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Abstract. The satellite-derived moisture fields during different phases of two normal and
poor monsoon years have been studied. Spectral analysis was performed in different zones
of the monsoon region to study the nature and modes of intraseasonal fluctuations of lower
layer moisture fields.
Seasonal mean fields of water vapour at low and middle layers show a dry anomalyover
the Arabian subcontinent and a wet anomaly over the Bay of Bengal during good monsoon
years, while the anomalies show an opposite trend during the poor monsoon years. The
zonal and meridional propagation of low-frequencyoscillations of moisture fields has also
been examined. The southward movement of low-frequency oscillations seems to be
suppressed in good monsoon years as compared to the poor monsoon years, whereas the
northward movement of the same shows no particular difference. Fluctuations in the 30-50
day range are found shifted to longer time-period side in the poor monsoon years.
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1. Introduction
South-west monsoon, which arrives at the southern tip of India by the last week of
May or the first week of June, year after year, is characterized by the large influx of
moist air into the Indian subcontinent. Numerous studies have pointed out the
important role of cross-equatorial and evaporative flux from southern Indian Ocean
and Arabian sea for this large increase of moisture during summer monsoon. Pisharoty
(1965) analysed the water vapour budget over the Arabian sea for 1963 and 1964
monsoon seasons and concluded that cross-equatorial moisture flux was small
compared to evaporative flux from the Arabian sea, while Saha (1970) found that
cross-equatorial flux accounted for about 60-80~o of the net total flux across the west
coast of India. Due to the lack of moisture data over the oceanic regions, there has
been an uncertainty about the source of moisture and its variability during the
monsoon season. Radiosonde/ship data, on which most of the above mentioned
studies are based, have a very poor coverage and frequency of observation over the
oceanic region. Spaceborne-observing platforms provide the moisture data with a
good coverage over the oceanic region and high frequency of observation, albeit, with
poorer vertical resolution. One of the objectives of N O A A / T I R O S - N series of satellites
is to infer operationally the water vapour profile from the measurement of ongoing
radiation reaching its High Resolution Infrared Sounder (HIRS-sensors). Cadet (1986)
used N O A A / T I R O S - N data to study the fluctuations of precipitable water (PW
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hereafter) fields for the 1979 monsoon season, and he investigated the meridionally
propagating perturbations related to the active/break cycle of monsoon system.
In this paper, a detailed study of satellite-derived moisture fields during the different
phases of four monsoon seasons is presented. The years of study, 1979, 1980, 1981
and 1985 belong to two different categories viz, good and poor monsoons. Two daily
observations of PW from TIROS-N were provided by NESDIS as finished product.
Data were available at a ground resolution of approximately 2"5 x 2-5~ which was
averaged on 5 x 5~ over the monsoon region for this analysis. The period of study
was from 5 May to 9 September (128 days) of each year.
The paper deals with the evolution of low-level moisture time series in different
zones of monsoon region, in different years. Spectral analysis was performed to study
the nature and modes of intraseasonal fluctuations of surface level moisture fields.

2. Data

The data used in this study were the level II-B (finished product) of NOAA-TOVS
soundings for 1979, 1980, 1981 and 1985 of which, 1980 and 1981 were good/normal
monsoon years whereas 1979 and 1985 were poor monsoon seasons. A combination
of infrared and microwave sounding units onboard NOAA provide a complete global
coverage of vertical temperature and moisture profiles every 12 hours. A description
of TIROS-N Operational Vertical Sounder (TOVS) was given by Smith et al (1979).
The channels of high resolution infrared sounder (HIRS), responsible for retrieval of
precipitable water vapour (hereafter PW) together were positioned spectraUy at 8"3,
7.3 and 6.7/~m. They sense the tropospheric water vapour in three broad regions viz
from surface to 700 rob, 700 mb to 500 mb and from 500 mb to 300 mb respectively.
Illari (1989) found the quality of satellite-derived PW data comparable to that of
radiosonde data particularly in tropical regions. The retrieved soundings were
available at a grid spacing of 2.5 ~ x 2.5~ Data gaps caused either by the underlap
between two successive satellite passes, or due to the inability of HIRS sensors to
sense the moisture in total cloudy conditions; were removed using spatial interpolation.
The final product, which contains the daily average of PW, was brought on 5 x 5~d
grid box over the monsoon region (40-100E:: 30S-30N). The region of study is
shown in figure 1.
Table 1 shows the seasonal rainfall (in monsoon season) and the date of onset for
Indian region for the four years of study (Parthasarathy et al 1987). Climatic mean
of the all-India seasonal rainfall was 840 ram. On this basis, we can group these years
in two categories, normal/above normal monsoon years and below normal monsoon
years. 1980 and 1981 fell in the first category, while 1979 and 1985 come in the second.
2.1 Accuracy of analysed fields
The quality of humidity analysis depends critically on the quality of moisture data.
In addition to instrumental errors, moisture data suffered from large errors in
representativeness. Surface moisture data observed by radiosonde/dropsonde methods
were of variable quality because of their subjective nature. Satellite data, on the other
hand, because of their high temporal and spatial resolution could provide a very
valuable additional means of sampling moisture. PW data from TIROS-N satellite
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Figure 1. Region of study.
Table 1. Seasonal rainfall and dates of
onset for four years.

Year

Rainfall
(mm)

Date of onset

1979
1980
1981
1985

746
881
845
785

11 June
31 May
30May
29May

were successfully used by Cadet (1983a) in a study of evolution of humidity fields over
the Indian Ocean during the 1979 summer monsoon. He found that the relative
difference between the satellite moisture data and the dropsonde data was 13%, while
the analysis was carried out on ~a 2 ~ x 2~ grid. Illari (1989) showed that the RMS
difference between radiosonde and satellite-derived PW fields over tropics was about
3.2mm in the lower layer. He also showed that the quality of satellite data was
comparable to that of the radiosonde data. In the present study, the moisture data
are averaged on a 5 ~ x 5~ grid which means that at least six times more data than the
above mentioned studies were averaged to arrive at a representative value, and one
can expect a reduction of error in PW data by a factor of about x/6.

3. Time series in different domains
In order to study the evolution and subsequent fluctuations of moisture fields over
different parts of the monsoon region during the monsoon, we studied the time series
of moisture in all three layers. The regions under study were:
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(i) Somali Coast or the East African Coast (5S-5N::50E-60E): This region is
characterized by strong cross-equatorial moisture flux and strong low-level jets.
(ii) Arabian Sea (10 N-20 N :: 60 E-70 E): This region is characterized by westerly flow
and moisture convergence (Saha 1970; Saha and Bavadekar 1973). The fluctuations
of moisture over this region were found to be in phase with the fluctuation of rainfall
over the west coast of India (Cadet 1986). Also, evaporative moisture flux from Arabian
Sea was a significant part of the total moisture flux reaching the Indian peninsula
(Pisharoty 1965).
(iii) Bay of Bengal (10N-20N::85E-95E): This region is characterized by the
formation of low/deep depressions during the active phase of monsoon, which causes
moisture convergence into Indian landmass from the eastern boundary. Here we
describe the evolution of lower layer (700-1000 mb) fields over these domains during
different monsoon years.
3.1 Somali coast
Figure 2 shows the low-level moisture (PW1 hereafter) field time series (daily) over
the Somali coast for four years. In 1980, a good monsoon year, one observes a gradual
build-up of moisture in this region from 5 May onwards and the average PWl increased
from 33 to 40 mm (20%) by 20 May, but started decreasing subsequently to 50~ of
the peak value by 20 May. Onset takes place over India when PW1 fields pass through
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the minimum values of 20 mm. The build-up of the moisture fields and their subsequent
decay were due to rapid shift of ITCZ northward. During this period and later
short-period fluctuations ( T < 10 days) were observed in this region. Another
maximum of PW1 followed on 22 June, accompanied by a similar maximum of PW1
over the Arabian sea domain. Two secondary maxima occurred around 5 August
and 5 September and a series of short-period fluctuations was observed between these
phases.
In 1981, PWI fields were already high (40ram) by May 5, which then decreased
constantly till 1 June, when PW1 dropped to 25 mm. Rebuilding phase then started
which culminated on 15 June when PW1 was 35ram. The time series was then
modulated by short-period fluctuations (T < 10 days).
Of the two poor monsoon years, in 1979 we see a gradual build-up of PW1 from
10 May onwards, and by 7 June, a week before the onset took place over India, it
increased by 20%. A monotonic drop (modulated by short-period fluctuations) then
followed which continued up to 15 July and by then PW1 fields weakened by 30%.
A rebuilding phase started and a maximum occurred around 1 August, accompanied
by a similar maximum over the Arabian sea domain. A steady drop then followed
signifying an early withdrawal of the monsoon. The series was modulated throughout
by short-period fluctuations around 10 days.
In 1985, the highest values of PW1 occurred on 20 May (36 ram) and then a steady
drop followed till 15 July. rebuilding phase then started and two secondary maximal
were observed, one around 20 July (38 ram) and another by 15 August (34mm).
Short-period fluctuations were also observed in the 1985 time series.
It is interesting to note that the early build-up of moisture fields over the Somali
coast region was associated with good rainfall over the Indian subcontinent. In 1979,
the drop of moisture continued for about 50 days and in 1985 for about 40 days,
while this duration was found to be 25 days in 1980 and 1981. In other words, the
period between two successive maxima (which signifies the period of low-frequency
fluctuation) was smaller in good monsoon years than in poor ones.
3.2 Arabian Sea
Arabian Sea domain showed the most abrupt change in moisture field during the
onset phase. In 1980 (figure 3), the average PW1 over Arabian Sea was 28 mm till 25
May, which then started building up suddenly and increased by 80% till 15 June
(42 mm). The average PW1 remained 38 mm between 5 June and 5 July, which then
decreased t6 30mm during the second week of July when India suffered a break in
the monsoon activity. The revival phase from break followed soon and PW1 again
rose to 40ram by 1 August. PW1 subsequently decreased with short-period fluctuations
(T = 10 days), yet the average PW1 remained close to 35 ram. In 1981, the build.up
of the moisture which was not as sudden as in 1980, continued till the first week of
July. The maximum PW1 remained 4 mm loss than in 1980. After 7 July, PWI dropped
to 30ram but soon started building up and kept increasing till 15 August when it
reached a peak value of 42.5 ram. In general, this region is characterized by high PW1
values throughout the season.
In 1979, the average PW1 was 26ram over the Arabia Sea till 1 June. A sudden
build-up of PW1 then followed and it increased by about 80% till 15 June (onset
occurred on 11 June). After the onset, PW1 decreased by 40-50% (during break).
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Moisture build-up took place a few days before the revival after mid-July. During
the early withdrawal of monsoon in 1979, the moisture decreased.
In 1985, PWl started building up from 5 May and reached 35mm by 10 June.
Then a rapid drop followed and the average PW1 remained at 30 mm between 15 June
and 15 July. Such a long spell of dry condition was instrumental in a weak rainfall
in 1985. After 15 July, there was a constant increase of PWl till the first week of
September, after which, a drop in moisture accompanied the withdrawal of monsoon.
It seems that a good concentration of high moisture fields over the Indian landmass
during the active phase of the monsoon is crucial for the performance of monsoon.
In 1979, though the mean PWl values were greater than the 1980 PWl values both
during the onset and active phase, it led to a poorer rainfall ov.er India, mainly because
in 1979, the high moisture failed to reach north of the equator. The reason can be
attributed to the low-level westerly flow, which was very strong over the Indian
landmass in 1980 as compared to 1979. In 1979, the position of low-level westerly jet
was near the lower part of Indian peninsula, while in 1980 it passed through central
India (IMD personal communication).
3.3 Bay of Bengal
The Bay of Bengal region characteristically displays higher moisture values than the
Somali coast, the Arabian sea or Central India. This may be attributed to its higher
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sea surface temperature and moisture convergence due to Burmese highlands. Here
one observes an average PWl values of more than 38 mm in all the four years. In
three years out of four (1979, 1980 and 1985), a peak value of PWl was achieved
after 10 June, after which the PWl fields fluctuate with small-period oscillations
(periods less than 10 days) about a mean value of PWl. This value was about 40mm
in 1980 and 38mm in 1979 and 1985. In 1981, after attaining the first maximum of
38 mm around 15 May, PWl fields dropped to 32 mm by 1 June. A gradual increase
(modulated by small-period fluctuations) of PWl then followed which continued up
to middle of August (figure 4). In the 1979 season there was a constant drop of
moisture from 10 May to 10 June, and a major build-up followed subsequently. A
cross-comparison of the PWl time series at the Bay of Bengal and Somali coast
shows that the decreasing moisture field at the Somali coast was accompanied by an
increasing field at Bay of Bengal, before the second week of June, after which a
saturation took place at both the regions. This phenomenon is possibly a part of the
oscillation of tropical atmosphere.

4. Lower layer moisture fields in different phases of monsoon
In order to study the evolution of moisture fields, we created 5-day average fields of
PWl, corresponding to onset and different phases of monsoon for all the four years.
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Table 2. Differentphases of monsoonin four years.

Year

Onset Activephase

1979
1980
1981
1985

ll June
31May
30May
29May

24 June
I July
1 July
24June

Break/
weak rainfall
phase

18 July,24 July
21 July
14 July

The periods of different phases of monsoon over the four years of study are indicated
in table 2.
4.1 Good/normal monsoon seasons (1980 and 1981)
Figure 5 shows the distribution of PW1 for the onset phase of monsoon for four
years of study. In 1980, the onset took place on 31 May at Trivandrum. The largest
values in PW1 data set were close to 40 ram, concentrated over the Indian landmass.
However, cloudiness data show at high convective activity above the equator and
east of 75 E, so one may expect even larger value of PW1 over the equatorial Indian
ocean. The 32 mm contour line extends as a tongue of moist air, up to 75 E between
5 N and 15 N. Relatively dry conditions prevailed over the Arabian subcontinent
(mean PW1 = 16 ram). This feature is attributed to the presence of an inversion layer
near the coast of Africa (Narayanan and Rao 1981; Cadet 1983) which suppresses
convection. As the monsoon progresses, this inversion becomes weaker and we see
a sufficiently high rise of 10 mm in PW1 over the Arabian landmass by 30 June when
the monsoon was active over India also. Figure 6 shows the PW1 field during the
active phase of monsoon. During this period, the highest values of PW1 were found
over the Indian landmass and the Bay of Bengal. Over the Bay of Bengal, the PW1
values reach a maximum of 48 ram, due to the presence of a deep depression. An
average increase of 4ram was observed in mean PW1 fields and the 32ram line now
has a tilt of 120~from the equator. Relatively dry conditions prevailed over the Somali
coast, which was 2 mm drier than the onset phase.
During the pentad centered at 21 July (the period over which India suffered break
of monsoon), one observes conditions similar to the pre-onset phase of monsoon.
Now the tilt of 32ram line is 45 ~ to the equator. It starts at equator at 53 E and
extends in both the hemispheres symmetrically up to 70 E. In the southern hemisphere,
it further goes up to 97 E. Dry conditions again prevailed over Arabia and the Indian
landmass, the former being 6ram and the latter being 8 mm drier than the active
phase. During this phase Indian landmass experienced scanty rainfall over a major
part. The largest values of PW1 are now found at 20S at the longitudes of
Bay of Bengal.
The onset in 1981 occurred on 29 May and the moisture fields show a considerable
similarity with the 1980 fields during the onset phase. Here again, we see that the
32 mm line started from 7.5 S, 75 E and extends perpendicular to equator in both the
hemispheres. In the northern hemisphere, the contour lines are tilted at 30~ to the
equator, while in the southern hemisphere they are parallel to the equator. This
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Figure

indicates the presence of a strong low-level wind flow and/or strong horizontal thermal
gradients in the northern hemisphere which lead to the accumulation of moisture in
the north east direction. The active phase of monsoon is characterized by a net
increase of PWl over Arabia (6 ram) and the Indian landmass (4 ram). Highest values
of PW 1 were found over the Bay of Bengal (44 ram) which was related to the formation
of deep depressions.
4.2 Poor monsoon years (1979 and 1985)
The monsoon season of 1979 experienced a late onset (11 June) and a slow evolution
of moisture fields. The 32 mm line started at 2 N, 45 E, remains inclined at 30~ in both
the hemispheres up to 60 E, and then remained parallel to the equator. This feature
indicates a weak zonal flow and/or weak horizontal thermal gradients, and hence a
weak advection of moisture in the eastern side. In the southern hemisphere, all contours
were parallel to the equator. The highest value of PWl was around 40ram, found
over2.5 S and 75 E. The highest value of PWl over the Indian subcontinent was still
32 mm and the average value was 28 ram. By 23 June, sometime during the active
phase of the monsoon, the contours remained parallel to the equator in the southern
hemisphere (figure 6) but they orient north-southwards in the northern hemisphere.
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There was a constant rise is PW1 values as one moved eastwards in the northern
hemisphere. This feature indicates the influence of westerlies on moisture fields. Due
to the occurrence of a deep depression over Bay of Bengal during this period, there
was a large increase of P W l over the Indian subcontinent reaching up to 44mm.
There was an overall increase of P W l in the Arabian subcontinent. The 32 mm line
now lay perpendicular to the equator at 53 E. By 17 July (break phase) the 3 2 m m
line shifted eastwards and is now parallel to 64.5 E, which shows the occurrence of
dry conditions. Mean P W l over the Indian landmass is now 8mm less than that
during the active phase. Highest values of P W l were around 36mm, found over the
Bay of Bengal and the adjoining equatorial Indian Ocean. The orientation of contours
remained perpendicular to the equator, in the northern hemisphere, indicating that
the eastward nature of eastward forcing, effective on moisture fields, remained
unchanged from the active phase.
In 1985, the onset took place on 29 May. Figure 5 shows that during the onset,
the P W l fields were almost 4 m m drier than the 1979 onset, which is clear from the
position of the 32 mm contour. During onset, the mean P W l value over central India
was 28 mm. There were very dry conditions over Arabia where the average P W l was
close to 16 mm. By 20 June, the whole system seemed to be shifted northeastwards
and the 32 mm contour originated from 10 N 69 E. Mean PW1 values over the Indian
subcontinent are now 36mm while the P W l value over the Arabian landmass also
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gets a nominal increase of 2 mm. A weak phase of monsoon followed by 3 July, when
there was a 4 mm decrease in the moisture fields east of 60 E.

5. Mean fields of different monsoon years

Mean fields of lower layer and middle layer moisture fields (PW2 hereafter) were
computed at each box by averaging the 128-day time series for four years. It is
interesting to note that both in P W l and PW2 fields there was not much ~ariation
from year to year over the same box, and in more than 90~ boxes the deviation from
the mean (of four years) was within 1.0mm for P W l and within 0.5 for PW2 fields.
Normalized means show that, except over the Arabian subcontinent, where dry
conditions prevailed, mean P W l were more than 70~o of the maximum P W l of the
season. The maximum value of P W l was always found in the Bay of Bengal where
it reached a maximum of 39mm in 1980, 38mm in 1981 and 37mm in 1979 and
1985. Probably it is not a coincidence that the northward/eastward extent of the box
containing maximum P W l in Bay of Bengal is correlated to the amount of rainfall
over India in that year. The secondary maximum of P W l was always found in the
Arabian sea within 70-75 E:: 10-20N where P W l values were approximately 93~o
of the Bay of Bengal P W l values.
Relative anomalies for each year have been calculated by taking the departure of
P W l mean fields from the average of four years. One interesting feature observed in
the mean P W l fields was the occurrence of dry anomalies over the Arabian
subcontinent during 1980 and 1981 as compared to P W l fields of 1979 and 1985. In
1980 and 1981, the Arabian subcontinent was approximately 8 mm drier than 1979
and 6 mm drier than 1985 (figure 7). This highly significant anomaly can be related
to the prolonged sustained inversion layers over the Arabian desert which suppressed
the convection during the 1980 and 1981 monsoon seasons. This phenomenon suggests
the existence of an East-West oscillatory cell, with a long period of oscillation
(QBO/El-nino). The reverse situation prevailed over the Bay of Bengal, where P W l
fields were 1-3 mm higher in 1980 and 1981 than in 1979 and 1985. Lowest values
of P W l over the Bay of Bengal region were found in the 1979 monsoon season, while
the highest values prevailed in 1980.
Unlike mean PW1 fields, the mean PW2 fields show a large variation from
one box to another, in each year (the ratio of maximum to minimum being larger
than three), but little variation from one year to another over the same box, except
over the Bay of Bengal region and the Arabian subcontinent. More than 90~o of all
boxes never deviate more than 0.5 mm from mean (of four years) from one year to
another. Maximum P W l which was close to 13 mm each year was always found on
the northeastern corner point of the region of study, suggesting that, the actual
maxima of the monsoon system may lie outside the domain of study, perhaps in the
highlands of North Bengal/Assam/Burma. The concentration of highest PW2 values
was always found in the Bay of Bengal, which decreased monotonically both in
westward and southward directions. PW2 higher than 10.0 mm was always confined
to the east of 65 E and the north of equator.
As in P W l fields the PW2 fields over Arabian subcontinent also experienced a dry
anomaly of about 1.5mm during 1980 and 1981 and a wet anomaly of 1.5-2mm
during 1979 and 1985 (figure 8). At the same time a wet anomaly albeit of much
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Figure 7. Anomaliesof PWl fieldsfor four years. (Allcontours are in millimeter, negative
regions are shaded).
smaller magnitude of about 0.5 mm existed in 1980 and 0.25mm in 1981 while a dry
anomaly of 0.4 mm existed in 1979 and 1985 over the Bay of Bengal. Anomalies over
the Arabian subcontinent were better defined in P W l fields while those over the
Bay of Bengal were better defined in the PW2 fields, which is evident from the ratio
of anomalies to the mean fields. This fact points to the existence of a quasi-permanent
east-west cell with an ascending branch near the Bay of Bengal and a descending
branch over the Arabian subcontinent.

6. Spectral analysis of time series
For the spectral analysis of PW1 time series. IMSL routine FTFREQ was applied.
This routine uses the autoregressive technique, which is considered more efficient
than the fast Fourier transform technique for spectral analysis of short.time series
(e.g. of length up to 1000). No detrending was performed on the original data.
Unsmoothed power spectrum was first computed and then smoothed using a
Hamming window. Confidence intervals were determined according to Bennett (1979).
The number of degrees of freedom for an autoregressive process is 2Tip where T is
the length of record and p the order of autoregressive process. Figures 9 and 10 show
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the spectral analysis of PW1 fields over four regions of interest, the Somali coast, the
Arabian Sea, the Bay of Bengal and the Central Indian regions. The figure shows the
peaks in the 30--50 day range in almost every year and in every region, except in
1980, and prominent peaks in the 10-20 day range in the Somali coast and Bay of
Bengal. Confidence intervals show that these peaks are significant. A fact, pointed
out qualitatively in w3 which becomes clear in spectral analysis, is that during the
poor monsoon years (1979 and 1985), the power was concentrated in the longer
time-period side of 30-50 day band and on small period side during good monsoon
years (1980 and 1981). Strongest peaks in this band were found during 1979 and 1985,
while the peaks were very weak during 1980. Fluctuations of the period arround 10
days were prominent in the Somali coast and the Bay of Bengal region, particularly
during 1979 and 1985. During 1979, 1981 and 1985, spectral peaks were centered at
a 50-day period in the central Indian region, while during 1980, they were shifted at
a 33"3 day period. Weak peaks at very small periods were found during 1980, while
during 1979, 1981 and 1985, peaks were found at periods of 10 days or more. Cycles
of 50-day and 15-day period may be associated with active/break cycles of the Indian
monsoon system. The latter is termed as a quasi-biweekly cycle during normal/active
phase of monsoon by Krishnamurti and Bhalme (1976). Murakami (1976) observed
two major periodicities, viz 15-day and 5-day, in the monsoon activity, and attributed
the 15-day mode to active/break cycle and the 5-day mode to monsoon lows/
depressions.
Using mean winds at 200mb, Bawiskar et al (1989) found that the drought years
were characterized by large-scale disturbances while small-scale disturbances were
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Figure 11. Distributionof timeperiodsof dominant modesof oscillationsfor 1979and 1980.

Figure 12. Timeseries of low-frequencyband pass filtered PW1 fields for 1980and 1981.
intense during normal monsoon years. An equivalent phenomenon was observed by
Kondragunta (1990) who found by time series analysis of OLR fields that the bad
monsoon years have long duration breaks as compared to good monsoon years.
Figure 11 shows the contour map of the most dominant time periods (in days) in
P W l fields for 1979 and 1980 over different parts of the monsoon region. It is clear
that 20-50 day fluctuations were intense east of 60 E in both the years, but in 1980
they were confined to a much smaller area as compared to 1979 and small-period
(period < 20 days) oscillations dominate the 1980 monsoon region.
Figures 12 and 13 show the band pass low frequency filtered time series of P W l
fields near the west coast of India (15 N, 70 E) for all the four years. The second order
Butterworth filter (Murakami 1980) at peak response at 33.3-day and half-response
at 50 days and 20 days each was applied to generate this series. The average period
of filtered time series seems to be longer in 1979 and 1985 than in 1980 and 1981.
Also, the variance of this mode, indicated by the average amplitude of the wave, seems
to be larger in 1979 and 1985 than in 1980 and 1981. The mean amplitude of fluctuation
of unfiltered time series was nearly 5 mm and that of filtered time series was less
nearly 3mm, being maximum in 1979 and minimum in 1980. The dates of onset
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Figure 13. Time series of low-frequency band pass filtered PW1 fields for 1979 and 1985.

indicated in table 1 show that the onset was always associated with the ascending
phase of the 30-50 day mode and also with a positive anomaly of more than 1.5 mm
due to this mode. The phase of 30-50 day wave in PW1 fields may be a response of
the phase of divergent wind field associated with eastward moving Medden-Julian
wave, which is responsible for reducing or enhancing the flow of moist air into the
heated continent (Krishnamurty and Subrahamanyam 1982 and Lorence 1984).
During the 1979 summer monsoon, the critical anomaly could not be achieved till
the second week of June, due to the phase of the wave, and this was reflected in late
onset.

7. Zonal and meridional propagation of low frequency oscillations
To study the zonal and meridional propagation of low-frequency oscillations of
moisture fields, the time series at each grid point were filtered using a Butterworth
band pass filter with peak response at 33 days and half response at 20 days and 50
days. Figure 14 shows the time-longitude cross-section of filtered moisture fields at
10N, for four years under study. The common feature in all the four years is the
appearance of some moisture pattern at west longitude and its slow movement towards
east with time. These patterns alternate with high and low moisture values. One of
the interesting features is the increase of moisture values at the central Arabian sea
during the pre-onset, active and withdrawal phase of the monsoon. During the rest
of monsoon season, moisture patterns move west to east without any significant
change. This observation probably indicates the significance of evaporation over the
Arabian sea towards the onset and active phases of monsoon. At other periods, the
evaporation over Arabian sea might be getting suppressed due to sustained stability
(Goswami and Shukla 1984).
Northward transport of cloudiness and moisture fields over the Indian Ocean in
relation to active/break phases of monsoon was studied by Yasunari (1979) and Cadet
(1983b). Northward propagation of maximum cloud zones over the same area was
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Figure 14. Time longitude cross-section at l0 N of 30-50 day filtered PW1 fields for four
years. Negative anomalies are hatched. Contour interval is 1 mm.

noted by Sikka and Gadgil (1980) in relationship with the activity of monsoon.
Figure 15 gives the phase spectra of 33.3-day period fluctuation of moisture fields
between a point at equator and other latitudes along the 75 ~ longitude which
corresponds to the western part of India. A northward movement in the northern
hemisphere and a southward movement in the southern hemisphere is objectively
demonstrated by the fact that the reference point at equator leads the fluctuation
both at the northern point as well as at the southern point. It is observed that the
mode of meridional propagation in 1980 and 1981 was different from that in 1979
and 1985. It also appears that: (a) in 1980 and 198l, the northward propagation began
at some higher latitude (northward) than in 1979 and 1985; (b) the northward
propagation was faster in 1980 and 1981; (c) in the southern hemisphere, the
propagation was either absent (i.e. a standing wave type phenomenon as observed
in 1981) or fluctuates between northward and southward movement (as in 1980).
The northward movement of low-frequency oscillation in the northern hemisphere
and an absence of propagation in the southern hemisphere during a good monsoon
year (1975) was also observed in meridional wind component fields (Cadet 1983b).
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Figure 15. Phase propagation of 30-50 day filtered PW1 fields for four years.

8. Conclusions
Fluctuations of NOAA-derived lower layer water vapour fields were studied over a
monsoon region for four monsoon years (two good and two poor ones). Though a
relatively small variation of low layer moisture fields with time as well as a relatively
higher error of observation make these fields a poor choice for studying intraseasonal
fluctuations, we still believe that if the observational noise has a white noise spectrum,
P W l fields hold promise. Our analysis shows that the fluctuations in the 30-50 day
range were shifted to the lower frequency side during poor monsoon years as compared
to good monsoon years. Also, these modes of fluctuations show a predominant
northward movement in good monsoon years as compared to poor monsoon years.
The relationship of 30-50 day spectral range with onset of monsoon might allow
some forecasting of the date of onset over India.

Acknowledgements
The authors would like to thank Dr P S Desai for critically going through the
manuscript and giving very useful suggestions.

References
Bawiskar S M, Awade S T and Singh S S 1989 Harmonic analysis of summer mean wind at 200mbar
level during contrasting monsoon years over India; Proc. Indian Acad. Sci. (Earth Planet Sci.) 93
365-373
Bennett R J 1979 Spatial time series: Analysis--Forecasting--Control (London: Pion Ltd.) pp 184
Cadet D 1983a Mean fields of precipitable water over the Indian Ocean during the 1979 summer monsoon
from TIROS-N soundings and the FGGE data; Tellus !}35 329-345
Cadet D 1983b The monsoon over the Indian Ocean during summer 1975. Part II. Break and active
monsoons; Mon. Weath. Rev. 111 95-108
Cadet D 1986 Fluctuations of precipitable water over the Indian Ocean during the 1979 summer monsoon;
Tellus A38 170-177

Water vapour periodicities over Indian Ocean

359

Goswami B N and Shukla J 1984 Quasi*periodic oscillations in a symmetric general circulation model;
J. Atmos. Sci. 41 20-37
Illari L 1989 The quality of satellite precipitable water content data and their impact on analysed moisture
fields; Tellus A41 319-337
Kondragunta C R 1990 On the intraseasonal variation of Asiatic summer monsoon; Mausam 41 11-20
Krishnamurty T N and Bhalme H N 1976 Oscillations of a monsoon system. Part I--Observational
aspects. J. Atmos. Sci. 33 1937-1954
Krishnamurty T N and Subrahamanyam D 1982 The 30-50 day mode at 850mb during MONEX;
J. Atmos. Sci. 39 2088-2095
Lorence A C 1984 The evolution of planetary scale 200mb divergences during the FGGE year.
Meteorological office 20, Technical Note II/210, Meteorological Office, Bracknell, Berkshire, England
Murakami T 1976 Analysis of summer monsoon fluctuations over India; J. Meteorol. Soc. Jpn. 54 15-30
Murakami T 1980 Emperical orthogonal function analysis of satellite observed outgoing longwave radiation
during summer; Mon. Weath. Rev. 108 205-222
Narayanan M S and Rao B M 1981 Detection of monsoon inversion by TIROS-N satelhte; Nature
(London) 294 546
Parthasarathy B, Sontakke N A, Monot A A and Kothawale D R 1987 Droughts/floods in the summer
monsoon season over different meteorological subdivisions of India for the period 1871 to 1984;
J. Climatol. 7 57-70
Pisharoty P R 1965 Evaporation from the Arabian sea and the Indian southwest monsoon; Proc. Sym.
Met. Results, IIOE, Bombay, (ed. P R Pisharoty) (N. Delhi: IMD) pp 43-45
Saha K R 1970 Air and water vapour transport across the equator in western Indian Ocean during northern
summer; Tellus 22 681-687
Saha K R, Bavadekar S N 1973 Water vapour budget and precipitation over the Arabian sea during the
the northern summer; Q. J. R. Meteorol. Soc. 99 273-278
Sikka D R and Gadgil S 1980 On the maximum cloud zone and the ITCZ over Indian longitudes in the
southwest monsoon; Mon. Weath. Rev. 108 1840-1853
Smith W L, Woolf H M, Hayden C M, Wark D W and McMillin L M 1979 The TIROS-N operational
vertical sounder; Bull. Am. Meteorol. Soc. 60 1177-1187
Yasunari T 1979, Cloudiness fluctuations associated with the northern hemisphere summer monsoon; J.
Meteorol. Soc. Jpn. 57 227-242

