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Abstract 

The subject of this paper is to investigate the representation of the tropical easterly jet (TEJ) in 

the Max-Planck-Institute's (MPI) climate models and in the reanalyses of the European Centre 

for Medium Range Weather Forecasts (ECMWF) and the National Center for Environmental 

Prediction (NCEP). We investigate the representation of the TEJ in the reanalyses in order to 

confirm whether these can be used as climatologies in the data sparse regions of southern and 

south-eastern Asia. We describe some of the causes for different representations in the various 

model simulations and some of the relationships between the jet stream and precipitation pat- 

terns. 

The TE] is strongly affected by the choice of the convection scheme and the evolution of the 

temperatures of the middle and upper troposphere over the Tibetan plateau. Depending on the 

resolution and the differences in the parameterization schemes the representation of convection 

varies. In addition, the temperatures above the Tibetan plateau are higher in the ECHAM3 si- 

mulations. As a result of these differences the older model version ECHAM3 describes the TEJ 

more realistically than the newer version ECHAM4. Generally, the higher resolution of T106 

leads to a better representation in both versions of ECHAM and the differences between the 

model versions are smaller compared to the lower resolution T42. The deficiencies in the phys- 

ical parameterization, however, have a detrimental effect. 

A direct influence of the TEJ on the strength and the distribution of precipitation in Africa, e.g. 

enhancement or reduction of the precipitation by influencing the vertical velocity below the jet 

core, cannot be deduced in this investigation. The pressure distribution in the upper troposphere 

over northern Africa and the differences in the parameterization of convection seem to be the 

most important mechanisms influencing the precipitation in the Sahel. 

These findings are based on a series of sensitivity studies with ECHAM4 T42. In the first ex- 

periment, the so-called "low-wind-correction", which increases the convection over tropical 

ocean areas with weak or no grid-averaged surface winds, is removed. In terms of the outgoing 

longwave radiation (OLR), this leads to a weaker convection in particular in the Indonesian re- 

gion compared to the control experiment and a better representation of the TE] in the entrance 

region. In the second experiment, we tried to increase the surface temperature on the Tibetan 

plateau by preventing the sanctifier to accumulate at 84 E and 32°N. This leads to slightly high- o 
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or temperatures above the Tibetan plateau and to a better representation of the TEJ and the pre- 

cipitation patterns, particularly in the Indian region. 
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1. Introduction 

The climate of the tropics in the south eastern Asian region is governed by a half-yearly circu- 

lation change. In the lower troposphere the circulation changes from a north-easterly flow in 

winter to a south-westerly flow associated with the Asian Northern Hemispheric summer mon- 

soon. At the time of the onset of the monsoon the westerly jet stream in the upper troposphere 

abruptly retreats to a location north of the Himalayas while an easterly jet stream is established 

over the Indian ocean. This so-called "tropical easterly jet" (TEJ) has been intensively studied 

by Koteswaram (1958) and Flohn (1964). Further studies has been carried out in the summer 

MONsoon EXperiment (summer MONEX) (Fein and Kuettner, 1980: Krishnamurti, 1986) and 

in the First GARP Global Experiment (FGGE) (Kaneshige, 1980, Yanai et al., 1992). Those 

studies give the following description of the TEJ: The strongest wind velocities occur between 

200 and 100 hPa in the region of 5 to 20°N. The TE] covers a large area from the western Pacific 

ocean across India and northern Africa to the Atlantic ocean (Flohn, 1964). In the entrance re- 

gion in the area of 150 to 80°E the wind field is accelerated. The jet attains its maximum speed 

over the Eastern Arabian sea between 13 and 15°N and decelerates in the exit region over Afri- 

ca. In the entrance region the zonal wind (Fig. 1) is combined with a weak northerly wind com- 

ponent compared to a weak southerly component in the exit region (Koteswaram, 1958, Flohn, 

1964). In the entrance region two different jet branches exist: a northern branch with a core at 

16°N and 100 hPa and a southern branch at 5°N and 150 hPa. Fig. 2 shows a meridional section 

of the zonal wind velocity at l00°E as observed during the Indian Ocean Experiment (Ramage 

and Raman, 1972) which supports the suggestion by Flohn (1964) that two jet branches exist in 

the entrance region. The jet core shows a downward tilt from a height of 16 km at 22°N to 14 

km at 8°N and from 16 km in the entrance region to 14 km in the exit region (Flohn, 1964, Ko- 

teswaram, 1958, Osman et al., 1969). Monthly mean wind velocities may reach values of 34 ms' 

1 . North of 22°N the TEJ merges with stratospheric easterly winds, which regularly penetrate 

downwards into the troposphere in the summer (Flohn, 1964). 

The observational studies are regional and only cover limited periods of time. No climatologies 

are available. One purpose of this paper is to check whether the reanalyses can be used as a cli- 

matology in the data sparse region. Therefore we validate the reanalysis against the observations 

mentioned in earlier papers and upper air data from Indian climate stations. Furthermore the 

representation of the TE] in simulations is investigated at different resolutions and different ver- 

sions of the MPI climate models. After a short description of the models in section 2, we de- 
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scribe the representation of the TE] in the reanalyses and simulations with the different model 

versions and model resolutions in section 3. In section 4 we discuss possible causes for the dif- 

ferent representation of the TEJ associated to the precipitation patterns. In section 5 we describe 

the results of experiments which were carried out to test the sensitivity of the representation of 

the TEJ against changes in the model parameterizations and section 6 contains some concluding 

remarks with a view to model improvement. 

2. Models and validation data 

The general circulation model used in this study is the Max-Planck-Institute's ECHAM atmos- 

pheric model. It is available at various horizontal resolutions which determine the number of 

waves which are explicitly resolved on the globe. Generally, a horizontal resolution of T42 is 

used, but simulations are also available at T21, T30, T63 and T106 resolutions. For simulations 

of the climate system the atmospheric model is coupled to an ocean model. Here we shall, how- 

ever, focus on the long-term climatologies of atmospheric model simulations based on climato- 

logical sea surface temperature (SST) since they show the lowest interannual variability. The 

structure and numerical formulation of the two model versions ECHAM3 (Roeckner et al., 

1992) and ECHAM4 (Roeckner et al., 1996) are almost identical. Prognostic variables are vor- 

ticity, divergence, temperature, the logarithm of surface pressure, water v a p o r  and cloud liquid 

water. In ECHAM4 water vapor,  cloud liquid water and chemical substances are calculated 

using a semi-Lagrangian transport scheme (Williamson and Rasch, 1994). For the vertical rep- 

resentation a 19 level hybrid sigma-pressure coordinate system is used. The time integration is 

carried out using a semi-implicit "leap frog" method. For our investigation climatological 

means of the AMIP (Atmospheric Model Intercomparison Project) sea surface temperature and 

sea ice data sets of the COLA/CAC (Center for Ocean Land and Atmospheric Studies / Climate 

Analysis Center) are used, orography, the land-sea and glacier masks are calculated from the 

high resolution US Navy data set. The main differences between the two model versions occur 

in the physical parameterizations of sub-grid scale processes (Table 1). 

For our investigation we used long term mean values of zonal and meridional wind velocity, 

500 hPa temperature, outgoing longwave radiation (OLR) and total precipitation for July from 

ECHAM3 and ECHAM4. The TEJ occurs in a region where only few observational data sets 

and no climatologies are available. Therefore we compared reanalyses data from the European 

Center for Medium Range Weather Forecasts (ECMWF) (Gibson et al., 1997) and the National 
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Center for Environmental Prediction (NCEP) (Kalnay et al., 1996) to observations in earlier 

studies (Koteswaram, 1958, Flohn, 1964, Osman et al., 1969, Ramage and Raman, 1972, Kris- 

hnamurti, 1986, Yanai et al., 1992). The ECMWF reanalysis is interpolated from T106 to T42 

and the NCEP reanalysis from T62 to T42. The comparison revealed that the TEJ is well repro- 

duced in the reanalyses, so that we used them for validation purposes (Table 2). 

Further, an observational data set of the outgoing longwave radiation (OLR) (lanowiak et al., 

1985), precipitation data from the GPCP (Rudolf et al., 1992) and Legates and Willmott (1990) 

and upper tropospheric wind measurements from climate stations in India (Table 3) are used. 

Although relatively little data is available, the observations are used to find out whether reana- 

lyses data can be used as a climatology in those dilatations sparse regions. 

3. The model simulated tropical easterly jet 

o 

0 

Compared to the descriptions in earlier papers (Koteswaram, 1958, Flohn, 1964, Osman et al., 

1969), where observations are locally available, the TEJ is well reproduced by the reanalyses. 

It covers an area from the western Pacific ocean across India to the eastern Atlantic ocean. In 

the entrance region (Fig, 2) there are two jet branches as observed by Flohn (1964) and Ramage 

and Raman (1972). In spite of the general agreement there are differences in details between the 

two reanalyses data sets (Table 4). The highest wind velocities and their locations in the reana- 

lyses are well reproduced although the value of the ECMWF reanalysis (38 msll) seems to be 

too strong compared to observations at Indian climate stations (33 ms'l)(Table 3). While the 

maximum in the ECMWF reanalysis is confined to 100 hPa with downward decreasing veloci- 

ty, two separate jet cores exist in the NCEP reanalysis at 9°N (150 hPa) and 15 N (100 hPa) both 

reaching more than 34 ms'l. The observed structure of the entrance region with the two sepa- 

rated branches is well simulated by the reanalyses. As an example, the ECMWF reanalysis 

shows a northern branch at l6°N and 100 hPa and 28 msll while the southern one appears at 

5°N and 150 hPa and reaches wind speeds of 21 ms'l. The observed north-south downward tilt 

of the region of maximum wind velocities and the meridional circulation at the level of the TEJ 

are well reproduced by both reanalyses. To the west of 80°E southerly winds occur, while to the 

east of 80 E the winds are northerlies. The secondary maximum in the exit region, which is doc- 

umented by observations of Koteswaram (1958) but not by Flohn (1964), does not occur in ei- 

ther of the reanalyses. The downward tilt from the entrance to the exit region only appears in 

the NCEP reanalysis, while in the ECMWF reanalysis the jet core is confined to 100 hPa. 
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The main features of the TE] are generally well reproduced by the models as well, but there are 

some differences in detail between the different model simulations. Table 4 summarizes the rep- 

resentation of the main features of the TEJ by the reanalyses and the model simulations. Fig. 3 

shows the zonal wind velocity at 100 hPa and Fig. 4 shows meridional sections of the zonal 

wind velocity at l()0°E. 

The maximum wind velocity is slightly weaker in the model simulations compared to the rea- 

nalyses, but comparable with observations at Indian climate stations. At the lower resolution of 

T42 values of 31 to 32 m/s appear while in ECHAM4 T106 the maximum velocity reaches 33 

m/s. In the model simulations the maximum velocity occurs at 100 hPa over the eastern Arabian 

Sea between 13 and 15°N (Fig. 3). Compared to the reanalyses, the level of the jet core is well 

reproduced, but it is shifted slightly to the south. Observations of Flohn (1964) on the other hand 

suggested the jet core to be positioned at l0°N (Fig. 1), while observations at Indian climate sta- 

tions support the representation by the models where the jet core is at about 13°N. The real lo- 

cation of the jet core is unknown due to the lack of observational data but the representation of 

the TEJ in the reanalyses is closest to the observations described in earlier papers. 

At 200 hPa the TEJ is weaker and covers a much smaller area. This is true for the reanalyses as 

well as for the model simulations and is the reason why we use the 100 hPa level for our inves- 

tigation instead of the generally used 200 hPa level. Reason for the weaker TE] at 200 hPa is 

that the core of the Tibetan high is positioned between 150 and 200 hPa with downward decreas- 

ing meridional pressure gradient below 150 hPa. The observed north-south downward tilt of the 

region of maximum wind velocties which extends over the whole jet region (as an example Fig. 

5 for ECHAM4 T42) is well reproduced by the model simulations (Fig. 4 for cross sections at 

l00°E). A further difference is the appearance of stronger winds further to the south in the mod- 

el simulations eastward of about 80°E at 100 hPa. While in the ECMWF reanalysis wind veloc- 

ities higher than 20 m/s are confined to the narrow latitude belt of 5 to 20°N, such high wind 

velocities appear in the broader belt of 5°S to 20°N in the ECHAM4 simulations. Further differ- 

ences occur in the zonal extent of the exit region. In the ECHAM4 simulations, the TE] gener- 

ally extends further to the west than in ECHAM3 and the reanalyses. This can be seen by 

comparing the longitudinal extent of the 20 msll isotach (Fig. 3) 
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The southern branch in the entrance region mentioned by Flohn (1964) occurs in the model only 

in the T106 simulations (Fig. 4) and a weak indication is found in ECHAM3 T2l (not shown). 

In the T106 simulations the entrance region is well reproduced compared to the reanalyses al- 

though the northern branch is slightly displaced to the south (Table 4). In ECHAM4 Tl06, for 

example, the northern branch appears at l2°N and 100 hPa (27.5 rns'l) while the southern one 

occurs at 6°N and 150 hPa (25 ms'l). This confirms that even simple models can broadly rep- 

resent the land / ocean heat contrast responsible for the dynamics of the TEJ. To simulate the 

details of the circulation and precipitation patterns the higher resolution of T106 is, however, 

required. 

Compared to the reanalyses the structure of the meridional circulation at the level of the jet core 

is better reproduced in ECHAM3 than in ECHAM4. In the ECHAM3 T42 and T106 the struc- 

ture of the meridional circulation is well reproduced compared to the reanalyses, apart from the 

slightly weaker wind velocities. In the ECHAM4 simulations the meridional wind velocities in 

the exit region are weaker than in ECHAM3 and their appearance extends further to the west. 

Furthermore the stronger meridional winds in the entrance region occur further to the east. As 

an example Table 4 shows the maximum meridional velocity and its location at 15 N. o 

4. Discussion of the representation of the TE] 

The main cause for the existence of the TE] in summer is the large scale land/ocean distribution 

in the Asian monsoon region with the associated differential heating between the land and the 

ocean, which gives rise to a pressure gradient in the lower troposphere towards the Asian con- 

tinent in the summer (Webster, 1987). Because of this strong relationship between the TEJ and 

the Asian summer monsoon, the jet wind velocity at 200 hPa has been used as a part of a so- 

called "monsoon index", describing the interannually varying strength of the monsoon (Web- 

ster and Yang, 1992). 

During the late spring and early summer the radiational forcing at the land surface is converted 

into a strong sensible heat flux over the Tibetan plateau (Nitta, 1983, Yanai et al., 1992, Yanai 

et al. 1994). The presence of the Himalayan mountain range acts in three ways. First, it causes 

the abrupt rather than gradual northward migration of the westerly jet stream at the onset of the 

monsoon. Secondly, it provides a strong elevated heat source. A further strong energy source in 

the summer monsoon season is the release of latent heat at the southern and south-eastern flanks 
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of the Himalayan mountains, which warms the middle and upper troposphere and maintains the 

energy level of the monsoon system. This leads to a 6 to 8 degrees higher temperature at 500 

hPa over Tibet than over the equator at the same longitude (Flohn, 1964). Furthermore the oro- 

graphy acts as an obstacle to the westerly flow and leads to forced rising motion at the west coast 

of the Indian subcontinent, the coast of Burma and the northern Bay of Bengal. The Himalayan 

mountain range and the coastal mountains of Burma also strengthen the convergence in the 

northern Bay of Bengal. This triggers convection and therefore leads to a further warming of 

the upper troposphere (Hahn and Manabe, 1975). 

The meridional circulation in the layer of the jet core is caused as a consequence of the adaption 

between the pressure and the wind field. The imbalance between the pressure gradient force and 

the Coriolis force leads to a deflection of air parcels flowing at the "real" velocity. This deflec- 

tion takes place towards low pressure (south) in regions of accelerating flow and towards high 

pressure (north) in regions of decelerating flow (Flohn, 1964). As such the mean meridional cir- 

culation in the entrance region is a thermally direct cell with rising warm air north of the jet core 

and sinking cold air south of the jet core. In the exit region, on the other hand, an indirect cell 

with rising cold air south of the jet core and sinking warm air north of the jet core is created 

(Flohn, 1964). 

The production of kinetic energy of the easterly flow takes place above the 250 hPa level. The 

southerly outflow from the subtropical jet is a mechanism by which eddy kinetic energy is con- 

verted into kinetic energy of the mean zonal flow. In addition, stratospheric easterly winds reg- 

ularly penetrate downwards into the northern branch of the TEJ. But the most important 

accelerating mechanisms in the upper troposphere above 250 hPa are the conversion of availa- 

ble potential energy into kinetic energy in the region of the increasing pressure gradient south- 

east of the Tibetan high and the convection over the western Pacific and Indonesia, which, 

together with the Coriolis force, converts available potential energy of the diabetic heating into 

kinetic energy of the mean zonal flow (Krishnamurti, 1987). 

The subject of this paper is to analyse the representation of the TEJ in the reanalyses of ECMWF 

and NCEP and in the climate models of the MPI in Hamburg. Furthermore the relationships be- 

tween the TEJ and the precipitation should be investigated. At first we compared the reanalyses 

with observations before we validated long term monthly mean data of the main characteristics 
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of the TEJ in different model simulations against reanalyses data. The main result is that the ma- 

jor characteristics are reasonably well reproduced by the models but, differences occur with re- 

spect to some of the details. 

As a large scale feature the maximum velocity and the position of the jet core depends mainly 

on the meridional pressure gradient between the upper tropospheric Tibetan high and the equa- 

torial trough. The position of the high is well reproduced by the models compared to observa- 

tions (Mason and Anderson, 1963, Ramage and Raman, 1972). The higher wind velocities in 

the reanalyses compared to the model values are the result of a stronger meridional geopotential 

gradient south of the Tibetan plateau. Table 5 shows the maximum meridional gradient of the 

100-850 hPa and 200-850 hPa thickness for the different model versions and the reanalyses. In 

the model simulations these gradients are resolution dependent with stronger values in simula- 

tions with higher horizontal resolutions. One reason may be the better representation of the oro- 

graphy, which leads to enhanced temperatures in the middle and upper troposphere and 

therefore to a stronger Tibetan high. 

Apart from the north-south pressure gradient, the convection plays an important role in govern- 

ing the structure of the TEJ. It influences the wind velocity in the upper troposphere in the fol- 

lowing way: It induces a secondary circulation with rising warm air and sinking cold air in a 

meridional plane. In this circulation available potential energy is transferred into kinetic energy 

of the meridional flow. Due to the Coriolis force this kinetic energy of the meridional flow is 

transferred into kinetic energy of the mean zonal flow (Krishnamurti, 1987). The features of the 

TEJ which are mainly governed by convection are the structure of the entrance region, the ex- 

tent of the TE] to the west and the north-south downward tilt of the region of maximum winds. 

(Fig. 5)- 

While the two branches in the entrance region mentioned by Flohn (1964) are well reproduced 

in the reanalyses, the quality of representation differs between the model simulations (Fig. 3, 

Fig. 4). Both branches are well reproduced only by the T106 resolutions, but not at the lower 

resolution T42. The southern one at about 5°N and 150 hPa appears to be related to the convec- 

son in the region of the Philippines. This is supported by a comparison of the OLR of the rea- 

nalyses, the T106 simulations and ECHAM3 T42 (Fig. 6). In the latter simulation, which does 

not show a southern branch, the convection in the region of the Philippines is weaker than in the 
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reanalyses and in the T106 simulations. The northern branch is mainly developed by the circu- 

lation around the Tibetan high and by stratospheric easterly winds which regularly penetrate 

into the troposphere in summer (Flohn, 1964). 

By comparing the zonal wind velocity (Fig. 3 and Fig. 4 and Table 4) and the convection (in 

terms of the OLR) (Fig. 6 and Table 5), it appears that in the ECHAM4 simulations the strongest 

convection east of 80°E is moved to the southeast at a resolution of T42, while at the resolution 

of T106 it is moved to the east compared to the observation (Janowiak et al., 1985) and 

ECHAM3. While in the ECHAM3 T42 simulation the strongest convection occurs over the Bay 

of Bengal, in the ECHAM4 T42 simulation the convection is strongest between the Malaysian 

peninsula and the Philippines (Fig. 6). This results in a southward shift of the circulation around 

the Tibetan high in the ECHAM4 T42 simulation and a merging of the two jet branches at a 

latitude between their observed positions at 100 hPa (Fig. 4). Furthermore it leads to a stronger 

northerly component in the upper troposphere, which is deflected to the west by the Coriolis 

force (Krishnamurti, 1987) and results in an unrealistically strong southern branch of the TEJ 

up to the 100 hPa level (Fig. 4). The ECMWF reanalysis on the other hand shows weaker con- 

vection so that the dynamics at 100 hPa level are not influenced and the strong winds are con- 

fined to the latitude belt of 5 to 20°N (Fig. 3), which is more realistic compared to earlier 

observations (Flohn (1964) and Koteswaram (1958)) 

The well reproduced north-south downward slope of the region of maximum velocity, which 

extends over the whole jet region, is governed by the interaction of the Tibetan high and the con- 

vection. This is supported by comparing the convection in terms of OLR and different meridio- 

nal sections of the zonal wind (Fig. 5). This comparison suggests that the convection accelerates 

the easterly winds at 150 hPa south of the jet stream axis in the entrance region and the region 

of the maximum winds, since the upper tropospheric outflow out of the Tibetan high suppresses 

a divergence to the north from the regions of convection. The meridional pressure gradient, 

which is strongest at 100 hPa, is responsible for strong winds at this level (Table 5). At 200 hPa 

all model simulations and the reanalyses show a much weaker TEJ. Since the core of the Tibetan 

high is positioned between 150 and 100 hPa, the north-south pressure gradient is much weaker 

at the 200 hPa level (Table 5). 

These results supports the findings of Chen and Dell'Osso (1986) and Krishnamurti (1987) that 
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a successful representation of the circulation in the upper troposphere depends on an accurate 

descriptions of the large scale heat sources and sinks in the Asian monsoon region. For a simu- 

lation of the coarse features of the TEJ it is sufficient to describe the land/sea contrast realisti- 

cally. 

Therefore even ECHAM3 T21 can reproduce the large scale features of the TEJ. A higher hor- 

izontal resolution is necessary to simulate further details. At the resolution of T106 the location 

of convection is better represented compared to the observations (Janowiak et al., 1985, as an 

example) and the two branches of the TEJ are clearly separated (Fig. 4 and Fig. 6). 

In the exit region the. extent of the TEJ to the west appears to be governed by the meridional 

circulation, a southerly wind, which is deflected to the east by the Coriolis force and thereby 

decelerating the TEJ. The effect is visible by comparing the westerly extent of the 20 ms'l iso- 

tachs of the different data sets (Fig. 3, Table 4). The meridional circulation in the exit region is 

governed by the pressure gradient between the equatorial trough and the upper tropospheric 

high over Algeria. Table 5 shows the maximum meridional gradient of the 100-850 hPa thick- 

ness at 0°E. The stronger high pressure system in the ECHAM4 simulations compared to 

ECHAM3 and the reanalyses leads to a stronger pressure gradient force, a smaller difference 

between the pressure gradient force and the Coriolis force, a weaker meridional circulation and 

results in a greater longitudinal extent of the TEJ. Because of continuity, the weaker meridional 

circulation is related to weaker convection in the equatorial trough. 

As mentioned above the main differences in the representation of the TEJ between ECHAM3 

and ECHAM4 are due to differences in the representation of convection. In ECHAM4 a modi- 

fied parameterization of convection is used. While ECHAM3 uses the mass flux scheme of 

Tiedtke (1989), the parameterization of ECHAM4 has been changed according to Nordeng 

(1994). The closure in Tiedtke's scheme is based on the observation that typical cloud ensem- 

bles are related to specific synoptic conditions. He distinguishes between three kinds of convec- 

tion. The first kind is deep convection under disturbed conditions in the presence of lower 

tropospheric large scale moisture convergence. The second is shallow convection under stably 

stratified conditions which is mainly governed by the turbulence under the cloud, and the third 

is the so-called mid-level convection in potentially unstable situations. Nordeng only changed 

the scheme for deep convection introducing a new closure assumption by relating the mass flux 

at the cloud base to the convective available potential energy (CAPE). 
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Both convection schemes assume that entrainment and detrainment consist of an organized ex- 

change through the cloud base (entrainment) or the cloud top (detrainment), and a turbulent part 

at the cloud borders. In Tiedtke' s scheme the organized part is connected to the large scale mois- 

ture convergence, i.e. the cloud height depends on the large scale circulation. Nordeng (1994), 

on the other hand, assumed that organized entrainment takes place if buoyancy is present local- 

ly, i.e., entrainment is related to the activity of the cloud itself. According to Nordeng (1994), 

the relationship to buoyancy leads to weaker mass fluxes at the cloud base but higher values of 

entrainment compared to the connection to the large scale circulation in Tiedtke's scheme and 

results in a northerly displacement of areas of maximum precipitation. This becomes obvious 

by comparing ECHAM3 T106 and ECHAM4 T106 in the Western Pacific ocean (Fig. 8). Apart 

from this, the local buoyancy is generally stronger tied to the surface temperature than the large 

scale moisture convergence. This results in the Nordeng scheme being more sensitive to SST 

and to changes of the SST and explains the occurrence of a stronger precipitation maximum 

southwest of India and stronger precipitation in the region of the Philippines in ECHAM4 as 

compared to ECHAM3 (Fig. 8). 

In Tiedtke's scheme, detrainment only takes place at the level of zero buoyancy of the deepest 

clouds. Nordeng on the other hand introduced a spectral cloud distribution to allow the entrain- 

ment from clouds at different heights. The resulting detrainment covers a deeper layer, and is 

associated with stronger vertical velocity, stronger convective activity and therefore stronger 

precipitation over a larger area compared to Tiedtke's scheme (Nordeng, 1994). This is con- 

firmed by the different precipitation patterns of ECHAM3 and ECHAM4 in the region of high- 

est SST over the western Pacific, the South China Sea and Indonesia (Fig. 8). 

A second mechanism that influences the strength and structure of the TEJ is the surface tempe- 

rature of the Tibetan plateau. The sensible and latent heat fluxes in the summer are responsible 

for a heating of the upper troposphere and therefore for the strength of the Tibetan high. This 

surface temperature is simulated too low in ECHAM4 although the same surface temperature 

parameterization is used in both model versions. The mean surface temperature of ECHAM4 

T106 (4°C) is more realistic than that of ECHAM4 T42 (about 0.6°C), but it is lower than that 

in the reanalyses (NCEP 6°C and ECMWF 8°C) and the ECHAM3 simulations (T42 8°C and 

T106 more than 9°C). The real climatological temperature for July is not known since it is not 
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reproducible from existing climatologies and we do not have any data in this region. The reso- 

lution difference between T106 and T42 results in an about 900 m higher central plateau surface 

at a resolution of T42 (Fig. 7a). Furthermore Wild et al. (1996) showed that the absorption of 

solar radiation by cloud liquid water and water vapour is larger in ECHAM4 than in ECHAM3 . 
That explains the lower surface temperature in ECHAM4 comparing with the same resolution 

of ECHAM3. Both mechanisms lead to more snowfall and an accumulation of snow in the 

ECHAM4 T42 simulation. If the snow depth reaches a limit, the albedo in the model rises 

abruptly. At 84°E, 32°N ECHAM4 T42 shows an albedo of 0.45 compared to 0.2 in ECHAM4 

T106 and the ECHAM3 simulations. Fig. 7b shows the difference between ECHAM4 T42 and 

ECHAM4 T106 of the net solar radiation at the surface and stresses the effect of the albedo dif- 

ference. The snow-albedo-feedback leads to a further decrease of the surface temperature and 

explains the larger temperature difference between the different horizontal resolutions in 

ECHAM4 compared to ECHAM3. 

'HL 

In 

Figure 9 shows the temperature at 500 hPa of the Tibetan region for the different data sets which 

depends on the surface temperature. the reanalyses and ECHAM4 T106 the temperature at 

500 hPa above the Tibetan plateau reaches values of about l°C. This is supported by findings 

of Flohn (1964). In the ECHAM3 simulations the temperature maxima are slightly higher, while 

they are slightly lower and shifted to the southeast in the ECHAM4 T42 simulation. 

The influence of the Tibetan plateau is obvious when the maximum zonal wind velocity (Fig. 

3) and the temperature at 500 hPa (Fig. 9) are compared. We would expect that higher temper- 

atures at 500 hPa are associated with higher wind velocities at 100 hPa. This is obvious by com- 

paring ECHAM3 and ECHAM4 simulations which both use the Tiedtke convection scheme. 

ECHAM3 T42 shows» a maximum velocity of 31.6 msll 

500 hPa. ECHAM4 T42 on the other hand shows a temperature of -l°C at a position shifted to 

the southeast and a maximum velocity of 29 msll. The changed parameterization of Nordeng 

increase the convection over the oceans, so that an equally low temperature at 500 hPa is asso- 

ciated with a higher maximum velocity of 32.5 msll. The effect of the lower 500 hPa tempera- 

ture is therefore cancelled out by stronger convection. For ECHAM3 T106 an integration period 

of only 5 years has been available compared to 30 years for the lower resolution of T42. Since 

the zonal velocity is still increasing during the first 10 years of the T42 simulations, the higher 

temperatures associated with lower zonal velocity may be affected by the spin up effect. 

and a maximum temperature of 2°C at 
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Another important question is to investigate whether there are relationships between the TE] 

and the precipitation in the monsoon region. Such a direct relationship would be an enhance- 

ment or reduction of the precipitation due to increased or decreased vertical velocity under the 

jet core. For two reasons such relationships cannot be seen in the datasets we used. First, we 

used monthly mean values, in which many details are smoothed out. Second, since accurate pre- 

cipitation measurements are very difficult, the observational data sets show clear differences in 

the precipitation amounts. For example in the region of India to the west of the Western Ghats, 

GPCP (Rudolf et al., 1992) shows relatively low precipitation values of 13 mm d-1. Much higher 

values of up to 26 mm d-1 occur in the climatology by Legates and Willmott (1990). The NCEP 

reanalysis is more similar to GPCP while the ECMWF reanalysis is more similar to the clima- 

tology of Legates & Willmott (1990) (Fig. 8). This example shows clearly that the different 

models and reanalyses show a range of precipitation patterns that is too large to allow a general 

statement about the relationships between precipitation and the TEJ. 

In 

An indirect relationship between the precipitation and the mean zonal circulation is the second- 

ary circulation induced by the jet stream. It leads to rising warm air and precipitation north of 

the jet core in the whole entrance region (Koteswaram, 1958). The convection plays a major role 

in governing the structure of the entrance region of the TEJ by transferring available potential 

energy into kinetic energy. the same way it is possible to explain the relation between the 

TEJ, the meridional circulation and the precipitation in Africa. The difference is that in Africa 

the secondary circulation induces convection to the south of the jet core in the ITCZ. The upper 

tropospheric northward outflow from the equatorial trough is deflected to the east by the Corio- 

lis force and decelerates the TE] instead of accelerating it. 

Despite the large differences in the representation of the TE] between ECHAM3 and ECHAM4 

in the exit region of the jet over Africa, there are only small differences in the representation of 

the Sahel precipitation patterns (Fig. 8). This supports the assumption that there is no direct re- 

lationship between the strength of the TE] and the Sahel precipitation in the model simulations. 

It is rather the upper tropospheric pressure gradient and its related meridional circulation which 

influences the precipitation in the ITCZ and the strength of the TEJ. 

As for the Sahel region, a direct relationship between the structure and the strength of precipi- 
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ration and the TE] in the Indian region is not evident from our data. Although the general rep- 

resentation of the TE] over India is very similar in ECHAM3 T42 and ECHAM4 T42, clear 

differences appear in the precipitation patterns. While a maximum occurs in the northern Bay 

of Bengal in ECHAM3 T42, a minimum appears at the same location in ECHAM4 T42 (Fig. 

8). The development of the precipitation patterns is governed by the orography, the low level 

circulation and diabetic processes such as local convective activity or radiative cooling. Here 

we concentrate on the influences of the orography, the low level circulation and local convec- 

tive activity, since the main differences in the precipitation patterns can be explained by such 

arguments. 

The Somali jet (SJ) is responsible for the moisture convergence into the Indian subcontinent 

(Findlater, 1977). In comparison to the reanalyses the SJ has a 5 msll weaker maximum velocity 

and a southward displaced position in the lower resolution model simulations, so that a large 

portion of the low level circulation does not reach into the Indian subcontinent (Fig. 10). Both 

these aspects reduces the precipitation at the west coast of India. Due to the better representation 

of orography at the higher resolution of T106, the representation of the SJ and therefore the rep- 

resentation of the precipitation patterns are clearly improved (Fig. 8 and Fig. 10). The strong 

winds are shifted to the north and the jet curvature into the Indian subcontinent is increased in 

both model versions. Furthermore the maximum wind velocity is about 3 msll 

ECHAM4 T106 simulation compared to T42. The only difference in the representation of the 

SJ between the reanalyses and ECHAM4 T106 is that the jet core extends further to the north- 

east in the reanalyses with stronger winds reaching the Indian subcontinent. The more realistic 

description of the orography leads to the occurrence of "banded" precipitation maxima along 

the western coast of India. 

stronger in the 

Very important for the strength of the precipitation over the northern Bay of Bengal and south- 

eastern Tibet is the near surface convergence in the northern Bay of Bengal. In the ECHAM4 

T42 simulation, compared to the reanalyses and ECHAM3 simulations, a stronger acceleration 

of the low level winds over the Bay of Bengal seems to be responsible for a weaker convergence 

with less precipitation in the northern Bay of Bengal and an unrealistically strong precipitation 

maximum over the Malaysian peninsula. The latter is supported by the dependence of the con- 

vection on local buoyancy. Reasons for the unrealistically strong acceleration of the low level 

circulation in the southern Bay of Bengal in ECHAM4 T42 may be the stronger wind velocity 
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at the equator compared to the reanalyses and ECHAM3 and therefore a stronger low level con- 

vergence in the southern Bay of Bengal (Fig. 10). 

5. Sensitivity studies 

In the ECHAM4 T42 simulation the convection over the ocean is stronger and displaced com- 

pared to ECHAM3, the reanalyses and observational data. This has detrimental effects on the 

representation of the TEJ and the precipitation patterns. In particular the precipitation over land 

south of the Himalayan mountain range (monsoon trough), over the Western Ghats and over the 

northern Bay of Bengal and the Ganges delta is not strong enough. For future applications of 

the GCM an improved representation of the monsoon circulation will be required. In the follo- 

wing we discuss in which way the model parameterizations need to be revised in order to reduce 

this bias. We carried out experiments to improve the representation of the TEJ and the precipi- 

tation patterns in ECHAM4 T42. For an overview of the experiments see Table 6. The effects 

of the changes on the representation of the TEJ, the convection, the middle tropospheric tem- 

peratures and the pressure gradient at the level of the jet core are summarized in Table 4 and 5. 

In experiment A it was our intention to reduce the overestimation of the convection over the 

ocean. In the calculation of the vertical exchange of momentum, heat and moisture in the 

ECHAM models, the transfer coefficients are calculated differently over land and ocean as a 

function of the stability of the atmosphere (Miller et al., 1992). This so-called "low wind cor- 

rection" was intended to strengthen the convection in regions of weak or zero grid-scale mean 

surface winds to prevent a precipitation minimum between the equator and 10°N over the Indian 

ocean and Indonesia. With the new convection scheme of Nordeng (1994), which is more sen- 

sitive to the SST compared to the scheme of Tiedtke (1989), an enhancement of the convection 

is perhaps no longer necessary. We therefore removed the "low wind correction" in the first ex- 

periment. 

While the minimum value of the OLR is not changed by this correction, it leads to reduced con- 

vection over the western Pacific warm pool west of l40°E and to a north-westerly shift of the 

main convection centers into the southern Bay of Bengal. This is more realistic than in the con- 

trol run but still shifted too much to the south in view of the reanalyses and the observations 

(Fig. 13). East of 140°E stronger convection and higher precipitation rates occur compared to 

the control run. 
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While the correction has no influence on the surface temperature of the Tibetan plateau, the TE] 

is represented more realistically than in the control run (Fig. 11, Table 4), as e.g. both branches 

occur in the entrance region (Fig. 12). They are, however, weaker than in the reanalyses because 

of the now underestimated convection in the region of the Philippines (Fig. 13). The stronger 

convection east of 140°E seems to have no influence on the TEJ. Over Africa the jet core at 150 

hPa is now slightly displaced to the south compared to the control run similar to the represen- 

tation in ECHAM3 and the reanalyses, although, in terms of the OLR, the convection is still 

weaker. Because of the stronger Somali jet and the weaker circulation over the Bay of Bengal, 

the precipitation patterns are better reproduced than in the control run. Both to the west of the 

Indian subcontinent and in the northern Bay of Bengal, higher precipitation values occur. These 

values are, however, lower than the observed values or results from the reanalyses. Over the 

western Pacific Ocean and Indonesia, between the equator and 10"N, an unwanted precipitation 

minimum (3 mm d"> occurs compared to 7 mm d-1 in the climatology of Legates and Willmott 

(1990), 9 mmdlI in the GPCP data set (Rudolf et al., 1992) and 6 to 9 mm d-1 in the control run 

(Fig. 15) indicating that the "low wind correction" may still be required to a certain degree. 

In experiment B we additionally tried to increase the surface temperature over the Tibetan pla- 

teau by suppressing the accumulation of snow at the location of the lowest surface temperature 

(84°E, 32°N). In spite of the expected decrease of the albedo from 0.45 to 0.2, the mean surface 

temperature on the plateau was increased less than expected, from 0.6 to 2.2°C compared to 8°C 

in the ECMWF reanalysis (6°C in the NCEP reanalysis) and similar values in the ECHAM3 si- 

mulations. But, as mentioned above, the real surface temperature is unknown because of the un- 

reliability of the existing climatologies on the Tibetan plateau and the largely different results 

of the two reanalyses. The temperature at 500 hPa is increased by about 0.5°C (Fig. 14), in con- 

junction with slightly stronger convection over south-eastern Tibet (Fig. 13), but the region of 

highest temperatures is still shifted south-eastward compared to the reanalyses, the ECHAM3 

simulations and ECHAM4 T106 (Fig. 9). Since the same parameterization of surface processes 

is used with both resolutions T42 and T106, this is a further confirmation for the assumption 

that temperature differences between the ECHAM 4 resolutions are mainly due to differences 

in the orography. 

While the differences in the representation of the convection and the precipitation patterns in 
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(GPCP, Rudolf et al., 

the Indian region are small between experiment A and experiment B, larger differences occur 

over the western Pacific. Experiment B shows weaker convection and lower precipitation rates 

east of l40°E, while the convection is stronger in the region of the Philippines which is in better 

agreement with the observational data sets of OLR (Janowiak et al., 1985) and precipitation 

1992) 

reaches realistic values of 34.5 ms'l 

The better representation of the convective heat sources particularly in the entrance region leads 

to a very well simulated TEJ (Fig. I I  and Table 4). The maximum zonal velocity at 100 hPa 

over the eastern Arabian sea. The meridional section at 

l00°E (Fig. 12) shows that the southern as well as the northern branch of the TEJ in the entrance 

region are represented in a realistic way. Compared to the reanalyses, the northern branch is 

only slightly displaced to the south and the southern branch is a little too strong. 

The low-level circulation is reproduced more realistically than in the control run. The stronger 

Somali jet and the weaker low level circulation over the Bay of Bengal lead to a better repre- 

sentation of the precipitation patterns in the Indian region. But the differences between the two 

experiments are small (Fig. 16) suggesting that a removal of the "low wind correction" has a 

strong influence on the low level circulation in the Indian region in contrast to the effects of 

slightly increased surface temperatures on the Tibetan Plateau. The latter is more important for 

the representation of the convection in the western Pacific region. 

As in the first experiment the disadvantage is again the occurrence of an unrealistic precipitation 

minimum between the equator and 10°N over the western Pacific ocean and Indonesia, which 

appears neither in the control run nor in the observations by Legates & Wilmott (1990) and 

GPCP (Rudolf et al., 1992) (Fig. 15). 

9. Conclusions 

We were able to establish confidence in the reanalyses which can be used as climatologies in 

the data sparse region of southern and south-eastern Asia. This has been achieved by comparing 

the representation of the TE] in the reanalyses with observations documented in regional stud- 

ies. The TE] is well simulated in the reanalyses. Apart from differences within the details the 

TE] is also well reproduced in the different model simulations. Very important for a reasonable 

representation of the TE] are the representation of the convective heat sources and sinks and the 
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surface temperature of the Tibetan plateau. The convection influences the TE] by transferring 

available potential energy of the diabetic heating into kinetic energy by inducing a thermally 

direct circulation in a meridional plane and the Coriolis force deflects this kinetic energy of the 

meridional flow into kinetic energy of the mean zonal flow. A high surface temperature together 

with the release of latent heat over south-eastern Tibet is responsible for the heating of the mid- 

dle and upper troposphere and therefore for the strength of the Tibetan high. 

Because of the combined differences in the convection and the lower level temperature on the 

Tibetan plateau in ECHAM4, the older model version ECHAM3 reproduces the TEJ more re- 

alistically compared to the reanalyses, particularly in the entrance region. ECHAM3 T21 repro- 

duces the coarse structure of the TEJ. This is due to the reasonably well reproduced distribution 

of the convective heat sources over the western Pacific and Indonesia and of the land/sea tem- 

perature contrast. Due to severe systematic errors in other regions (e.g. India), the resolution of 

T21 is, however, definitely not sufficient for the purpose of studying the precipitation patterns 

in the monsoon region. A more erroneous representation of the convective heat sources in 

ECHAM4 T21 leads to a poorer description even of the coarse structure of the TEJ. Apart from 

structural details in the entrance region the TE] is generally well reproduced at the higher reso- 

lution of T42. ECHAM3 T42 performs slightly better than ECHAM4 T42 due to an overactive 

convection center in the western Pacific and Indonesia in ECHAM4 T42. An increase of reso- 

lution to T106 leads to further improvements in the description of the TEJ and the monsoon cir- 

culation in general. Such a high resolution is necessary if more detailed aspects of the TE] were 

investigated, e.g. the structure of the entrance region, the mechanism of deceleration in the exit 

region or the intraseasonal variability of the monsoon circulation. This would also benefit from 

higher temporal resolution than the monthly mean data used here. 

The sensitivity studies show, on the one hand, that it is necessary to reduce the overestimation 

of the convection over the ocean by the model to a more realistic level in order to improve the 

representation of the TEJ and the precipitation patterns in the monsoon region. On the other 

hand an integration without the "low wind correction" is too strong an intervention because of 

the appearance of the precipitation minimum between the equator and l0°N and the too weak 

southern branch of the TE] in the entrance region. The complete removal of the erroneous ac- 

cumulation of snow on the Tibetan plateau leads to a well reproduced TEJ. These changes give 

an insight into the mechanisms that influence the TEJ, but they require more detailed experi- 
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meditation in connection with other proposed changes for the development of the future GCMs 

at MPI. 
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Table 1: Main differences in the physical parameterizations 

Parameterization of ECHAM3 ECHAM4 

Radiation transport Kerschgens et al (1978) and 
Zdunkowski (1980) 

Fouquart and Bonnell (1980) 
for the solar part and Mor- 
crette (1991) for the terre- 
strial part. 
Modified cloud optical pro- 
perties for cloud droplets and 
ice crystals (Rockel, 1991) 

Albedo Over snowfree land surfaces 
an annual mean background 
albedo is defined (Geleyn and 
Preuss, 1983). 

"Mixed" albedo from satellite 
data (ERBE) and vegetated 
areas (Olson et al., 1983 and 
Dorman and Sellers, 1989). 

Soil data Boundary conditions for the 
land surface scheme do not 
vary horizontally. 

Soil water capacity, heat 
capacity and thermal conduc- 
tivity vary from gridbox to 
gridbox and are based on data 
sets from Patterson (1990) 
and Zobler (1986). 

Vegetation data vegetation index at every 
gridpoint (Wilson and Hen- 
derson-Sellers, 1985), con- 
stant leaf area index. 

Vegetation ratio, forest ratio, 
leaf area index horizontally 
varying from grid point to 
grid point based on Olson et 
al. (1983). 

Vertical diffusion Above the planetary bound- 
ary layer only for unstable 
stratification. 

Eddy diffusion coefficients 
are functions of the turbulent 
kinetic energy (Brinkop and 
Roeckner, 1995). 

Convection Mass flux scheme (Tiedtke, 
1989) 

Tiedtke (1989), modified by 
Nordeng (1994) 

Stratiform clouds Budget equations for water 
v a p o r  and cloud water with 
subgrid cloud processes 
(Sundqvist, 1978 and Roeck- 
ner et al., 1991). 

Detrained convective cloud 
water is included as a source 
term into the budget equati- 
ons. 
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Table 2: Model simulations, reanalyses and sensitivity studies 

Model SST Averaging period 

ECHAM3 T21 climatological year 11-40 

ECHAM3 T42 climatological year 11-40 

ECHAM3 T106 climatological year 2-6 

ECHAM4 T21 climatological year 2-16 

ECHAM4 T42 (control) climatological year 11-40 

ECHAM4 T42 (Tiedtke) observed year 11-25 

ECHAM4 T106 climatological year 3-9 

ECMWF reanalysis - - - - - ~ » - ¢ - - - . - - ~ - _ - - - . .  1979-1993 

NCEP reanalysis 1982-1993 

Experiment A climatological 1-5 

Experiment B climatological 1-5 

Table 3: July mean values of the wind velocity (ms'l) at climate stations in India for the 
years 1984 to 1991. Values in brackets are calculated from four or fewer monthly mean 

values. 

Station Location 50 hPa 100 hPa 150 hPa 200 hPa 

New Delhi 28.4°N, 77.2°E 15.3 9.5 5.7 4.0 

Jodhpur 26.3°n, 73.0° E (16.5) (14.3) 8.5 7.0 

Lucknow / Amausi 26.8°N, 80.9°E _ - » ¢ - » ~ » » - _  14.6 8.0 6.5 

Guwahati 26.1°N, 96.6°E 16.8 15.2 11.5 8.0 

Kalkutta / Dumdum 22.7°N, 88.5° E (21.0) 23.6 19.3 15.8 

Bhubaneswar 20.4°n, 85.8° E 22.0 27.5 23.0 17.7 

Bombay 19.1°N, 72.9°E (23.0) 26.7 26.3 19.5 

Hyderabad / Begumpet 17.5°n, 78.5°E (19.5) 31.6 28.3 20.7 

Madras / Minambakkan 13.0°N, 80.2°E 18.5 33.5 34.0 21.8 

Mangalore 12.9°n, 74_9°E 33.4 34.0 23.0 

Trivandrum 8.5°N, 77.0°E 16.5 23.1 33.6 25.5 
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Table 5: ULR, 500 hPa temperature and maximum meridional thickness gradient of the re- 
analyses, the model simulations and the sensitivity experiments. 

Run 

OLR 500 hPa temperature Thickness gradient [m] 

Minimum 
value 

[W/m-21 
Location 

Maximu 
m value 

[°€] 
Location 80°E 

100-850 hPa 
80°E 

200-850 Pa 
0°E 

100-850 hPa 

ECMWF 183 94°E 
20°N 

+1.3 88°E 
32°n 

330 225 90 

NCEP 194 96°E 
16°N 

+0.5 88°E 
31.5°E 

310 225 80 

ECHAM3 
T21 

176 92°E 
8°N 

-1.7 95°E 
25°N 

210 105 50 

ECHAM3 
T42 

174 95.5°E 
12.5°N 

+2.2 87°E 
32°N 

270 160 62 

ECHAM3 
T106 

165 93.5°E 
17°n 

+4.1 86.5°E 
30.5°N 

305 195 110 

ECHAM4 
T21 

156 96°E 
8°N 

-1.6 116°E 
13.5°N 

240 145 67 

ECHAM4 
T42 

177 98°E 
5°N 

-0.9 95°E 
27.5°N 

280 165 90 

ECHAM4 
T42 
(Tiedtke) 

177 91°E 
18°N 

-1.8 96°E 
27°n 

235 145 77 

ECHAM4 
T106 

175 121°E 
12°N 

+2.0 85°E 
32°N 

325 215 130 

Experi- 
ment A 

172 86°E 
10°n 

-0.7 92°E 
29°N 

295 180 98 

Experi- 
ment B 

176 87°E 
9.5°N 

-0.4 87.5°E 
29°N 

305 175 110 
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