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ABSTRACT

Interannual and long-term variability of the low level jetstream (LLJ) of the Asian summer monsoon during June to
September was studied using reanalysis wind data. In order to study the variability, the domain of the LLJ covering
the Indian and west Pacific Oceans was divided into six regions (boxes) based on their physical characteristics. The
long term variability of LLJ and its relation with Indian monsoon rainfall and El Nino index were analysed. The
low level circulation over Indian Ocean becomes weak during the positive phase of El Nino Southern Oscillation
leads to warmer sea surface temperature over Indian Ocean. The strength of the low level jet over India depends on
the convective heating of the atmosphere and not on the strength of the south Indian Ocean trade wind (/77z) which
remains a passive component of the LLJ. The LLJ flow through peninsular India is weaker and the flow south of
peninsular India is stronger during the recent decades in association with increasing number of break monsoon days.
The cross equatorial flow over west Pacific Ocean has statistically significant increasing trend related to the increasing
convection in the west Pacific Ocean.
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1. Introduction

The economy of India depends heavily on agriculture and is
strongly influenced by the Indian Summer Monsoon Rainfall
(ISMR) during June to September which accounts for more
than 70% of the annual rainfall of India. There is considerable
variation in monsoon rainfall of India from year to year. Both
internal and external factors control this inter-annual variabili-
ty. El Nino Southern Oscillation (ENSO) is one of the external
forcings on ISMR and active break cycle of the monsoon is one
of the prominent internal forcings (Goswami, 2005)

The low level jetstream (LLJ) is one of the important
semi-permanent components of the Asian summer monsoon
and is a part of the monsoon Hadley circulation (Krishnamurti
and Bhalme, 1976). The existence of LLJ over peninsular India
during the monsoon season with strong wind shears both in the
vertical and horizontal was established by Joseph and Raman
(1966). Findlater (1969a) showed that this LLJ is cross-equa-
torial and had its origin in the easterly trade winds of the south
Indian Ocean. LLJ winds of south Indian Ocean crossed the
equator in a narrow longitudinal belt close to the east African
coast as a southerly jetstream, with wind speeds at times as
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high as 50 ms~!. LLJ turned westerly over the Arabian Sea, and
passed through peninsular India and the Bay of Bengal. Find-
later (1969b) showed that this LLJ accounted for nearly half of
the global inter-hemispheric transport of air in the lower tropo-
sphere during the monsoon season June to September.

Figure 1a gives the wind at 850 hPa over south Asia of June
to September averaged over the years 1979-2010 using JRA-
55 reanalysis data which shows the mean inter-hemispheric
LLJ of the Asian summer monsoon. Figure 1b shows the June
to September averaged outgoing longwave radiation (OLR) of
the period 1979-2010. It is taken as a proxy for deep convec-
tion and the associated rainfall. The moisture generated over
the south Indian Ocean and the evaporative flux from the Ara-
bian Sea are carried by the strong cross-equatorial air flow near
the east African coast and the zonal flow across peninsular In-
dia into the convective heat source area A in Fig. 1b. The con-
vective area B, (Fig. 1b) which is over the west Pacific Ocean
between latitudes 5°N and 20°N east of longitude 120°E, is
associated with the moisture transport through the cross-equa-
torial flow east of longitude 100°E and also through the zonal
flow through peninsular India extending eastwards to the west
Pacific Ocean.
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Fig. 1. (a) Mean 850 hPa wind of monsoon season (JJAS) for the period 1979 to 2010 showing the zonal flows and the cross equatorial meridional

flows. The six representative regions (as marked by boxes) of the LLJ of Asian summer monsoon are (1) Equatorial Indian-Ocean EIm (box
5°S-5°N, 35°E-55°E), (2) Central Arabian-sea CAz (box 10°N-20°N, 55°E-65°E), (3) Peninsular India PIz (box 10°N-20°N, 70°E-85°E), (4) west
Pacific-Ocean WPm (box 5°S-5°N, 100°E-140°E), (5) northwest Pacific (box 5°N-15°N, 120°E-160°E) and (6) Indian-Ocean Trades ITz (box
20°S-5°S, 60°E-90°E).Suffixes z and m represent zonal and meridional components of wind (b) Mean OLR (Watts per sq, metre) of the monsoon

season (JJAS) for the period 1979-2010. The two active convection zones of the monsoon season A and B are marked.

A time-dependent primitive equation model with specified
zonal flow, mountains and adiabatic heating was used to study
the LLJ by Hoskins and Rodwell (1995) and Rodwell and
Hoskins (1995). Their study identified the strong sensitivity
of the LLJ to changes in convective heating over the Indian
Ocean. Joseph and Sijikumar (2004) found that the strength of
the convective heating over the Bay of Bengal and the strength
of the LLJ (zonal wind component at 850 hPa) through penin-
sular India have the highest correlation with a lag of 2-3 days,
convective heating leading. A similar relation was found for the
west Pacific Ocean by Joseph and Sabin (2008). In response to
the increased land-sea thermal contrast due to global warming,
the LLJ is found to shift poleward (Sandeep and Ajayamohan,
2014). Krishnamurti et al. (1976) used a one-level primitive
equation model and highlighted the importance of the east Afri-
can Mountains, land-sea thermal contrast and beta effect on the
simulation of the LLJ.

However no comprehensive study of the interannual varia-
bility of the LLJ and its relation with sea surface temperature
(SST) over east Pacific (Nino 3.4) has so far been done which

is the objective of our study. We have used data sets of the last
five decades to study the variation of zonal/meridional flow of
the LLJ associated with the boreal summer monsoon circula-
tion over the tropical Indian Ocean and west Pacific Ocean. In
addition to that the relation between LLJ and ISMR and that
between LLJ and El Nino were studied. Section 2 describes the
data used for the study. Inter-annual variability of LLJ and its
relation to ISMR and El Nino are discussed in Section 3. Study
of the long term variability of LLJ is presented in Section 4.
Discussion and conclusions of the study are given in Sections
5 and 6 respectively

2. Data and methodology

ISMR is the rainfall of India from 1 June to 30 September de-
rived by the method described in Parthasarathy et al. (1994)
as average of 306 climatic rain gauge stations well distribut-
ed over India (location of these rain gauge stations are shown
in Figure 1 of Parthasarathy et al., 1994). This data updated
every year is available in the website of the Indian Institute of
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Tropical Meteorology (II'TM), Pune (www.tropmet.res.in). The
standard deviation of ISMR is about its 10%.

Wind data of 850 hPa are from Japanese Reanalysis (JRA-55)
data-set at 1.25° x 1.25° latitude/longitude horizontal resolution
for 1958-2010 (Kobayashi et al. 2015) and National Centres
for Environmental Prediction/ National Centre for Atmospher-
ic Research (NCEP/NCAR) reanalysis (Kalnay et al., 1996)
with horizontal resolution of 2.5° x 2.5° latitude/longitude for
period of 1950-2010. National Oceanic and Atmospheric Ad-
ministration (NOAA) interpolated OLR data (Liebmann and
Smith, 1996) of resolution 2.5° x 2.5° are used as proxy for the
convective heating of the atmosphere. Monthly SST are from
the HadISST data-set as derived by Rayner et al. (2003) having
1° x 1° latitude/longitude spatial resolution. Mean SST anom-
alies in the Nino 3.4 (5°S-5°N, 120°W-170°W) region of the
season June to September and October to December (hereaf-
ter called N3.4 index) are used. The N3.4 index is taken from
http://www.esrl.noaa.gov/psd/gcos_wgsp/Timeseries/Nino34/.

Most of the research work on LLJ reported in the literature
considered the whole LLJ as one entity. Using a general circu-
lation model, Chakraborty et al. (2009) studied the influence
of the east African highlands and the convective heating of the
atmosphere over the Bay of Bengal on the LLJ of the Indian
Ocean by dividing it into four boxes. In this study, the domain
of LLJ covering a large area (Indian and west Pacific Oceans)
has been divided into six zones represented by Equatorial Indi-
an-Ocean box (5°S-5°N, 35°E-55°E), Central Arabian-sea box
(10°N-20°N, 55°E-65°E), Peninsular India box (10°N-20°N,
70°E-85°E), west Pacific-Ocean box (5°S-5°N, 100°E-140°E),
northwest Pacific box (5°N-15°N, 120°E-160°E) and Indi-
an-Ocean Trades box (20°S-5°S, 60°E-90°E) abbreviated as
Elm, CAz, PIz, WPm, NPz and ITz respectively as shown in
Fig. 1. Suffixes z and m represent zonal and meridional wind
components respectively. Winds of boxes Elm and WPm are
predominantly meridional and winds in the other 4 boxes CAz,
PIz, NPz and ITz are zonal.

The LLJ winds over Indian Ocean is divided into 4 boxes,
more or less similar to the four boxes of LLJ in Chakraborty
et al. (2009) and the wind over west Pacific is divided into 2
boxes. The physical reason for dividing the LLJ into different
region are: the LLJ originate from the easterly trade wind of
the south Indian Ocean (Findlater, 1969a) is represented by

Table 1a.
99.9, 99 and 95% levels of statistical significance.

the box /77 and is a region of generation of large amounts of
moisture by evaporation at the sea surface by the strong trade
winds (south easterly) of the monsoon season. Most of the in-
ter-hemispheric transport of moisture generated in the south In-
dian Ocean is through the box Elm which has southerly winds.
The core of the LLJ in the north Indian Ocean is found in the
Arabian Sea represented by the box CAz where the wind is
southwesterly. In active monsoon periods, the strong westerly
wind flows through India represented by the box PIz whereas in
break or weak monsoon spells the wind flow through this box
become weak (Joseph and Sijikumar, 2004). Even though the
wind over west Pacific is mostly the easterly trade winds, the
westerly winds of LLJ extend eastwards beyond 120°E into box
NPz during August and Septmber in the climatic mean and in
all four monsoon months in El Nino years. The cross equatorial
flow over the box WPm also strengthens the zonal flow over
NPz during this period. So we consider these two boxes over
west Pacific (WPm and NPz) to study the variability of the wind
over these regions during monsoon season.

3. Results

3.1 Inter-annual relationships among components of
LLJ and ISMR/N3.4

The inter-annual variability of low level wind (850 hPa zonal
or meridional mean wind of the monsoon season June to Sep-
tember) of the six boxes covering the domain of the LLJ, four
in Indian Ocean region (Elm, CAz, PIz and ITz) and two in west
Pacific Ocean (WPm and NPz) are studied. From the time se-
ries of zonal/meridional wind over each box, an 11-year mov-
ing average is removed to get a time series free from decadal
variability and trend for the study of inter annual variability.
The Pearson’s (linear) Correlation Coefficient (PCC hereafter
called correlation) between ISMR/Nino 3.4 and zonal/merid-
ional wind over each of the six boxes are shown in Table la
and correlation between winds over a pair of boxes are shown
in Table 1b. We have taken negative value for the south east-
erly trade wind over the box /77 in order to get the same sign
for the correlation as for the other boxes. We have used wind
data of JRA-55 (1958-2010) for this study as it has higher

Correlation between interannual components of pairs of LLJ box parameters and ISMR / N3.4 Red, green and blue colours represents

Box Area Corr with ISMR Corr with Nino 3.4 (OND) Corr with Nino 3.4 (JJAS)

JRA NCEP JRA NCEP JRA NCEP
EIm 5S-5N, 35E-55E 0.57 0.44 -0.62 -0.35 -0.66 -0.35
CAz 10N-20N, 55E-65E 0.70 0.76 -0.31 -0.33 -0.42 -0.42
Plz 10N-20N, 70E-80E 0.46 0.56 0.06 -0.03 -0.02 -0.11
WPm  5S-5N, 100E-140E -0.32 -0.22 0.78 0.69 0.77 0.67
NPz 5N-15N, 120E-160E -0.42 —-0.38 0.78 0.76 0.69 0.67
-ITz 20S-5S, 60E-90E 0.21 0.24 0.08 -0.06 0 -0.07
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Table 1b. The PCC in the inter-annual component among six parame-
ters of LLJ using JRAS5 and NCEP (marked top left) data. Red, green
and blue colours represents 99.9, 99 and 95% levels of statistical sig-
nificance.

EIlm CAz Plz WPm NPz -ITz

JRA

EIm 1 0.48 -0.03 -0.45 -0.50 0.13
CAz - 1 0.59 -0.09 -0.09 0.28
Plz - - 1 0.13 0.30 0.16
WPm - - - 1 0.66 0.28
NPz - - - - 1 0.09
-ITz - - - - - 1
NCEP

EIm 1 0.57 0.30 -0.30 -0.20 0.22
CAz - 1 0.71 -0.07 -0.07 0.31
Plz - - 1 0.07 0.30 0.22
WPm - - - 1 0.67 0.14
NPz - - - - 1 0.01
Tz - - - - - 1

spatial resolution than NCEP/NCAR reanalysis data-set. For
the verification we have used NCEP/NCAR reanalysis (1950—
2010) data-set. Statistically significant correlation coefficients
(using a Student’s r-test) at the 99.9% confidence level are
marked in red colour, at 99% in green and at 95% in blue.

The correlation between ISMR and monsoon season wind
over each box indicates that low level flow over the Indian
Ocean are positively and significantly correlated with monsoon
rainfall and that of west Pacific Ocean are negatively correlated.
The last four columns in Table 1a represents the relationship be-
tween the SST anomaly over Nino 3.4 region (mean of months
OND and JJAS) and zonal/meridional wind over each box of
the months JJAS. The cross equatorial flow (Elm) and south
westerly flow (CAz) over Indian Ocean are negatively and sig-
nificantly related to Nino 3.4 index whereas the wind over west
Pacific Ocean (WPm and NPz) are positively related with high
correlation that are statistically significant at 99.9%. The 51-
yr (43-yr) correlations between wind over most pairs of boxes
have strong correlation coefficients (Table 1b). For the 51-yr
(43-yr) period, a correlation larger than 0.44 (0.49) is signifi-
cant at the 99.9% confidence level (marked in red color). The
correlation between 0.35 and 0.44 (0.39 and 0.49) is significant
between 99% and 99.9% (green) and the correlation between
0.27 and 0.35 (0.30 and 0.39) is between 95% and 99% (blue)
confidence level.

The correlation between N3.4 on one side and wind over
Pacific Ocean (NPz and WPm) on the other are very high at
0.78. Increase in N3.4 (stronger El Nino) increases both cross
equatorial flow (WPm) and zonal flow (NPz) over west pacific.
Anomalous westerlies in the north west Pacific (NPz) creates
increased cyclonic vorticity in the boundary layer causing in-
creased convection (rainfall) in box-NPz. Convection in box-
NPz on one side and zonal winds in box NPz and meridional

winds in the box WPm on the other grow in a positive feedback.
It is well known that El Nino is associated with deficient ISMR.
Nino 3.4 index and ISMR have a correlation of —0.51. The
correlation between N3.4 and cross equatorial flow over west
Indian Ocean (EIm) is negative and very high at —0.62. This
shows that when N3.4 is high, the meridional wind in Elm be-
comes weak and when this wind is weak, the along-shore winds
along the coasts of Somalia and Arabia become weak reducing
the coastal upwelling there generating warm SST anomalies in
western Indian Ocean. Weaker winds in this area are also as-
sociated with weaker ISMR. Here lies the explanation for the
findings of Babu and Joseph (2002) that monsoon droughts ac-
companied by El Nino creates stronger warm SST anomalies
over north Indian Ocean than drought monsoon not accompa-
nied by El Ninos. The cross equatorial flow over India (Elm)
and cross equatorial flow over west Pacific (WPm) are negative-
ly correlated with a correlation of —0.45. The meridional flow
WPm (EIm) strengthens (weakens) when N3.4 is high.

An important finding is that the LLJ component south of the
equator in the Indian Ocean (/77) has very low correlation with
ISMR, N3.4 and the wind components Elm, CAz, WPm and NPz
on the interannual time scale. There is a general concept that the
trade winds in the /77 region cross the equator (Elm) and turn
right to become the monsoon flow (CAz and PIz). The correla-
tion between Iz on one side and EIm, CAz and PIz on the other
side should have been high which is not the case. There is a
high correlation between convective heating of the atmosphere
and the LLJ components CAz and PIz in the Indian Ocean and
NPz in the west Pacific Ocean at a lag of 2-3 days (convection
leading) in positive feedbacks as described in Chakraborty et
al. (2002), Joseph and Sijikumar (2004) and Joseph and Sabin
(2008). Strength of the LLJ zonal wind components CAz and
PIz depend on the convective heating of the atmosphere and not
on the strength of the trade winds in south Indian Ocean (/7%)
which remains a passive component of the LLJ on the interan-
nual time scale. The surface wind in box /77 is however impor-
tant in the generation of moisture that is conveyed through the
LLJ for the generation of monsoon rain in area A of Fig. 1b.

3.2 Long term variability of LLJ

We have carried out trend analysis of 850 hPa zonal wind and
meridional wind for the monsoon seasons of the period 1958—
2010 using JRA-55 reanalysis data (Fig. 2a and b respectively)
and for the period 1950-2010 using NCEP/NCAR reanaly-
sis data (figures not shown). These data sets have used actual
measured wind data at several levels in the atmosphere for the
reanalysis and therefore are highly reliable. The westerlies in
the north Indian Ocean between 10°N and 20°N has shown a
decreasing trend while that between equator and 5°N shows in-
creasing trend. The increasing trend of northerlies in the west
coast of India and westerlies between equator and 5°N implies
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Fig. 2. (a) Trend of 850 hPa zonal wind and (b) 850 hPa meridional wind during 1958-2010 using JRA-55 reanalysis data. Shading shows 95% level

of statistical significance.
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Fig. 2¢. Trend of outgoing longwave radiation (OLR) during 1979-2010 Shading shows 95% level of statistical significance.

that the LLJ bypasses India more frequently during the recent
decades. This is linked to the increasing frequency of break
monsoon days of the monsoon season in the recent decades
(Joseph and Simon, 2005; Rameshkumar et al., 2009) as the
LLJ axis shift towards the equator east of longitude 70°E during

break monsoon spells (Joseph and Sijikumar, 2004). Significant
strengthening of easterlies is found in the south Indian Ocean
south of 15°S. The meridional wind WPm shows statistically
significant increasing trend. Satyaban et al. (2016) found that
there is increasing trend of moisture over west Pacific Ocean
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during this period. The increasing trend of the meridional wind
WPm may be in response to the increasing convection in the
west Pacific Ocean (see Fig. 2c which supports this) caused by
the increased moisture.

4. Discussion

The variability of the low level wind over the tropical Indian
Ocean and the west Pacific Ocean during the boreal summer
monsoon season has been studied using 850 hPa reanalysis
wind data of JRA-55 and NCEP. The domain of the LLJ over
Indian Ocean was divided into four boxes and that over west
Pacific into two boxes. The interannual variability of zonal/
meridional wind over these boxes and their trend analysis was
carried out. The relationship between zonal/meridional wind
over these boxes and ISMR/EI Nino has also been studied. A
schematic diagram showing the prominent correlations among
the parameters studied in their inter-annual components using
JRA-55 wind data is shown in Fig. 3. On the inter-annual time
scale the relation between ISMR and the low level wind over
Indian Ocean (EIm, CAz and PIz) may be taken as two way
interactions and the correlations are very high. The magnitude
of westerly LLJ over the Arabian Sea is directly linked to the
strength of the monsoonal heat source (Chakraborty et al.,
2009) The convective heating of the atmosphere results in the
strengthening of the LLJ winds. Stronger LLJ winds are associ-
ated with higher cyclonic vorticity in the atmospheric boundary
layer leading to increased convection (rainfall). There is a pos-
itive feedback between convection and wind on the intra-sea-
sonal time scale as discussed in Joseph and Sijikumar (2004)
and Joseph and Sabin (2008). Strength of the LLJ zonal wind
components CAz, PIz and NPz depend on the convective heat-
ing of the atmosphere and not on the strength of the trade winds
of south Indian Ocean 7z, which remains a passive component
of the LLJ on the interannual time scale.

The cross equatorial flow over west Indian Ocean (Elm)
weakened (strengthened), while cross equatorial flow over west
Pacific Ocean (WPm) strengthened (weakened) during a warm

(cold) phase of ENSO. Zhu (2012) has also found similar rela-
tionship. The cross equatorial flow, E/m and WPm are connect-
ed to the strength of two highs, Mascerene High and Australian
High respectively as shown by Wang and Li (1982) and Xue
et al. (2004). Australian High tends to be intensified with the
occurrence of El Nino (Xue et al., 2004). Convective heating
over the central Pacific and the intensified Australian High
during El Nino creates the meridional pressure gradient that
accelerates the cross equatorial flow over west Pacific, WPm.
The strengthened WPm tends to increase evaporation over the
tropical west Pacific and maritime continent accounting for the
cooling of SST therein (Fig. 4a). This leads to anomalous west-
erlies near the surface by the weakening of trade winds (Fig.
4b). Zhu (2012) found that the strength of the cross-equatori-
al flow near the Somali coast is negatively related to the SST
over western tropical Indian Ocean and Arabian Sea. When the
along-shore winds off the coasts of Somalia and Arabia be-
come weak the coastal upwelling reduces generating warm SST
anomalies there. This may be the reason for the post monsoon
SST anomalies in north Indian Ocean become much higher
in monsoon drought years accompanied by El Nino as com-
pared to those not accompanied. Lin et al., (2014) found that
strong cross-equatorial flow and westerlies are associated with
the presence of monsoon trough over west Pacific during west
north Pacific summer monsoon. Most of the strong monsoon
trough years are taken based on the vorticity over 5°N-20°N,
130°E-175°E during Aug—Sep are the El Nino years.

The strength of the monsoon depends on the moisture trans-
port through peninsular India and the intensity of wind over
CAz/PIz. Both CAz and PIz has decreasing trend and are re-
lated to the convective heating of the atmosphere. Joseph
(2014) has shown that during the period studied in this paper,
the frequency of monsoon depression, forming in north Bay
of Bengal had a steep decreasing trend. The LLJ through pen-
insular India (PIz) has a control on the frequency of monsoon
depressions as it is related to the low level cyclonic relative
vorticity over north Bay of Bengal situated just north of the
LLJ axis when monsoon is in the active phase. The strength

Fig. 3. Schematic diagram representing inter-annual correlations among ISMR, Nino 3.4 and LLJ components (positive PCC by red arrows and
negative PCC by green). All the PCCs marked are at 99.9% level of statistical significance. A one way relation that is statistically significant is

marked by an arrow with single head. If there is a high and significant PCC between two parameters with two way interaction, it is represented by

lines with arrows on both ends.
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of the monsoon flow are not favouable for the intensification
of lows into depressions and cyclones during the last two dec-
ades (Dash et al., 2004). The decreasing trend of PIz and the
increasing trend of northerlies in the west coast of India and
westerlies between equator and 5°N results in the increasing
trend of break monsoon days during the monsoon season as
found by Joseph and Simon (2005) and Rameshkumar et al.
(2009) and the axis of LLJ shifts equatorwards east of longi-
tude 70°E during break monsoon spells (Joseph and Sijikumar,
2004). Most of the wind that carries moisture from the south
Indian Ocean (SIO) and Arabian Sea bypasses India causing
less precipitation over Indian subcontinent (Sathyaban et al.
2016). Also Zhao et al. (2012) found that Asian monsoon cir-
culation strengthened during the positive phase of Asia Pacific
Oscillation and it has negative trend in recent decades. As a
result CAz and Pz shows decreasing trend. Increasing trend of
convection over northwest Pacific and the increased inter-hem-
ispheric moisture transport as found by Sathyaban et al. (2016)
results in the increasing trend of cross equatorial flow over
west Pacific (WPm).

5. Conclusions

The domain of the LLJ covering the Indian and west Pacific
Oceans was divided into six representative zones (boxes) with
different physical charateristics and the linear correlation be-
tween the mean monsoon winds (zonal or meridional) in these
boxes and Indian Summer Monsoon Rainfall/El Nino Index at
the inter-annual time scale were studied. The climate change
during the last five decades is also studied by analysing the lin-
ear trends of 850 hPa wind.

On interannual timescale, the strength of the low level jet
over India depends on the convective heating of the atmos-
phere and not on the strength of the south Indian Ocean trade
wind (/Tz) which remains a passive component of the LLJ.

The strength of the El Nino (N3.4) has negatively correlated
with cross equatorial flow over the western Indian Ocean (Elm)
and it explains why El Nino is associated with large and posi-
tive SST anomaly in tropical western Indian Ocean.

Monsoon mean zonal wind through Peninsular India has a
statistically significant decreasing linear trend. It is related to
the decreasing trend in the frequency of monsoon depressions
and increasing number of break monsoon days observed. The
cross equatorial flow over west Pacific Ocean WPm has signifi-
cant increasing trend related to the increasing convection in the
west Pacific Ocean.
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