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Relationship of outgoing long-wave radiation (OLR) with convective available potential energy (CAPE)
and temperature at the 100-hPa pressure level is examined using daily radiosonde data for a period 1980–
2006 over Delhi (28.3◦N, 77.1◦E) and Kolkata (22.3◦N, 88.2◦E), and during 1989–2005 over Cochin (10◦N,
77◦E) and Trivandrum (8.5◦N, 77.0◦E), India. Correlation coefficient (Rxy) between monthly OLR and
CAPE shows a significant (∼−0.45) anti-correlation at Delhi and Kolkata suggesting low OLR associated
with high convective activity during summer (seasonal variation). Though, no significant correlation
was found between OLR and CAPE at Cochin and Trivandrum (low latitude region); analysis of OLR
and temperature (at 100-hPa) association suggests that low OLR peaks appear corresponding to low
temperature at Delhi (Rxy∼0.30) and Kolkata (Rxy∼0.25) during summer. However, Rxy between OLR
and temperature becomes opposite as we move towards low latitudes (∼8◦–10◦N) due to strong solar cycle
influence. Large scale components mainly ENSO and quasi-biennial oscillaton (QBO) that contributed
to the 100-hPa temperature variability were also analyzed, which showed that ENSO variance is larger
by a factor of two in comparison to QBO over Indian region. ENSO warm conditions cause warming at
100-hPa over Delhi and Darwin. However, due to strong QBO and solar signals in the equatorial region,
ENSO signal seems less effective. QBO, ENSO, and solar cycle contribution in temperature are found
location-dependent (latitudinal variability) responding in consonance with shifting in convective activity
regime during El Niño, seasonal variability in the tropical easterly jet, and the solar irradiance.

1. Introduction

In a recent study, Dhaka et al (2010) have analyzed
relation between convective available potential

energy (CAPE) and temperature in the tropopause
region suggesting that the increase in convective
activity is associated with the decrease in temper-
ature at 100-hPa pressure level on seasonal as well
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as on inter-annual scale. They have also examined
the presence and latitudinal variation of solar cycle
signal in temperature at 100-hPa level (∼16 km)
proving that solar cycle effect on the temperature
is most dominating at stations which are located
around 8◦–10◦N. Thus, temperature variations in
the upper troposphere are found to be jointly con-
trolled by CAPE and solar cycle showing their
respective contribution depending on the location
of observed station.

Recently, Jain et al (2010) examined the relative
spatial distribution of outgoing long-wave radiation
(OLR) and T100 (temperature at 100-hPa level)
using daily mean OLR (obtained from NOAA) and
daily mean T100 field (taken from NCEP reanaly-
sis) over a period of 24 June–15 August 2002 cov-
ering Bay of Bengal (BOB: 10◦–20◦N, 85◦–90◦E)
region. In this context, they observed that low T100

and low OLR occur over the same broad area,
though all OLR and low T100 areas do not over-
lap. It may be mentioned here that in such cases,
OLR is greater than 160 Wm−2 at the location
of low T100. However, in some cases, some of the
low OLR and low T100 areas are found to be over-
lapped or partially overlapped. This analysis was
performed over two specific regions: Indian land-
mass (ILM: 10◦–20◦N, 72.5◦–82.25◦E) and Bay of
Bengal (BOB: 10◦–20◦N, 85◦–90◦E).

In a further study, Jain et al (2011) examined the
monthly variation for observing spatial occurrence
of the area of low CPT (cold point tropopause)
temperature and that of low OLR using COSMIC
satellite observations during the year 2007 over
0◦–30◦N and 40◦–120◦E, i.e., covering BOB,
Arabian Sea, and adjoining areas which often
extend to the Africa’s Horn region. They observed
that both the low CPT temperature and low OLR
occur at the northern latitudes in the summer
monsoon season (May–September) and in the post-
monsoon season (i.e., October). Almost similar
patterns prevail though locations of low OLR and
low CPT temperature move closer to the equator.
However, there is a lack of information on the rela-
tionship of OLR and temperature at 100-hPa level
on large scale (covering several years) over Indian
region.

OLR is an important parameter for understand-
ing the deep and wide atmospheric convection. The
OLR association with CAPE and temperature at
100-hPa level on Indian region is not yet investi-
gated as performed for other parameters in the
analysis by Dhaka et al (2010). Thus, we intend to
examine in this study as to how OLR relates with
the CAPE and temperature at 100-hPa level on
seasonal, annual, and large scale (up to decadal
scale) over Indian region. In addition, the contri-
bution of individual components such as El Niño/
southern oscillation (ENSO) and quasi-biennial

oscillation (QBO) to the temperature variation is
examined over Indian region and at two nearby sta-
tions located at the eastern side of Bay of Bengal
that covers partly the Indonesian region.

Randel et al (1999) observed that the QBO tem-
perature anomalies have a symmetrical structure
centered over the equator (∼10◦N–S), with varia-
tions of order ±4 K near 30 mbar and ±1 K at
70 mbar. In their further study (Randel et al 2000),
the prominent signatures of the QBO and ENSO
events are observed in the temperature and pres-
sure at tropopause region. The statistical QBO sig-
nal for the periods 1958–1978 and 1979–1997 is
noted of the order of ±0.6 K and ±0.3 K with
positive tropopause temperatures associated with
positive (westerly) QBO winds at 50 mbar using
26 tropical stations excluding Indian region. ENSO
tropopause variations were also found evident as
an east–west seesaw over the western and central
Pacific Ocean with local maximum anomalies of
order ±2–3 K and ±4–6 mbar for temperature and
pressure, respectively.

But there was no such effort made to examine the
communication of ENSO event in the upper tro-
posphere to the large distances such as over India.
Therefore, the current study over Indian region
assumes significance.

In this study, we have selected 100-hPa level to
measure QBO and ENSO signals in temperature.
We compared ENSO signature in temperature
between the Indian region and at Darwin station
(Darwin station clearly show the response of ENSO).

For studying the relation of OLR with CAPE
and temperature at 100-hPa, we used long term
data of OLR, CAPE and temperature at four
stations namely Delhi, Kolkata, Cochin and
Trivandrum, which are latitudinally separated rep-
resenting northern, eastern and southern regions,
respectively. In addition, to examine the effect of
each of ENSO and QBO in temperature we have
included few more stations such as Bombay and
Vishakhapatnam over India, and Kota Bharu and
Singapore in the eastern side of Bay of Bengal.
Data and analysis are mentioned in section 2.
Results and discussion are shown in section 3, and
summary is given in section 4.

2. Data and method of analysis

We used National Center for Environmental Pre-
diction (NCEP) daily OLR data for a period
1980 to 2006 at Delhi, Kolkata, Cochin and
Trivandrum stations for showing its long term
variability. Monthly mean time series was obtained
by averaging the daily values. We have made
use of 27 years of daily radiosonde data at Delhi
and Kolkata stations from 1980 to 2006 and
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Table 1. Latitude and longitude of stations over Indian and
eastern side of Bay of Bengal region that are used in the
study.

Stations Latitude and longitude Data length

Delhi 28.3◦N, 77.1◦E 1980–2006

Kolkata 22.3◦N, 88.2◦E 1980–2006

Bombay 19.11◦N, 72.84◦E 1989–2006

Vishakhapatnam 17.0◦N, 83.30◦E 1989–2006

Cochin 10.0◦N, 77.0◦E 1989–2005

Trivandrum 8.5◦N, 77.0◦E 1989–2005

Kota Bharu 6.15◦N, 102.27◦E 1989–2006

Singapore 1.36◦N, 103.9◦E 1989–2006

about 18 years of radiosonde data at Bombay,
Vishakhapatnam, Cochin, Trivandrum, Kota
Bharu and Singapore stations for a period 1989–
2006 at 1200 hrs GMT for showing temperature
variation at 100-hPa level. Above stations are
selected based on extended study in the Indian and
eastern side of Bay of Bengal regions. Information
regarding latitude and longitude of the stations
along with their data length are mentioned in
table 1. Routine radiosonde temperature data at
100-hPa level, a height of tropopause region, were
acquired by India Meteorological Department
(IMD), Delhi. The error in the basic temperature
measurements, due to the temperature sensor as
given by IMD, is expected to be ∼1 K. Monthly
mean CAPE and 100-hPa temperature data
over four stations (Delhi, Kolkata, Cochin and
Trivandrum) are used from a companion paper
(Dhaka et al 2010). Following formulation is used
to compute CAPE.

CAPE = g

∫ Z=LNB

Z=LFC

(Tp − Te)
Tedz

where Tp is the temperature of a parcel from the
lowest 500 m of the atmosphere raised dry adi-
abatically to the lifted condensation level (LCL)
and moist adiabatically thereafter, and Te is the
temperature of the environment. This expression is
integrated over the sounding layers from the level
of free convection (LFC) to the level of neutral
buoyancy (LNB) for which (Tp−Te) is greater than
zero. The LNB denotes a level at which a parcel
from the lowest 500 m of the atmosphere is raised
dry adiabatically to the LCL and moist adiabati-
cally to a level above which the temperature of
the parcel is the same as the environment. If more
than one equilibrium level exists, the highest one is
chosen. If more than one LFCT exists, the lowest
level is chosen. There are other methods also, which
can be used to compute CAPE from radiosonde
data as suggested and discussed by William and

Renno (1993), Mc Bridge and Frank (1999),
Gettelman et al (2002) and, recently by Roy
Bhowmik et al (2008). The estimates of CAPE in
these studies are somewhat different, primarily due
to the assumption made in the computation.

Monthly averaged sunspot number and stan-
dardized southern oscillation index (SOI) data are
obtained from NASA (http://www.nasa.gov). In
order to examine the individual contribution of
QBO, ENSO and solar cycle in the 100-hPa tem-
perature variations, we applied filters in the tem-
perature data. For instance, to find contribution
of QBO signal we removed ENSO, solar cycle and
other components from the temperature variations,
and similar exercise is performed for other filtered
components.

3. Results and discussion

3.1 Relationship of OLR with CAPE and
temperature at the 100-hPa level over Delhi,
Kolkata, Cochin and Trivandrum stations

In this section, association of OLR with CAPE and
temperature is examined. The monthly averaged
OLR, CAPE and 100-hPa temperature variations
for a period 1980–2006 at Delhi and Kolkata and
over a period 1989–2005 at Cochin and Trivandrum
are shown in figures 1–4. In figures 1–4, top panels
show temperature variations, middle panels show
OLR variations, while CAPE variations are shown
in the bottom panels.

Observing OLR and CAPE variations at Delhi,
we found a single annual broad peak in CAPE
around July–August with a clear annual variabi-
lity in occurrence of low OLR. In more than 90%
of the cases, low OLR coincides with enhanced
CAPE value. During monsoon season, low OLR
corresponds to the large convective activity. In
order to assess the relationship between OLR and
CAPE, correlation coefficient (Rxy), is computed
between them using monthly data, which is ∼–0.43
(at 1% significance level). Rxy indicates that anti-
correlation exists between OLR and CAPE varia-
tions at Delhi, which is consistent with low OLR
induced due to summer monsoon and increased
convective activity. A clear annual variability in
temperature is consistent with OLR and CAPE.
Linear trends in OLR are not significant over a
given period (not shown). On close inspection of
OLR and temperature monthly variations at Delhi,
we observed that in most of the years low OLR
values correspond to the dip in temperature (by
5–8 K from mean) suggesting that low OLR favours
cooling in the tropopause region. The significant
positive value of correlation coefficient (Rxy ∼ 0.30)
and matching of low OLR with dip in temperature
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Figure 1. Monthly mean temperature at the 100-hPa level (top panel), OLR (middle panel) and monthly mean CAPE
(bottom panel) is plotted for a period 1980–2006 at Delhi.
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Figure 2. Same as figure 1, but at Kolkata station.

(in figure 1) suggest a close association between
them.

Similarly temporal variation of OLR, CAPE
and temperature at Kolkata is shown in figure 2.
CAPE shows bimodal character instead of a sin-
gle strong peak as found over Delhi. The primary
peaks occur during pre-monsoon (April–May) and
monsoon (June–September) period. Peaks in pre-
monsoon/monsoon period are stronger than those
appeared in October. Whereas single annual dip
in OLR is noted during July–August months simi-
lar to as found over Delhi station. The enhanced

CAPE (in post-monsoon season) coincides with
low OLR. Also anti-correlation between OLR and
CAPE is high (see table 2a) at Kolkata station.
This is due to the fact that convection stays longer
at Kolkata as it is located in the close vicinity
of Bay of Bengal region. Similar to CAPE, the
annual peaks in temperature are not the broader
one; rather they appear in the form of primary
and secondary maxima. In 50% of the cases,
low OLR corresponds to low temperature in the
tropopause region. Correlation coefficient (Rxy ∼
0.25) between OLR and temperature is significant;
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Figure 3. Monthly mean temperature at the 100-hPa level (top panel), OLR (middle panel) and monthly mean CAPE
(bottom panel) is plotted for a period 1989–2005 at Cochin.
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Figure 4. Same as figure 3, but at Trivandrum station.

however, it is lesser in comparison to Delhi station.
In addition, the standard deviation in the monthly
mean of OLR, CAPE and temperature is computed
and shown in table 2(b). The standard deviation
in OLR and CAPE is large at Kolkata station.

We extended this analysis by considering Cochin
and Trivandrum stations over low latitude region.
Figure 3 shows monthly OLR, CAPE and tem-
perature variability over a period 1989–2005 at

Cochin. The bottom panel shows the CAPE vari-
ations. During most of the years twin peaks are
noted in CAPE; first peak appear around April–
May and the second one during October – post-
monsoon period. Peaks during pre-monsoon and
monsoon are stronger than those appeared dur-
ing October. However, low OLR peaks occurred
during July–August/October–November months.
The relation of low OLR dips during October–
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Table 2(a). Correlation coefficients of monthly, high pass filtered (including solar cycle removed) with cut-off of 24 and
16 months and annual CAPE and temperature at 100-hPa level with OLR over Delhi, Kolkata, Cochin and Trivandrum
stations. Bold values of Rxy are statistically significant (using student’s t-test) at 1% significance level.

Correlation coefficient (Rxy) Correlation coefficient (Rxy) between
between OLR and CAPE Data OLR and Temperature Data

Using monthly Solar cycle Using annual Using monthly Solar cycle Using annual
Stations data removed data data data removed data data

Delhi −0.43 −0.47 −0.23 0.30 0.33 0.05
Kolkata −0.47 −0.34 0.09 0.25 0.24 −0.21
Cochin 0.12 0.05 0.42 −0.15 0.15 0.05
Trivandrum 0.03 −0.06 0.36 −0.16 0.23 −0.07

Table 2(b). Standard deviation in the monthly and annual mean estimates of OLR, CAPE and temperature over Delhi,
Kolkata, Cochin and Trivandrum stations.

Standard deviation Standard deviation
Standard deviation of OLR of CAPE of temperature

Using monthly Using annual Using monthly Using annual Using monthly Using annual
Stations data data data data data data

Delhi 23.14 4.41 860.01 233.15 3.56 1.29
Kolkata 33.00 3.73 1186.22 371.27 2.54 0.97
Cochin 25.88 2.42 809.29 350.73 3.66 1.82
Trivandrum 21.18 2.78 711.88 346.94 3.27 1.69

November months with high CAPE values show
mixed behaviour suggesting that OLR and CAPE
relationship get modified at Cochin station. More-
over, the correlation coefficient between OLR and
CAPE is insignificant which further indicates weak
association between these two parameters. How-
ever, in case of OLR and 100-hPa temperature
variations, it is found that decrease in OLR corre-
sponds to increase in temperature at 100-hPa level.
Also significant correlation coefficient between
OLR and temperature is of the order of −0.15 indi-
cating anti-correlation between these parameters.
Thus, OLR–temperature relation shows different
characteristics at Cochin in comparison to Delhi
and Kolkata stations. This may be due to the pres-
ence of strong solar cycle signal in temperature
variations at low latitudes (Dhaka et al 2010).

The temporal variation of OLR, CAPE and tem-
perature at Trivandrum is shown in figure 4. Sim-
ilar to Kolkata and Cochin stations, a bimodal
behaviour in CAPE peaks is noted in most of the
years with primary peaks occurring during pre-
monsoon period followed by secondary peaks dur-
ing post-monsoon around October. However, low
OLR peaks are noted around June–July/October–
November months. No relationship is seen between
OLR and CAPE variations at Trivandrum sta-
tion too indicating no significant linkages between
them. The association of OLR and CAPE relation-
ship towards low latitudes is strongly influenced
due to the northward movement (∼20◦–24◦N)
of inter-tropical convergence zone (ITCZ) during

summer (June–July). During summer, ITCZ shifts
to 20◦–24◦N, which is far from Cochin and Trivan-
drum locations but in close proximity to Delhi and
Kolkata stations. This is in accord with the fact
that the ITCZ is normally located in the region
of 12◦–15◦S in the month of January and dur-
ing summer monsoon, the ITCZ merges with the
monsoon trough and in the month of July, the
ITCZ is located in the region of ∼20◦–24◦N lat-
itude range (Holton et al 2003). Therefore, rela-
tion between OLR and CAPE is linked with the
location of ITCZ. On observing monthly averaged
OLR and temperature variations, anti-correlation
between OLR and temperature is noted similar
to Cochin station indicating a dip in OLR that
corresponds to the increase in temperature of the
tropopause region. This suggests that large scale
features (such as solar cycle) could modulate OLR
and temperature relationship around 8◦–10◦N.

Further, in order to analyze relation between
OLR–CAPE and OLR–temperature more evi-
dently, numerical filtration method is used. Using
this technique, solar cycle component was fil-
tered out from the CAPE and temperature varia-
tions and correlation coefficient between OLR and
filtered CAPE and OLR and filtered tempera-
ture variations was re-computed. But even after
removing the solar cycle factor we could not find
any significant relation between OLR and CAPE
at Cochin and Trivandrum. Whereas at Delhi and
Kolkata stations it is found that low OLR values
are still associated with enhanced CAPE, which
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suggests strong anti-correlation between OLR and
CAPE. Thus, low OLR leads to increase in convec-
tive activity at Delhi and Kolkata stations.

However, the analysis of OLR and filtered tem-
perature variations indicates improvement in Rxy

at Cochin and Trivandrum stations. Now, the cor-
relation between OLR and filtered temperature
(solar cycle signal removed) at 100-hPa level turns
positive at Cochin and Trivandrum similar to as
observed over Delhi and Kolkata. However, the
magnitude of Rxy is slightly less (though signifi-
cant) at Cochin and Trivandrum in comparison to
Delhi and Kolkata. Thus, OLR and temperature
at the 100-hPa level are positively correlated at all
stations after removing the solar cycle signal from
the temperature data. This further strengthens the
fact that solar cycle component plays a dominant
role in the 100-hPa temperature variations around
8◦–10◦N.

3.2 Composites of inter-annual variations in
OLR, CAPE and temperature at 100-hPa level

To examine OLR–CAPE and OLR–temperature
relationship on an annual basis, we have consid-
ered yearly averaged OLR, CAPE and tempera-
ture data. Figure 5 shows the temporal variation of
annually averaged OLR and CAPE data from 1980

to 2006 at Delhi and Kolkata and during 1989–2005
at Cochin and Trivandrum, while temporal varia-
tion of annual OLR and temperature at 100-hPa
level at these stations are shown in figure 6. The
correlation coefficient between annually averaged
OLR and CAPE data and between OLR and tem-
perature at the 100-hPa level is computed at all
stations and shown in table 2(a).

On analyzing correlation between annual OLR
and CAPE variations, we found that the sig-
nificant Rxy in case of monthly averaged values
turn insignificant after yearly averaging OLR and
CAPE data at Delhi and Kolkata stations. This
shows that OLR and CAPE variations are mainly
dominated by seasonal scale cycle. However, at
Cochin and Trivandrum stations the magnitude
of positive correlation between OLR and CAPE
increases after removing the seasonal variations,
but value of Rxy is still insignificant at Trivandrum,
but significant at Cochin. Thus, we can conclude
that the significant relationship (anti-correlation)
between OLR and CAPE is based on the seasonal
dominance at Delhi and Kolkata stations, which
are away from the equatorial belt.

In case of yearly averaged OLR and tempera-
ture variations following features are noted. Rxy

shows anti-correlation between OLR and 100-hPa
temperature at Kolkata and Trivandrum; whereas
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Figure 5. Temporal variation of yearly averaged OLR and CAPE (over a period of 1980–2006 at Delhi and Kolkata stations
and during 1989–2005 at Cochin and Trivandrum). Black lines denote CAPE, while blue lines OLR.
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Figure 6. Temporal variation of yearly averaged OLR with temperature at 100-hPa level (over a period of 1980–2006 at
Delhi and Kolkata and from 1989–2005 at Cochin and Trivandrum). Black lines denote temperature, while blue lines OLR.

the positive Rxy is reduced at Delhi and Cochin
indicating that correlation coefficient values
become unsystematic after removing the seasonal
scale variations from OLR and temperature data.
Moreover, the significant Rxy values in case of
monthly averaged data turn insignificant for annu-
ally averaged data at all stations. This suggests
that the positive significant relation between OLR
and temperature is due to the presence of sea-
sonal variations. From this analysis, we conclude
that seasonal variability dominates in OLR–CAPE
and OLR–temperature relationship on a long term
basis.

3.3 Signatures of long-term oscillations in
temperature at 100-hPa level

In general, the temperature field in the tropopause
region is modulated by long term oscillations such
as QBO, ENSO as shown by Randel et al (2000) in
western pacific region. Observations of QBO and
ENSO at 100-hPa temperature over India are not
yet completely analyzed to confirm the presence of
similar components and delineate the mechanism
involved. In this section, we have analyzed temper-
ature data at eight stations, which are explained
below.

3.3.1 QBO in temperature at 100-hPa level

To examine the individual contribution of QBO
signal in the temperature at 100-hPa pressure
level, we filtered out solar cycle and ENSO com-
ponents from the temperature data. That is, in
order to find the influence of only QBO signal in
the tropopause-temperature region, we removed all
other components and retained periods between 25
and 35 months.

Figure 7 (a and b) shows filtered temperature
(only QBO signal retained) at 100-hPa level at
Delhi, Kolkata, Bombay, Vishakhapatnam, Cochin,
Trivandrum, Kota Bharu and Singapore stations
representing Indian and eastern side of the Bay of
Bengal region. At Delhi and Kolkata, we found
a clean QBO variability (∼±0.4 K) in the tem-
perature of the tropopause region during 1980–
2006. QBO signal is found comparable at Delhi
and Kolkata. This matches well with the ERA-
40 dataset (Pascoe et al 2005), which captured
the QBO signal extremely well as compared to
radiosonde data (Naujokat 1986) and rocketsonde
data (Gray et al 2001). Pascoe et al (2005) also
calculated the amplitude of the QBO (ms−1) in the
zonal mean zonal wind and observed that QBO
zonal winds are present over the equator from
20◦S to 20◦N and throughout the depth of the
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Figure 7. (a and b). Temporal variation of filtered temperature (only QBO signal retained) at 100-hPa level over a period
of 1980–2006 at Delhi and Kolkata, during 1989–2006 at Bombay, Vishakhapatnam, Kota Bharu and Singapore, and from
1989–2005 at Cochin and Trivandrum.
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Figure 8. (a) Temporal variation of filtered temperature (solar cycle, QBO, and ENSO) at 100-hPa level over a period of
1980–2006 at Delhi. Black line denotes signals from solar cycle+QBO+ENSO, blue line represents solar cycle+ENSO, while
red line denotes solar cycle+QBO. (b) Same as (a) but, at Singapore station.

stratosphere from 100 to 1.0 hPa. However, the
present analysis showed QBO signal in the 100-hPa
temperature even at slightly higher latitudes, i.e.,
∼22◦–28◦N.

We tried to separate the several signals by
employing filter technique. Figure 8 (a and b) rep-
resents filtered temperature at 100-hPa having con-
tribution from the sum of solar cycle and QBO

components (red line), solar cycle and ENSO com-
ponents (blue line) and from the sum of solar cycle,
QBO and ENSO components (black line) at Delhi
and Singapore stations, respectively. The presence
of QBO signal with lesser amplitude (as compared
to equatorial stations) on stations away from equa-
tor, i.e., at Delhi and Kolkata indicates that QBO
had affected the temperature variations at 100-hPa
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level not only at equatorial region but extended up
to the extra-tropical regions.

At Bombay (19.11◦N, 72.84◦E) and Vishakha-
patnam (17.0◦N, 83.30◦E) stations, QBO signal
(with amplitudes of ∼±0.5 K) is prominently
present during 1989–1996, which decreased sub-
stantially (i.e., ∼±0.1 K) over a period 1997–2006.
Around year 2000 and later, the decrease in water
vapour and ozone are also the key issues in the
lower stratosphere dynamics (Randel et al 2006).
Solomon et al (2010) have shown a sharp and per-
sistent drop in lower stratospheric water vapour
of about 0.4 parts per million by volume (ppmv)
after the year 2000 based on HALOE, balloon-
sonde, stratospheric aerosol and gas experiment II
(SAGE II), and from the microwave limb sounder
(MLS) instruments. Therefore, some changes in
the dynamics could be due to the radiative forc-
ing in the climate after year 2000. These changes
are attributed for weakening the effect of QBO
signal in temperature at these stations. It is also
noted that, QBO contribution in the annual tem-
perature increases while moving from Vishakha-
patnam (17◦N) to Cochin (10◦N) suggesting that
QBO has large amplitude (∼±0.7 K) over equa-
tor that decreases rapidly away from the equator.
However, QBO signatures are not found stronger

after 1996 at Cochin and Trivandrum stations, this
is partly due to the strong solar cycle signal in the
temperature variations (section 3.3.3). Pascoe et al
(2005) observed that the 11-year solar cycle intro-
duces inter-annual variations in the strength of the
equatorial upwelling using wind data. This finding
is similar to as our results in terms of solar cycle
effect on temperature data and its inter-annual
variability over 2–3 decades.

In the eastern side of Bay of Bengal region,
i.e., at Singapore and Kota Bharu stations, sig-
nature of QBO event is strong in temperature
at 100-hPa level. At Singapore (1.36◦N, 103.9◦E)
which is located near equator, temperature vari-
ations at 100-hPa level are dominated by QBO
(∼±0.3 K). Figure 8(b) clarifies that QBO contri-
bution is more in comparison to ENSO and solar
cycle signals at Singapore. Also, QBO captures a
large fraction of the inter-annual variance at Sin-
gapore in comparison to other stations. This result
is in good agreement with Dunkerton and Delisi
(1985). They derived the latitudinal structure of
the QBO in zonal wind (see their figure 3, Baldwin
et al 2001), using long time series of wind observa-
tions at many tropical stations and observed that
the amplitude of the QBO is latitudinally symmet-
ric (20◦N–20◦S), and the maximum is centered over
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Figure 9. (a and b). Temporal variation of filtered temperature (only ENSO signal retained) at 100-hPa level (over a period
of 1980–2006 at Delhi and Kolkata stations, 1989–2006 at Bombay, Vishakhapatnam, Kota Bharu and Singapore and during
1989–2005 at cochin and Trivandrum). Black lines denote filtered temperature (only ENSO signal retained) and blue lines
denote standardized ENSO or SOl.
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the equator. The reason for QBO to be equatorially
confined may be that it is driven by equatorially
trapped waves (Baldwin et al 2001).

In our analysis, we found QBO signal in tem-
perature at 100-hPa (∼16 km) with less ampli-
tude in consonance with the fact that the ampli-
tude decreases very fast between 22 and 17 km
height. Moreover, positive tropopause temperature
anomalies at 100-hPa level are associated with
positive (westerly) QBO winds (at Singapore, not
shown here). This result is consistent with Randel
et al (2000), as they reported similar features at
50 mbar. In addition, the consistency in the phase
of the QBO is noted at all stations over Indian
region confirming its appearance in the broad area.

3.3.2 Signature of ENSO in temperature
at 100-hPa level

The response of ENSO signal in the temperature
variations of tropopause region needs to be evalu-
ated. Some earlier studies account for the presence
of ENSO signatures in the temperature variations
of the UTLS region (Yulaeva and Wallace 1994).
They showed that the ENSO signal in lower strato-
spheric temperature is primarily evident in zonal
variations in the tropics. Reid and Gage (1985) and
Gage and Reid (1987) reported evidence of ENSO
variations in tropical tropopause height and tem-
perature. However, signature of ENSO in temper-
ature is not examined over Indian region. Thus, in
order to determine presence of ENSO component
in the temperature over Indian and eastern side of
Bay of Bengal region, we employed filter technique
to retain periods between 2 and 7 years. Figure 9
(a and b) shows temporal variation of filtered tem-
perature (only ENSO signal retained) at 100-hPa
with standardized SOI over a period of 1980–2006
at Delhi and Kolkata, during 1989–2006 over Bom-
bay, Vishakhapatnam, Kota Bharu and Singapore
and during 1989–2005 at Cochin and Trivandrum
stations.

Observing the filtered temperature (only ENSO
signal retained) at 100-hPa level along with stan-
dardized SOI, we found that at Delhi and Kolkata,
SOI is out of phase with filtered temperature indi-
cating warm ENSO event results in tropopause
heating over the Indian region. The ENSO signal is
noted of the order of ∼±1 K at Delhi station. The
significant anti-correlation at Delhi (see table 3)
between temperature and SOI further confirms the
out of phase relation between these two. It may
be noted that, during ENSO warm events there is
a shift in convection from Indonesia towards the
east, which leads to warming in eastern Pacific
sea surface temperatures. Such shifting leads to
the tropopause cooling possibly due to enhanced

Table 3. Correlation coefficients between annual filtered
temperature (only ENSO signal retained) at 100-hPa level
and standardized SOI. Bold values of Rxy are statistically
significant (using student’s t-test) at 1% significance level.

Stations Correlation coefficient (Rxy)

Delhi −0.39

Kolkata −0.19

Bombay 0.34

Vishakhapatnam −0.10

Cochin 0.29

Trivandrum −0.14

Kota Bharu −0.12

Singapore −0.12

Darwin −0.53

vertical motions near 140◦W, and the tropopause
warming near 140◦E (Randel et al 2000). Our anal-
yses in the Indian region validate the results of
Randel et al (2000). This indicates that interac-
tion between atmosphere and ocean is evident even
at far distances such as at Delhi station (Indian
region) following the similar patterns as noted in
Indonesian region.

On the other hand, at stations located around
15◦–20◦N such as Kolkata and Vishakhapatnam,
no significant correlation was observed between
temperature and SOI. This is because of the
fact that these stations are under the influence
of intense local convection (as they are located
near Bay of Bengal – a highly convective zone)
with strong diurnal variations, which may possi-
bly suppress the effect coming from the large scale
oscillations such as ENSO. Another contributing
factor could be due to the presence of strong east-
erly jet around 20◦N which can dominate over
ENSO signatures.

At Cochin and Trivandrum stations, correla-
tion coefficient between filtered temperature (only
ENSO signal retained) and SOI is insignificant.
This is because solar cycle effect is maximum near
equatorial region (i.e., at Cochin and Trivandrum,
shown in section 3.3.3). Such features are similar to
as found by Chun et al’s (2007) analysis of satellite
data. They suggested that deep convective heat-
ing in annual mean is maximum at 8◦N (see their
figure 2) using global data. It appears that due to
strong solar cycle influence around 8◦–10◦N, con-
tribution of all other components (such as QBO
and ENSO) is suppressed. Thus, ENSO signal
is not prominent in the temperature at 100-hPa
level at Trivandrum. Further, on comparison, it
is found that ENSO contribution (∼±1 K) is as
twice as the contribution of QBO (∼±0.4 K) in
annual temperature at all stations over India. This
is in accordance with the result that, El Niño
events are characterized by major shifts in the loca-
tion and strength of tropical convection across the



818 R Sapra et al

-3

-4

-5

T
E

M
P

E
R

AT
U

R
E

 (
C

)
o

10

5

0

-5

-10

-15

S
O

I

19
90

19
92

19
94

19
96

19
98

20
00

20
02

20
04

20
06

TIME (YEARS)

DARWIN

Figure 10. Temporal variation of filtered temperature (only
ENSO signal retained) at 100-hPa level during 1989–2006 at
Darwin. Black line denote ENSO signal in temperature and
blue line denote standardized SOl.

entire Pacific and most major monsoon regions of
the world (Bell and Halpert 1998). Such changes
in convective activity could influence the QBO
through changes in the gravity wave spectrum ini-
tiated by deep tropical convection. Such gravity
waves are thought to be an important QBO driving
mechanism (Dunkerton 1997). Therefore, ENSO
can have a tendency to modulate the QBO signal.

In addition, we have examined the contribution
of ENSO component in 100-hPa temperature over
Darwin (12.4◦S, 130.88◦E) located in the south-
ern hemisphere. Temporal variation of filtered tem-
perature (only ENSO signal retained) at 100-hPa
level with standardized SOI over a period of 1989–
2006 at Darwin is shown in figure 10. It is noted
that ENSO warm events are associated with heat-
ing of the tropopause region similar to as found
over Delhi station. Moreover, Rxy (∼−0.53) and
the amplitude (∼±1.2 K) of the ENSO signal is
significantly large at Darwin suggesting the pres-
ence of strong ENSO signal in the temperature at
100-hPa level. This result matches well with the
analysis of Randel et al (2000).

3.3.3 Relationship between temperature
at 100-hPa level and solar cycle

In sections 3.3.1 and 3.3.2, dominance of QBO and
ENSO variations in temperature at 100-hPa level
is observed over eight stations located in the Indian
and eastern side of the Bay of Bengal region. Com-
prehensive analysis of the influence of solar cycle
component in temperature is studied in this sec-
tion. Dhaka et al (2010) observed that solar cycle
signal get strong if we move from Delhi to Trivan-
drum (i.e., moving towards equator) and modulate
the temperature field on 11 years time-scale most

effectively in 8◦–10◦N latitude range. This investi-
gation is extended by including four more stations,
i.e., Bombay and Vishakhapatnam over India, and
Kota Bharu and Singapore in the eastern side of
the Bay of Bengal region.

Figure 11 (a and b) shows the annual variation
of temperature at 100-hPa level with solar cycle
over a period 1980–2006 at Delhi and Kolkata, from
1989–2006 at Bombay, Vishakhapatnam, Kota
Bharu and Singapore and during 1989–2005 at
Cochin and Trivandrum stations. Latitudinal vari-
ability of temperature with solar cycle is observed.
Solar cycle modulation on temperature is clearly
seen at Bombay, Vishakhapatnam, Cochin and
Trivandrum. But, influence of solar cycle on tem-
perature is found to be significant only at Cochin
and Trivandrum.

Correlation coefficient (Rxy) between yearly
averaged temperature at 100-hPa level and solar
cycle is computed at all stations. At Delhi and
Kolkata, Rxy is negative and insignificant, whereas
at all other stations Rxy is positive (see table 4,
column 2). This is because; at Delhi and Kolkata
stations there is a close relation between convec-
tion in the lower atmosphere and temperature in
the upper atmosphere irrespective of solar cycle
influence (Dhaka et al 2010). Also, at Delhi sta-
tion, QBO and ENSO signals are present in the
100-hPa temperature data. Due to the influence
of these geophysical phenomena on temperature,
solar cycle effect is not significantly seen at Delhi.
Over Kolkata, QBO and ENSO signals are weak in
comparison to Delhi. Note that, diurnal variability
in convection is strong over Kolkata, which could
dominate over solar cycle. However, Rxy is sig-
nificant only at Cochin and Trivandrum stations,
i.e., around 8◦–10◦N and insignificant at all other
stations over Indian and eastern side of the Bay of
Bengal region. This extended result compares well
with the analysis of Dhaka et al (2010) that shows
positive good correlation seen in the equatorial
region maximizing around 8◦–10◦N.

3.3.4 Solar cycle signatures in temperature
(filtered) at 100-hPa level

In this section, an attempt is made to estimate
the independent contribution of solar cycle com-
ponent by removing the effects of other compo-
nents such as QBO, ENSO, etc., from the 100-hPa
temperature data. Dhaka et al (2010) had not
analyzed the dominance of individual solar cycle
component by removing all other components from
the temperature at 100-hPa level. In order to indi-
vidually examine solar cycle variability in temper-
ature, we isolate the solar cycle signal by filtering
out the other components from the temperature
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Figure 11. (a and b). Temporal variation of yearly averaged temperature at 100-hPa pressure level with solar cycle (from
1980–2006 at Delhi and Kolkata, during 1989–2006 at Bombay, Vishakhapatnam, Kota Bharu and Singapore and from 1989
to 2005 at Cochin and Trivandrum). Red lines denote sunspot numbers, while black line denotes temperature.

Table 4. Correlation coefficients of annual temperature data and filtered tem-
perature (solar cycle retained) at 100-hPa level with solar cycle over Delhi,
Kolkata, Bombay, Vishakhapatnam, Cochin, Trivandrum, Kota Bharu and
Singapore stations. Bold values of Rxy are statistically significant (using
student’s t-test) at 1% significance level.

Correlation coefficient Correlation coefficient (R1
xy)

(Rxy) between annually between filtered temperature

averaged temperature at (solar cycle retained) at

Stations 100-hPa and solar cycle 100-hPa and solar cycle

Delhi −0.25 −0.26

Kolkata −0.25 −0.29

Bombay 0.38 0.45

Vishakhapatnam 0.29 0.40

Cochin 0.44 0.76

Trivandrum 0.68 0.84

Kota Bharu 0.21 0.31

Singapore 0.12 0.21

time series. Figure 12 (a and b) shows the tem-
poral variation of filtered temperature (solar cycle
signal retained) at 100-hPa level along with solar
cycle over eight stations located in the Indian and
eastern side of the Bay of Bengal region.

Now, large solar modulation in temperature is
found at Bombay, Vishakhapatnam, Cochin and

Trivandrum. Rxy between temperature at 100-hPa
level and solar cycle improves considerably after
removing all other components (QBO, ENSO, etc.)
except solar cycle from 100-hPa temperature data.
Rxy values imply that there is significant posi-
tive correlation (see table 4, column 3) exist at
Bombay, Vishakhapatnam, Cochin and Trivandrum,
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Figure 12. (a and b). Temporal variation of filtered temperature (solar cycle signal retained) at 100-hPa pressure level
with solar cycle (from 1980–2006 at Delhi and Kolkata, during 1989–2006 at Bombay, Vishakhapatnam, Kota Bharu and
Singapore and from 1989 to 2005 at Cochin and Trivandrum). Red lines denote solar variability in temperature, while black
lines denote filtered temperature.

maximizes around 8◦–10◦N. This result conforms
to the fact that the solar radiation pattern
decreases sharply on moving towards middle and
higher latitudes, i.e., away from equatorial region
(Chun et al 2007). Therefore, the influence of
solar cycle on the temperature decreases on mov-
ing towards Bombay and Vishakhapatnam (located
away from equator) in comparison to Cochin and
Trivandrum stations.

Figure 13 shows the latitudinal variation of
correlation coefficient (Rxy) between filtered tem-
perature (solar cycle signal retained) at 100-hPa
level and solar cycle at eight stations located over
0◦–30◦N. It is evident from figure 13 that Rxy is
positive at all stations except at Delhi and Kolkata.
Rxy remains negative and insignificant at Delhi
and Kolkata, suggesting no solar cycle influence
in 100-hPa temperature at these stations. This
further elucidates the conditions for the existence
of both ENSO and QBO signals at Delhi, and
thus suggests that there has been a mutual com-
petition between these parameters (QBO, ENSO,
and solar cycle effect) from the equator to the
extra-tropical region. Table 5 gives the relative con-
tribution of each signal (QBO, ENSO, and solar
cycle) at different stations. Different colour code
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Figure 13. Correlation coefficients (Rxy) between filtered
temperature (solar cycle signal retained) at 100-hPa level
and solar cycle at Delhi, Kolkata, Bombay, Vishakhaptnam,
Cochin, Trivandrum, Kota Bharu and Singapore stations
located over 0◦–30◦N covering Indian and eastern side of
Bay of Bengal region.

denotes the intensity of the signals, while moving
from low latitudes to middle latitudes.

Comparison of correlation coefficients for these
analyses (sections 3.3.3 and 3.3.4) is shown in
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Table 5. Relative contribution of QBO, ENSO and solar cycle signals in 100-
hPa temperature over different stations. Intensity of the colour codes show
strength of the signal while moving from low latitudes to middle latitudes.
Dark blue represents strong QBO and ENSO, while strong solar cycle signal
is denoted by red color. The strong presence of solar cycle signal at equatorial
stations suppresses the QBO and ENSO signals strength.

Stations QBO effect ENSO effect Solar cycle effect

Delhi (moderate) (moderate)

Kolkata (weak)

Bombay (moderate)

Vishakhapatnam (moderate)

Cochin (strong)

Trivandrum (strong)

Kota Bharu (moderate)

Singapore (strong)

table 4. It is clear from the table that the mag-
nitude of Rxy increases considerably at Bombay,
Vishakhapatnam, Cochin and Trivandrum after fil-
tering out all components from the temperature
except solar cycle.

Solar cycle component in temperature is present
over tropical and equatorial region of India; how-
ever, the influence is not clear at Kota Bharu and
Singapore stations indicating that QBO and ENSO
components may dominate over solar cycle at these
stations. Thus, we conclude that solar cycle effect
on temperature at 100-hPa pressure level is dom-
inating over tropical and equatorial regions with
strong control around 8◦–10◦N.

4. Summary and discussions

We have shown relationship of OLR with CAPE
and temperature at 100-hPa pressure level at
Delhi, Kolkata, Cochin and Trivandrum stations.
All the four stations are geographically located at
different locations. OLR and CAPE are found to
be anti-correlated at Delhi and Kolkata indicat-
ing that low OLR represents the enhanced con-
vective activity. However, no significant relation
exists between OLR and CAPE over Cochin and
Trivandrum. The modulation of OLR and CAPE
relation towards low latitude is due to the north-
ward (∼20◦–24◦N) movement of ITCZ. On the
other hand, OLR and temperature showed signif-
icant positive correlation over Delhi and Kolkata
with maximum value at Delhi. But, the positive
Rxy becomes negative on moving towards Cochin
and Trivandrum stations. At low latitudes, there
is a strong solar cycle influence on temperature at

100-hPa level, which modifies OLR and tempera-
ture relationship. Solar cycle dominance is further
confirmed when correlation between OLR and
temperature improved significantly after removal
of solar cycle component from the temperature
data. Thus, Rxy between OLR and temperature
at Cochin and Trivandrum improved in the same
order as Delhi and Kolkata. Removal of solar
cycle from the temperature data and subsequent
improvement in Rxy between OLR and tempera-
ture suggest that solar cycle signal is dominating
over 8◦–10◦N, thus modulating the dynamics over
large scale.

In recent studies, Jain et al (2010, 2011)
observed strong association between low OLR and
low T100 over the Bay of Bengal region (using
∼2 months data), and between low OLR and low
CPT temperature over the Arabian side (using
∼1 year data). Our results confirms that such rela-
tionship of OLR with temperature at 100-hPa level
operates on different time scales (including sea-
sonal and decadal) over Indian region. We have
further extended this analysis by annually aver-
aging OLR, CAPE and temperature data; it is
found that OLR–CAPE and OLR–temperature
relationship is based on the seasonal variations
because Rxy turns insignificant for annually aver-
aged values, which is an important finding. Thus,
this analysis suggests that seasonal variability is
dominating in OLR–CAPE and OLR–temperature
relationship.

In order to reveal the QBO, ENSO and solar
cycle variability in 100-hPa temperature data we
included four more stations: Bombay, Vishakha-
patnam, Kota Bharu and Singapore. By analyz-
ing the data for several stations spread over Indian
region, we noted variation in the strength of QBO
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and ENSO signals with a bias of strong QBO near
equator (during 1989–1996, note that after 1996
it showed a tendency of weak signal) and strong
ENSO over Delhi (away from equator). Such weak-
ening of the QBO signal, after 1996, may be partly
due to the presence of strong solar cycle signa-
ture at equatorial stations. Some influence on the
dynamics could be from the change in the radiative
forcing after the year 2000 as discussed by Solomon
et al (2010). However, the presence of QBO sig-
nal on stations away from equator, i.e., at Delhi
and Kolkata (with lesser amplitude than at equa-
torial stations) indicates that QBO had affected
the temperature variations at 100-hPa level not
only at equatorial region but it extended up to the
extra-tropical region.

Weak QBO and ENSO signals are observed at
stations, which are located around 15◦–20◦N such
as Kolkata and Vishakhapatnam. This is due to
the fact that these stations are under the influ-
ence of intense local convection with strong diurnal
variations which may possibly suppress the effect
coming from the large scale oscillations. Another
contributing factor could be due to the presence of
strong easterly jet around 20◦N which can weaken
the signature of both QBO and ENSO. This is pos-
sibly through gravity wave generation and their
subsequent upward propagation. Over the eastern
side of Bay of Bengal region, QBO signal is
observed both at Singapore and Kota Bharu sta-
tions. But, it is stronger at Singapore as compared
to Kota Bharu. This is in accordance with the rea-
son that QBO is nearly symmetrical with respect
to the equator since, it is driven by equatorially
trapped waves. The amplitude decreases fast as we
go further away from the equator.

In addition, ENSO is found to be out of phase
(∼180◦) with temperature in the tropopause region
at Delhi, suggesting tropopause warming during
ENSO warm event. At Darwin station located in
the southern hemisphere, ENSO signal is domi-
nating in the temperature variations and it is
stronger at Darwin (∼±1.2 K) in comparison to
other stations shown in this study indicating warm
ENSO event leads to tropopause warming sug-
gesting remote forcing at long distances. More-
over, in general, ENSO contribution (∼±1 K) is
as twice as the QBO contribution (∼±0.4 K) in
annual temperature over Indian region, because
the shift in convective regime that is induced by
ENSO, influences the QBO through changes in the
gravity wave spectrum initiated by deep tropical
convection. Therefore, ENSO can have a tendency
to modulate the QBO signal.

In order to examine the individual solar cycle
variability in 100-hPa temperature data, we fil-
tered out all other components (QBO, ENSO,
etc.) except solar cycle and it is found that the

correlation coefficient between filtered tempera-
ture (solar cycle signal retained) at 100-hPa level
and sunspot numbers becomes significantly posi-
tive at Bombay, Vishakhapatnam, Cochin and
Trivandrum and the magnitude of Rxy is maxi-
mum at Cochin and Trivandrum. This is in well
agreement with the findings of Chun et al (2007)
and Dhaka et al (2010). Since, there is a sharp
decrease in solar radiation pattern on moving
towards middle and higher latitudes. Thus, we
have found that the solar cycle influence in the
temperature decreases on moving towards Bom-
bay and Vishakhapatnam in comparison to Cochin
and Trivandrum stations. The relationship between
solar cycle and temperature became insignificant
at Delhi, Kolkata, Kota Bharu and Singapore sta-
tions suggesting lesser influence of solar cycle. As
solar cycle effect is not prominent at Delhi station,
therefore, under such conditions both ENSO and
QBO signals came up strongly. We noticed that
there has been a mutual competition between these
parameters (QBO, ENSO, and solar cycle effect)
from the equator to the extra-tropical region. Fur-
thermore, the comparison of correlation coefficients
between annually averaged temperature and solar
cycle with filtered temperature (solar cycle sig-
nal retained) and solar cycle indicates that the
magnitude of Rxy increases at Bombay, Vishakha-
patnam, Cochin and Trivandrum stations after
filtering the temperature data. This suggests that
solar cycle signal modulates the temperature
variations over middle and lower latitudes, how-
ever strong solar variability in temperature is found
around 8◦–10◦N. Thus, we conclude that the large
scale oscillations such as QBO, ENSO and solar
cycle are present in the upper troposphere temper-
ature variations; however their respective contribu-
tion (in terms of amplitude) varies depending on
the location of the observed station.
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