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ABSTRACT

The 2002 Indian summer monsoon season is unique because of its exceptional weakness, its association
with a relatively weak El Niflo, and its precedence by over a decade in which ENSO events fail to be
associated with significant monsoon anomalies. In this study, atmospheric hydrology during the 2002 sum-
mer monsoon and its relationship to monsoon seasons accompanying El Nifio events since 1948 are assessed
using reanalysis and satellite fields.

Strong hydrologic deficits are identified for July and September 2002. During July, the impact of the
disturbed Hadley and Walker circulations in the African and Indian Ocean region on vertically integrated
moisture transport (VIMT) in the Arabian Sea and India is found to be key to the Indian drought.
Interhemispheric coherence in satellite-derived surface wind anomalies is also identified. During Septem-
ber, VIMT and surface wind anomalies, both to the east and west of India, contribute to anomalous
moisture divergence in India. Bay of Bengal SST and Indian CAPE anomalies are found to act in response
to the season’s major break episodes, contrary to other studies that suggest their role as instigators of break
periods.

The 2002 season is also found to exhibit characteristics that are common to other recent weak monsoons
accompanying El Niflo, such as strong westerly VIMT anomalies in the western Pacific Ocean and easterly
VIMT anomalies in the Arabian Sea. Hydrologic anomalies that distinguish many recent normal monsoon
seasons coinciding with El Nifio from the El Nifio distribution overall are not evident in 2002. In many
respects, the 2002 season thus represents a reemergence of the hydrologic anomalies that have accompanied
a strong monsoon-ENSO teleconnection over the past 50 yr and may present a challenge for perspectives
that suggest a lasting decoupling of the monsoon-ENSO systems.

VOLUME 133

Atmospheric Hydrology of the Anomalous 2002 Indian Summer Monsoon

1. Introduction

The Indian monsoon is a key component of the cli-
mate system, both in regards to its strong interaction
with other modes of variability (e.g., Walker 1923;
Webster et al. 1998; Liu and Yanai 2001) and its enor-
mous socioeconomic impacts (e.g., Parthasarathy et al.
1988b, 1992; Gadgil et al. 1999). Here, a diagnostic
study is conducted that examines the intriguing 2002
summer monsoon season; one in which substantial rain-
fall anomalies that include the driest July on record are
observed to accompany a moderate El Nifio-Southern
Oscillation (ENSO) warm event. The 2002 season fol-
lows an extended period of weak monsoon—-ENSO cou-
pling in which even extremely intense ENSO events,
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such as the 1997/98 El Nifo, fail to accompany signifi-
cant monsoon anomalies (e.g., Kumar et al. 1999a;
Kinter et al. 2002).

Monsoon interannual variations are influenced by a
wide variety of processes. For example, the modulation
of the meridional temperature gradient in the Indo-
Eurasian region by both land and oceanic processes is
believed to be key (e.g., Kumar et al. 1999b; Hahn and
Shukla 1976; Loschnigg et al. 2003). The remote forcing
associated with ENSO (e.g., Rasmusson and Carpenter
1983; Barnett 1984b) is also known to exhibit a strong
association with monsoon rainfall and the Pacific trade
winds are believed to act as a modulator of the mon-
soon hydrologic budget (e.g., Barnett 1984a). However,
while ENSO is known to exhibit a strong association
with monsoon rainfall in some years, over the past de-
cade the relationship has languished, a shift that has
been interpreted by some as a manifestation of global
climate change (e.g., Kumar et al. 1999a; Ashrit et al.
2001). Moreover, the link between atmospheric hydrol-
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ogy in the Pacific Ocean and the monsoonal moisture
budget is more complex than originally portrayed in
early studies of monsoon-ENSO coupling (e.g., Fasullo
and Webster 2002).

The monsoon active-break cycle, which comprises
30-40-day transitions between equatorial and continen-
tal deep convection (e.g., Yasunari 1980) experiences a
strong association with monsoon interannual variability
(e.g., Ferranti et al. 1997), and prolonged break periods
are endemic to drought years (e.g., Krishnan et al.
2000). Seasonal regularity in the active-break cycle in-
cludes the occurrence of break periods in mid-July and
early September (Wang and Xu 1997). It is known that
the active-break cycle of the Indian monsoon is asso-
ciated with large-scale zonal and meridional structure
in dynamic fields (e.g., Chen et al. 1988). However, the
mechanisms responsible for break periods remain
largely speculative and have been attributed to both
coupled air-sea dynamic and thermodynamic processes
(e.g., Rodwell and Hoskins 1995; Krishnan et al. 2000;
Vecchi and Harrison 2002; Wang et al. 2003). Recently
Vecchi and Harrison (2002) identify an association be-
tween cool sea surface temperature (SST) anomalies in
the Bay of Bengal and extended monsoon break peri-
ods. Other hypotheses describing the duration of break
periods include the cyclic discharge and recharge of
convective instability (Hu and Randall 1995) and its
interaction with dynamic, surface, and moisture fields
(e.g., Cadet 1983; Rodwell 1997; Krishnan et al. 2000;
Annamalai and Slingo 2001). However, the relevance
of both the Bay of Bengal SST and “discharge—
recharge” influence on the Indian monsoon during the
2002 season has yet to be assessed and comprehensive
diagnostic assessments of break periods and their rec-
tified influence on the monsoon system remain few.

Establishing the meridional and zonal heating gradi-
ents that drive the large-scale atmospheric and oceanic
monsoon circulations, hydrologic processes exist as a
key component of the monsoon’s intraseasonal, sea-
sonal, and interannual variability (e.g., Cadet 1986; Fer-
ranti et al. 1999;Webster 1994; Fasullo and Webster
2002). Seasonal hydrologic variations include the sus-
tained enhancement of rainfall, humidity, winds, and
surface evaporation in India during boreal summer.
Neighboring subsident environments such as the Ara-
bian Sea and South Indian Ocean experience enhanced
surface evaporation and divergent winds during sum-
mer. In tandem, the variations compose the globe’s
most intense seasonal interhemispheric mass and mois-
ture exchange and link the Southeast Asian, Arabian
Sea, and southern Indian Ocean regions (e.g., Findlater
1969; Hastenrath 1978; Hastenrath and Lamb 1980).
While studies investigating interhemispheric hydrologic
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interactions in the Indo-Pacific region have yet to dem-
onstrate a strong relationship (Parthasarathy et al.
1988a; Fasullo and Webster 2002), the quality of re-
analysis data in the region has yet to be widely estab-
lished. Moreover, given the challenges posed by the
monitoring of the hydrologic cycle, the steadiness of the
monsoon over the past decade, and the lack of satellite
fields in the Indo-Asian region until recent years, inter-
annual hydrologic variations in the Indian Ocean re-
main poorly diagnosed.

Notwithstanding the assessments of recent shifts in
the monsoon-ENSO coupling, the mechanisms that
both communicate the interaction and induce its low-
frequency variability remain largely speculative. The
2002 season therefore represents an unprecedented op-
portunity to assess variability in the monsoon hydro-
logic cycle during a well-observed season of deficient
rainfall that coincides with El Nifio. With the availabil-
ity of data from the National Aeronautics and Space
Adminstration (NASA) Tropical Rainfall Measuring
Mission (TRMM; Simpson et al. 1996), its associated
TRMM Microwave Imager (TMI) estimates of SST,
and QuikSCAT (Dunbar et al. 2000) winds, the 2002
season also coincides with a period of exceptionally
dense satellite monitoring. The season therefore pre-
sents the additional opportunity to compare satellite
and reanalysis fields. In an effort to both assess the
mechanisms that underlie the monsoon drought, and to
discern anomalies in the large-scale hydrologic cycle
that may link the monsoon and ENSO, satellite retriev-
als of rainfall, SST, and near-surface wind are used
here, in conjunction with fields from the National Cen-
ters for Environmental Prediction—National Center for
Atmospheric Research (NCEP-NCAR) reanalysis, to di-
agnose the 2002 summer monsoon. While it is possible
that coupling mechanisms independent of atmospheric
hydrology may play an important role in linking the
ENSO and monsoon systems, the current analysis serves
as an important first step in assessing the anomalies in
the 2002 season and comparing them with other years of
strong monsoon-ENSO interaction over the past 50 yr.

Because of their key influence on interannual vari-
ability, the monsoon’s active-break cycle and interac-
tions with ENSO are the foci of the investigation and
the following questions are posed:

¢ Are reanalysis fields suitable for assessing hydrologic
variations in the Indo-Pacific region? Do reanalysis
and satellite estimates of the near-surface wind field,
which transports a disproportionately large portion
of total atmospheric moisture, agree favorably?

e Does the 2002 summer season experience discrete
and prolonged break periods or is rainfall weak con-
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tinually through the season? Do break periods during
2002 correspond to the timings that occur over clima-
tology (e.g., Wang and Xu 1997)?

e How is weakness in the 2002 Indian monsoon mani-
fested in hydrologic fields? To what extent is variabil-
ity in India rainfall related to vertically integrated
moisture transport (VIMT) in the Southern Indian
Ocean, Arabian Sea, and Bay of Bengal? Are anoma-
lous fields during the 2002 break periods consistent
with either their instigation by local SST anomalies or
the discharge-recharge mechanism?

» Does the 2002 season represent the reemergence of
hydrologic anomalies that have accompanied a strong
monsoon—-ENSO coupling in the recent past? Are hy-
drologic anomalies in 2002 statistically similar to
those of weak monsoon seasons accompanying El
Nifio over the past 50 yr?

To address these questions, a diagnostic study is pro-
posed that assesses the 2002 summer monsoon, its ac-
tive-break and hydrologic cycles, and its relationship to
monsoons accompanying El Nifio events since 1950.
Section 2 discusses characteristics of the data and de-
rived fields while section 3 examines the seasonal mean
hydrologic cycle. Section 4 investigates the temporal
characteristics of Indian rainfall during the 2002 season
and compares it to both climatology and other weak
monsoon seasons. Section 5 examines the evolution of
large-scale hydrologic fields. To investigate further the
spatial and temporal structure of the 2002 season, Hov-
moeller depictions of hydrologic anomalies during the
2002 season are constructed and examined in section 6,
and anomalies in the Hadley and Walker circulations
are presented in section 7. Large-scale hydrologic
anomalies during 2002 are then compared with the nor-
mal and anomalously weak seasons that have accom-
panied El Nifio since 1950 in section 8 and conclusions
are summarized in section 9.

2. Data and method

As the current analysis seeks to quantify large-scale
variability in hydrologic fields at daily resolution, sat-
ellite retrievals of rainfall, sea surface temperature, and
wind are used. However, the satellite estimates are
available only for recent years and are not adequate to
compare the 2002 season to numerous El Nifio events
over an extended record. The NCEP-NCAR reanalysis
are therefore also used. In addition to providing a daily
depiction of the 2002 season, the reanalysis fields allow
for a retrospective assessment of El Nifio events over
half a century. SST estimates from an optimally inter-
polated blend of observed and satellite fields extending
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from 1950 are also used. Characteristics of the satellite
and reanalysis datasets are discussed below. As short-
comings in the reanalysis fields, such as the relative
scarcity of assimilated data over the Indian Ocean and
the influence of model physics on hydrologic fields, are
known to exist, a comparison of the reanalysis near-
surface wind field to satellite retrievals is also pre-
sented.

a. Satellite fields

To establish rainfall and near-surface temperature
and wind fields for the 2002 season, satellite retrievals
from TRMM (Simpson et al. 1988; Kummerow et al.
2000), the TMI (Wentz et al. 2000), the Geostationary
Operational Environmental Satellite (GOES) precipi-
tation index (GPI; Wu 1991; Joyce and Arkin 1997),
and QuikSCAT products (Naderi et al. 1991; Dunbar et
al. 2000) are used. The TRMM is a joint U.S.-Japan
satellite mission to monitor tropical and subtropical
precipitation using an active satellite-borne radar that is
validated with multiple ground-based radars and in situ
observation sites over land. TRMM offers the advan-
tage of providing directly measured rainfall fields over
the Tropics and subtropics that are sampled several
times a day in most regions. The level-3 TRMM prod-
uct uses the 3B42 algorithm in assessing the daily av-
eraged rainfall field on a 1° grid spanning all longitudes
from 40°S to 40°N from 1 January 1998 to 30 September
2003. For TRMM and other satellite and reanalysis
fields in this study, India-mean values are derived from
area-weighted averages of fields over land regions
north of 8°-30°N, 70°-90°E. A summary of descriptions
and evaluations of TRMM retrievals during its first 2 yr
in orbit is given by Kummerow et al. 2000.

As an indirect measure of rainfall, the GPI infers
tropical rainfall rates from the top-of-the-atmosphere
longwave flux based on the inverse relationship that
exists between radiance and rainfall. Though the re-
trieval method is indirect, and thus depends on associa-
tions that may or may not be valid at any given instant,
the index is derived from infrared radiances that have
been observed for several decades and are sampled fre-
quently throughout the diurnal cycle. Thus, in order to
both provide a more complete historical climatology,
and to avoid the sampling limitations of the TRMM
data, the GPI estimates are also used. The GPI product
reports monthly mean rainfall on a 1° grid spanning
40°S—40°N from 1986 to the present.

Providing in situ monthly mean rainfall over India,
rain gauge observations of the All-India Rainfall (AIR)
dataset are also used (Parthasarathy et al. 1994). AIR
provides the most temporally extensive and directly
measured estimates of monsoon rainfall available. In
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subsequent discussion of strong and weak monsoon
seasons, June—July—August-September (JJAS) AIR
anomalies exceeding 10% are considered.

Winds across the otherwise poorly observed Pacific
and Indian Oceans are estimated from the SeaWinds
instrument on the QuikSCAT satellite, which uses a
specialized microwave radar and observed backscatter
to infer near-surface wind speed and direction under
both clear-sky and cloudy conditions. While precipita-
tion can influence the QuikSCAT fields, the retrievals
are examined for rainfall contamination. Contaminated
retrievals are excluded from consideration in the cur-
rent analysis. The QuikSCAT data cover from 19 July
1999 to the present (Naderi et al. 1991; Dunbar et al.
2000) at 25-km resolution, and while the sampling char-
acteristics of the QuikSCAT instrument are complex
(e.g., Schlax et al. 2001), it is best characterized as daily
in most regions. The level-3 data [the Jet Propulsion
Laboratory (JPL) Physical Oceanography Distributed
Active Archive Center (PO.DAAC) product 109],
which comprise daily gridded averages, are used here.
The data provide an important estimate of the near-
surface wind field across the otherwise poorly observed
Pacific and Indian Oceans. The data are regridded to a
2.5° grid for both graphical display and dataset com-
parisons in this study.

Microwave retrievals of SST are taken from the TMI
(Wentz et al. 2000) for both cloudy and clear-sky con-
ditions, providing a key source of surface information
in the cloud-filled monsoon regions. The version 3a re-
trievals used here are reported at 25-km spatial resolu-
tion with the same complex sampling intervals as the
TRMM dataset. The data used here have been regrid-
ded to daily, 1° resolution from 1998 to 2003 by aver-
aging available data. As TMI SST estimates are only
available for recent years, the monthly Reconstructed
Reynolds (Smith et al. 1996) and weekly Reynolds SST
products (Reynolds and Smith 1994) are used to pro-
vide an historical perspective for the TMI data and to
identify ENSO conditions. The data result from an op-
timal interpolation of in situ and satellite retrievals and
are reported on a 2° grid from 1950 to 2002, and on a 1°
grid from late 1981 to 2002. El Nifio conditions are
evaluated from Reynolds JJAS SST anomalies in the
Nifio-3 region (5°N-5°S, 150°-90°W) exceeding 0.7°C
as discussed in Fasullo and Webster (2002). Years clas-
sified as El Nifio thus include 1963, 1965, 1969, 1972,
1976, 1982, 1983, 1987, 1991, 1997, and 2002. Of the El
Nifio years identified, those for which JJAS AIR
anomalies below —10% are observed, termed warm-
weak years, include 1965, 1972, 1982, 1987, and 2002. El
Nifio years for which AIR anomalies are less than 10%
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in magnitude are termed warm-normal years and in-
clude 1963, 1969, 1976, 1983, 1991, and 1997.

b. NCEP-NCAR reanalysis and derived fields

Providing the most temporally extensive estimates of
atmospheric hydrologic fields, the NCEP-NCAR re-
analysis (Kalnay et al. 1996; Kistler et al. 2001) is used.
Spanning 1948-2003, the reanalyses incorporate global
rawinsonde, the Comprehensive Ocean—Atmosphere
Data Set (COADS) surface marine data, and surface
land synoptic data throughout the present study’s
analysis period. Despite a lack of rawinsonde data over
the ocean, many observations of hydrologic fields are
nevertheless assimilated. Satellite sounder data, avail-
able from the Television Infrared Observational Satel-
lite (TIROS) Operational Vertical Sounder (TOVS)
and the Space Infrared Sounder (SIRS) in recent de-
cades (1979-present), provides humidity and tempera-
ture estimates over both ocean and land regions and
cloud-tracked winds; oceanic reports of surface pres-
sure, temperature, horizontal wind, and specific humid-
ity are included in the assimilation process.

As the reanalysis model also exerts an influence on
hydrologic fields, outputs are categorized by type. For
type-A fields, such as the rotational wind and upper-air
temperatures, the output is strongly influenced by as-
similated data. However, for type-B fields the influence
of both observations and the model can be important.
VIMT is calculated from specific humidity (type B),
divergent wind (type B), and rotational wind (type A)
fields at each pressure level and a 6-h forecast interval.
While the fields are importantly influenced by both sat-
ellite and in situ data, the reanalysis model may also
influence the humidity fields. In the monsoon domain,
however, errors induced by the model are generally
small as Fasullo and Webster (2002) show that reanaly-
sis estimates of humidity and its variations during
ENSO agree closely with satellite retrievals from the
NASA Water Vapor Project (NVAP; Randel et al.
1996) over India and the northern Indian Ocean. Fields
that are purely model derived and subject to the con-
straints imposed by assimilated observations, such as
rainfall and evaporation, are categorized as type C. The
modest and strong model influence on type-B and -C
fields, respectively, and comparisons that show large
differences between the reanalysis fields and satellite
estimates in some regions (e.g., Trenberth and
Guillemot 1998; Annamalai et al. 1999) underscore the
need to confirm results with satellite retrievals when-
ever possible. Moreover, as the frequent assimilation of
data can introduce spurious sources and sinks of mois-
ture, the reanalysis hydrologic budget is not closed
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(e.g., Trenberth and Guillemot 1998; Trenberth et al.
2001).

Complementary fields are also derived from the re-
analysis in order to better interpret thermal, dynamic,
and hydrologic interactions. VIMT is calculated by ver-
tically integrating wind and humidity fields across the
eight tropospheric levels of the NCEP-NCAR reanaly-
sis that lie at or below 300 mb. While humidity fields
above 300 mb are not provided by the reanalysis, their
contribution to VIMT is not large because of the expo-
nential decrease of humidity with height. Moreover, it
is found that the bulk of moisture transport occurs in
the lowest-tropospheric levels with more than 80% and
90% of VIMT occurring on average at or below 750 and
650 mb, respectively. Moreover, interannual variations
in monthly near-surface wind speed over the Arabian
Sea correlate well with VIMT variability at approxi-
mately 0.7. Thus, the fact that fluctuations in the near-
surface wind field are strongly indicative of VIMT vari-
ability allows for the use of satellite estimates such as
QuikSCAT to serve as an initial satellite-derived sur-
rogate with which to infer VIMT variability.

Fields of convective available potential energy
(CAPE) are also calculated from the reanalysis based
on tropospheric temperature and 1000-mb humidity
fields. Calculation of CAPE assumes convective mo-
tions that originate at 1000 hPa, achieve buoyancy at
the level of free convection, and ascend to the altitude
at which they are neutrally buoyant. Because the lapse
rate of the tropical atmosphere often approximates that
of a saturated moist adiabat, a highly nonlinear rela-
tionship exists between low-level moist static energy
and the energy released by buoyant ascending parcels.
CAPE is used both to assess the impact of low-level
temperature and moisture variations on stability in gen-
eral, and to evaluate the role of the discharge-recharge
mechanism during the 2002 summer season.

¢. QuikSCAT and NCEP-NCAR reanalysis
comparison

As already discussed, interannual variations in the
low-level wind field are reflected strongly in the VIMT
fields. To estimate potential errors in the NCEP-
NCAR near-surface wind fields, and as a first step to-
ward evaluating the accuracy of derived VIMT fields, a
comparison of the near-surface reanalysis wind field
with QuikSCAT retrievals over the Indian and Pacific
Oceans is conducted. Figure 1 shows the correlation in
monthly mean 10-m zonal wind speed between the
NCEP-NCAR reanalysis and QuikSCAT retrievals
from August 1999 to March 2003. Correlations for
monthly interannual anomalies, derived from subtract-
ing climatological monthly means from the data with no
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temporal smoothing, are also shown (Fig. 1b). In the
northern Indian Ocean, correlations are strong (>0.8),
in part due to the strong seasonal cycle associated with
the monsoon, its reasonable portrayal in both data
sources, and its dominant contribution to total variance.
South of 10°S however, the correlation is modest gen-
erally (<0.5) and in key regions of moisture divergence,
such as the south-central Indian Ocean, the correlation
drops below 0.4. In the western Indian Ocean, where
meridional winds are known to vary strongly during the
annual cycle (e.g., Findlater 1969), the correlation be-
tween the meridional component of the reanalysis and
satellite wind fields is again strong (>0.9, not shown).
South of 10°S, however, the correlation of meridional
winds is only modest (<0.5, not shown). Agreement
between interannual anomalies in the zonal wind field
in the northern and equatorial Indian Ocean (Fig. 1b) is
also modest (<0.5), and in the western equatorial In-
dian Ocean, where the meridional component of VIMT
associated with the Findlater jet is strong, the correla-
tion is negative. While deficiencies in the QuikSCAT
product, such as its limited duration and diurnal sam-
pling, prevent conclusive statements from being made
regarding the accuracy of the reanalysis fields, the
southern Indian Ocean is highlighted as a region where
uncertainties in reanalysis fields may be particularly
large. Reanalysis estimates of both the zonal and me-
ridional components of the wind field in the region ex-
hibit weak correlation to satellite fields on both the
annual and interannual time scales. Conclusions re-
garding the coherency of interhemispheric hydrologic
anomalies based on reanalysis estimates therefore need
to be viewed with caution.

3. The seasonal mean hydrologic cycle

For interpretation of hydrologic anomalies in the
2002 season, the mean seasonal hydrologic cycle is first
discussed. Figure 2 shows climatological NCEP-NCAR
JJAS fields of VIMT, in units of kilograms per meters
per second, and precipitation-evaporation (P — E), ex-
pressed in units of latent heating. The cycle is charac-
terized by strong easterly VIMT in the Southern Hemi-
sphere that emanates from regions in which P — E is
strongly negative, at approximately —100 to —150 W
m 2. Moisture divergence between 50 and 200 W m ™~
exists in the southern subtropical Indian Ocean and
large cross-equatorial transports in the western Indian
Ocean transport moisture from the divergent Southern
Hemisphere to the monsoon domain. In the northern
and western Arabian Sea, moisture divergence is large
with P — E values between —50 and —100 W m 2, and
VIMT strengthens considerably across the sea. Imping-
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F1G. 1. Correlation coefficients are shown for both (a) the NCEP-NCAR and QuikSCAT 10-m monthly mean zonal wind fields and
(b) their interannual variations, as a function of location in the Indian and western Pacific Oceans. Shaded regions indicate correlations
of 0.5 and 0.25 for seasonal and interannual fluctuations, respectively. Data used span the 44 months from Aug 1999 to Mar 2003. The
99% confidence interval exists at a correlation of approximately 0.25.

ing upon India’s western coast and the centers of mon-
soonal moisture convergence, VIMT lies between 300
and 500 kg m~' s~'. Moisture convergence is strong
along the Ghat mountain range and in the Bay of Ben-
gal, where P — E exceeds 100 and 200 W m ™2, respec-
tively. Across Southeast Asia and the northwestern
tropical Pacific, P — E values exist between 50 and 150
W m™? and substantial decreases in VIMT occur in the
centers of monsoonal deep convection. Following dis-
cussion of the temporal characteristics of rainfall during
the 2002 season, spatial variability in the 2002 hydro-

logic cycle relating to the large-scale features shown in
Fig. 2 are discussed further.

4. Temporal characteristics of the 2002 season

The large role played by monsoon break periods in
rainfall anomalies during deficient seasons (e.g., Rod-
well and Hoskins 1995; Krishnan et al. 2000) motivates
the temporal evaluation of the 2002 season. Figure 3
shows time series of rainfall during 2002 as compared to
both climatology and a composite of weak monsoon










































