 
with the changes of the thickness gradients in the global 
warming scenario shown in Figures 11d, 11e, and 11f. 

Figure 14 shows the temporal evolution of the anoma- 
lies of the zonal component of the wind field at 300 hPa 
along 10øN -• 60øN averaged 120øE-• 150øE. The sys- 
tematic weakening and northward shift of the jet stream 
over east Asia after the GHG 2020 are clearly demon- 
strated in Figure 14. The northward shift of the jet 
stream at 300 hPa over the North Pacific reflects the 

poleward withdrawing of the cold air in high latitudes, 
which associated with the weakening of the AWM in the 
global warming scenario. So, in the global warnting sce- 
nario, the feedback of the transient activity forces the 
jet stream over the North Pacific to be shifted to the 
higher latitudes. The northward shift of the jet stream 
forced by the transient activities over the North Pacific 
agrees with the poleward shift of the east Asian trough 
(Figures 11, 12), and also cohered with the total pre- 
cipitation changes over the Asian and western Pacific 
regions (Figures 3, 4). 

5. Summary and Discussion 

The Asian winter monsoon (AWM) response to the 
global warming was investigated through a long-term 
integration of the transient greenhouse warming with 
the ECHAM4/OPYC3 CGCM. The physics of the re- 
sponse was studied through analyses of the impact of 
the global warnting on the variations of the ocean and 
land contrast near the ground (T2m and SLP) in the 
Asian and western Pacific regions and the east Asian 
trough and jet stream in the middle and upper tropo- 
sphere (H300 - H700). Forcing of transient eddy activ- 
ity on the zonal circulation over the Asian and western 
Pacific regions was e, lso analyzed. 

It is found that in the global warming scenario the 
winter northeasterlies along the Pacific coast of the 
Eurasian continent weaken systematically and signifi- 
cantly, and the intensity of the AWM reduces evidently, 
but the AWM variances on the interannual and in- 

terdecadal scales are not affected much by the global 
warming. The corresponding changes of precipitation 
and evaporation over some regions of Asia and the west- 
ern Pacific region are pronounced. It is suggested that 
the global warming makes the clintate to be milder over 
the most part of Asia (especially in the high latitudes) 
with enhanced moisture in winter. 

In the global warming scenario the contrasts of the 
sea level pressure and near-surface temperature between 
the Asian continent and the Pacific Ocean become sig- 
nificantly smaller, northward and eastward shifts and 
weakening of the east Asian trough and jet stream in 
the middle and upper troposphere are found. As a con- 
sequence, the cold air in the AWM originating from the 
east Asian trough and high latitudes is less powerful. 
The northward shifts of the jet stream in the middle 
and upper troposphere over the North Pacific in the 
global warming scenario can be partly attributed to the 
feedback of the transient activity. 

Significant intpacts of the global warming on the 
AWM have been demonstrated by the above analyses in 
the long-term integration with the ECHAM4/OPYC3 
CGCM. The weakened AWM in the global warming sce- 
nario is cohered with the weakened Hadley cell over the 
Asian and western Pacific regions (Figure 15), which 
will influence the interactions between two hemispheres 
and between low and high latitudes. The weakened 
Hadley cell may be mainly the result of the reducing 
temperature gradients between low and high latitudes 
in the troposphere in the global warming scenario, as 
the temperature increases are more pronounced in the 
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Figure 15. Divergences at 200 hPa along 15ø5 ,,0 90øN averaged in 90øE ,,0 120øE and in the 
periods of the GHG 1940 ,,• 1989 (solid), GHG 2000 ,,• 2049 (dashed), and GHG 2050 ,,• 2099 
(dotted). The units are 10 -ø s -1. 

high latitudes than in the low latitudes, as shown in Fig- 
ures 8 and 11. The changed wind field, precipitation, 
and evaporation in the AWM region in the global warm- 
ing scenario will influence the energy and hydrological 
cycles inside and outside the region. For example, the 
weakened AWM is coherent with suppressed convection 
activity over the warm pool region in the western Pacific 
(Figure 3). It is expected that the feedback of the con- 
vection variation over the warm pool region will have 
some impact on the climate and general circulation in 
the NH [ttu and Nitta, 1997; Nitta, 1987]. The asso- 
ciation of the changed AWM with the circulation and 
climate in the NH or even in the globe is out of the 
scope of the present paper. 

The feedback of the transient activity on the zonal 
circulation has been demonstrated in this work, but the 
transient activity associated with the daily variability 
of the AWM is largely organized and modulated by the 
stationary and quasi-stationary waves. This is a two- 
way interaction. In this work, only the feedback of the 
transient activity on the waves was analyzed through 
investigating the localized Eliassen-Palm flux and its 
divergence for various periods in the GHG run. It is 
still an open question of the impact of changed station- 
ary and quasi-stationary waves in the global warming 
scenario on the transient component of the AWM. 

There are some significant limitations of the results 
obtained in this study. One is from the coarse reso- 
lution (T42) of the model used in this work. Recent 
investigations [e.g., $tendel and Roeckner, 1998] have 
indicated that a model with a higher resolution can give 
more realistic climate simulations than the model with a 

lower resolution, especially for regional climate changes. 
The quantitative results of regional climate changes in 
a global GCM simulation sometimes is sensitive to the 
model resolution. A similar integration with a higher 

horizontal and vertical resolution model should be done 

as the computing power is available. Comparison of the 
present results with the results from various resolution 
models and from different-type models is also necessary 
as one topic of future researches. Another limitation of 
the present results is using one official IPCC scenario 
(IS92a). Evidently, it is not enough for arriving at re- 
alistic conclusions on the next century climate change. 
More scenarios are needed for an ensemble run that may 
produce more meaningful results, especially for regional 
climate change estimates. Therefore to predict the next 
century climate change with higher accuracy, it is neces- 
sary to make some ensemble runs with different models 
and various scenarios. 
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