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[1] Recent findings indicate that ENSO may modulate the
strength of the Indian monsoons by altering the meridional
tropospheric temperature gradient between Asia and the
equatorial Indian Ocean. Here we show that during northern
hemisphere summertime El Nifio events both colder upper
tropospheric temperatures and increased vorticity anomalies
are observed within the North African-Asian (NAA) jet.
The temperature response within the NAA jet is the
dominant ENSO-related change to the meridional
tropospheric temperature gradient between Asia and the
equatorial Indian Ocean. Forced solutions of the linearized
barotropic vorticity equation indicate that these anomalies
within the NAA jet are a response to northern hemisphere
summertime El Nifio-related convective activity over the
equatorial Pacific Ocean. Additional experiments indicate
that westward propagating anomalies in both the tropics and
middle latitudes produce the anomaly response within the
NAA jet. These findings suggest that the teleconnection
linking ENSO and the monsoons is mediated by the
response of the NAA jet to westward propagating Rossby
waves. Citation: Shaman, J., and E. Tziperman (2007),
Summertime ENSO-North African—Asian Jet teleconnection
and implications for the Indian monsoons, Geophys. Res. Lett., 34,
L11702, doi:10.1029/2006GL029143.

1. Introduction

[2] The significant summertime covariability of the
Indian monsoons and ENSO has been documented in
numerous studies [Walker, 1924; Rasmusson and Carpenter,
1983; Ropelewski and Halpert, 1987; Webster and Yang,
1992; Mehta and Lau, 1997; Webster et al., 1998]. This
covariability generally manifests as a weaker Indian
monsoon during summertime El Nifio events. Some
evidence exists suggesting that this relationship between
ENSO and the Indian monsoons fluctuates on decadal
timescales and may have deteriorated in the late
20th century [Kumar et al., 1999; Krishnamurthy and
Goswami, 2000; Ashrit et al., 2001]; however, more recent
findings indicate that these fluctuations may be merely a
stochastic process and not statistically significant [ Gershunov
etal.,2001; Van Oldenborgh and Burgers,2005]. In addition,
Goswami and Xavier [2005] showed that ENSO-Indian
covariability depends in part on how the monsoon season is
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defined and that the association between ENSO and Indian
monsoon rainfall, in fact, has remained significant.

[3] A number of competing theories attempt to explain
the observed covariability of the Indian monsoons and
ENSO (see Auxiliary Material'). Recently, a new theory
explaining this covariability was presented by Goswami and
Xavier [2005]; these authors showed that summertime
ENSO conditions are associated with tropospheric temper-
ature anomalies over Asia and the Indian Ocean. Specifi-
cally, during summertime El Niflo events anomalously cold
temperatures occur over much of Asia and warm temper-
atures occur over the Indian Ocean. Such changes in the
meridional gradient of tropospheric temperatures can affect
monsoon circulation [Webster et al., 1998]. Previous
research has demonstrated that the onset of the South Asian
monsoons is associated with both the upper tropospheric
temperature gradient between the Himalayas and the Indian
Ocean [He et al., 1987, 2003; Li and Yanai, 1996] and the
summertime heating of the Tibetan Plateau [Luo and Yanai,
1984; Yanai et al., 1992; Yanai and Li, 1994]. Li and Yanai
[1996] also showed that the intensity of the Asian summer
monsoons, as measured by an index of vertical shear, was
associated with the upper tropospheric meridional temper-
ature gradient between Asia and the equatorial Indian
Ocean. Goswami and Xavier [2005] provide evidence that
changes in the meridional tropospheric temperature gradient
can also influence monsoon withdrawal and the overall
length of the monsoon season.

[4] Over the Indian subcontinent, the meridional gradient
of tropospheric temperature switches sign seasonally [He et
al., 2003]. In the summer, this meridional temperature
gradient (i.e. hotter temperatures over Asia and colder
temperatures over the Indian Ocean) through the thermal
wind balance produces zonal winds with easterly vertical
shear. This shear can be defined as the difference of the
zonal winds at 200mb and 850mb over the Indian monsoon
region and is often used as an index measure of the strength
of the monsoons [Webster and Yang, 1992; Li and Yanai,
1996; He et al., 2003; Goswami and Xavier, 2005].

[5] On an intraseasonal basis, the Indian monsoons have
been characterized as the northward migration of Tropical
Convergence Zone (TCZ) convection from the equatorial
Indian Ocean to the Indian subcontinent [Sikka and Gadgil,
1980; Gadgil, 2003]. The rate of TCZ northward migration
has been shown to be proportional to the magnitude of the
casterly vertical shear of the zonal winds [Jiang et al.,
2004]. Seasonal anomalies in the meridional gradient of
tropospheric temperatures can therefore modulate Indian
monsoon rainfall by altering the easterly vertical shear of

'Auxiliary materials are available in the HTML. doi:10.1029/
2006GL029143.
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Figure 1. (a) Composite map of northern hemisphere summer (JAS) 300mb temperature anomalies based on JAS El Nifio
minus La Nifia event years, using the NINO3 record (+1 std). El Nifio event years are 1951, 1957, 1963, 1965, 1972, 1976,
1982, 1983, 1987, 1991 and 1997; La Nifa event years are 1949, 1954, 1964, 1970, 1973, 1975, 1988 and 1999. Contour
interval is 0.5K. Negative contours are dashed. Shaded areas are significant (p < 0.05) based on bootstrap confidence
intervals estimated by generation of 5000 random composite maps from the 1949—-2006 JAS NCEP-NCAR reanalysis
record. (b) As in Figure la but excluding JAS El Niflo event years with weak Indian monsoon rainfall (<—1 standard
deviation of JJAS All-India rainfall) and excluding La Nifia event years with strong Indian monsoon rainfall (>—1 standard
deviation of JJAS All-India rainfall). El Nifio event years without weak Indian monsoon rainfall are 1957, 1963, 1976,
1983, 1991 and 1997; La Nifa event years are 1949, 1954, 1964, 1973 and 1999.

the zonal winds, which in turn change the northward
migration rate of the TCZ and thus the number of
intraseasonal storm systems reaching India in a monsoon
season. A weakening of the meridional gradient of upper
tropospheric temperatures will thus reduce the easterly
vertical shear of the zonal winds and reduce monsoon
rainfall.

[6] In this paper we characterize the association of
temperature anomalies over Asia with ENSO variability
and show that these temperature anomalies are linked with
vorticity changes in the North African-Asian (NAA) jet.
This linkage naturally leads to an investigation of the
vorticity changes within the NAA jet induced by ENSO.
Our findings indicate that westward propagating stationary
barotropic Rossby waves in both the tropics and
mid-latitudes produce the vorticity and temperature
anomalies in the NAA jet, which in turn affect the Indian
monsoons.

2. Data

[7]1 The sea surface temperature averaged over the
NINO3 region (5N-5S, 150W-90W) was the index
of ENSO used for this study [Kaplan et al., 1998].
NCEP-NCAR Reanalysis Project monthly global fields for
July—September (JAS) 1949-2006 were used as well
[Kalnay et al., 1996]. Three sets of distributed rainfall data

for 1979-2006 were employed in this study: 1) Climate
Anomaly Monitoring System Outgoing longwave radiation
Precipitation Index (CAMS OPI) estimates; 2) National
Oceanic and Atmospheric Administration (NOAA) Climate
Prediction Center Merged Analysis of Precipitation
(CMAP) using rain gauge, satellite estimates and numerical
model predictions; 3) National Aeronautic and Space
Administration (NASA) multi-satellite estimates of
rainfall. Summer Indian monsoon rainfall was derived from
All-India monthly rainfall data of the Indian Institute of
Tropical Meteorology.

3. ENSO-Related Variability in the NAA Jet

[s] Composite maps of NCEP/NCAR reanalysis for
summertime El Nifio minus La Nifia event years reveal
significant temperature anomalies in the upper troposphere
(Figure la). The strongest temperature anomalies lie along
the core of the NAA jet. Similar anomalies are found at
200mb, 500mb and at the tropopause (see Figure SlI).
These cold temperatures within the NAA jet combined with
a slight warming over the tropical Indian Ocean produce a
2-3K reduction of the meridional gradient of upper
tropospheric temperatures. Composite maps show that
monsoon rainfall is also associated with similar temperature
changes (Figure S2). This finding is not unexpected as
monsoon rainfall and ENSO variability are themselves
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a) JAS El Nino Minus La Nina 300mb Relative Vorticity Composite
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Figure 2. (a) Composite map of 300 mb vorticity based on El Nifilo minus La Nifia event years, using the NINO3 record
(1std). El Nifio and La Nifia event years are as in Figure la. Contour interval is 3 x 10~%~". (b) Vorticity response of the
barotropic vorticity equation linearized about the time-mean 1949-2006 JAS 300mb streamfunction to a forcing at 160—
280°E, 0—10°N as specified in equation (2). Contour interval is 2 x 10~ %s~". Negative contours are dashed and the zero

contour is thickened in both plots.

correlated. In addition, similar temperature anomalies also
exist in composite maps of summertime El Nifilo minus La
Nifla event years in which El Nifio years coincident with a
weak Indian monsoon and La Nifia years coincident with a
strong Indian monsoon are excluded (Figure 1b). This last
composite map indicates that the temperature anomalies
within the NAA jet may be tied to ENSO variability and not
Indian monsoon variability.

[v] The NAA jet is a dominant feature of the upper
troposphere. This jet is delineated by a zonal wind
maximum that extends from the subtropical Atlantic Ocean
across North Africa and South Asia to the North Pacific
(Figure S3a). This upper tropospheric wind feature is
observed in all seasons, though it manifests at higher
latitudes during northern hemisphere summer.

[10] The zonal wind maximum at the NAA jet core
produces a strong meridional gradient of absolute vorticity
along the length of the jet (Figure S3b). According to
Rossby wave theory, this maximum in the meridional
gradient of absolute vorticity produces barotropic Rossby
wave refraction, or bending, toward the jet core [Hoskins
and Ambrizzi, 1993]. In addition, the NAA jet is flanked by
minima in the meridional gradient of absolute vorticity to
the north and south. These minima act as refractive barriers
against most northward and southward Rossby wave
propagation. As a consequence, Rossby wave energy cannot
escape nor enter the NAA jet except at its mouth over the

subtropical Atlantic Ocean and at its tail over the north
Pacific Ocean. Rossby waves that do enter the NAA jet
propagate along the jet core. Such low-frequency energy
trapped in the NAA jet has been associated with changes in
stormtracks and precipitation within the jet [Branstator,
2002].

[11] Recent research has also shown that the NAA jet is
part of a larger circumglobal pattern of northern hemisphere
atmospheric covariability [Branstator, 2002; Watanabe,
2004; Ding and Wang, 2005]. In this paper, however, we
will not be focusing on this covariability, but instead the
response of the NAA jet to tropical forcing, specifically
convective activity over the equatorial Pacific Ocean
associated with northern hemisphere summertime El Nifio
conditions.

[12] Composite maps of relative vorticity for summertime
El Nifio minus La Nifia event years also reveal positive
anomalies along the length of the NAA jet (Figure 2a). This
finding is not unexpected as cold potential temperature
anomalies at the tropopause are dynamically equivalent to
positive anomalies of pseudopotential vorticity in the upper
troposphere [Bretherton, 1966], and increases in upper
tropospheric potential vorticity tend to be coincident with
a cooling of the upper troposphere [Hoskins et al., 1985]. In
this context, it is apparent that the temperature anomalies
observed in the NAA jet (Figure 1), and therefore the
change in the upper tropospheric meridional temperature
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gradient between Asia and the equatorial Indian Ocean,
develop in concert with the vorticity changes observed in
Figure 2a. We next show that the vorticity changes in the
NAA jet are brought about by an atmospheric Rossby wave
teleconnection with ENSO.

4. Teleconnection Mechanism

[13] Given the potential role of vorticity and Rossby
waves in creating the changes in NAA jet vorticity
(Figure 2a) and in the upper tropospheric meridional
temperature gradient between Asia and the equatorial Indian
Ocean (Figure 1), we explore the ENSO-NAA jet
teleconnection using a simplified model of the atmosphere.
Forced solutions of the linearized barotropic vorticity
equation were found following the solution method of
Branstator [1983]. The barotropic vorticity equation was
first linearized about a lowpass filtered (zonal wavenumbers
0—-8) 300mb 1949-2006 climatology of NCEP-NCAR
reanalysis July-September streamfunction. The equation to
be solved is then

J(@. V) + IV V2 +f) +aViy + KVVY =R (1)

where v is the streamfunction, f is the Coriolis force, « is
the Rayleigh coefficient, K is a diffusion coefficient, R is a
forcing function,

1 /04 OB 0OA OB
"(A’B*r‘z(m—m—m)

is the Jacobian, A is longitude, i = sin (¢), ¢ is latitude, and
r is the earth’s radius. Here the overbars indicate the
seasonal time-mean flow (the basic state); primes signify the
perturbation flow to be solved. a was set to 1.57 x 10 ¢~
(an e-folding time of 1/(7 days)), and K was set to 2.34 x
10'® m*s~'. The anomaly forcing was specified as

R=—(f+V’y)D (2)
where D, forcing divergence, is set to 3 x 107° s7'.
Equation (1) was solved using spherical harmonics and
triangular 24 truncation (T24) (see Branstator [1983] for
solution method details).

[14] During northern hemisphere summertime El Nifio
events, precipitation increases throughout the equatorial
Pacific (Figure S4). West of 150°W, the rainfall anomalies
straddle the equator. However, much of the precipitation,
including the strongest northern hemisphere rainfall
anomalies, occurs along the Intertropical Convergence Zone
(ITCZ) from about 160°E—80°W between the equator and
10°N. Figure 2b presents the solution of the linearized
barotropic vorticity equation in response to forcing
divergence along the ITCZ (see Figure S5 for forcing
structure). The vorticity solution produces positive vorticity
anomalies within the NAA jet similar to the positive
vorticity anomalies observed in the reanalysis composite
for northern hemisphere summertime El Nifio minus La
Nifla event years (Figure 2a). This vorticity solution is
insensitive to the size and shape of the forcing along the
ITCZ (see Figure S6 and its description). These findings
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indicate that the anomalies in the NAA jet could be a
response to northern hemisphere summertime El Nifo-
related convection along the ITCZ over the equatorial
Pacific Ocean, and that stationary barotropic Rossby waves
produce this teleconnection.

[15] In the temperature and relative vorticity composites
presented here for northern hemisphere summertime El Nifio
minus La Nifia event years (Figures 1 and 2a), there is no
clear atmospheric wave train emanating from above the
equatorial Pacific Ocean. The solution of the barotropic
vorticity equation linearized about northern hemisphere
summertime climatology and forced with divergence along
the ITCZ also fails to produce a clear wave path (Figure 2b).
To determine how the El Nifio response vorticity anomalies
arrive at the NAA jet, we added areas of high damping
(sponge layers) to different regions of the atmosphere while
solving the linearized barotropic vorticity equation. Bands
of friction to the west of the ITCZ forcing region eliminated
the vorticity response within the NAA jet, whereas friction
to the east of the ITCZ forcing region had no effect on the
vorticity response within the NAA jet (Figure 3).

[16] These findings indicate that a westward propagating
atmospheric signal links the vorticity and temperature
anomalies in the NAA jet to convective activity over the
equatorial Pacific Ocean. These vorticity disturbances are
produced by stationary barotropic Rossby wave energy,
which propagates at the group velocity and can be derived
explicitly from the dispersion relation of the inviscid form of
equation (1) [Karoly, 1983]. Whereas a zonally symmetric
background would admit only ecastward stationary
barotropic Rossby wave propagation [Hoskins and Karoly,
1981], westward stationary barotropic Rossby wave
propagation can occur within the more realistic zonally
asymmetric background used here [Karoly, 1983].

[17] More specifically, it was found that damping to the
west of the ITCZ forcing anywhere between the equator and
40°N would disrupt the response in the NAA jet.
For instance at 150°E, damping from 0—10°N, 0—20°N,
0—30°N and finally 0—40°N is progressively more disrup-
tive of the response in the NAA jet (Figures S7 and S8).
These results suggest that barotropic Rossby waves that
originate from the area of the ITCZ and propagate both
directly westward, as well as via the mid latitudes, toward
the NAA may be important for creating the response within
the NAA jet.

5. Discussion

[18] The findings presented here show that the upper
tropospheric meridional temperature gradient between Asia
and the equatorial Indian Ocean responds to northern
hemisphere summertime ENSO variability. Most of this
upper tropospheric temperature sensitivity resides within
the NAA jet, where temperature changes are dynamically
linked with changes in vorticity. Our findings with a simple
linear model of the upper troposphere indicate that the NAA
jet responds to the upper tropospheric divergence over the
equatorial Pacific Ocean, which is associated with northern
hemisphere summertime El Nifo-related convective
anomalies. This atmospheric teleconnection appears to be
mediated by a westward propagating signal from the Pacific
basin to the NAA jet and Indian Ocean basin.
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Figure 3. (a) Vorticity response of the barotropic vorticity equation linearized about the time-mean 1949-2006 JAS
300mb streamfunction to a forcing at 160—280°E, 0—10°N with a sponge layer of high damping extending pole-to-pole and
centered at 150°E. Contour interval is 2 x 10 %s~'. Negative contours are dashed and the zero contour is thickened.
(b) Sponge layer damping used in the solution to Figure 3a. Contour interval is 2 x 10~ *s".(c) As for Figure 3a but with

damping centered at 270°E. (d) As for Figure 3b.

[19] These findings highlight a possible role for the NAA
jet in determining the seasonal strength of the Indian
monsoons. The teleconnection begins with convective
anomalies along the ITCZ over the equatorial Pacific Ocean
that are produced during northern hemisphere summertime
El Nifio events. These convective anomalies generate
divergence in the upper troposphere and westward
propagating vorticity disturbances. These westward
propagating Rossby waves manifest as positive vorticity
anomalies along the length of the NAA jet. Cold tempera-
ture anomalies also develop in association with these
positive vorticity anomalies [Hoskins et al., 1985]. The cold
temperature anomalies within the NAA jet reduce the upper
tropospheric meridional temperature gradient between Asia
and the equatorial Indian Ocean. This change in the
temperature gradient alters the thermal wind balance and
reduces the easterly vertical shear of the zonal winds. The

reduced easterly vertical shear of the zonal winds slows
northward TCZ migration to the Indian subcontinent [Jiang
et al., 2004], and thus decreases the number of intraseasonal
storm systems reaching land within a monsoon season. With
fewer intraseasonal storm systems reaching the Indian
subcontinent, seasonal monsoon rainfall is reduced.

[20] A number of details of the northern hemisphere
summertime ENSO-NAA jet teleconnection remain to be
described. Our findings indicate that the NAA jet may
respond to ENSO convective activity in linear, barotropic
fashion. However, future investigations of this teleconnec-
tion, which take into account other possible effects, are
warranted. For instance, the use of linear dynamics ignores
possible nonlinear transient eddy amplification effects. In
addition, within the NAA jet, wave-mean flow interaction
and energy conversion [Li and Nathan, 1997], and
baroclinic effects, such as vertical advection and twisting
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[Sardeshmukh and Hoskins, 1988], may also modify the
atmospheric response. Future examinations of the proposed
teleconnection to the NAA jet should include these
nonlinear and baroclinic dynamics. In addition, in the
northern hemisphere winter, evidence for an eastward
propagating teleconnection from the Pacific to the NAA
jet has been found [Shaman and Tziperman, 2005]. No such
castward signal has been identified here for the summer.
These seasonal differences need to be explored.

[21] Recent work indicates that Indian monsoon
sensitivity to ENSO may depend on both the magnitude
and location of SST anomalies in the equatorial Pacific
Ocean [Kumar et al., 2006]. This work found that the Indian
monsoons appear more sensitive to northern hemisphere
summertime warming of the central equatorial Pacific
Ocean. The sensitivities of the NAA jet to ENSO should
be further explored in this context.

[22] The ENSO-related anomalies within the NAA jet
may also affect other regional climate and weather systems.
Conversely, other climate features may modulate conditions
in the NAA jet. For instance, interannual changes in
Eurasian land surface temperatures could conceivably
change the temperature of the overlying atmosphere. In
particular, land surface temperature changes due to snow-
pack variability on the Tibetan Plateau would likely change
temperatures in the NAA jet. Monsoon convection itself
may also feed back on the NAA jet via Rossby waves [e.g.,
Rodwell and Hoskins, 2001]. Further investigation of
these potential influences is warranted. The sub-seasonal
variability of NAA jet temperature anomalies also needs to
be studied further; such variability may have important
implications for the timing of monsoon onset and with-
drawal, as shown by Goswami and Xavier [2005], as well as
break activity. In addition, the sub-seasonal variability of
land and sea surface temperatures may modulate the
response of the monsoons to the NAA jet and upper
tropospheric meridional temperature gradient anomalies.

[23] At its strongest during the 20th century, the correla-
tion of ENSO and the Indian monsoons explained ~25% of
Indian monsoon rainfall variance [Kumar et al., 1999].
Clearly, other factors, such as Tibetan Plateau snowpack,
the Madden-Julian Oscillation, and Indian Ocean dynamics,
may also be affecting Indian monsoon interannual
variability. However, a further understanding of the
ENSO-NAA jet teleconnection may help improve
dynamical prediction of the Indian monsoons.
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