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In this paper satellite-derived radiative energy budget such as shortwave radiative heating, longwave
radiative heating and net radiation balance have been studied for the post-onset phase of summer
monsoon 1979. Since clouds play an important role in determining diabatic heating field as well as being a
reflection of status of the monsoon itself, the day to day evolution of clouds from TTROS-N satellite has
been made. Satellite-derived radiative heating rates from surface to 100 hPa were computed for each
100hPa thickness layer. These heating rates were then compared with the observed latitudinal
distribution of total radiative heating rates over the domain of the study.

From the results of our study it was found that the characteristic features such as net radiative heating
rates of the order of 0.2°C/day at upper tropospheric layer (100-200hPa) and cooling throughout the
lower tropospheric layers with relatively less cooling between 500-700hPa layer observed in a case of
satellite-derived radiative energy budget agree well with the characteristic features of observational
radiative energy budget over the domain of the study. Therefore, it is suggested that radiative energy
budget derived from satellite observations can be used with great potential and confidence for the

evolution of the complete life cycle of the monsoon over the Indian region for different years.

1. Introduction

The paucity of conventional meteorological observa-
tions particularly over the oceanic regions of the
monsoon area has been considered as one of the major
factors in the lack of understanding of the evolution of
the earth and atmosphere radiative energy budget
over the key monsoonal heat source-sink areas. Space-
borne measurements obtained from GOES and
TIROS-N satellites over the Monex region during
1979 offered an opportunity to study the evolution of
energy budget over these areas during different phases
of the monsoon. The summer Monex experiment was
conducted over the Indian subcontinent from May to
August 1979. This time period coincided with the
second Special Observation Period (SOP) of the First
GARP Global Experiment (FGGE). A combination
of summer Monex and FGGE observations provided
an unprecedented data set for the study of southwest
monsoon. The evolution of summer monsoon is, to a
large extent, an atmospheric response to differential

heating fields. Hence, the primary goal of summer
Monex was to identify the areas of heat sources and
sinks associated with southwest monsoon (Fein and
Kuettner 1980). All the basic data were derived from
the full resolution GOES-IO (Indian Ocean) VISSR
(Visible Infrared Spin Scan Radiometer) imagery and
TIROS-N Sounder observations. Appropriate algo-
rithms developed based on satellite measurements
were used to derive high resolution fields of the
component of radiation parameters for pre-onset,
onset and post-onset phases of summer monsoon
1979. The satellite-derived estimates were carefully
evaluated against available conventional surface
based and dropsonde measurements in order to ensure
reliable definition of heating function at the earth’s
surface and within the atmosphere.

During summer Monex 1979 Eppley pyranometers
and pyrgeometers were mounted onboard CV 990 jet
aircraft to measure the solar (or shortwave) and terres-
trial (or longwave) radiative fluxes respectively. The
instrumentation is discussed in detail in Ackerman
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1. Introduction

The Indian summer monsoon is known to have intra-
seasonal fluctuations that are manifested in the form
of active and weak (or break) spells of monsoon
rainfall. These active and break spells of the monsoon
are associated with fluctuations of the tropical
convergence zone (TCZ) (Yasunari 1979, 1980, 1981;
Sikka and Gadgil 1980; Gadgil 1988). The TCZ over
the Indian monsoon region represents the ascending
limb of the regional Hadley circulation. Thus the
intraseasonal oscillations (ISO) of the monsoon are
essentially a manifestation of fluctuations of the regio-
nal Hadley circulation. Therefore, these oscillations
should be seen in other circulation features (e.g. wind)
and precipitation as well. These fluctuations initially
noted in Indian station data (Keshavamurthy 1973;
Dakshinamurti and Keshavamurthy 1976) were later
shown to be related to coherent fluctuations of
the regional Hadley circulation (Krishnamurti and
Subramaniam 1982; Murakami et al 1984; Mehta and
Krishnamurti 1988; Hartman and Mitchelson 1989).
The intraseasonal oscillation of the monsoon, though
not periodic, has two dominant bands in the spectrum
(Krishnamurti and Bhalme 1976; Krishnamurti and
Ardunay 1980; Yasunari 1980). One band contains
the period between 10 and 20 days while the other
contains period between 30 and 50 days. The 10-20
day oscillation has a clear westward propagation and
a weak northward propagation in the northern
hemisphere (NH). The 30-50 day oscillation has a
northward and eastward propagation over the mon-
soon region. _

Most studies so far on ISOs of the monsoon have
been limited to upper air data, outgoing long wave
radiation (OLR) or precipitation. No careful docu-
mentation of the ISOs of surface wind is available.
This is because reliable daily surface wind data cover-
ing the large Indian Ocean region was not readily
available. With the availability of the NCEP/NCAR
reanalyses products (see section 2), we are now in a
position to examine the ISOs of the surface wind. As
the surface winds drive oceanic circulation, it is
possible that ISOs of the surface wind are responsible
for driving intraseasonal variability in the Indian
Ocean. Recently, direct measurements by Schott et al
(1994) using three moorings and shipboard profiling
during January 1991 to February 1992 show a clear
oscillation with a period of about one month in the
upper ocean zonal transport off Sri Lanka. These
intraseasonal oscillations in the ocean transport (or
currents) are most vigorous during the south-west
monsoon season, when the monsoonal ISOs are also
most vigorous.

The Indian summer monsoon is a unique phenome-
non in the global tropics. The seasonal mean monsoon
(precipitation as well as circulation) is determined by
seasonal migration of the mean position of the zonal

T'CZ in this region from south of the equator during
the northern winter to about 25°N in northern
summer. It is also known that the TCZ does not
remain stationary during the summer season but
fluctuates intermittently between two favoured posi-
tions (Sikka and Gadgil 1980). One such region is over
the Indian continent along the ‘monsoon trough’
extending from north Bay of Bengal to north-western
India. The other favoured position is over the warm
waters in the equatorial Indian Ocean. The fluctua-
tions of the TCZ. within the season are intimately
linked to ISOs of the monsoon. The relative residence
time of the TCZ in the two favoured locations is
expected to determine the seasonal mean precipitation
and circulation. During an average northern summer
the residence time over the continental position is
higher resulting in higher seasonal precipitation over
the continent during this season. Changes in the rela-
tive residence time in the two favoured locations could
change the seasonal mean. Therefore, the statistics of
the ISOs are expected to be related to the seasonal
mean and its interannual variability. Moreover, the
synoptic disturbances (lows and depressions) in this
region generally form in the shear zone of the TCZ.
Since the ISOs are linked to fluctuations of the TCZ,
it is logical to expect that the ISOs modulate synoptic
activity too.

A conceptual model of how the ISOs can influence
the interannual variability of the monsoon was pro-
posed by Goswami (1994). The relationship between
the intraseasonal variability and interannual varia-
bility (TAV) of the Indian monsoon, however, has not
been clearly documented from observations. Not
many studies have actually addressed the question.
Mehta and Krishnamurti (1988) examined the inter-
annual variability of the 30-50 day mode in the winds,
at 850 and 200 mb levels for the period 1980 to 1984
using European Centre for Medium Range Weather
Forecasts (ECMWTF) operational analysis. They exa-
mined mainly the variations in the northward propa-
gation characteristics and did not attempt to relate
these to variations of the seasonal mean. Moreover,
the ECMWF operational analysis was deficient in
representing tropical divergent circulation in that
period (Trenberth and Olson 1988). Therefore, the
results of Mehta and Krishnamurti (1988) could have
been influenced by this bias in the analysis. Singh and
Kripalani (1990) and Singh et ol (1992) used long
records of daily rainfall data over the Indian continent
and examined the 30-50 day oscillation of the preci-
pitation. They could not come to a clear conclusion
regarding the relationship between ISOs and IAV of
the monsoon rainfall. Ahlquist et al (1990) studied
radiosonde observations at 12 Indian stations between
1951 and 1978. They examined ISOs with period
longer than 10 days but did not try to relate the ISOs

- with TAV of the monsoon. Recently, Ferranti et al

(1997) studied the relationship between intraseasonal
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and interannual variability over the monsoon region
using data from five 10-year simulations of the
ECMWEF GCM differing only in their initial condi-
tions. They examined simulated precipitation and
850 mb relative vorticity in detail and showed that
monsoon fluctuations within a season and within
different years have a common mode of variability
with a bimodal meridional structure in the precipita-
tion. While the structure of the common mode of
variability is qualitatively consistent with fluctuations
of the TCZ in the two favoured locations, their results
suffer from some systematic errors inherent in the
ECMWF GCM simulation of the Indian summer mon-
soon. The model underestimates precipitation over
the north Bay of Bengal and the monsoon trough
zone. This reflects in their interannual mode having a
high amplitude only east of 80°E both in precipitation
and low level vorticity.

The two major objectives of this study are to docu-
ment the mean structure and statistics of the ISOs
and their interannual variability, and to examine the
relationship between the ISOs and IAV of the mean
monsoon.

-420S
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Figure 1. Climatological mean surface wind vectors and isotachs (ms~?!) for winter (DJF) and summer (JJAS) seasons based on
ten year period (1987-1996). Corresponding vorticity (in units of 10765™!) is also shown (lower panels).
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2. Data and methodology

The study uses daily zonal (u) and meridional (v) winds
at 10 metre height derived from the NCEP/NCAR
reanalyses for the period 1987 to 1996. The NCEP re-
analysis project used a frozen state-of-the-art analysis
system (the Global Data Assimilation System,
GDAS), using past data, from 1957 to the present.
This project involves the recovery of land surface, ship,
rawinsonde, pibal, aircraft, satellite and other data;
quality controlling and assimilating these data with
the GDAS that is kept unchanged over the reanalyses
period 1957-96. This eliminates artificial jumps. In
addition to using a state-of-the-art analysis scheme,
the reanalyses also use delayed observations, increas-
ing the reliability of the surface wind products. The
NCEP 40-year reanalysis is a research quality dataset
suitable for weather and short term climate research
(Kalnay et al 1996). The data are on a T62 Gaussian
grid (192 long. x 94 lat.) points. In order to compare
the interannual variability derived from NCEP re-
analyses, we also use the monthly mean surface wind
analysis of Florida State University (Legler et al 1989).
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Figure 2. (Left): Time series of zonal winds (ms
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~1) at some selected locations for 1990 (thin line) and that constructed based on

annual and semi-annual harmonics (thick line). (Right): Respective anomalies (ms™) of v after removal of the annual and semi-

annual harmonics.

The surface winds in the monsoon region are
characterized by a strong seasonal cycle. The summer
(June-July-August-September; JJAS) and winter
(December-January-February; DJF) mean winds in
figure 1 show the strength of the seasonal mean and
amplitude of the seasonal cycle of the surface wind.
The mean vorticity patterns associated with the mean
wind are also shown. The raw daily data contain the
seasonal cycle. An example of daily variations of zonal
wind at a few points is shown in figure 2. North of the
equator, the zonal winds are typically easterly in
winter turning to westerly in summer. Both zonal and
meridional winds contain annual and semi-annual
components. As we are primarily interested in bring-
ing out the dominant intraseasonal oscillations, it is
necessary to remove the seasonal changes. A harmonic
analysis is carried out, and daily anomalies are
calculated by removing the annual and semi-annual
harmonics from the daily data for each year. The sum
of annual and semi-annual harmonics at the selected
points are shown by thick lines on the left panels

in figure 2, while the right panels show the anomalies.
In addition to high frequency fluctuations, intrasea-
sonal oscillations are evident in these wind anomalies.
The characteristics of the intraseasonal oscillations
are studied using different techniques as described in
the next section.

3. Intraseasonal oscillations

Over the monsoon region (north of 10°N) the ISOs are
most active during the Indian summer monsoon
season (May to October). To make reliable estimates
of the spectra using fast Fourier transform (FFT),
while avoiding the winter season, we used daily
anomalies from the beginning of March for 256 days.
The spectra are calculated at all latitudinal points
along a number of longitudes. As an example, the
spectra of zonal wind at different latitudes along two
longitudes for 1990 are shown in figure 3. It is clear
that there are two major peaks, one with period
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Figure 3. Power spectra of surface zonal winds for 1990
between 20°S and 20°N along two longitudes. Units are (ms™*)2
day.

around 40 days and the other with period around 18
days. These two dominant peaks are consistently seen
at both longitudes. In addition, another peak around
62 days is seen at 85°E with a weak peak at 90°E. The
60-day mode has largest amplitude around the
equator while the 40-day mode has largest amplitude
between 10 and 15 degrees latitude. The 40-day mode
is the monsoonal intraseasonal oscillation in 1990 while
the 60-day mode is likely to be associated with the
equatorial Madden-Julian oscillation. Those periods
with peak power seen consistently at most off equa-
torial latitudes and at all longitudes are considered
the dominant monsoonal intraseasonal oscillations. In
most years dominant periods are seen to lie between
30 and 60 days and between 10-and 20 days. We shall
refer to these two modes as the 30-60 day mode and
10-20 day mode respectively. The dominant periodi-
cities are selected for all the years in this manner. To
study the detailed structure and propagation char-

acteristics of the ISOs in 1990, a Butterworth band-
pass filter (Murakami 1979) with peak response at 40
days and half responses at 30 days and 53 days is used
to isolate the ISO with period around 40 days.
Similarly, a Butterworth filter with peak response at
18 days and half response at 14 days and 23 days is
used to isolate the ISO with period around 18 days.
Finally, a high pass filter is used to remove from the
data all periods greater than 10 days, to bring out the
high-frequency (‘synoptic’) signal.

The standard deviation of the zonal wind associated
with the ISOs during the northern summer (May 1 to
October 31) of 1990 is compared with that of the total
daily zonal wind and the synoptic activity in figure 4.
The figure shows the standard deviations of the daily
winds, and that of the filtered winds in the 30-60 day
band, 10-20 day band and 2-10 day (synoptic) band
respectively. It is clear that there are three centres of
action in the Indian Ocean, one over the north
Arabian Sea, one over the north Bay of Bengal and
the third over the south equatorial trade wind belt.
Both the 30-60 day mode and the 10-20 day mode
have significant (up to one third of the total) ampli-
tude in the Bay of Bengal and the south equatorial
trade wind belt. In some years, the ISOs also have
significant amplitude in the Arabian Sea. The fact that
the centres of synoptic (high pass filtered) activity and
those of the ISOs’ activity are collocated, indicates
that the ISOs are instrumental in modulating and
organizing the synoptic activity. How the ISOs achieve
this by modifying the large scale environment will be
illustrated in section 6.

3.1 The 30-60 day mode

To further investigate the structure and propagation
characteristics of the 30-60 day mode, we calculated
lag/lead correlations of the filtered zonal wind with
respect to a reference point at 90°E and 15°N, located
at a point of high activity of the 30-60 day mode
(figure 4). The lag zero correlations shown in figure 5
illustrate that over the monsoon region, the ISO has a
meridional scale of about 30° latitude. The east west
structure of this monsoon ISO is different from the
Madden-Julian oscillation in that it does not have a
traditional wave number one character. It has a large
zonal scale of about 120° longitude in the monsoon
region. In the global tropics it is also characterized by
one pole in the Asian Monsoon region and another
(opposite) pole in the south Eastern Pacific and
Amazonian region. North-south and east-west propa-
gation characteristics of the mode are illustrated in
figure 6 where correlations are plotted for various lags
as a function of latitude or longitude. From the left
panel,. it is noted that the mode has a northward
propagation between 5°N and 25°N with an average
speed of propagation of about 0.5° latitude/day. South
of the equator it appears to be nearly stationary.
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Figure4. Standard deviation of zonal wind anomalies (ms™?) for 1990 during the summer season (May 1st to October 31st). (Top
left) Unfiltered daily, (top right) high pass filtered with period less than 10 days, (bottom left) 30~60 day filtered, (bottom right)
10-20 day filtered.
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Figure 5. Lag zero correlations of the 30-60 day filtered zonal winds with respect to a reference point at (90°E, 15°N) for 1990.

Figure 6 also indicates a half wave length of about 15 The large scale structure of the oscillation is impor-
degrees latitude, consistent with figure 5. The right tant in modifying the mean monsoon flow (figure 1)
panel shows that the mode has a clear eastward propa- and hence in modulating the synoptic activity.
gation in the monsoon region. Estimated average east-  Different researchers have followed different ways of
ward speed of propagation is about 9° longitude/day. elucidating the structure of the ISOs. Krishnamurti
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over the monsoon region.

and Subramaniyan (1982) examined the evolution of
850mb circulation anomaly streamlines during a typi-
cal oscillation. Murakami and Nakazawa (1984, 1985)
used phase composites to illustrate the typical evolu-
tion of the oscillation during a cycle. We anticipate
that ISO of the surface wind over the monsoon are
linked with ‘active’ and ‘break’ phases of the monsoon.
We try to bring this out following a phase composite
technique similar to that used by Murakami and
Nakazawa. We filter the meridional wind using the
same band pass filter. Then a reference point is
selected at (85°E, 10°N). The filtered zonal wind at
the reference point is used to identify the phases of the
oscillations. The reference point is selected slightly to
the south of the mean position of the ‘monsoon trough’
so that an active (or a break) phase of the monsoon
would be associated with strong positive (negative)
zonal wind anomalies at this point. We define the
peak, or crest, of the oscillation as that phase which is
associated with maximum positive (i.e. eastward)
zonal wind anomalies. Each oscillation is divided into
eight phases or categories and zonal and meridional
winds corresponding to each category are averaged
over three or four oscillations during the summer
season (1st May to 15th October). In figure 7, we show

]
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(Left): Correlations with respect to a reference point at (95°E, 15°N) to 30-60 day filtered zonal winds for different lags
averaged over (85°E-95°E) as a function of latitude. (Right): Correlations averaged over 12°N-17°N as a function of longitude
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the composite vector wind anomalies over the whole
domain associated with the crest (category 7 or active)
and trough (category 3 or break) of the zonal wind
oscillation at the reference point. It is interesting to
note that the crest (or active) phase of oscillation is
associated with & strengthening of the large scale
monsoon circulation while the trough (or break) phase
is associated with a weakening of the monsoon
circulation. A comparison of these vector wind
anomalies with the seasonal mean (figure 1) shows
that the 30-60 day oscillation can modify the seasonal
mean substantially, increasing or decreasing it by up
to 25%. The anomalous vorticity patterns associated
with mean ‘active’ or ‘break’ phases of the 30-60 ;.
day mode are also shown in figure 7. It is charac-
terized by a bimodal structure with a positive :
vorticity band north of approximately 10°N and a
negative vorticity band south of approximately 10°N.
The vorticity structure of the 30-60 day mode is
similar to the vorticity pattern associated with the ,
summer mean winds shown in figure 1, except that

the former has smaller meridional scale. Another

important point to note is that positive (negative)

anomalous wind curl associated with active (break)

phase of this mode in the north Bay of Bengal is
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Figure 7. Composite vector wind anomalies for 1990 (top) and corresponding vorticity (in units of 107857) (bottom) associated
with the ‘active’ and ‘break’ phases (peak and trough phases of the zonal winds at a reference point in the north Bay of Bengal)

respectively of the 30-60 day mode.

comparable to the mean wind curl over the same
region (figure 1). This implies that the ISO may have
a strong control on the wind driven ocean circulation
in this region. This point will be discussed further in
section 4.

3.2 The 10-20 day mode

In this section, the structure and propagation
characteristics of the 10-20 day mode are studied. A
reference point is again selected at (85°E, 10°N). The
lag zero correlation pattern (not shown) indicates that
this mode has a regional character and has coherent
fluctuations primarily over the Asian monsoon region.
North-south and east-west propagation characteris-
tics of the mode are shown in figure 8. The meridional
scale of this mode in the monsoon region is similar to
that of the 30-60 day mode (about 30° latitude). The
10-20 day mode shows a transition from southward
propagating character to northward propagating
character around 5°N in 1990 (figure 8). However,

the mode is clearly westward propagating over the
Indian region.

The phase composite for the 10-20 day mode is
studied with respect to a reference point (90°E, 20°N)
which lies to the north of the monsoon trough over the
north Bay of Bengal. The composite vector wind
anomalies and associated vorticity for categories 7 and
3 (trough or active and crest or break phases of the
filtered zonal wind at the reference point) are shown in
figure 9. It may be noted that in this case about 8-10
oscillations are available for averaging. The wind
anomalies associated with the crest and trough
phases of this mode are generally smaller than those
associated with the 30-60 day mode in this year.
The composite vorticity pattern is also similar to
that associated with the 30-60 day mode but is
weaker in magnitude. Over the north Bay of Bengal,
this mode too has a positive (negative) vorticity
maximum associated with active (break) phases of
the mode. Depending on the phase relationship with
the 30-60 day mode, the 10-20 day mode can reinforce
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Figure 8. Same as figure 6, but for the 10-20 day mode for 1990.

the contribution of the ISOs to the curl of the wind
in this region. We shall discuss this point again in
section 4.

4. Interannual variations of ISO

Using the same techniques as described in section 3,
the period, amplitude, propagation characteristics and
spatial structures of the ISOs are studied for all the
yvears from 1987 to 1996. There is considerable
variation in these attributes of the ISOs from year to
year. In this section, we discuss this interannual
variability.

4.1 Periods

The spectra for all years show that there are always
two dominant periods as seen in 1990. However,
the peak period within the lower frequency band
varies from 30 days to 60 days. Similarly, the peak
period within the higher frequency, K band varies
between 10 and 20 days. This is the reason we call
the two ISOs the 30-60 day mode and the 10-20 day
mode. The peak periods and periods corresponding
to the half response of the band pass filters used to
extract the modes in different years are summarized
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in table 1. It may be noted that the sharpness of the
filters are varied slightly from one year to another to
minimize the overlap of the two filters.

4.2 Amplitude

The peak amplitude and the location of the peak
can vary from one year to another. For example,
the standard deviations of the daily unfiltered
zonal winds, the 30-60 day filtered, the 10-20 day
filtered and the high pass filtered zonal winds for
1996 are shown in figure 10. It is seen that both the
30-60 day mode and the 10-20 day mode have
maximum amplitude in three regions of the Indian
Ocean coinciding more or less with the three centres
of maximum variability of the high pass filtered
zonal winds. In contrast to 1990, the ISO has signifi-
cant amplitude over the north Arabian Sea in 1996.
As in 1990 and other years, the ratio between the
maximum amplitude of unfiltered wind to- the
maximum amplitude of the ISOs varies between 2:1
and 3:1.

4.3 Meridional and zonal propagation

The meridional propagation of the 30-60 day mode
is variable from one year to another. The meri-
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Figure 9. Same as figure 7, but for the 10-20 day mode for 1990.

Table 1. Dominant periods in days and periods in days at
which the Butterworth filters used to isolate the dominant
- periods have half response (within parenthesis).

Year Mode I Mode IT
1987 30 (20, 45) 16 (12, 21)
1988 50 (40, 62.5) 20 (14, 28.5)
1989 30 (20, 45) 16 (12, 21)
1990 40 (30, 53) 18 (14, 23)
1991 40 (25, 64) 18 (14, 23)
1992 30 (23, 39) 18 (14, 23)
1993 30 (20, 45) 16 (12, 21)
1994 30 (20, 45) 16 (12, 21)
1995 30 (20, 45) 16 (12, 21)
1996 30 (20, 45) 16 (12, 21)

dional propagation characteristics for the 30-60 day
and the 10-20 day mode for all the years are
summarized in table 2. As can be seen from this
table, the propagation of the 30-60 day mode does not
have a robust and universal character. During most
years, the mode is northward propagating or sta-
tionary north of 10°N. South of this location it is
either southward propagating or stationary in most

years. The lag correlations provide an average picture
of the propagation characteristics. We also examined
time-latitude sections of the filtered anomalies. It is
seen (not shown) that even when there is average
northward propagation in a year, it is not uniform
over the three or four pulses or oscillations during the
summer season. There may be strong northward
propagation in one or two pulses while the other
pulses could be stationary or even southward propa-
gating. The meridional propagation of the 10-20 day
mode is somewhat more systematic. With the excep-
tion of 1990, 1995 and 1996, when there was some
northward propagation of the mode between 10°N
and 20°N, all other years are dominated by southward
propagation.

The zonal propagation for both the modes is robust
and consistent in almost all the years. The 30-60 day
mode is clearly eastward propagating in this region
for all the years. Small variations from year to year
are found only in the speed of propagation. The speed
of eastward propagation generally varies between
8 and 10° longitude per day. Similarly, the zonal
propagation for the 10-20 day mode is consistently
westward in the monsoon region, the average speed
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Table 2. Interannual variations of meridional propagation of the two intraseasonal modes over the monsoon region.

Year 30-60 day mode 10-20 day mode

1987 Southward propagation south of 10°N. General tendency of southward
Stationary north of 10°N. propagation betweeen 25°N to 25°S.

Approximate speed: 2° lat./day.

1988 Slow northward propagation clearly seen from southern Similar to 1987. Southward propagation between
hemisphere to about 25°N. Average speed approximately 15°N and 25°S; Approximate speed: ~ —2° lat./day.
0.5° lat/day.

1989 Southward propagation seen from 20°N to 20°S. Similar to 1987. Southward propagation between
Speed approximately 1.2° lat/ day. 20°N and 20°S. Approximate speed: ~ —2° lat./day.

1990 Northward propagation north of 5°N and stationary south ~ Northward propagation between 5°N and 20°N and
of this location. Approx. propagation speed: 0.6° lat/ day. southward propagation south of 5°N.

1991 Northward propagation north of the equator (approx. Southward propagation between 5°N and 20°S and
speed: 0.75° lat./day) and indication of southward stationary between 5°N and 20°N.
propagation south of the equator.

1992 Northward propagation north of 10°N (approx. speed: Clear southward propagation between 20°N and 15°S.
0.75° lat./day). Southward propagation between 10°N Approx. speed: ~ —2° lat./day.
and 5°S. Stationary south of 5°S.

1993 Stationary north of 10°N and southward propagation Clear southward propagation from 25°N to 30°S.
between 10°N and 20°S. Approx. speed: ~ —2°/day.

1994 Stationary north of 10°N with indication of southward Southward propagaticn between 25°N and 5°N.
propagation between 5°N and 25°S. Stationary south of 5°N.

1995 Northward propagation between 5°N and 25°N (approx. Northward propagation between 5°N and 20°N and
speed: ~0.5° lat./day) and southward propagation southward between 5°N and 20°S.
south of 5°N. '

1996 Northward propagation between 5°S and 25°N (approx. Similar to 1995. Northward propagation between 5°N

speed 0.75° lat./day). Stationary south of 5°5.

and 20°N and southward propagation 5°N and 20°S.
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Figure 12. (Top): Climatological mean December-February (DJF) and June-September (JJAS) vector wind stress magnitude
(dynes/cm?) from NCEP reanalysis based on 1987-1996. (Bottom): Same as top panels but from FSU analysis based on 1979-1992.

of propagation being between 4° and 6° longitude
per day.

4.4 Phase composite synoptic structure

The spatial structures of the 30-60 day mode are
studied for all the years following the phase composite
technique described in section 3.1 and 3.2. For all
years a reference point at (85°E, 10°N) or (90°E, 10°N)
is chosen and the composite structure of vector wind
anomalies (based on filtered zonal and meridional
winds) is studied corresponding to eight different
phases of evolution. The synoptic structure associated
with category 7 (peak zonal wind at the reference
point or ‘active’ conditions) and category 3 (trough of
zonal wind at the reference point or ‘break’ conditions)
are qualitatively similar in all years. This synoptic
structure and associated vorticity anomaly are char-
acteristic of the mode in all years. Year to year varia-
tion is seen mainly in the peak strength of the vortices
in the three centres. For example, the maximum
vorticity in the north Bay of Bengal can vary from
3 units (i.e. 3 x 1076s71) in 1988 to 9 units seen in
1995. Moreover, there is some north-south shift of

the region of transition between the positive and
negative vorticity zones from one year to another.
The synoptic structure of the 10-20 day mode is
studied using a reference point north of the monsoon
trough over the Bay of Bengal in all the years. The
spatial structure of the 10-20 day mode is consistently
similar in all the years. This mode is associated with
significant anomalies only east of 70°E and the largest
amplitude occurs over the north Bay of Bengal.
As a result, this mode assumes significance only
over the Bay of Bengal where it can either reinforce
or weaken the effect of the 30-60 day oscillation and
thereby affect the synoptic activity and oceanic
circulation in that region. This point is further
illustrated in figure 11, where time series of the
vorticity associated with the 30-60 day mode and
with the 10-20 day mode, averaged over the north
Bay of Bengal (80-95°E, 12-20°N) is plotted for all
the ten years. It is interesting to note that every
year there are periods during the summer season,
when either the positive or the negative phases of
the two oscillations reinforce each other and thereby
change the seasonal mean vorticity by more than 50%.
This point is illustrated in table 3 where we compare
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1996) while the FSU S.D is based on 14 years data (1979-1992).

vorticity averaged over the same region for the
seasonal mean (June-September) with those asso-
ciated with the ‘active’ phases of 30-60 day and 10-20
day oscillations.

5. Monthly and seasonal means and their
interannual variability

In this section we compare the monthly mean surface
wind stresses from the NCEP reanalysis with the
independent Florida State University (FSU) analysis.
For this purpose monthly mean zonal and meridional
surface wind stresses were obtained from the FSU
pseudostress objective analysis (Legler et al 1989)
over the Indian monsoon region for the period 1979
to 1992. NCEP surface winds were also converted
to stresses. The same drag coefficient (Cp = 0.0015)
was used in deriving stress from both data sets. We
examine surface stress in this section rather than wind
so as to obtain information on the seasonal mean
and interannual variability of the forcing for the ocean
as well. Climatological mean summer and winter
stresses from NCEP and FSU analyses are shown in

figure 12, where the magnitude of the vector stress is
depicted. Both the summer and winter mean NCEP
reanalysed stresses agree well with the FSU analysis in
location as well as in magnitude. Interannual varia-
bility of the surface stress as measured by standard
deviation of the monthly mean stress from the two
data sets are compared in figure 13. In this figure, the
standard deviation of zonal and meridional stresses
are separately compared. It is noted that the
variability of the zonal stress over the Somali jet
region is slightly underestimated in the NCEP
reanalysis. The variability over the north Bay of
Bengal, south China sea as well as the south
equatorial trades agree well in the two analyses. The
variability of meridional wind in the two analyses
agree well in almost all regions. Good agreement
between the two analyses on seasonal mean as well as
in the interannual variability shows that no serious
systematic bias is present in the NCEP reanalysis.
Absence of bias allows us to assume that even on a
daily time scale, the NCEP reanalyses would give
reliable estimates of the surface winds, although there
might be regions where observations are sparse on a
day-to-day. basis.
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6. Synoptic variability, ISOs and
interannual variability

In section 3, we showed that the spatial structure of
variance of the ISOs correlates well with the spatial
structure of the synoptic (i.e. high frequency) variance.
The standard deviations averaged over all summers
(May-October) of daily unfiltered zonal winds, the
30-60 day, 10-20 day and the high pass filtered zonal
winds are shown in figure 14. It is clear that the
location of maximum intraseasonal variance are also
locations of maximum synoptic variance. Even though
the ISOs by themselves explain only about 10-25% of
the total daily variance, by controlling the synoptic
variability they actually control a much larger fraction
of the total daily variance. Co-location of the maxima
of synoptic and intraseasonal variability by itself does
not establish that the ISOs control synoptic activity.
However, the circulation anomalies associated with
the ISOs modify the large scale monsoon circulation in
such a way that in one phase of the ISO, the synoptic
activity is favoured while in another phase it is inhi-
bited. This linkage is illustrated below. :

20S
120E 40E

100E

—

60E 80F 20E

The spatial structure of the climatological mean
ISOs during the summer monsoon season is shown in
figure 15. For this purpose, the mean of all peaks and
troughs (i.e. categories 7 and 3) of the 30-60 day
mode during the ten year period (1987-1996) is shown
in this figure. Even after averaging over 10 years, the
general structure of the vector wind anomalies and the
vorticity patterns associated with the ‘active’ and
‘break’ phases are remarkably similar to figure 7 indi-
cating the robustness of the spatial structure asso-
ciated with the intraseasonal mode. Also striking is
the opposite nature of the vector wind anomalies and
the associated vorticity patterns for the two phases in
the entire domain. Strengthening of the large scale
monsoon circulation during ‘active’ phase of the ISO
and associated enhancement of cyclonic vorticity over
the monsoon trough region sets the stage for active
synoptic activity in this region. Weakening of the
monsoon trough during the ‘break’ phase suppresses
synoptic activity. The vorticity pattern has the
characteristic bimodal meridional structure discussed
earlier. The bimodal character of the ISO is clearly
demonstrated in figure 16 where the five-day running
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Figure 15. Climatological mean composite synoptic structure of the 30~60 day mode. Vector wind anomalies associated with
‘active’ and ‘break’ conditions (upper panels) and corresponding vorticity in units of 107%s~! (lower panels).

mean vorticity averaged over the two nodes of the
mode are shown during the ten summer seasons. A
five-day running mean is used to eliminate high fre-
quency component and focus on the combined effect
of both ISOs. The strong negative correlation between
the two shows that the bimodality is a robust feature.
The bimodal structure of the intraseasonal mode is
essentially a manifestation of the fluctuations of the
TCZ between the two favoured positions as men-
tioned in section 1. An ‘active’ (‘break’) phase of the
monsoon trough is also associated with positive
(negative) relative vorticity anomaly over the oceanic
TCZ between the equator and 10°S (figures 7 and 15),
decreases (enhances) cyclonic vorticity and tends to
weaken (strengthen) the TCZ over that region.
There is also a close connection between the ISO
and the interannual variability of the mean winds. To
investigate the structure of the interannual variability
of the seasonal mean, we have used a compositing
technique. For this purpose the Indian monsoon
rainfall (IMR, Parthasarathy et al 1995) is used as
reference to define strong and weak monsoons. Based

on this, difference between surface winds averaged
over two strong monsoon seasons (1988, 1994) and
two weak monsoon seasons (1987, 1992) is created and
plotted in figure 17 along with the associated vorticity
pattern. Vector wind differences between pairs of
‘strong’ and ‘weak’ monsoon years (e.g. 1988-1987
and 1994-1992) have also been examined and found to
be similar to figure 17. This represents the dominant
mode of interannual variability of the surface winds. It
is interesting to note that a strong (weak) monsoon is
associated with strengthening (weakening) of the large
scale monsoon circulation. The vorticity in the Indian
monsoon region between 40°E and 120°E bears close
resemblance to the composite vorticity structure of
the dominant intraseasonal mode (figure 15). The
similarity between the structures of the intraseasonal
and interannual variability over the Indian monsoon
region is consistent with the hypothesis presented in
the introduction regarding the relationship between
ISOs and interannual variability. We would like to
mention here that we did not use empirical orthogonal
function analysis to bring out the interannual mode as
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of 108571,

ten seasons is rather too short to be used for this
technique. The similarity in the patterns of intrasea-
sonal and interannual variability of the surface winds
indicates how the intraseasonal oscillations influence
the interannual variability of the monsoon.

As described in the introduction this is likely to be
accomplished by changes from one year to another in
the residence time of the T'CZ in the monsoon trough
zone. We define that the TCZ is active in this zone
if the vorticity averaged over the zone (70-100°E,
12-22°N) is greater than a critical value (taken as 1.75
107%s71). The residence time is calculated as the total
number of days during the monsoon season (May 1st
to September 30th) when the averaged unfiltered

daily - vorticity is greater than this value. This was
calculated for all the years under consideration. In
table 4, the residence time of the TCZ is compared
with Indian monsoon rainfall (IMR) for the same
years. For the two highly contrasting years, 1988 and
1987, the correspondence between the residence time
and the monsoon activity is very strong. For the rest
of the ten-year period, the relationship is not very
strong. The correlation coefficient between the two
series for the ten-year period is 0.8. Although the
sample size is rather small, this result is supportive of
our hypothesis regarding how the ISOs influence the
seasonal mean. It would however, be desirable to exa-
mine this relationship with a longer data set. It may
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Figure 17. Vector wind difference (ms™') and corresponding relative vorticity (1078 s~1) difference between ‘strong’ and ‘weak’
composite seasonal mean surface winds. ‘Strong’ (1988 and 1994) and ‘weak’ (1987 and 1992) monsoons are defined based on all

India monsoon rainfall.

Table 4. Indian Monsoon Rainfall (IMR) and residence time of TCZ in its northern posttion (see section 6) for different years.

Years 1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 Mean
IMR (mm) 697 961 866 908 784 784 896 938 860 887 854
Dep. from mean -18.2% 12% 1.7% 6.6% -7.9% -7.9% 5.2% 10.1% 0.9% 4.1%
Residence time 15 39 31 25 22 26 28 28 30 35 27.9
Dep. from mean  —46% 39.8% 11% —-10% -21% —6.8% 0.4% 0.4% 75% 25.5%

also be noted that there is no theoretical framework at
present to choose the critical value of the vorticity
used to define the ‘active’ phase of the monsoon. The
value used here is a rather subjective choice arrived at
after examining the time series of the vorticity in that
region for all the ten years.

7. Conclusions

The NCEP/NCAR reanalysed daily surface winds
provide a reliable data set to study the intraseasonal
oscillations (ISOs) of the surface winds and their
interannual variations as it includes all possible
delayed data and a stable analysis system. On the
daily time scale, a comparison between the NCEP/
NCAR reanalysis and another independent data, set is
not attempted because such a reliable independent
data set is not available. On the interannual time
scale, a comparison of the NCEP/NCAR reanalysis
with FSU analysis shows good agreement in the
seasonal mean stress as well as interannual standard
deviation of monthly stresses. This demonstrates that
the NCEP /NCAR reanalysis does not have any major
systematic bias on the monthly and interannual time
scales arising from the analysis system (including the
physical parameterizations used in the model). There-

fore we expect the NCEP/NCAR reanalysis to be free
of serious systematic bias even on the daily time scale.

The ISOs of the surface winds over the Indian
monsoon region are studied using daily averaged
NCEP/NCAR reanalysed surface winds for the period
1987-1996. Two dominant ISOs are found in all years,
one with period between 30-60 days, and the other
with period between 10-20 days. The 30-60 day mode
is eastward propagating while the 10-20 day mode is
westward propagating. In the meridional direction,
the 30-60 day mode tends to propagate northwards

between 10°N-25°N in most years and is either’

stationary or southward propagating south of 10°N.
The 10-20 day mode is southward propagating south
of 5°N in most years. It is either stationary or north-
ward propagating north of 5°N. Although the ISOs
explain only about 10-25% of the daily variance, the
spatial structure of intraseasonal variance bears close
similarity with that of the synoptic variance indicat-
ing a strong association between the ISOs and synoptic
variations. It is shown that this association results
from the ISOs modulating the large scale mean
monsoon circulation in such a way that in one phase
of the oscillation they favour vigorous synoptic
activity while in the other phase they inhibit it. The
spatial structure of the 30-60 day mode is similar in
all years and is shown to be intimately related to the
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strong (‘active’) or weak (‘break’) phases of the Indian
summer monsoon circulation. The peak (trough) phase
of the ISOs at a point in the north Bay of Bengal
corresponds to the ‘active’ (‘break’) phase of monsoon
strengthening (weakening) the large scale monsoon
circulation. In the ‘active’ phase, a strong ‘monsoon
trough’ enhances synoptic activity while in the ‘break’
phase, a weakened ‘monsoon trough’ suppresses them.
The peak wind anomalies associated with these ISOs
could be as large as 30% of the seasonal mean winds in
many regions. The vorticity pattern associated with
the synoptic structure of the 30-60 day mode has a
bimodal meridional structure similar to the one
associated with the seasonal winds but with a smaller
meridional scale. The synoptic structure of the 10-20
day mode is similar to that of the 30-60 day mode but
is weaker almost everywhere except over the north
Bay of Bengal where the vorticity associated with this
mode is comparable to that associated with the 30-60
day mode. The bimodal meridional structure of the
ISOs is consistent with the conceptual picture pre-
sented in the introduction that the ISOs result from a
fluctuation of the TCZ between the two favoured
locations.

It is also discovered that the composite structure
of the 30-60 day mode is strikingly similar to the
dominant mode of interannual variability of the
seasonal mean winds, indicating a strong link between
the ISOs and the seasonal mean. It is noted that
both the ‘active’ (break) phase of the 30-60 day
oscillation and ‘strong’ (weak) case of the interannual
variability represent a large scale enhancement
(weakening) of the seasonal mean monsoon circula~
tion. This similarity between the spatial structures
of the dominant intraseasonal and interannual varia-
bility is the key to understanding how the ISOs
influence the seasonal mean and its interannual
variability. The seasonal mean is stronger (weaker)
than normal in a year characterized by either more
frequent ‘active’ (break) spells or by more intense
‘active’ (break) spells. In other words the residence
time of the ISOs in the ‘active’ (break) mode and
the enhancement (weakening) of the cyclonic vorticity
in the northern belt determines interannual varia-
bility of monsoon circulation and Indian monsoon
activity. Thus, the ISOs seem to act as a catalyst
to control much of the variability in this region
with synoptic variability at one end of the spectrum
and interannual variability at the other. This scenario
is consistent with a conceptual model of monsoon
variability described by Goswami (1994) and sum-
marized in section 1. It is also shown that in the
Bay of Bengal region, the wind curl associated with
the peak phases of the ISOs could be as large as 50%
of the seasonal mean wind curl. Hence, ISOs
in this region could drive significant ISOs in the ocean
and could influence the seasonal mean currents in the
Bay.
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