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Abstract The tropical easterly jet (TEJ) is a prominent

atmospheric circulation feature observed during the Asian

summer monsoon. It is generally assumed that sensible

heating over the Tibetan Plateau directly influences the

location of the TEJ. However, other studies have suggested

the importance of latent heating in determining the jet

location. In this paper, the relative importance of latent

heating on the maintenance of the TEJ is explored through

simulations with a general circulation model. The simulation

of the TEJ by the Community Atmosphere Model, version

3.1 is discussed in detail. These simulations showed that the

location of the TEJ is well correlated with the location of the

precipitation. Significant zonal shifts in the location of the

precipitation resulted in similar shifts in the zonal location of

the TEJ. These zonal shifts had minimal effect on the large-

scale structure of the jet. Further, provided that precipitation

patterns were relatively unchanged, orography did not

directly impact the location of the TEJ. These changes were

robust even with changes in the cumulus parameterization.

This suggests the potential important role of latent heating in

determining the location and structure of the TEJ. These

results were used to explain the significant differences in the

zonal location of the TEJ in the years 1988 and 2002. To

understand the contribution of the latitudinal location of

latent heating on the strength of the TEJ, aqua-planet sim-

ulations were carried out. It has been shown that for similar

amounts of net latent heating, the jet is stronger when

heating is in the higher tropical latitudes. This may partly

explain the reason for the jet to be very strong during the JJA

monsoon season.

1 Introduction

The tropical easterly jet (TEJ) is one of the most defining

aspects of the Indian summer monsoon (ISM), itself a

prominent feature of the Asian summer monsoon (ASM).

The onset and progress of the ISM is shown in Fig. 1.

Additional details are in Joseph (2012). The major geo-

graphical entities are shown in Fig. 2a, b. It can be seen that

by the end of July the monsoon covers the Indian sub-

continent. Hence in Fig. 2a, b the wind vectors at 850 and

150 hPa have been shown. In Fig. 2b the 30 m s�1 zonal

wind contour is also shown. The pressure level of 150 hPa

has been selected since this is where the jet maximum

occurs (Abish et al. 2013).

The jet is most prominent during the ISM, occurring

within the months of June–September and has a great

influence on the rainfall in South Asia and Africa (Hulme

and Tosdevin 1989; Webster and Fasullo 2003). The cor-

rect simulation of TEJ is important for accurate seasonal

predictions and weather forecasting.

The TEJ was first documented by Koteswaram (1958).

The development of the TEJ is believed to be influenced by

the Tibetan Plateau. Previous studies (e.g. Flohn 1968;

Krishnamurti 1971) have highlighted the presence of an

upper tropospheric anticyclone above the Tibetan Plateau
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in summer. The origin of the Tibetan anticyclone itself has

been attributed to the summertime insolation on the Tibe-

tan Plateau. Flohn (1965) first suggested that southern and

southeastern Tibet act as elevated heat sources in summer,

changing the meridional temperature and pressure gradi-

ents. This results in the reversal of high tropospheric flow

during early June. Flohn (1968) later showed that a com-

bination of sensible heat source over the Tibetan Plateau as

well as latent heat release due to monsoonal rains over

central and eastern Himalayas generate a warm core anti-

cyclone in the upper troposphere near 30�N. This estab-

lishes the south Asian monsoonal circulation over southern

Asia. According to Koteswaram (1958), these winds are a

part of the Tibetan anticyclone which forms during the

summer monsoon over South Asia.

Ye (1981) did laboratory experiments to simulate the

heating effect of elevated land. He introduced heating in an

ellipsoidal block, resulting in a vertical circulation, an

anticyclone in the upper layer, and cyclonic flow in the

lower layer. The pattern was found to be qualitatively

similar to the summer time atmospheric circulation in

South Asia. Duan and Wu (2005) and Wang (2006) con-

sidered that the elevated heat source of the Tibetan Plateau

was instrumental in providing an anchor to locate the

Tibetan high.

Raghavan (1973) opined that the TEJ was the upper

tropospheric zonal component of the equatorward outflow

from the upper tropospheric Tibetan anticyclone. The

importance of Tibetan Plateau was examined. According to

him, in the summer season, the thermal condition in the

lower troposphere above the Tibetan Plateau was not

responsible for the upper tropospheric anticyclone. The

Fig. 1 Normal monsoon onset dates over the south Asian region. The

contours indicate a precipitation rate of 6 mm day�1 (figure taken

from http://weather.ou.edu/*spark/AMON/v1_n2/Yang/)

(a) (b)

(c)

July wind vectors at 850 hPa July wind vectors at 150 hPa

Time series of 150 hPa zonal wind

Fig. 2 a, b Geography and July wind patterns. The blue contour

indicates the Tibetan Plateau defined by an elevation of 4500 m and

above. In b the pink line denotes the 30 m s�1 zonal wind contour.

c Time series of zonal wind averaged between 50�E and 80�E, 0�N
and 15�N at 150 hPa (pressure level where maximum zonal wind is

attained, see Table 1) showing TEJ peaking in July–August. All

velocity data are from NCEP (averaged for the years 1980–2002). For

c the averages were calculated from NCEP daily data (color

figure online)
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anticyclone was absent at 500–250 hPa levels in June and

September because at these levels the atmosphere over the

plateau was generally cold compared to the adjoining

Indian plains. However, at around 100 hPa, the anticyclone

was over the Plateau throughout the season from June to

September. Thus, Raghavan argued that the presence of the

upper tropospheric anticyclone at 150–100 hPa could not

be attributed to the sensible and latent heat available over

the plateau. He showed that the anticyclone existed at

upper levels over south-east Tibet when the plains of India

lying to north of the Bay of Bengal were warmer than the

Bay of Bengal and its adjoining land areas to the east and

west. He further showed that shifting of the monsoon

trough during strong and weak monsoon years had a sig-

nificant influence on the northward extent of the TEJ.

Hoskins and Rodwell (1995) and Liu et al. (2007) have

argued that orography plays a secondary role in deter-

mining the position of the summertime upper tropospheric

anticyclone. Boos and Kuang (2010) showed that removal

of the Tibetan Plateau did not effect the large-scale south

Asian summer monsoon circulation, provided that the

narrow orography of the Himalayas and adjacent mountain

ranges were retained. Liu and Yin (2002) suggested that the

evolution of the east Asian monsoon is more sensitive to

the Tibetan Plateau than the south Asian Monsoon. Chak-

raborty et al. (2002) used a GCM to demonstrate that the

Indian summer monsoon was more influenced by orogra-

phy to the west of 80�E than by orography to the east of

80�E.
A very simple and elegant mechanism of the direct

effects of the TEJ on the Asian monsoonal convection

regime was proposed by Webster and Fasullo (2003). In the

entrance region, the accelerating limb of the jet induces a

secondary circulation via the ageostrophic meridional

velocity component, which enhances convection in the Bay

of Bengal region. Conversely, similar dynamics in the

decelerating limb of the jet acts to suppress convection

over North Africa. They hypothesized that this could

explain the existence of the most intense rainfall of the

Asian monsoon system.

The Tibetan high itself responds to precipitation changes

and exhibits intra-seasonal oscillations. Zhang et al. (2002)

found that this high pressure system had a bimodal struc-

ture. Its two modes, the Tibetan mode and the Iranian

mode, both of which were fairly regular in their occur-

rence, were mostly influenced by heating effects. The

former owed its existence to diabatic heating of the Tibetan

Plateau, while the latter occurred due to adiabatic heating

in the free atmosphere. They reported that the Iranian mode

was associated with decreased rainfall pattern in south

Japan, Korea and Yangtze-Yellow river valley and the

Tibetan Plateau.

The TEJ is not simply a passive atmospheric phe-

nomenon. Its impact on the African monsoon has been

documented. Camberlin (1995) showed significant linkages

between interannual variations of summer rainfall in

Ethiopia-Sudan region and strength and latitudinal extent

of upper-tropospheric easterlies. Nicholson et al. (2007)

showed that the wave activity along the TEJ influences the

African easterly jet (AEJ), a feature that influences the

weather patterns over the Atlantic coast of Africa. Lafore

and Moncrieff (1989) and Besson and Lemaı̂tre (2014)

Table 1 Magnitude (m s�1)

and location of peak zonal wind,

and mean (mm day�1) and

centroid of precipitation

Case Zonal wind Precipitation

Peak Lon (�E) Lat (�N) Press Mean Lon (�E) Lat (�N)

Reanalysis and observation

NCEP 34.48 65.1 10.3 150 5.46 91.6 9.4

ERA40 33.61 68.7 10.4 150 6.06 93.5 9.3

GPCP 4.48 94.4 11.4

CMAP 5.05 94.1 9.6

CAM-3.1 simulations with unmodified cumulus parameterization

Ctrl 47.19 42.5 8.8 125 6.37 80.4 10.1

noGlOrog 43.45 43.5 7.6 125 6.00 79.8 8.0

CAM-3.1 simulations with modified cumulus parameterization

Ctrlsd12 48.79 64.0 7.2 125 6.17 91.3 14.2

noGlOrogsd12 39.51 64.0 6.0 125 5.63 89.3 11.7

CtrlZM 43.12 49.5 5.6 130 6.23 86.8 12.3

CtrlZMsd3 46.28 60.5 6.4 125 6.33 90.9 14.1

All values were obtained by computing them for each individual year and then averaging them

Ctrl, Ctrlsd12, CtrlZM, CtrlZMsd3: default orography

noGlOrog, noGlOrogsd12: no orography
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showed that the interactions between the TEJ and AEJ with

convective systems leads to the development and dissipa-

tion of such systems over West Africa.

Hulme and Tosdevin (1989) showed that the TEJ

responds to El Niño events. Jingxi and Yihui (1989)

studied the TEJ at 200 hPa and found that precipitation

changes in the west coast of India led to changes in the jet

structure. Chen and van Loon (1987) showed that at 200

hPa the jet was weaker during El Niño and Indian drought

events. The TEJ was weaker in the drought years of 1979,

1983, and 1987 and stronger in the excess monsoon years

of 1985 and 1988.

Based on these results, it is hypothesized that it is

monsoonal diabatic heating that exercises a major control

on the location and strength of the TEJ. An Atmospheric

General Circulation Model (AGCM) is used to study the

importance of monsoonal latent heat sources in setting up

the thermal gradients that form and maintain the strength

and location of the TEJ. In the next section, the model

details and numerical simulations are explained. In Sect. 3,

the characteristics of the TEJ are presented using reanalysis

data. The simulated TEJ using the Community Atmosphere

Model, version 3.1 (CAM-3.1) is presented in Sect. 4. The

linkage between the spatial distribution of precipitation and

the TEJ is explained in Sect. 5. In Sect. 6, the latitudinal

impact of latent heating is discussed using aqua-planet

simulations.

2 Model details and numerical experiments

2.1 Description of CAM-3.1

The AGCM that was used for the present work is CAM-3.1

(http://www.cesm.ucar.edu/models/atm-cam/). The finite-

volume dynamical core using the recommended 2� � 2:5�

grid spacing was used for all simulations. The time step

was 30 min and 26 vertical levels were used. Deep and

shallow convection were parameterized using the Zhang

and McFarlane (1995) and Hack (1994) schemes, respec-

tively. Stratiform processes employ the Rasch and Krist-

jánsson (1998) scheme updated by Zhang et al. (2003).

Cloud fraction was computed using a generalization of the

scheme introduced by Slingo (1989). The shortwave radi-

ation scheme employed is described in Briegleb (1992).

The longwave radiation scheme was from Ramanathan and

Downey (1986). Land surface momentum, sensible heat,

and latent heat fluxes were calculated from Monin–Obu-

khov similarity theory applied to the surface. The model

was initialized using humidity, winds, temperatures, ice

cover and planetary boundary layer height of 1st Septem-

ber 1991. The climatological mean sea-surface temperature

(SST) was specified as the boundary condition. Sea surface

temperatures were calculated by combining the global

Hadley Centre Sea Ice and Sea Surface Temperature

(HadISST) dataset (Rayner et al. 2003 for years up to 1981,

and Reynolds et al. 2002 for data after 1981).

2.2 Experiment details

The model in its default configuration was run for 5-year

period. This simulation is referred to as the control (Ctrl)

simulation. Additionally, another simulation (referred to as

noGlOrog) was conducted to check the influence of orog-

raphy on the TEJ. This was also run for 5 years with the same

initial and boundary conditions, but with orography all over

the globe removed. This latter simulation was used to

investigate the direct influence of topography on the TEJ.

Additional simulations were used to test the sensitivity

of the TEJ to the convective parameterization. Two types

of changes were made to the cumulus parameterization:

1. Changing the convective relaxation time scale for deep

convection (sd) from the default value of 1–12 h. This

parameter had an important influence on the precipi-

tation pattern. Two simulations were conducted with

this new relaxation time scale—one with default

orography (Ctrlsd12) and one without orography

(noGlOrogsd12). No other changes were made.

2. Replacing Zhang–MacFarlane scheme of CAM-3.1

with that of CAM-5.0 which is a part of Community

Earth System Model, version 1.0.2 (CESM-1.0.2). The

incorporation of a more modern and improved cumulus

scheme into a relatively older model, CAM-3.1,

enabled us to further study the impact of latent heating

on the location and strength of the TEJ. The Zhang–

MacFarlane scheme of CESM-1.0.2 was different from

the scheme of CAM-3.1 in two ways:

(a) It had a new formulation that used moist entropy

conservation and mixing methods of Raymond

and Blyth (1986, 1992). This resulted in

increased convection sensitivity to tropospheric

moisture.

(b) Sub-grid scale convective momentum transports

were added to the deep convection scheme fol-

lowing Richter and Rasch (2008) and the

methodology of Gregory et al. (1997).

This simulation has been named as CtrlZM. In this

newer Zhang–MacFarlane scheme, the default value of

sd was 1 h. An additional simulation with sd changed

to 3 h was conducted. This simulation is named as

CtrlZMsd3.

The results obtained from the above simulations were

based on 5-year mean. For all simulations, other than
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removing orography whenever mentioned, the initial con-

ditions were the same as that of Ctrl simulation.

To gain an insight into some of the simulations, the

aqua-planet configuration of CAM-3.1 was used. The aqua-

planet simulations have all land points replaced by ocean

points. These simulations had no seasonal and diurnal

cycles. Since the focus was on understanding the role of

summer monsoonal heat sources on the location and

strength of the TEJ, two simulations with a single heat

source were conducted. The off-equatorial monsoonal

summer-time heat sources in the Bay of Bengal were

imitated by elevating SSTs in circular-shaped regions (ra-

dius 10�) centered at (1) 90�E, 10�N and (2) 90�E, 20�N.
The center points had a peak SST of 32 �C. These peak

SST values were linearly brought down to 20 �C. The SSTs
were held constant throughout the period of integration.

This makes the configuration similar to the aqua-planet

simulations by Chakraborty et al. (2008). The names of

these two aqua-planet simulations are AP_90e10n and

AP_90e20n, respectively. The initial conditions were from

the first year’s 1st January Ctrl run results. The default

value of sd = 1 h was retained. The results of these simu-

lations were based on 6 month averages after discarding the

first 6 months data.

3 Characteristics of the tropical easterly jet:
reanalysis data

The reanalysis data used for the wind fields were National

Centers for Environmental Prediction (NCEP) reanalysis

data (Kalnay et al. 1996) and European Centre for

Medium-Range Weather Forecasts 40-year Re-analysis

(ERA40) data (Uppala et al. 2005). The precipitation data

were taken from Global Precipitation Climatology Project

(GPCP) (Adler et al. 2003), CPC Merged Analysis of

Precipitation (CMAP) (Xie and Arkin 1997) and also from

NCEP. Unless otherwise mentioned, the time period

examined in this study was 1980–2002. As an exception,

precipitation and zonal wind for July 1988 and 2002 were

also examined. In the present work, the focus is on the TEJ

during the month of July when it first reaches its maximum

value, as shown in Fig. 2c. The pressure level of 150 hPa

was examined,the level of the zonal wind maximum (Abish

et al. 2013).

The magnitude of peak zonal wind and its location are

listed in Table 1. Due to the good agreement in the location

and strength of the TEJ for NCEP and ERA40, reanalyses

of only the former are shown. Although there is a differ-

ence of � 3� in the zonal location of peak zonal wind

(henceforth Umax) between the two datasets, the difference

is relatively insignificant for the purpose of this study.

Figure 3a shows the zonal wind and location of Umax for

NCEP at 150 hPa. The meridional cross section of the

zonal wind at the longitude where the zonal wind is max-

imum is shown in Fig. 3b. Henceforth, unless otherwise

mentioned, all cross sections are at the location of Umax.

The meridional structure shows the jet peak lying between

0�N and 20�N. There is a vertical equator to pole tilt in the

jet, with higher mean height of maximum easterly zonal

winds located at higher latitudes. Figure 3c confirms that

the peak of the geopotential height (Z) is not located over

the Tibetan Plateau, but rather to the west of it. As

expected, geostrophic approximation for the zonal wind

(a) (b)

(c)

July zonal wind (150 hPa) July zonal wind (65.1◦E)

Negative of meridional gradient of geopotential

Fig. 3 NCEP data. a Zonal

wind contours at pressure level

where Umax is attained, cross-

diamond is location of Umax;

b meridional cross section of

zonal wind at Umax longitude;

c negative of meridional

gradient of geopotential height

(Z) divided by Coriolis

parameter (� 1
f
oZ
oy
, s) (shaded),

and Z contour (�103 m)

(continuous blue line), star is

location of peak Z (Zmax), Z

contour is 14.36 which is 99.5

% of Zmax. Cross-diamond is the

location of Umax. All figures for

the month of July averaged for

the years 1980–2002 (color

figure online)
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shows that the TEJ reaches its maximum in regions close to

geostrophic zonal wind maxima.

The TEJ is not a stationary entity. Variations in its

position have been observed. As an example, this can be

seen by comparing the jet in July 1988 and 2002. The

location of the TEJ for these 2 years is radically different.

This is seen in Fig. 4a where the 30 m s�1 zonal wind

contour and Umax locations show significant differences.

The location of Umax is shifted eastwards by � 20� in 2002

relative to 1988. These differences were observed in

ERA40 data as well (not shown). The meridional vertical

(a)

(b) (c)

July NCEP zonal wind, 1988 (red), 2002 (blue)(150 hPa)

July 1988 (60◦E) July 2002 (80◦E)

Fig. 4 a 30 m s�1 zonal wind

contour in July 1988 and 2002

showing shift in TEJ in response

to heating, cross-section is at

150 hPa which is the pressure

level where Umax is attained,

cross-diamond shows the

location of maximum zonal

wind; b, c meridional cross

sections of zonal wind contours

in July 1988 and 2002 at the

meridional location of Umax. All

data from NCEP (color

figure online)

(a) July Ctrl (125 hPa) (b) July Ctrl (42.5◦E)

(c) July noGlOrog (125 hPa) (d) July noGlOrog (43.5◦E)

Fig. 5 a, c July zonal wind at

pressure level where Umax is

attained, cross-diamond is

location of peak zonal wind; b,
d July zonal wind at longitude

where Umax is attained. Data

from simulations have been

averaged for the month of July

of five consecutive years.

Details are in Table 1 (color

figure online)
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structure for these 2 years are shown in Fig. 4b, c. Both are

similar to Fig. 3b. Although the horizontal pattern of the

TEJ shows significant zonal shifts, the vertical structure is

similar for the 2 years.

4 The tropical easterly jet in CAM-3.1

4.1 Ctrl simulation

Figure 5 shows a planar and a meridional cross-sectional

view of the TEJ for Ctrl simulation. A TEJ can be

observed, and is shifted approximately 30� westward

compared to reanalysis data. This shift was also docu-

mented by Hurrell et al. (2006), where they analyzed the

200 hPa JJA zonal wind fields from CAM-3 simulations.

The zonal extent of the simulated TEJ is much larger, while

the meridional cross section is very similar to the reanalysis

data. The TEJ is stronger in Ctrl by approximately 15 m

s�1 compared to reanalysis data. Figure 6a shows the

geopotential height and its meridional gradient divided by

the Coriolis parameter. The peak is shifted westwards in

comparison to NCEP (Fig. 3c), and consistent with the

westward shift of the TEJ.

4.2 noGlOrog simulation

Figure 5c, d shows the horizontal and meridional profiles of

the TEJ for noGlOrog simulation. In the absence of orog-

raphy, the location of the peak zonal wind is virtually the

same for Ctrl and noGlOrog simulations, although the jet is

slightly weaker.

4.3 Impact of cumulus parameterization

on the simulated TEJ

The large westward shift of the simulated TEJ leaves open

the question whether the heating due to the Tibetan Plateau

is too far away to influence the jet. A more revealing sit-

uation would be to come up with simulations in which the

TEJ is located in its climatological position with and

without orography. This will be beneficial as the impor-

tance of the Tibetan Plateau in anchoring the TEJ can be

better understood.

This effect is demonstrated by making a simple change

in the Zhang–MacFarlane deep-convective scheme of

CAM-3.1. This change affects precipitation by altering the

closure criteria used in Zhang–MacFarlane scheme. The

closure criteria used in Zhang–MacFarlane scheme is:

Mb / ðCAPEÞ � s�1
d

where,

Mb cloud base mass flux

CAPE convective available potential energy

It can be seen that a specified adjustment time scale, sd,
determines the cloud base mass flux. As sd increases, it will
reduce Mb, and hence the rate at which CAPE is consumed

decreases. Hence, altering the value of sd was considered.

Bretherton et al. (2004) had discussed the impact of sd in

their model simulations. They suggested using a value of

12 h for a horizontal model resolution of 300 km. A more

detailed study of the influence of sd on the mean tropical

climate produced by CAM-3.0 is in Mishra (2008, 2010).

More recently, Jain et al. (2011) studied the impact of

relaxation parameter on the simulated precipitation of a

GCM using the relaxed Arakawa–Schubert convection

scheme. They found that a high relaxation time-scale was

more appropriate for simulating better precipitation in the

Indian region.

4.3.1 Impact of changes in Zhang–MacFarlane

scheme of CAM-3.1

The horizontal zonal wind profiles, at Umax pressure level,

of Ctrlsd12 (default orography) and noGlOrogsd12 (no

orography) are shown in Fig. 7a, c. In both simulations, the

TEJ is now in the correct location and matches closely with

(a) July Ctrl (125hPa)

(b) July Ctrl τd12 (125hPa)

Fig. 6 Negative of meridional gradient of geopotential height (Z)

divided by Coriolis parameter (� 1
f
oZ
oy
, s) (shaded), and Z contour

(�103 m) [continuous (blue) line], star is location of peak Z (Zmax). Z

contour for Ctrl and Ctrlsd12 is 15.62 and 15.57, respectively, which is
99.5 % of individual peak. Cross-diamond is the location of Umax.

Data from simulations have been averaged for the month of July of

five consecutive years (color figure online)
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NCEP (Fig. 3a). The lack of difference in spatial structure

of the jet between Ctrlsd12 and noGlOrogsd12 again con-

firms that if the location of latent heating does not vary,

orography has a limited role to play in maintaining the jet

location. The magnitude of zonal winds speeds are � 10 m

s�1 less in noGlOrogsd12 simulation. Overall, the jet shows

the same characteristics of narrow entry and exit region.

The meridional wind profile of Ctrlsd12 and noGlOrogsd12
simulations (Fig. 7b, d) also has the same shape as NCEP

and Ctrl. The geopotential height contour and its merid-

ional gradient for Ctrlsd12 is shown in Fig. 6b and is similar

to NCEP. Although it appears that orography has a direct

impact in reducing the strength of the TEJ, it is shown in

Sect. 6 that this is due to change in the location of pre-

cipitation in region beyond 20�N.

4.3.2 Impact of Zhang–MacFarlane scheme of CESM-

1.0.2

From Table 1, it can be seen that in the CtrlZM simulation,

the zonal wind is displaced � 7� eastwards compared to to

Ctrl simulation. The meridional wind profile (Fig. 7f) is

(a) July Ctrlτd12 (125 hPa) (b) July Ctrlτd12 (64◦E)

(c) July noGlOrogτd12 (125 hPa) (d) July noGlOrogτd12 (64◦E)

(e) July CtrlZM (130 hPa) (f) July CtrlZM (49.5◦E)

(g) July CtrlZMτd3 (125 hPa) (h) July CtrlZMτd3 (60.5◦E)

Fig. 7 a, c, e, g July zonal wind

at pressure level where Umax is

attained, cross-diamond is

location of peak zonal wind; b,
d, f, h July zonal wind at

longitude where Umax is

attained. Data from simulations

have been averaged for the

month of July of five

consecutive years. Details are in

Table 1 (color figure online)
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similar to NCEP and Ctrl. The zonal wind in Fig. 7e

indicates that the eastward shift in the jet is not particularly

dramatic as in Ctrlsd12. In contrast, the CtrlZMsd3 simu-

lation has a zonal wind structure similar to Ctrlsd12 simu-

lation. This can be seen by comparing Fig. 7a, g. As before,

the meridional wind profile (Fig. 7h) is also quite similar.

In other words, even with the differences in magnitude and

location of zonal wind, the vertical structure of the TEJ is

similar in simulations and reanalysis.

5 Dependence of location and strength of the TEJ
on the spatial distribution of heating

The significant shifts of the simulated TEJ in the different

simulations and reanalysis, regardless of the presence of

orography indicate that it is the location and distribution of

latent heating rather than just sensible heating from the

Tibetan Plateau that plays a major role in the existence and

location of TEJ. During the monsoon season, the major

source of heating in the tropics is latent heating and hence

it is necessary to look at the role of latent heating. Although

CAM-3.1 does show reasonable fidelity in determining the

spatial features of the TEJ, the discrepancies in location

and magnitude of the maximum velocity of the TEJ need to

be understood.

The reasons for this behavior is explored by analyzing

the spatial distribution of simulated and observed rainfall.

As in Kucharski et al. (2009) and Davis et al. (2012),

precipitation is used as a proxy for latent heating. This is

because precipitation on the ground over a spatially sig-

nificant region is almost entirely the net latent heat release

in the air mass over that region. Since the TEJ is close to

the tropopause level, it can be expected that net latent heat

release is reasonably correlated with precipitation. For

further confirmation, the spatial correlation between the

maximum latent heat release and surface precipitation at

each grid point in the regions under consideration (de-

scribed below) were computed. The correlations were

found to be between 0.87 and 0.94.

To get a more quantitative estimate of the change in the

precipitation pattern, centroid of the precipitation (Pc) was

computed using the following equation:

xc ¼
P

i PixiP
i Pi

; yc ¼
P

i PiyiP
i Pi

ð1Þ

where,

xc and yc are the zonal and meridional coordinates

of the Pc,

Pi is the precipitation at each grid point,

xi and yi are the zonal and meridional distances from a

fixed coordinate system, in each case the grid

point where peak precipitation occurs.

The region chosen for calculating the average precipi-

tation and centroid was 40�E–130�E, 16�S–36�N.

5.1 Differences in the spatial distribution

of precipitation in reanalysis and Ctrl

simulation

Figure 8a–d show the July precipitation of reanalysis and

Ctrl. The contrast between reanalysis and Ctrl simulation is

quite striking. Most noticeable discrepancies in Ctrl are (1)

significantly reduced precipitation in northern Bay of

Bengal, East Asia, western Pacific warm pool, (2) a

(a) July precipitation: GPCP (b) July precipitation: CMAP

(c) July precipitation: NCEP (d) July precipitation: Ctrl

Fig. 8 Mean July precipitation (mm day�1) of reanalysis and Ctrl simulation (color figure online)

The impact of latent heating on the location and strength of the… 255

123



significant precipitation tongue just south of the equator

between 50�E–100�E, and (3) spurious precipitation in the

Saudi Arabian region that is approximately equal in mag-

nitude to the precipitation peaks in central Arabian Sea and

south-western Bay of Bengal. These discrepancies imply a

major realignment in the local heating pattern. This unre-

alistic precipitation has been discussed by Hurrell et al.

(2006). The reason for the incorrect simulation of precip-

itation in CAM-3.1, at least in the region of interest,

appears to be partly due to SST gradients. In the Ctrl

simulation, it was observed that, given warm enough

temperatures and high enough low-level wind speeds,

precipitation tended to be near regions where SSTs chan-

ged rapidly. The same was also observed in some aqua-

planet simulations conducted by us (not shown). The rea-

son for this behavior has not been explored.

From Table 1, it is seen that the mean precipitation in

reanalysis is less than Ctrl simulation by � 20 %, and the

magnitude of Umax is also less by � 25 %. There is also a

� 15� westward shift in the precipitation centroid in Ctrl

compared to reanalysis data, similarly reflected in the

location of Umax. Figure 9 shows these shifts. Figure 9a–c

shows the differences between precipitation for Ctrl and

reanalysis. It appears that, in Ctrl simulation, the westward

shift in the peak of the simulated precipitation is consistent

with the TEJ being centered over East Africa.

5.2 noGlOrog simulation

Precipitation pattern of noGlOrog simulation was similar to

Ctrl simulation (not shown), although there was a reduction

in the Bay of Bengal region. Choosing the same region for

precipitation as in Ctrl, it can be observed that even in this

case, the shift is � 20� westward in comparison to

reanalysis (Table 1). As in Ctrl simulation, this westward

shift is also reflected in the location of Umax. Based on this

analysis, latent heating rather than orography has been

shown to directly affect the location of the TEJ.

5.3 Simulations with modified cumulus

parameterization

The same situation is observed even in the cases where the

cumulus parameterization is changed. Figure 10a, b show

the precipitation patterns for Ctrlsd12 and noGlOrogsd12
simulations. The eastward shift in the TEJ is consistent

with the eastward shift in the precipitation. The TEJ is now

in the correct location and matches closely with NCEP

(Fig. 3a). From the first and third sections of Table 1, it is

seen that the locations of Umax and precipitation centroid

are in good agreement. Thus, it can be inferred that if the

spatial pattern of rainfall is correctly captured, the TEJ will

be correctly located. For the month of July, the spatial

correlations between reanalysis and simulated precipitation

in the region 40�E–130�E, 16�S–36�N were calculated.

The correlations for Ctrl- and Ctrlsd12-reanalysis were 0.33
and 0.63 while that of CtrlZM-reanalysis and CtrlZMsd3-
reanalysis were 0.49 and 0.68. This shows that when pre-

cipitation correlations are better, the spatial location of the

TEJ is close to reanalysis. This again shows the importance

of latent heating on the location of the TEJ.

The reduction in the magnitude of zonal winds speeds in

noGlOrogsd12 simulation may be related to the reduction in

precipitation in the higher tropical latitudes in comparison

(a) July precipitation difference (Ctrl–GPCP) (b) July precipitation difference (Ctrl–CMAP)

(c) July precipitation difference : Ctrl - NCEP (d) Precipitation difference : NCEP (July 1988
– July 2002)

Fig. 9 a–c Mean July

precipitation difference, warm

colors indicate regions where

Ctrl has excess precipitation and

cool colors indicate regions

where there is excess

precipitation in reanalysis data;

d NCEP precipitation difference

(mm day�1), warm colors

indicate regions where excess

precipitation occurred in July

1988 and cool colors indicate

regions where excess

precipitation occurred in July

2002 (color figure online)
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to Ctrlsd12 (see Sect. 6 on aqua-planet simulations). The

meridional wind profile of Ctrlsd12 simulation also has the

same shape as NCEP and Ctrl which again shows that the

shift in the precipitation pattern has only altered the loca-

tion of the TEJ. Although the overall precipitation is more

in Ctrlsd12 compared to Ctrl simulation by � 25 % (see

Table 1), there is a close match in the location of Umax in

Ctrlsd12 and noGlOrogsd12. In other words, the locations of

the precipitation centroid and the TEJ are mutually con-

sistent. The most significant change in rainfall pattern is,

however, the total absence of precipitation in the Saudi

Arabian region.

Similarly, the simulations with deep convective

scheme of CESM-1.0.2 (Fig. 10c, d) also show the same

features. There is a major improvement in some aspects.

Precipitation in the Saudi Arabian region has reduced in

comparison to Ctrl (Fig. 8d). The anomalous precipitation

tongue just south of the equator has also reduced signifi-

cantly, while that in the Pacific warm pool is more realistic

as in Fig. 8a–c. This eastward shift in precipitation in

CtrlZM simulation also hints at the fact that a reduction in

heating in Saudi Arabian region may have caused the � 7�

eastwards shift of the TEJ in comparison to Ctrl. The

magnitude and centroid of precipitation were calculated as

before from Eq. (1). The meridional wind profile is similar.

In case of CtrlZMsd3 the precipitation is similar to Ctrlsd12
simulation, with the added benefit that the overall magni-

tude of precipitation also reduced in comparison. As can be

observed from Fig. 10a, d, there are relatively minor

changes in the zonal wind structure and precipitation

pattern between these two simulations. These patterns are

similar to Ctrl and NCEP (Table 1). Thus, it can be con-

cluded that the spatial distribution of latent heating as well

as its magnitude is an important factor influencing the

location and structure of the TEJ. Only altering the portion

of the model which changes the convective forcing deter-

mines the shape and location of the TEJ. Orography did not

significantly influence the location of the jet. This does not

imply that orography has no role in actively shaping the

actual observed Asian monsoon. However, the location of

the TEJ is correlated to the spatial distribution of mon-

soonal heat sources. If the simulated heat sources have a

significantly different spatial distribution in comparison to

reanalysis, then the simulated TEJ will also differ from the

jet in reanalysis. This can be seen by comparing the with-

and without-orography simulations. Also, as explained by

Webster and Fasullo (2003), the presence of the TEJ results

in convection; thus continues to fuel the jet in a feedback

cycle. Although this feedback exists, it only enhances the

coupling between the TEJ and the latent heating. It does

not affect the general result that there is a significant

relationship between the spatial distribution of precipita-

tion and the location of the TEJ.

The shifts in the geopotential contours discussed before

can now be understood in terms of the location of precip-

itation shifts. Since geopotential height at any level is

related to the temperatures integrated form the surface to

that layer, in the tropics the main mechanism that controls

this is latent heat. The zonal wind at that layer is then

related to the meridional gradient of geopotential height.

(a) July Ctrlτd12 (b) noGlOrogτd12

(c) July CtrlZM (d) July CtrlZMτd3

Fig. 10 July precipitation (mm day�1, shaded) and zonal wind

contours of CAM-3.1 simulations with modified Zhang–MacFarlane

scheme. a, b Default Zhang–MacFarlane scheme with sd = 12 h; c,
d Zhang–MacFarlane scheme from CESM-1.0.2 with sd = 1 and 3 h,

respectively. Cross-sections are at pressure level where Umax is

attained (refer Table 1), cross-diamond shows the location of

maximum zonal wind. Data from simulations have been averaged

for the month of July of five consecutive years (color figure online)
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These conclusions are not limited to CAM-3.1 alone.

The model used by Chakraborty (2004) also showed sim-

ilar behavior (the GCM used was the same as that by

Chakraborty et al. (2002, 2008). In this case also the TEJ

was similar in simulations with and without orography (not

shown). This happened because the precipitation patterns

were similar in both simulations.

5.4 TEJ variability in reanalysis

As discussed in Sect. 3 and shown Fig. 4a, the location and

strength of the TEJ in July 1988 and 2002 are quite different.

The explanations above should be valid for reanalysis data

as well. It is well known that in India 2002 was a drought

year (Sikka 2003; Bhat 2006) while 1988 was an excess

monsoon year (Ramesh et al. 1996). The relationship

between precipitation and the jet location in the month of

July for these 2 years is now clarified. Here, both precipi-

tation and zonal winds from NCEP data because reanalysis

winds are a product of forcing from the same data. If the TEJ

is influenced largely by latent heating due to Indian summer

monsoon then the July 2002 shift should be consistent with

rainfall being shifted eastwards. This is seen in Fig. 9d,

where the precipitation differences between July 1988 and

2002 are shown. There is a clear eastward shift in the rainfall

distribution for July 2002, with the maximum being in the

Pacific warm pool and relatively little in the Indian region.

This is in contrast with July 1988, where Indian region

receives high amounts of precipitation. The jet in 1988

peaks at 60�E–65�E while in 2002 the maximum is in the

southern Indian peninsula implying a � 20� westward shift.

The same behavior for these 2 years was also observed in

ERA40 data (not shown).

According to Rao et al. (2004), the strength of the TEJ

has decreased between the years 1958 and 1998. This was

correlated with a reduction in tropical cyclonic systems and

summertime monsoonal depressions in the Bay of Bengal.

This also agrees well with our results that reduced mon-

soonal heating leads to a reduction in the strength of the

TEJ.

A reduction in the spatial extent of the TEJ between

1960 and 1990 was observed by Sathiyamoorthy (2005).

According to the author, the near-disappearance of the jet

over the Atlantic and African regions was related to the 4–5

decade prolonged drought conditions over the Sahel region.

This explanation is consistent with the results presented in

this paper. Reduced latent heating in the Sahel region

would lead to the TEJ being weaker, implying a weaker

and smaller jet in this region.

6 Aqua-planet simulations

The appearance of the TEJ only during the months of Asian

and Indian summer monsoon leads us to the question

regarding the impact of spatial location of precipitation.

Although rainfall is observed in the equatorial Inter-Trop-

ical Convergence Zone (ITCZ) year round, no strong jet is

observed year around. The zonal winds become strongest

when there is a strong Continental Tropical Convergence

Zone (CTCZ) with heavy precipitation located in the Bay

of Bengal in JJA. To explore this issue, a series of aqua-

planet simulations were conducted with single heat sources

at 90�E, 10�N (AP_90e10n) and 90�E, 20�N (AP_90e20n),

as discussed in Sect. 2.2. Precipitation was averaged in the

region where SSTs were elevated. The region chosen for

averaging was 70�E–110�E and 0�N–30�N.
In Table 2, the zonal winds and precipitation for these

two simulations are shown. The zonal wind speed is about

twice as high for the AP_90e20n simulation although the

mean precipitation value is half that of the AP_90e10n

simulation. This suggests that in the tropics, heating further

away from the equator has more discernible impact on the

zonal wind speed.

This is not a one-off phenomenon as many other similar

simulations with different SST maxima have also been

conducted (not shown). The maxima ranged from 23 to 37
�C. As before, all experiments had SSTs kept constant

during the integration period. As the SST maxima were

increased, so did the precipitation. The increase in pre-

cipitation was similar for heat sources centered at 10�N and

20�N, that is, for the same SST peak, both the heat sources

induced similar amounts of mean precipitation. Whenever

the heat source was centered at 90�E, 10�N the zonal wind

speeds ranged from approximately 15 to 25 m s�1. On the

other hand, whenever the heat source was centered at 90�E,
20�N the zonal wind speeds ranged from approximately 15

to 55 m s�1. This increase in zonal wind speed was

monotonically increasing with mean precipitation for the

20�N heat source, but the 10�N heat source showed no such

Table 2 Magnitude (m s�1)

and location of peak zonal wind,

and mean (mm day�1) and

centroid of precipitation in

aqua-planet simulations

Case Zonal wind Precipitation

Peak Lon (�E) Lat (�N) Press Mean Lon (�E) Lat (�N)

AP_90e10n 21.76 82.5 10.0 175 8.93 90.1 14.5

AP_90e20n 42.20 82.5 10.0 150 4.88 90.7 19.4
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pattern. Simulations with oval-shaped regions also gave the

same results.

These simulations may partly explain the high jet

strength only during the Indian summer monsoon season,

because, during this period the northern Bay of Bengal

receives significant amounts of rainfall. This is consistent

with the model proposed by Gill (1980).

The increased jet zonal wind speeds in Ctrlsd12 relative

to noGlOrogsd12 can be partly understood. In the former

there was considerable precipitation to the north of 20�N.
This may have contributed to the higher Umax values.

However, the location of Umax has remained almost the

same. This shows that the rainfall in the Assam hills may

impact the jet strength and not its location.

7 Conclusions

The July climatological structure of the TEJ in observa-

tions has been compared with the simulations by an

AGCM. The location of TEJ in reanalysis in July 1988 and

2002 had significant zonal shifts. Reduced precipitation in

the Indian region in 2002 made the jet have its maxima in

the southern Indian peninsula as compared to 1988, when

high rainfall in the Indian region resulted in the TEJ having

its maxima over the Arabian Sea region. This shows that

the location of the TEJ is not completely influenced by

orography.

The Ctrl simulation displayed errors in the location of

the TEJ. When orography is removed, the spatial location

and structure is relatively unchanged. This leads to the

conclusion that the location of the TEJ is not directly

influenced by orography, while the strength is affected due

to slight changes in the spatial location and magnitude of

precipitation. The primary reason for the shift in the sim-

ulated TEJ is that location of the precipitation in both Ctrl

and noGlOrog is westwards when compared to reanalysis

data.

Additional experiments were conducted to check if the

TEJ is primarily influenced by latent heating. The aqua-

planet simulations showed that heating in the higher trop-

ical latitudes is more effective in generating jet velocities

comparable to that of the TEJ. This offers an explanation

about the reason for the jet to be very strong during the JJA

monsoon season.

Changing the deep-convective relaxation time scale both

in Ctrl and noGlOrog simulations confirmed this. In these

new simulations, the precipitation is more accurately sim-

ulated and most importantly anomalous precipitation in

Saudi Arabia no longer occurred. The jet followed the shift

in precipitation and relocated to the correct climatological

position. The absence of orography once again had no

impact on the location of the jet. This provides significant

evidence that the location of the TEJ is primarily depen-

dent on the spatial distribution of precipitation. Replacing

the default deep-convective cumulus scheme with that of

CESM-1.0.2 also has the same effect on the jet. Both

Ctrlsd12 and CtrlZMsd3 have very similar precipitation

patterns and hence the location of the TEJ in both is cor-

rectly simulated.
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