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ABSTRACT

The outgoing longwave radiation (OLR) over tropical Asia has been analysed for a relationship with the Indian
summer monsoon rainfall (ISMR; June—September) total using 19 years’ data. The ISMR is found to be negatively
associated with a simultaneous period of OLR variation over west—central India and the south Equatorial Indian
Ocean, and positively associated with that of the variation over the east of Madagascar Sea. The OLR of
west—central India, particularly, is strongly coupled with the ISMR. The averaged OLR for west—central India (index
A) accounts for 92% of the total variance of the ISMR, and hence, index A (with opposite sign) can be considered
as a proxy of the ISMR variability.

The relationship between index A and the ISMR is found to be stable. The monthly scale variation of these two
parameters (i.e. all-India rainfall and OLR averaged for west—central India) also exhibits a significant association
during each of the summer monsoon (June—September) months. However, the association appears better in the latter
half (August—September), as compared with the first half (June—July), of the season.

The ISMR can be estimated with a high degree of accuracy through a linear regression model using index A. Index
A, thus, appears useful in updating the ISMR series, which is generally accomplished by averaging the area weighted
rainfall of 306 stations distributed over India. Similarly, index A can be computed with a high degree of accuracy
through a linear regression model using the ISMR.

The relationship can be utilized in filling the OLR data gap for 1978 over west—central India. The study further
provides scope for investigating interannual variability of the Indian summer monsoon in relation to climate
variability of the global tropics. Copyright © 2000 Royal Meteorological Society.
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1. INTRODUCTION

The Indian summer monsoon rainfall (ISMR; June—September) plays a major role in the global climate
system through the energy and hydrological cycles in the atmosphere—ocean—land system, and also
provides feedback to the changes in the tropical circulation. India receives most of its total annual rainfall
during this season, which exhibits large interannual variability. The agricultural economy of the country
depends mostly on this rainfall, and hence, the study of interannual variability of the ISMR has
significant importance in the social and economic development of the region. During the recent period,
several studies have been made to investigate interannual variability of the ISMR. These studies show
significant association of the ISMR with the regional and global climate variables (some of the examples
are Hahn and Shukla, 1976; Banerjee et al., 1978; Sikka, 1980; Bhalme et al., 1987; Hastenrath, 1987;
Mooley and Paolino, 1988; Prasad and Singh, 1988; Parthasarathy et al., 1990).

The OLR obtained from the National Oceanic and Atmospheric Administration (NOAA) since June
1974 has been invaluable in the study of meteorological phenomena, both over land and ocean. The OLR
data also bridge a wide gap of the conventional meteorological data over large remote land and oceanic
areas. Over the tropical ocean, because of relatively stable surface temperature, OLR variations are almost
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entirely owing to changes in the distribution of cloudiness, and hence, are related to changes in
precipitation (Arkin et al., 1989). In the tropics, OLR is largely modulated by cloud top temperature, and
the regions of’intense convection in the tropics appear as the regions of low OLR, whereas cloud free
regions appear as regions of relatively high OLR. These properties of OLR data make them extremely
useful in monitoring and understanding tropical climate variability.

The OLR data were examined to study the annual and interannual atmospheric variability in the
tropics by Heddinghaus and Krueger (1981). Horel er al. (1989) investigated the annual cycle of
convective activity over the tropical Americas. Muthuvel and Arkin (1992) examined the interannual and
long-term climatic variations in the tropics using OLR data. The OLR data were used in estimating
quantitative precipitation over the tropical Pacific by Motell and Weare (1987), and over the tropical
Atlantic Ocean by Yoo and Carton (1988). Janowiak and Arkin (1991) developed linear regression model
to estimate precipitation over the global tropics. Xie and Arkin (1998) investigated the relationship
between precipitation and OLR, and developed a new technique to estimate monthly precipitation for the
entire globe. Prasad and Verma (1985) found OLR data useful in the study of large scale monsoon
circulation and associated cloudiness and rainfall over the Indian regions. Prasad et al. (2000) also found
OLR over the Indian Ocean useful in long-range prediction of the ISMR.

The objective of this paper is to investigate the simultaneous association between the ISMR and OLR
over tropical Asia, and to develop an empirical technique to estimate precipitation from OLR. The paper
is organized as follows. The data utilized in the study have been discussed in Section 2. The detailed
examination of the relationship between OLR and the ISMR is made in Section 3, and an empirical
technique is developed to estimate precipitation from OLR in Section 4. Finally, concluding remarks of
the study are presented in Section 5.

2. DATA

The monthly OLR data analysed in this study are from June 1974 to September 1993 (except for March
to December 1978, owing to failure of the satellite) at 2.5° latitude/longitude grids over tropical Asia,
bounded between 30°N and 30°S and 40° and 100°E. These data were derived from the NOAA polar
orbiting satellite, and were obtained from Climate Analysis Center, NMC, Washington. The OLR data
corresponding to the summer monsoon period are obtained by averaging them over the period from June
to September at each of the grid points. The monthly all-India rainfall and rainfall for each of the
meteorological subdivisions (Figure 1) of India are taken from Parthasarathy et al. (1987) for the period
1974—1984. These have been updated to 1993 from weekly weather reports. The summer monsoon
(June—September) period rainfalls for all-India and each of the meteorological subdivisions of India are
obtained by averaging the corresponding data over the period June—September. These OLR and rainfall
data are analysed for the study of their concurrent relationship, using a simple correlation technique.

3. RELATIONSHIP BETWEEN OLR AND PRECIPITATION

The summer monsoon total (June—September) rainfall of India has been correlated with the
corresponding (June—September) period OLR at each of 2.5° latitude/longitude grids of tropical Asia
(Figure 2). The OLR variations of three regions are found to have a significant association with the
ISMR. These regions are the (1) Indian subcontinent and adjoining areas (west of 80°E), (2) south
Equatorial Indian Ocean (west of 70°E), and (3) east of Madagascar Sea (west of 60°E). The OLRs of
regions 1 and 2 have a negative association with the ISMR, whereas the OLR of region 3 has a positive
association with the ISMR. The association of the ISMR is the highest, with variation of OLR over
region 1. The areas of high and significant correlation coefficients (CC) (Figure 2) in these three cases are
marked as regions A, B and C, respectively. The OLRs of the grid points within each of the regions (A,
B and C) are averaged, and indexes for the summer monsoon season corresponding to each of the regions
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8. E. Uttar Pradesh 18. Konkan & Goa 28. 8. Karnataka

9. W. Uttar Pradesh 19. M. Maharashtra 29. Kerala

10. Haryana 20. Marathwada

Figure 1. Map of India showing 29 meteorological subdivisions used in the study

are prepared. These indexes are, henceforth, referred to as indexes A, B and C, respectively. Each of the
indexes is correlated with the ISMR, which further demonstrates an improvement in its relationship (the
CCs in these cases are found to be — 0.96, — 0.63 and 0.68, respectively). The high CC obtained between
index A and the ISMR can be of significant importance in representing the interannual variability of the
ISMR with index A (accounting for 92% of total variance of rainfall). A detailed discussion of this can
be found in Section 4. The negative CC indicates that the interannual variation of the ISMR and index
A is in an opposite phase to the other, and hence, more convection (i.e. less mean OLR) than normal in
area A represents high precipitation over the Indian subcontinent. This is because water vapour from the
Arabian Sea and the Indian Ocean is being advected in the region of convection, which rises and cools
and, ultimately, results in heavy precipitation. The interannual variations of index A and the ISMR
appear to be in good resemblance to each other, with the only exceptions being the years 1976, 1984 and
1991, and in these cases, rainfalls are found close to the normal (Figure 3). Hence, index A (with opposite
sign) appears to be a proxy of interannual variability of the ISMR.

The monthly (January—December) variation of OLR (averaged) for regions A and B (Figure 4) exhibits
similarity in their annual behaviour. Both the indexes dip to the lowest value of about 225 Wm ~2 in the
peak months of monsoon (July and August), and high value in pre-monsoon (April and May) and
post-monsoon (October and December) months. However, annual variation is found to be quite large in
the case of OLR of region A. The monthly variation of OLR (averaged) for region C, on the other hand,
is found to be in the opposite phase to that of OLR for regions A and B. The annual variation, in this
case, is found to be small, with a slightly higher value for the summer monsoon months and low value
for the pre- and post-monsoon months. The OLR, in this case, remains above 260 Wm ~ 2 throughout the
monsoon season. This indicates that region C is almost cloud free, and OLR during the summer monsoon
season of the region appears to be modulated mainly in association with variation in the sea surface
temperature. In contrast to these variations in OLR of regions A and B during the summer monsoon
season are mainly owing to variation in the convective clouds. The variation in convective cloud of region
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Figure 2. CCs of all ISMR with OLR (averaged for June—September) at each of the grid points of tropical Asia. Hatching shows
CC significant at the 1% level. The rectangles, A, B and C, represent the regions for which OLR indexes are prepared
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Figure 3. Interannual variations (standardized) of the ISMR and index A. Horizontal dashed lines show + 1.0 standard deviation

A during the monsoon season is owing to variation in the inter-tropical convergence zone (ITCZ),
whereas that of region B is owing to a variation in the Equatorial trough. As the highest association of
the ISMR is with index A, the index is further examined for detailed investigation of its relationship with
the ISMR.
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Figure 4. Annual cycle of monthly mean OLR averaged for each of regions A, B and C

The stability of the relationship of index A with the ISMR is analysed by applying a 10 year running
window. In this process, a 10 year data set of both the series is considered in moving manner for
calculating the CC in each case. The CCs obtained are plotted against the middle year of the running
window. The CCs are found to remain almost constant over the period of analysis (Figure 5). Hence, the
relationship of the ISMR with index A appears to be stable. The interannual variation (Figure 3) of both
the series (standardized) also exhibits that variation of index A and the ISMR is in an opposite phase to
the other throughout the period of analysis. Hence, this also shows that the relationship found between
them is stable.

The monthly OLR of region A and the all-India (monthly) rainfall have been analysed for the annual
variation of their relationship. A significant negative relationship is found during each of the individual
months of the summer monsoon season (Figure 6). However, the relationship appears to be minimal
during July and at a maximum during September. Hence, the association between them is found to be
weaker during the first half (June and July, CC = — 0.84), as compared to the second half (August and
September, CC = — 0.95) of the season. Index A has been further examined for spatial variation of its
relationship with the summer monsoon rainfall. For this purpose, index A has been correlated with the
summer monsoon rainfall of each of the contiguous meteorological subdivisions (Figure 1) of India. The
spatial pattern of CC has also been obtained by correlating the ISMR with the summer monsoon rainfall
of each of the meteorological subdivisions of India. The patterns of CC (Figure 7) found in these two
cases appear to be almost similar to each other. In both cases, high and significant CCs are found to be
orientated in the northwest—southeast direction, across central India. This further confirms index A to be
the proxy of interannual variability of the ISMR. This is also evident from the following analysis. Index
A is correlated with the summer monsoon period OLR at each of the grid points of tropical Asia (Figure
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Figure 5. Variation of CCs over sliding window of 10 years between all ISMR and index A. The CCs are plotted against middle
year of the window
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Figure 6. Simultaneous CC (January—December) between the monthly OLR for region A and the monthly all-India rainfall.
Horizontal dashed lines show CC significant at the 1% level
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Figure 7. CCs of the summer monsoon rainfall of each of the meteorological subdivisions of India with (a) index A and (b) all
ISMR. Hatching shows CC significant at the 1% level
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Figure 8. CCs of index A with OLR (averaged for June—September) at each of 2.5° latitude/longitude grids over tropical Asia.
Hatching shows CC significant at the 1% level

8). The CC pattern found in this case resembles the pattern of CCs (Figure 2) obtained by correlating the
ISMR with the summer monsoon period OLR at each of the grid points of tropical Asia.

4. ESTIMATION OF PRECIPITATION AND OLR

As the CC between index A and the ISMR is found to be quite high, it is logical to develop relationships
between them for their quantitative estimates. An attempt has been made to achieve this objective in the
following section.

A simple linear regression equation is developed using index A in order to have quantitative estimates
of the ISMR. The equation has the form

R=ay+aX (1)

where a, (constant term) = 3.6474; a, (coefficient of X)= — 11.84; R = estimate of ISMR (in mm) and
X =index A (in Wm~?2).

Similarly, the equation for a quantitative estimate of index A from precipitation has been developed
which has the form

X=by+bR @)

where b, (constant term) = 302.277; b, (coefficient of R)=0.078; and, as above, X = estimate of index A
(in Wm~2) and R=ISMR (in mm).

The scatter diagram relating the observed ISMR (R) and that estimated (R) through relation 1 (Figure
9(a)) indicates that they are in high agreement with each other. Thus, it appears that ISMR can be
computed with a high degree of accuracy through relation 1, using index A. Hence, relation 1 can be used
to update the ISMR series. Generally, updating of the ISMR series involves averaging of the area
weighted rainfall of 306 stations distributed over India, which is a time consuming process, and can be
accomplished only by the middle of November, whereas updating of the ISMR through relation 1 could
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Figure 9. Scatter diagram comparing observed and estimated (a) all ISMR and (b) index A. The estimate of all ISMR and index
A is made through Equations (1) and (2), respectively. The data year is also shown in the diagram with the last two digits

Table 1. Grid no.

Location 1 2 3 4 5 6

Latitude 25.00°N 25.00°N 22.50°N 22.50°N 20.00°N 20.0°N
Longitude 72.50°E 75.00°E 72.50°E 75.00°E 72.50°E 75.0°E

be accomplished by the middle of October. A study of Singh (1993) has shown that a maximum of 34
independent rainfall stations are sufficient to estimate the ISMR. The present study utilizes OLR data at
six grid points of west—central India to compute index A. Hence, this appears to be a better way to
update the ISMR series. The locations of these grid points are shown above (see Table I).

Index A for a particular year can be prepared as discussed in Section 3, and can be used to estimate
the ISMR corresponding to that year through relation 1. Similarly, using rainfall (i.e. ISMR) index A can
be estimated through relation 2. The estimated series of index A is found to be in high agreement with
the observed one (Figure 9(b)). Hence, it appears that index A for a particular year can be estimated with
a high degree of accuracy through relation 2. As index A for 1978 could not be computed owing to failure
of the satellite during the year, the estimate of index A for 1978 is made through relation 2, which is found
to be 231.40 Wm ~ 2. Using this value of index A, the estimate of the ISMR for 1978 through relation 1
is found to be 906.76 mm, which agrees quite well with the observed value of 908.00 mm. This also
confirms the usefulness of relation 2 in the computation of index A. Further, it appears that similar
relationships can be developed to estimate OLR (averaged for period June—September) over the grid
points of west—central India and adjoining areas.

5. CONCLUSIONS

The OLR estimated from the NOAA polar orbiting satellite has been analysed at each of the 2.5°
latitude/longitude grids of tropical Asia for investigating its simultaneous association with the ISMR. The
interannual variation of the ISMR is found to be significantly related to the interannual variation of OLR
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of three regions of tropical Asia. These regions are (a) west—central India, (b) south Equatorial Indian
Ocean, and (c) east of Madagascar Sea. The variations of OLR of regions A and B are in the opposite
phase with the ISMR, whereas that of region C is in phase with the ISMR. The results appear to be
consistent with the fact that variations in OLR of region A and B are owing to variations in the
convective clouds associated with the ITCZ and the Equatorial trough, respectively. Hence, low OLR (or
high convective activity) of these two regions represents high ISMR. The region C is a cloud free region,
and OLR, in this case, appears to be modulated owing to variation in the sea surface temperature.
Therefore, high OLR of the region represents high ISMR.

The association of the ISMR is highest with OLR of region A. The CC of the ISMR with OLR
averaged for region A (index A) is found to be — 0.96, which appears to be quite high for any two
meteorological variables. Hence, it appears that interannual variation of the ISMR is well represented by
interannual variation of index A (with opposite sign).

The all-India rainfall for each of the individual monsoon months (June—September) also shows a
significant relationship with simultaneous period OLR averaged for west—central India. However, the
relationship appears to be stronger during the latter half (August—September) as compared with the first
half (June—July) of the season.

The CC between the ISMR and index A for a 10 year running window is found to be almost constant
over the period of analysis and, hence, the relationship between them appears to be stable.

Index A, as well as the ISMR, are correlated in turn with the monsoon rainfall of each of the
contiguous meteorological sub-divisions of India. The spatial patterns of CC in both cases are found to
be almost similar. This also confirms that interannual variation of the ISMR and index A is in good
agreement to each other, and hence, index A can be regarded as a proxy of the ISMR variability with
opposite sign.

The ISMR, estimated through a linear regression model using index A, is found to be in high agreement
with the observed rainfall. Index A, therefore, can be useful in updating the ISMR series. The updating
of the ISMR series requires averaging of area weighted rainfall of nearly 306 stations distributed
throughout India, which is a time consuming process, taking nearly 2 months after the summer monsoon
season, whereas, using index A, the ISMR can be updated with good accuracy by the middle of October.

The study further demonstrates that index A can be computed with a high degree of accuracy through
a simple linear regression model using the ISMR. The relationship can be utilized in filling the OLR data
gap for 1978 over west—central India and adjoining areas. Finally, it appears that index A can be used
in the study of interannual variability of the ISMR in relation to tropical climate variability of the globe.
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