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A recent field experiment aimed at supplying critical data from the Indian Ocean

region may eventually help climate models reproduce and forecast the

intraseasonal and interannual variability of the monsoon

t a workshop on the variability of the Asian—
Australasian Monsoon in July 1998 in St.
Michaels, Maryland, two major mechanisms
were discussed at length, each thought to have the po-
tential to produce monsoon variability.! The first
mechanism, the role of external forcing (e.g., Charney

! Proceedings of the workshop on “The Variability of the Asian-
Australian Monsoon” can be viewed online at http://

paos.colorado.edu/~webster.

AFFILIATIONS: WEBSTER, LAWRENCE, SAHAMI, AND ZUIDEMA—Program
in Atmospheric and Oceanic Sciences, University of Colorado,
Boulder, Colorado; BrabLey—Division of Land and Water,
Commonwealth Scientific and Industrial Research Organisation,
Canberra, Australia; FARRALL, RusseLL, AND RYAN—NOAA Environ-
mental Technology Laboratory, Boulder, Colorado; GobFrRey—
Division of Marine Science, Commonwealth Scientific and Industrial
Research Organisation, Hobart, Australia; HACKER, Lukas, AND
HumMMon—School of Ocean and Earth Sciences and Technology,
University of Hawaii at Manoa, Honolulu, Hawaii; Houze AND SERRA—
Department of Atmospheric Sciences, University of Washington,
Seattle, Washington.

CORRESPONDING AUTHOR: P. ]. Webster, School of Earth and
Atmospheric Sciences, Georgia Institute of Technology, 22| Bobby
Dodd Way, Atlanta, GA 30332-0340

E-mail: pjw@eas.gatech.edu

DOI: 10.1175/BAMS-83-11-1603

In final form 6 August 2002
© 2002 American Meteorological Society

AMERICAN METEOROLOGICAL SOCIETY

and Shukla 1980), considered the influence on the
monsoon of ENSO variability, local sea surface tem-
perature anomalies, and ground moisture content.
The second mechanism involved the role higher-
frequency (intraseasonal) hydrodynamical instabili-
ties of the monsoon circulation might play in produc-
ing interannual variability of the system. Figure la
shows time-latitude plots of the Microwave Sound-
ing Unit (MSU) satellite precipitation product along
90°E for the spring and summer of 1988. Monsoon
precipitation often appears first at the equator before
propagating northward as originally discovered by
Sikka and Gadgil (1980). Within the context of the
second question discussed at the workshop, it was
asked whether these intraseasonal oscillations were
controlled and modified by large-scale planetary forc-
ing or were the intraseasonal instabilities themselves
determining interannual monsoon variability? The
latter question arises from the numerical studies of
Ferranti et al. (1997) and the observational analyses
of Hendon et al. (1999) for the Australian monsoon
and Lawrence and Webster (2001) for the south Asian
monsoon.

These questions largely define the limiting factor
for predicting monsoon variability. The monsoon
may be a slave to other climate components, like
ENSO, or may have its own modes of variability re-
sulting, perhaps, from the coupling of land, atmo-
spheric, and oceanic variability. It may be a hybrid that
is forced remotely to some extent yet contains its own
local modes of variability, which may include chaotic
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(a) MSU precipitation (mm/day) along 90°E for spring-summer of1988
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(b) Modelled mean meridional ocean heat transport across Indian Ocean for
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(c) Composite MSU precipitation along 89°E with
proposed cruise path
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elements, that are modified by the remote forcing
(Palmer 1994; Webster et al. 1998).

Advances are limited by the lack of data in the re-
gion and an inability to identify the fundamental pro-
cesses that create the variability. Little is known about
the state of the upper Indian Ocean other than its
surface temperature and its surface height. Despite a
few field campaigns [from the Indian Ocean Experi-
ment (INDOEX) in the late 1970s during the First
GARP (Global Atmospheric Research Program) Glo-
bal Experiment (FGGE) to the World Ocean Circu-
lation Experiment (WOCE) Indian Ocean Experi-
ment] and some repeat expendable bathythermograph
(XBT) lines, there have been relatively few direct
measurements in the Indian Ocean Basin. Despite
climatologies of ship observations (e.g., Oberhuber
1988), research quality observations, such as those
reported by Wyrtki (1971) and Hacker et al. (1998)
for the eastern Indian Ocean during winter, are rare.

It is clear that more data is needed to establish re-
lationships between the atmosphere and ocean on
intraseasonal timescales, which have proven impor-
tant in other oceans (Lukas and Lindstrom 1991;
Vialard and Delecluse 1998; Masson et al. 2002). For
instance, research in the Pacific warm pool had shown
the importance of the salt-stratified barrier layer in
complex atmosphere-ocean interactions.? This shal-

? Traditionally, it was assumed that in the upper ocean the depth
over which temperature is uniform determines the depth of the
ocean mixed layer. However, in the Tropics there is often a
change in density in the isothermal layer that is the result of a
fresh surface layer overlying a more saline layer. The layer be-
tween the halocline and the thermocline is referred to as the
barrier layer (Lukas and Lindstrom 1991) because of its impact
on the heat budget of the upper ocean.

low salinity stratification concentrates heat and mo-
mentum in the upper layer of the western Pacific
(Lukas and Lindstrom 1991). Vialard and Delecluse
(1998) showed that westerly wind bursts propel the
barrier layer eastward, moving the impacts of the in-
sulating layer to other regions of the warm pool ev-
ery month or so. This movement might favor the
growth of unstable air-sea interactions in the central
Pacific. Thus Vialard and Delecluse (1998) and
Masson et al. (2002) argue that the transience of the
barrier layer is a key to coupled ocean-atmosphere
instabilities and we expect it to be equally significant
to intraseasonal oscillations in the summer monsoon.
There are additional reasons for conducting re-
search in the eastern Indian Ocean. The region has
great oceanographic significance. It is the exit region
of the Indonesian throughflow that connects the Pa-
cific and the Indian Oceans. Here, the very saline wa-
ters of the western Indian Ocean and the freshwater
of the eastern basin mix, determining salt balance for
the entire basin. The eastern Indian Ocean is also a
region of considerable dynamic activity. Upper-ocean
currents reverse on seasonal and intraseasonal
timescales, and the region also contains a pole of the
newly discovered Indian Ocean zonal mode, or Indian
Ocean “dipole” (Webster et al. 1999; Saji et al. 1999;
Yu and Rienecker 1999, 2000; Webster et al. 2001).
Furthermore, there appears to be a substantial oceanic
barrier layer even stronger than that originally docu-
mented in the Pacific Ocean by Lukas and Lindstrom
(1991). Hacker et al. (1998) observed a barrier layer
in the Bay of Bengal in the northeast (winter) mon-
soon, which would be expected to persist through
summer as precipitation (freshening) increases.
The eastern Indian Ocean is also critical from an
atmospheric perspective, with precipitation extremes

Fic. I. (a) Intraseasonal variability of the monsoon as depicted by daily MSU precipitation along 90°E
plotted against latitude as a function of time for the boreal late spring and summer of 1988. Beginning
in early summer, precipitating events begin near the equator and extend poleward in each hemisphere.
The northward extension of the equatorial precipitation becomes the active period of the monsoon
while the southward extension produces precipitation in the Southern Hemisphere. Thirty-nine such
events were identified in the 1984-95 period (Webster and Tomas 1999). (b) Zonally integrated heat
flux averaged across the Indian Ocean, after Loschnigg and Webster (2000). The model used is an in-
termediate ocean model of McCreary et al. (1993) forced by 5-day-average winds and insolation from
the NCEP-NCAR reanalyses. (c) Composite precipitation pattern associated with monsoon intraseasonal
oscillations as a function of time and latitude, based on 39 monsoon intraseasonal events identified by
Webster and Tomas (1999). The pattern was used for experiment design with the proposed cruise path
shown as a black line. Plans called for sampling the atmosphere and ocean in an ‘“undisturbed” state
before the advent of an monsoon intraseasonal oscillation, and in the ‘“disturbed’ state after the mon-
soon intraseasonal oscillation had formed. Two sampling techniques were planned: north-south transects
along 89°E and two “on-station” periods near 5°N. As it turned out, the sequence of meteorological
events encountered in the eastern Indian Ocean followed the composite almost exactly (see Fig. 4b).
The only change to the plan was to locate the on-station period farther to the north in fresher water.
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falling in the northern Bay of Bengal and just south
of the equator (Fig. 1a). In fact, satellite estimates in-
dicate that the northern Bay of Bengal receives the
largest mean precipitation in south Asia during the
summer monsoon. Intraseasonal oscillations of the
monsoon also reach maximum amplitude in the east-
ern Indian Ocean (Lawrence and Webster 2002). It
is a source for “active” periods of the monsoon (with
enhanced precipitation) and “break” periods (with
short-lived droughts or lulls in the precipitation rate).
Furthermore, the biennial oscillation possesses strong
signals in the eastern Indian Ocean (Meehl 1994) and
is a center of strong interannual rainfall variance.
While many of these features have been known to
exist for a very long time (see reviews by Godfrey
1995; Webster et al. 1998), the physical processes that
maintain them are not understood.

Recent ocean modeling studies forced by the Na-
tional Centers for Environmental Prediction and
National Center for Atmospheric Research (NCEP-
NCAR) reanalysis winds suggest that there is a sub-
stantial basinwide response by the ocean to
intraseasonal wind forcing. Figure 1b (from
Loschnigg and Webster 2000) shows the zonally av-
eraged meridional heat transport as a function of lati-
tude for the summer and spring of 1988. Oscillations
of 2-3 PW (petawatt: 10 W) occur over the space of
weeks and on similar timescales to the precipitation
variations (and the associated wind variations) shown
in Fig. 1b. Yet, we do not have the data to see if these
very large intraseasonal heat transports are an artifact
of the model or whether they represent integral parts
of the Indian Ocean heat balance.

The potential rewards for increasing our under-
standing of the monsoon climate are substantial.
Forecasting variability of monsoon rainfall from year
to year with sufficient lead time would allow reme-
dial action by managers of agricultural and water re-
sources. But forecasting the onset of the monsoon and
the occurrence, magnitude, and duration of active and
break periods during a monsoon season 10-14 days
in advance may have a far greater potential impact on
an agrarian society than forecasting whether or not
the entire monsoon summer rainfall may be anoma-
lous (A. B. Subbiah, Asian Disaster Preparedness
Center, Bangkok, Thailand, 2001, personal commu-
nication). Plowing and planting periods are extremely
vulnerable. Once the monsoon begins, the timing of the
first break becomes critical. Even if the average seasonal
monsoon rains are normal, an ill-timed break in the rain
can devastate a local economy (Webster et al. 1998).

It has been argued that interannual variability of
large-scale climate systems such as the monsoon and
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ENSO cannot be understood without comprehend-
ing the physical processes that control the annual
cycle (e.g., Webster and Yang 1992). By extension, it
can also be argued that the annual cycle of the mon-
soon cannot be understood (or perhaps predicted)
without a thorough knowledge of the physics of
intraseasonal variability. Indeed, intraseasonal vari-
ability appears to be a fundamental building block of
both the annual cycle and its interannual variability
(Ferranti et al. 1997).

Following this chain of logic, it is probably not a
coincidence that the inability of numerical models to
simulate the mean seasonal precipitation patterns of
the regional monsoons (Sperber and Palmer 1996;
Gadgil and Sanjani 1998) is matched by the model’s
inability to possess realistic intraseasonal variability,
or any variance at all at these timescales (Slingo et al.
1996). In summary, understanding the physical pro-
cesses that produce intraseasonal variability in the
monsoon stands as the fundamental problem in mon-
soon climate studies.

The Joint Air-Sea Monsoon Interaction Experi-
ment (JASMINE) held in the eastern Indian Ocean
during the summer of 1999 partially addressed these
data needs with a variety of observational equipment
and strategies. In particular JASMINE addressed this
issue of the intraseasonal variability of the monsoon.
JASMINE was a new and significant step in identify-
ing and measuring these fundamental coupled pro-
cesses in the monsoon system. JASMINE was de-
signed to provide basic information about the oceanic
and atmospheric character of the monsoon
intraseasonal oscillation. JASMINE measured the
heat, moisture, and momentum fluxes between the
atmosphere and the ocean, the evolving state of the
upper ocean, and the organization of convection and
its interaction with the larger-scale environment. The
project aimed to document these fluxes throughout
the transitions between active and break periods of the
monsoon, as well as to document during these peri-
ods the upper-ocean velocity, temperature and salin-
ity structures, and the upper-ocean budgets of heat
and salt. JASMINE was also designed to acquire sta-
tistics of surface turbulent and radiative fluxes for
comparison with previous tropical Pacific field pro-
grams. Furthermore the program aimed to document
and acquire statistics of convection in order to under-
stand the nature and organization of cloud systems
during active and break periods of the monsoon and
to compare these statistics with convective organiza-
tions in other dynamic regimes in the Tropics.

JASMINE followed INDOEX (Ramanathan et al.
2001) where aerosols originating over south Asia were



documented. Also, in July 1999 Indian scientists con-
ducted a national joint meteorology-oceanography
experiment [the Bay of Bengal Monsoon Experiment
(BOBMEX) Bhat et al. 2001] in roughly the same lo-
cation as JASMINE. During 1999, the European geo-
stationary satellite METEOSAT-5 was relocated over
the central Indian Ocean to provide an unprecedented
view of the monsoon. The summer of 1999 was a
unique season for observation of the coupled ocean—
atmosphere system in the eastern Indian Ocean.

IMPLEMENTATION OF JASMINE. The field
phase of JASMINE was held in the eastern Indian
Ocean and the southern Bay of Bengal for a total of
52 days during April, May, June, and September 1999
(excluding transit times), having acquired an addi-
tional two weeks of ship time following INDOEX
while the National Oceanic and Atmospheric Admin-
istration (NOAA) ship Ronald H. Brown (hereafter
referred to as the Brown) relocated from the Maldives
to Singapore (see Table 2). In the April-June period,
the Brown was used. During September, the Austra-
lian research vessel Franklin (the Franklin) operated
in the region. JASMINE was planned for the eastern
Indian Ocean and southern Bay of Bengal for 12 May-
20 June aboard the Brown and in September aboard
the Franklin. These periods were chosen to maximize
the chances of encountering a full cycle of an
intraseasonal oscillation as documented by Webster
and Tomas (1999).

The project featured an ensemble of in situ and
remote sensing instruments to measure the ocean and
atmosphere. A summary of instrumentation on the
Brown is given in Table 1 with many of the instru-
ments identified in Fig 2. Collectively, measurements
were made with Global Positioning System (GPS)
rawinsondes, bulk near-surface meteorological mea-
surements, fast-response meteorological instruments,
radiometers, numerous rain gauges, three profiling
Doppler radars, microwave and IR radiometers, a
cloud ceilometer, and a scanning C-band Doppler
precipitation radar. The state of the upper ocean was
measured using conductivity-temperature-depth
(CTD) instruments, near-surface thermosali-
nographs, and current profilers (see the sidebar).

In addition to the data collected from the ships,
high-resolution satellite data from NOAA-12,
NOAA-14, and NOAA-15 was accessed aboard the
Brown. Furthermore, the European geostationary sat-
ellite METEOSAT-5 was repositioned over the Indian
Ocean for INDOEX and remained operational
throughout JASMINE. The 3-hourly data for the
JASMINE period was made available to JASMINE in-
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vestigators by the European Space Agency after the
experiment. Also, the European Centre for Medium-
Range Weather Forecasts (ECMWF) provided
3-hourly analyses at standard levels and single-point
data to the investigators.

The aim of the operations plan was to sample
changes in the ocean-atmosphere system through the
full life cycle of a monsoon intraseasonal oscillation.
Because of the lack of modern, high-quality upper-
ocean observations in the Bay of Bengal sector of the
Indian Ocean during the onset of the southwest mon-
soon, the ocean-specific goals were to document the
time-varying meridional structure of the tempera-
ture, salinity, and velocity fields including the mixed-
layer and barrier-layer structures from 5°S to 10°N,
and to estimate upper-ocean heat and freshwater
budgets within the Bay of Bengal during the active
and break periods. Figure 1c shows the course origi-
nally planned for the research vessel, namely, a lati-
tude—time section along 89°E relative to the compos-
ite monsoon intraseasonal oscillation determined
from the 39 intraseasonal oscillations of the monsoon
identified by Webster and Tomas (1999). Using sat-
ellite information received aboard the ship, it was
planned to adjust the scheme in the field to match
actual conditions. In fact this proved unnecessary as
the weather encountered matched the composite re-
markably well.

The experimental design called for a series of
north-south transects near 89°E that ensured that the
Brown and Franklin remained in international waters
between 5°S and 10°N. The additional two weeks of
shiptime (previously mentioned) aboard the Brown
in April 1999 allowed the measurement of oceanic
conditions during the early phase of the monsoon
onset. This first transect captured a strong westerly
wind burst in the equatorial region. Data from this
period is called phase 1. After the port stop in
Singapore, the phase II observations were conducted
during May 1999. Two small-scale surveys (star 1 and
star 2) near 10°N, 89°E were made during phase II of
JASMINE for periods of 5 days each. The star patterns
were designed to estimate terms in the upper-ocean
heat and salt budgets (see Fig. 3 and Tables 2, 3). The
Franklin observations in September 1999 (phase III)
included a similar survey in a similar location, but
using triangular patterns following a floating buoy
drogued in the upper ocean.

INITIAL RESULTS FROM THE FIELD
PHASE. Synoptic situation. During phase I in April
(Fig. 4a), a relatively weak disturbance persisted in the
Bay of Bengal with the ship passing through the dis-
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TaeLe |. Observation system on the Brown. Left-hand column indicates the instrument number that is
used to show the location of the instrument in Fig. I. The second column lists the instruments and the
third column shows its utility. Basic references for the instrumentation are given in the last column.

SYSTEM

MEASUREMENT

REFERENCES

Air—sea flux system

Motion corrected turbulent fluxes

Fairall et al. (1996, 1997); Edson et al. (1998)

2 Pyranometer and Downward solar radiative, IR flux Godfrey et al. (1999); Fairfall et al. (1998)
pyrgeometer
3 Bulk meteorology SST, air T, RH, wind speed, and Fairall et al. (1996, 1997); Godfrey et al. (1999)
direction
4 Ceilometer Cloud-base height Fairall et al. (1997)
5 0.92- and 3-GHz Doppler Wind and precipitation profiles Eklund et al. (1988, 1997); Gage et al. (1996,
radar profiler 1999)
6 Rain gauges Rain rate Fairall et al. (1996)
7 Rawinsonde Wind, temperature, humidity NCAR ATD
profiles
8 35-GHz Doppler cloud Cloud microphysical properties Moran et al. (1998); Frisch et al. (1995)
radar
9 20- and 31-GHz wave Integrated cloud liquid water, total Snider and Hazen (1998); Hogg et al. (1983)
radiometer vapor
10 WHOI LICOR 6262 Fast CO, air concentrations Fairall et al. (2000)
system
I Upward-pointed IR Cloud-base radiative temperature
thermometer
12 BNL portable radiation Direct and diffuse solar, IR fluxes
13 Scanning C-band Doppler Precipitation 3D structure, wind KWAJEX (1999)
radar
14 CTD Ocean T, S profiles Lukas et al. (2001): Godfrey et al. (1999)
15 ADCP Ocean current profiles
16 Satellite/SCS NOAA, GMS data
17 Navigation/SCS Position, course, speed, heading, etc.
18 Thermosalinograph Near-surface T, S
19 AOML underway CO2 Water—air CO, concentrations Fairall et al. (2000)
system
20 Autosal Water salinity calibrations
21 Floating thermistor Near-surface (5 cm) sea temperature Fairall et al. (1996); Donlon et al. (1998)
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turbance near UTC (Julian) day 103. The first half of
phase II (Fig. 4b) encountered only minimal convec-
tion and was, consequently, a period of high insola-
tion. However, during the second half of phase II the
atmosphere was greatly disturbed with extensive deep
convection. During this time a monsoon intraseasonal
oscillation, in a manner similar to that seen in Fig. 1a,
propagated northward. The monsoon intraseasonal
oscillation encountered during the JASMINE field
phase (Fig. 4b) was similar to the composite oscilla-
tion in Fig. 2. The brightness temperature distribu-
tions show that the range of weather during phase II
fulfilled the requirements set out in the planning.
Phase IIT (Fig. 4e) was essentially a quiescent period
during the late summer monsoon.
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The preonset and the active monsoon periods en-
countered in JASMINE appear similar to active and
break periods in the established monsoon (e.g.,
Webster et al. 1998). For example. the buoy data from
the Indian surface moorings in the Bay of Bengal
(Sengupta and Ravichandran 2001; Bhat et al. 2001;
Sengupta et al. 2001) show SST oscillations on
intraseasonal timescales of about 1.5°C that match
those observed during JASMINE. Also, using surface
wind data from NCEP-NCAR reanalysis and outgo-
ing longwave radiation (OLR) data indicates that the
conditions in each phase were representative of ac-
tive and break periods (Table 5). Compared to a clima-
tology of active and break periods, the star 2 period was
indicative of a stronger than average active period. Star 1




Structure of the upper ocean was
measured by a variety of instru-
ments. Two sea-bird CTD instru-
ments (14) were used to measure
upper-ocean structure: the
Brown’s shipboard single sensor
system during the April 1999 leg,
and the University of Hawaii’s dual
temperature/conductivity sensor
system during the May-June 1999
leg. All sensors were calibrated
before and after the cruise, and
have measurement accuracies
better than 0.01°C (temperature)
and 0.01 psu (salinity) below 5 m.
The Brown’s thermosalinograph
(18) provided continuous, high-
resolution measurements of
temperature and salinity in the
surface layer at a depth of 5.6 m.
Horizontal currents over the
depth range of 17-400 m, typi-
cally, were measured with the
ship’s RDI 150-kHz narrowband
acoustic Doppler current profiler
(ADCP) together with a Ring
LASER gyroscope and P-code
navigation. The ADCP data were
stored as 2-min ensembles with a
vertical resolution of 8 m. A total
of 25 surface drifters were de-
ployed as part of the global drifter
array to measure near-surface
currents and temperatures, and
two solo-type profiling tempera-
ture and salinity floats were
deployed from the Brown during
JASMINE. Upper-ocean data
collected during JASMINE is
documented by Lukas et al. (2001)
and available online at http://
www.soest.hawaii.edu/JASMINE/.
One of the unique characteris-
tics of the Brown is the perma-
nently installed, stabilized scan-
ning C-band Doppler radar. The
C-band reflectivity observations
document the basic three-
dimensional structure of the
precipitation patterns. Single
Doppler measures radial velocity
and the observations can be used

represented a strong break period. In this context, a
“strong break period” is one with higher-than-aver-
age OLR and lower-than-average surface wind speed.
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to determine the circulation of

convective and mesoscale systems.

Analysis of this basic documenta-
tion, enables the determination of
the key levels in the atmosphere
where convective systems interact
with the large-scale circulation
(Kingsmill and Houze 1999a,b).
The range of the radar is about
240 km, although the effective
range for Doppler determinations
is approximately 100 km. The C-
band has a 5-cm wavelength and a
1° beamwidth. Both surveillance
and volume scans were used
during JASMINE and were
designed to provide comparisons
with the upward-looking cloud
radar described below. Details of
the volume scan sets are available
online at http://www.atmos.
washington.edu/~serra/JASMINE/
jasmine_overview.html.

Profiling Doppler radars and
radiometers on the Brown helped
define the structure of the marine
boundary layer and to provide
diagnostics of precipitating
systems. The Brown carried a 915-
MHz wind profiler, a 3-GHz S-
band precipitation profiler, and a
35-GHz (K band) profiling Dop-
pler cloud radar with a short
wavelength (8 mm) making the
radar sufficiently sensitive to
observe cloud droplets (thus, it is
often referred to as a ‘“cloud
radar’’). JASMINE is only the
second deployment of a cloud
radar on a ship. It was used in
combination with a microwave
radiometer for retrieving total
integrated vapor and integrated
water. The radiometer is an
essential complement to the cloud
radar for retrievals of cloud
droplet size information (Frisch
et al. 1995). Additional cloud
information was obtained from a
commercial lidar ceilometer,
which is not “blinded” by precipi-
tation so it is more capable of

detecting cloud base than the
cloud radar.

While single-Doppler radar
observations are useful in analyz-
ing the interaction of convective
and large-scale circulations,
observations of the ambient large-
scale thermodynamic and wind
stratification in the vicinity of the
mesoscale convective systems are
also necessary. To meet these
needs, a series of upper-air
soundings were taken from the
Brown. The GPS tracking system
provided great accuracy in wind
measurements. In conjunction
with the soundings, high-frequency
surface meteorology measure-
ments were maintained aboard
the ship. A similar system was
used on the Franklin. Overall, 272
successful radiosonde ascents
were undertaken (Table 3). Over
95% of the soundings reached the
Global Telecommunications
System and were used as initial
data by major numerical centers
throughout the world.

The Franklin carried an identi-
cal flux system to that on the
Brown. The location of instru-
ments on the Franklin was gener-
ally as illustrated in Godfrey et al.
(1999, see their Fig. 5), although
no SeaSoar or buoy was deployed
in JASMINE. The ship was
equipped with a boom that
extended 10 m forward of the
bow to carry instruments clear of
ship’s influence. Other instru-
ments were mounted on an arm
near the top of the foremast and
some were located at various
positions along the yardarm on
the main mast. The Franklin
oceanographic measurement
system mirrored that of the Brown,
except that (i) the CTD used was
a Neil Brown Mark Ill and (ii) the
Franklin measurements included
nitrate and phosphate samples
and bottle samples of salinity.

Moderate winds during the first northward
transect in phase II lessened to < 6 m s during star 1
(Fig. 5). Moderate upper-tropospheric easterlies were
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FiG. 2. Principal platform used in the first two phases
(Apr and May 1999) of JASMINE was the NOAA re-
search ship Ronald H. Brown. Numbers on the figure
refer to the location of many of the instruments used
during JASMINE and noted in Table I. During the third
phase of JASMINE (Sep 1999), the Australian research
ship Franklin was deployed.

evident during the same period. However, during the
second northward transect, the winds steadily in-
creased in strength in both the upper and lower tro-
posphere reaching gale force at the surface, which was
maintained during star 2. Strong winds persisted for
over 10 days as the intraseasonal event moved north-
ward through the Bay of Bengal. Coincident with the
increase of convection in the northern Bay of Bengal
during star 2, the upper-tropospheric winds acceler-
ated to speeds greater than 20 m s™' and then intensi-
fied to 30 m s' during the last southward transect. The
acceleration of the upper-tropospheric easterlies her-
alded the arrival of the monsoonal easterly jet stream
for the 1999 summer monsoon. An intraseasonal
component to the strength of the easterly jet stream
is also apparent.

Figure 6 shows that during 12-15 May 1999 (star
1), the surface pressure gradients were slack prior to
the onset of the southwest monsoon and only scat-
tered low-level cumulus were observed from the
Brown. During 22-25 May (star 2), the southwest
monsoon commenced as the monsoon intraseasonal
oscillation moved northward. The surface pressure
gradient became very tight and strong cyclonic sur-
face wind shear existed over the entire Bay of Bengal.
The flow was essentially southwesterly and possessed
a strong ageostrophic component toward the low
pressure trough located in the northern Bay of Ben-
gal. Deep clouds covered most of the bay.
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Upper-ocean structure. A major goal of JASMINE was
to determine the variability in the upper-ocean fields
that occur during the intraseasonal transitions of the
monsoon in the Bay of Bengal sector. Schott and
McCreary (2001) provide a comprehensive review of
monsoon circulation based on earlier observations
and modeling studies. The Bay of Bengal sector of the
Indian Ocean has been poorly sampled until recently.
Murty et al. (1992) provide unique results based on a
coarse array of temperature and salinity observations
within the Bay of Bengal during the southwest mon-
soon. Bhat etal. (2001) report on the recent BOBMEX
observations during July and August 1999. Bhat et al.
(2001) and Sengupta and Ravechandran (2001) show
the importance of the intraseasonal signal in this re-
gion. The upper-ocean observations during JASMINE
are the first direct observations of the combined tem-
perature, salinity, and velocity fields in the equatorial
and southern Bay of Bengal regions of the eastern
Indian Ocean during the onset of the southwest mon-
soon. These data also complemented the much ear-
lier work during INDOEX (Schott 1976; Swallow
1980) that looked at the near-equatorial transition
with the onset of the monsoon.

JASMINE documented strong intraseasonal variabil-
ity of upper-ocean temperature, salinity, and velocity.
Energetic zonal jets reversed over periods of weeks.
The temperature and salinity fields and their associ-
ated mixed- and barrier-layer structures responded
to intraseasonally varying currents and air-sea fluxes.

During April (phase I) strong eastward near-equa-
torial currents between 5°S and 7°N had peak speeds
near 1 m s (Fig. 7a). Some 25 days later (phase II),
the zonal currents had reversed direction over nearly
the entire section with peak near-equatorial westward
flow of 0.8 m s™'. By the time of the last transect of
phase II in May, the currents near the equator had
reversed again. The strong flow to the east in April is

FiG. 3. Three phases of the field phase of JASMINE show-
ing the cruise paths in Julian days. (a) Phase | was made
up of transects along 89 E. (b) In phase Il, transects
along 89°E were accompanied by two on-station peri-
ods, each five days in duration, where star patterns were
executed (star | and 2, see inset). The location of the
star surveys was changed from 5°N inthe original plan
(Fig. 2) to be located in the fresher water pool to study
its effect on mixed layer and barrier-layer evolution.
Each star pattern was designed to take 18 h so that
about six circuits were completed during each 5-day pe-
riod. (c) During phase lll, the Australians executed tri-
angle maneuvers (see inset) each taking 8 h following
a floating buoy drogued in the upper ocean. During the
cruise, CTD casts and upper-atmosphere radiosonde
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measurements were made. The number of these ob-
servations by phase is recorded in Table 2. All other
instruments described in Table I, or shown in Fig. I,
were run in continual mode. Way points are noted in
the figure and cross-referenced to Table 3.
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OBSERVATIONS DURING JASMINE

TRANSECT PERIODS

* ADCP velocity profiles at I-km horizontal
resolution.

e CTD stations to 1000 m at whole degrees and
to 500 m at the intervening 1/2° intervals. At
each station the ship was positioned to optimize
eddy correlation flux estimates to correct for
distortions (Edson et al. 1998) and mean
meteorological and SST measurements were
gathered to compute turbulent fluxes (Fairall
et al. 1996; Chang and Grossman 1999) that
were compared with the accurate direct
covariance flux measurements.

e Continuous longwave and shortwave radiative
fluxes monitoring.

¢ Continuous Doppler radar measurements at
3 GHz and 915 MHz to resolve mesoscale
phenomena.

e Circulation structure: radiosonde measure-
ments (6 times per day on the Brown; 4 times
per day on the Franklin) at internationally
agreed to times for upper-atmosphere
soundings.

All other instrumentation operated in continuous
mode.

STAR AND TRIANGLE PERIODS. The star
periods needed to be large enough to sample the
horizontal gradients associated with the dominant
advective processes, yet needed to be completed
in a short time compared to important periods of
variability. The legs of the star were 44.4 km long
with stations every 14.8 km. The circuit took about
18 h to complete, with a circuit around the inner
pentagon of stations every 9 h. This circuit time was
short compared to the inertial period at 10°N and
minimized diurnal biases over the 5-day period.

The Franklin took 8 h to make its triangle (see
Fig. 3). Experience in the equatorial east Indian
Ocean (Godfrey et al. 1999) had shown this
pattern to be effective in upper-ocean budget
closure experiments. The triangle and star periods
took place in the same region.

Measurements during these on-station observa-
tion periods:

e CTD station frequency increased to 14.8-km
spacing with about |5 on-station observing
periods for all parameters (atmospheric, air-
sea flux, and oceanic) on the star, six CTD casts
on the triangle.

e Upper-air soundings: remained four per day on
the Franklin; increased to eight per day on the
Brown. All other measurements on the same
schedule as during the transects

All other instrumentation operated in continuous
mode.
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TasLE 2. Total number of upper-atmosphere soundings and CTDs by phase and leg. Overall
272 radiosonde ascents and 388 CTD casts were made during the 52 days of JASMINE.

PHASE SECTION SONDEs CTDs
PHASE I: Transects [,2 23 44
PHASE II: Transects 1,2,3,4 108 (at 6 day') 124

Stars 1,2 85 (at 8 day ') 103, 97

PHASE lllI:

Transects 1,2

Triangle

32 (I day' for 8 days
and 4 day' for 6 days

28 (4 day )

20 CTD plus 22 XBTs

126

TasLE 3. Three phases of JASMINE showing the dates of the north-south transects and their way points.
During phase Il and Il there were periods were the ship remained on station executing maneuvers
around a specific point for a number of days. These are referred to as stars or triangles, depending on
the shape of the maneuver. The NOAA research ship Brown was the principal research platform used
during phases | and Il. The Australian CSIRO research ship Franklin was used during phase Ill. Numbers
in the right-hand column refer to way points in Fig. 3.

PHASE SECTION DATES 1999 WAY POINTS FIG. 3
PHASE I:
Male-Singapore Transect | 10-16 Apr 4.8°S-88.0°E, 16.3°N—88.0°E 1-2
7-22 Apr Transect 2 16-18 Apr 15.7°N-88.0°E, 8.0°N-88.0°E 2-3
Ronald H. Brown
Transect | 5-10 May 5°S-89.0°E, 13.5°N-88.8°E 1-2
PHASE II: Star | 10-15 May 11.9°N-88.6°E 3
Singapore—Darwin Transect 2 15-18 May I1.6°N—88.5°E, 0°N—86.5°E 3—4
I May8 Jun 1999 Transect 3 18-21 May 0°N-88.5°E, | 1°N-88.2°E 4-5
Ronald H. Brown Star 2 21-26 May 11.2°N-89.3°E 5
Transect 4 26-30 May 11.2°N-88.1°E, 5°S-94.0°E 5-6
PHASE lII:
Darwin-Singapore Transect | 12—-16 Sep 0.5S-885E I1.5N-885E 1-2
2-28 Sep Triangle 16-23 Sep 11.7 N-88.7 E, 2-3
Franklin 11.2 N-89.8 E

consistent with the spring equatorial jet described by
Wryrtki (1973) and with model simulations that inter-
pret the jet as a Kelvin wave response to wind forc-
ing (Han et al. 2001; Han et al. 2002, unpublished
manuscript, hereafter HWHL). The strong flow to the
west near the equator during most of May 1999 is
opposite to the climatological equatorial jet (Wyrtki
1973). However, the near-equatorial surface current
variability is almost certainly the result of the
intraseasonal oscillation of the lower-tropospheric
wind field. HWHL have managed to reproduce many
aspects of the near-equatorial current field observed
during JASMINE using ECMWF wind forcing.

The temporal variability of the temperature and
salinity fields near the equator is, in large part, the
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result of the energetic changes in the near-equatorial
velocity field. The top of the thermocline is fairly well
represented by the 28°C isotherm, which is near a
depth of 100 m at the equator and shoals to about
50 m in the vicinity of 10°N within the Bay of Ben-
gal. The layer above the 28°C isotherm contains both
the mixed layer and the barrier layer (Lukas and
Lindstrom 1991). The temperature structure in
Fig. 7b shows large changes in the depth of the top
of the thermocline. The changes are consistent with
geostrophic adjustment associated with the reversal
of the zonal currents. The largest isotherm depth
changes occur near 5°S and 5°N with the 25°C iso-
therm varying between 50 and 150 m (HWHL). The
large changes in the thickness of the surface layer




(a) April: Phase |
1.

(d) July

220 280

UTC Day

FiG. 4. Time-latitude sections of brightness temperature (see color-coded scale) from the European Space Agency
METEOSAT-5 geostationary satellite (a) Apr, (b) May, (c) Jun, (d) Jul, and (e) Sep of 1999. All sections are averaged
between 85° and 90°E. Ship tracks for phases I, Il, and Ill are shown in (a), (b), and (e), respectively. Aug 1999 has
been omitted because of poor data quality. Cold temperatures are indicative of high cloud tops while relatively clear
periods appear as warm temperatures representing infrared radiation emitted at the surface, the moist boundary
layer, or from low-tropospheric clouds.

(mixed layer plus barrier layer) above the top the
thermocline are arguably the result of near-equato-
rial dynamics (Han et al. 2001; HWHL). Another
interesting feature of the thermocline is the sharp
vertical temperature gradient near the equator com-
pared to the more diffuse thermocline structure far-
ther to the north within the Bay of Bengal. The mixed
layer depth varies from less than 1 to over 100 m
depending on air-sea flux forcing and background
ocean density structure. During JASMINE, the deep-
est mixed layers and thickest barrier layers were
found within 6° of the equator with barrier layer
thicknesses of the order of 100 m near the equator
during low wind conditions.

FiG. 5. Daily averaged (top) 925- and (bottom) 200-mb vec-
tor winds from ECMWEF along 89°E for phase Il of JAS-
MINE. Color coding denotes wind speed relative to the
scale to the right of the panel.
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(a) Star 1: Brightness Temperature and SLP

12 May 1999 13 May 1999

U

 80E 90E 100E 80E 9OE 100E

(b) Star 2: Brightness Temperature and SLP

23 May 1999

Fovy, il

D

80°E 90'E 100E 80°E 9C0°FE 100E

80°E 90E 100E B8O0°E 90°E 100E

FiG. 6. (a) Synoptic situation during star | of JASMINE. Both 24-h-average brightness temperature and surface pres-
sure fields are shown for the period 12-15 May 1999. The period is highlighted by weak surface winds and strong
insolation. (b) Same as (a) except for the disturbed and convective star-2 period during 22-25 May 1999. The white
dot denotes the location of the Brown. The isobaric analysis is from ECMWF and the brightness temperature is from
the European Space Agency METEOSAT-5 geostationary satellite.
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(a) Zonal current (m/s)

(b) Temperature (°C)

(c) Salinity (psu)
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Fic. 7. (a) Zonal current (m s') of the upper ocean for the five transects of phases | and Il of JASMINE, plotted
as a function of depth and latitude. Vertical lines are | day apart. Sections are arranged from south to north and
the arrows indicate the direction of the transects. The star patterns indicate the time of the on-station budget
surveys conducted near the northern end of the transects, to the north of the freshwater front. Note the rever-
sal of zonal current with latitude. Near the equator, the zonal current reverses direction twice, going through a
complete oscillation in a 50-day period. Overall, the ocean currents show a strong intraseasonal oscillation. Solid
lines show 1.0, 0.5, 0, -0.5, and -1.0 m s' contours. (b) Same as (a) except for the temperature structure (°C).
Solid lines indicate 15°, 20°, 25°, and 30°C contours; (c) same as (a) except for salinity (psu). Solid lines indicate
33.5-, 34.0-, 34.5-, and 35.0-psu contours. Note the large difference in the salinity between the northern and
southern ends of the Bay of Bengal.

The strong zonal jets and thick barrier layers sug-
gest that salinity appears to be critically important to
ocean dynamics in the eastern Indian Ocean. Similar
conclusions can be reached from the modeling results
of Masson et al. (2002). Thus salinity needs to be ob-
served systemically and included in upper-ocean
model simulations. The primary feature in the upper-
ocean salinity structure along the five transects
(Fig. 7¢) is the freshwater front located near 8°-10°N
(Hacker et al. 1998; HWHL). In historical data, the
front extends from the southeast toward the north-
west in the eastern Bay of Bengal. Each section in
Fig. 7c shows a detached blob of fresher water to the
south of the main freshwater pool. The observations
suggest either a convoluted frontal structure or the ad-
vection of freshwater blobs away from the frontal
boundary. The front appears to be a horizontal stir-
ring region between the fresher water to the north and
the saltier water to the south, and it affects local
upper-ocean mixed layer and barrier layer structure
as well as temperature and salinity. While these lay-
ers were as deep as 100 m near the equator, the deep-
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est mixed and barrier layer thicknesses north of the
front were typically 30-40 m during phases I and II
of JASMINE.

During the undisturbed star 1, waters above 30 m
show a net warming and freshening (Fig. 8a). The
warming is consistent with the net air-sea heat flux
data, but the freshening is inconsistent with the ob-
served net evaporation. Preliminary calculations in-
dicate the importance of horizontal advection in the
local heat and salt budgets, and suggest that the ob-
served evaporation is correct but overshadowed by
advection of freshwater into the survey domain. The
cycle of diurnal heating and cooling is also apparent:
The deepest mixed layers (about 40 m) during star 1
occur during the nighttime cooling, and the shallow-
est mixed layers and the thickest barrier layers (about
30 m) occurred during the day.

Figure 8b shows a net cooling and freshening above
30 m during the active star-2 period. In this case the
cooling and freshening are consistent with a net heat
flux out of the ocean and a net precipitation minus
evaporation flux into the ocean. The diurnal cycle is
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only weakly apparent during the first two days of star
2. The mixed layer deepens linearly from about 20 to
40 m over the 5-day survey. The barrier layer is gen-
erally thinner during star 2 compared to star 1 with
typical thicknesses between 0 and 20 m.

For both star 1 and star 2, which were conducted
north of the freshwater front (see Fig. 7c), the salin-
ity effect on density is critical and often dominates
over the effect of temperature. This is apparent in
Figs. 8a and 8b over the depth interval of 40-60 m just
below the deepest mixed layers. Over that depth in-
terval, the temperature changes by about 1°C while
the salinity changes by 1 psu (practical salinity units).
The effect of salinity on density is about 4 times as
great as temperature in this region, per unit change.

The triangle survey of JASMINE phase III was con-
ducted during an undisturbed period of net heat flux
into the ocean and low net evaporation but also net
freshening (Fig. 8c). As during star 1, preliminary
budget calculations show that horizontal advection
must be important. Another interesting result shown
in Fig. 8c is that after four months of monsoon forc-
ing the depth of the 28°C isotherm was still at about
40 m in the Bay of Bengal, the same as during star 2.
The top of the thermocline has not deepened here.
The data suggest that the strong salinity stratification
may isolate the upper 40 m of the water column from
the deeper layers during typical monsoon conditions
within the freshwater pool in the Bay of Bengal. This
has important implications for regional air-sea cou-
pling, and could be related to the precipitation maxi-
mum in the Bay of Bengal.

Atmospheric structure. The top panel of Fig. 9a shows
time-height sections of the winds and relative humid-
ity for the star-1 and -2 periods. The lower panel
shows the corresponding radar reflectivity separated
into two intensity bands. Figure 9b shows the verti-
cal distribution of the relative humidity, temperature
difference, and winds in each star period. A brief com-
parison of JASMINE and the Tropical Ocean Global
Atmosphere Coupled Ocean-Atmosphere Response

FiGc. 8. (a) (top) Temperature and (bottom) salin-
ity plotted as a function of depth for star I. (b)
Same as (a) except for star 2. Note cooling and
deepening and slight freshening of upper 30 m. (c)
Same as (a) except for phase Il from the Franklin.
Time in Julian (UTC) days. Vertical line denotes
0000 UTC of each day. Although the position of the
ship varies during each of the surveys, the sections
represent the space-time evolution of the fields
plotted only as a function of time.



Experiment (TOGA COARE) atmospheric structures
is given in section 4.

During star 1, the winds were relatively light
throughout the column. Moist air was confined to the
boundary layer where light southwesterlies persisted.
There is little convection, although a thin cirrus cloud
persisted during much of the period. The cirrus, al-
though only barely discernible from the ship, was
occasionally 2-5 km thick as indicated by the cloud
radar. During star 2 the winds freshened to near-gale
force. The strengthening of the southwesterlies below
400 mb and northeasterlies in the upper levels in-
creased the negative vertical shear substantially
throughout the troposphere. Individual winds in the
upper troposphere had magnitudes > 30 m s, while
lower-tropospheric winds exceeded 20 m s™' for
considerable periods. Compared to star 1, the entire tro-
posphere had moistened remarkably during the inter-
vening week, accompanying the penetration of convec-
tion into the upper troposphere. Deep convection is
an order of magnitude more abundant during the
night than during the day during the disturbed period.

The aerological data from JASMINE indicates that
the tropospheric structure changes significantly be-
tween the quiescent and disturbed phases of a mon-
soon intraseasonal oscillation. In the quiescent phases,
the troposphere is remarkable dry above the bound-
ary layer with weak upper-level easterly winds sur-
mounting weak surface southwesterlies. During the
disturbed phase, the entire troposphere becomes very
moist and the weak wind structure is replaced by
strong lower-level southwesterlies and upper-level
northeasterlies.

Surface flux variability. One of the major objectives of
the JASMINE pilot study was to document surface
fluxes during an intraseasonal oscillation. A further
objective is to ascertain the degree of similarity of
surface fluxes between Indian Ocean and Pacific
Ocean intraseasonal variability, the latter being de-
scribed by Godfrey et al. (1998).

Two very different distributions of surface heat flux
components were found in star 1 and 2 (Fig. 10 and
Table 5). For example, net surface longwave radiation
was 58% greater during star 1 than in star 2, due pri-
marily to the more extensive low-level cloud, and to
the increase of moisture found throughout the entire
troposphere during disturbed periods (Fig. 9b).
Instantaneous values of latent heat flux range from
—-50 W m? at times during star 1 to over —300 W m™
during star 2 associated with the passage of a noctur-
nal gust fronts. Figure 11 shows the daily averaged net
surface flux for phases I and IT of JASMINE. Together
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with Table 1 it can be seen that there is a change from
a net heating to a net cooling between disturbed and
undisturbed periods. This reversal is the combined re-
sult of changes in solar radiation and evaporation. In
general, a higher surface solar radiation is associated
with a lower evaporative heat loss and vice versa.
Furthermore, the sensible heat loss by the ocean due
to turbulent transfer and rain cooling was not impor-
tant during the undisturbed period, but became mod-
erately important during star 2 when increased winds
enhanced turbulence. Also, instantaneous values of
the sensible heat loss due to rain cooling of the ocean
surface were occasionally greater than —-200 W m™=
Overall, the differences in net surface flux between the
two star periods were caused by a severe reduction in
net surface radiation, and increases in the turbulent
fluxes, although, offset slightly by a decrease in net
longwave radiation loss. The changes in turbulent
fluxes can be accounted for, to a large degree, by the
large increases in surface wind strength.

Diurnal variability. One of the general characteristics of
the tropical atmosphere is the strong diurnal variabil-
ity of convection, SST, and surface fluxes as were
noted, for example, in the western Pacific Ocean dur-
ing TOGA COARE (Webster 1994; Weller and
Anderson 1996; Webster et al. 1996; Godfrey et al.
1998) and in the Arabian Sea (Weller et al. 1999). The
largest diurnal variability at the surface in the Pacific
was observed during undisturbed periods when inso-
lation was strong and the winds were light (Webster
1994). Comparing the two star periods for JASMINE,
however, shows that, contrary to expectation, a sur-
prising amount of diurnal variability exists during dis-
turbed periods.

One of the striking features of the brightness tem-
perature distribution in the Bay of Bengal is the ex-
tremely strong diurnal variability occurring during
the disturbed period of phase II. This variability can
be identified as southward-propagating deep convec-
tion with nocturnal maxima. Sections for June and July
(Figs. 4¢,d; detail shown later in Fig. 14) indicate simi-
lar diurnal disturbances are present during each dis-
turbed phase of a monsoon intraseasonal oscillation.

During star 1, maximum values of SST and air tem-
perature occur in late afternoon. During the disturbed
star-2 period, the SST shows little or no diurnal vari-
ability although the air temperature varied consider-
ably (Fig. 12). The nocturnal cooling of the bound-
ary layer was caused by the convective downbursts
associated with the nocturnal squall lines that propa-
gated southward each night during star 2. Also dur-
ing star 2, there were universally stronger surface
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Fic. 9. A more detailed view of the convective and dy-
namic structure of the atmosphere compared to Figs. 4
and 5. (a) Time-height sections of horizontal wind (vec-
tors: m s™'), relative humidity (%) (top panels), and ra-
dar reflectivity (bottom panels percent with values
15 dBZ < Z < 35 dBZ in blue and Z > 35 dBZ in red) for
(i) star | and (ii) star 2. During the undisturbed period
(star 1) the mid- and upper troposphere is extremely
dry. Little convection beyond trade cumuli existed at
this time. During the disturbed period (star 2) the mid-
and upper troposphere has markedly moistened, stron-
ger winds prevail throughout the column and convec-
tion is deeper and stronger. Note the marked nocturnal
maximum in the convection. Time in Julian (UTC) days.
The two radar reflectivity curves show the percent area
within 100 km of the Brown with reflectivity in the range
of 15-35 dBZ (blue curve) and > 35 dBZ (red curve). (b)
(left) A comparison of the mean vertical relative humid-
ity distribution (%) for star | (black) and star 2. (middle)
The vertical distribution of the mean temperature
differences(°C) between the two star periods. (right) The
mean vertical wind distributions for star | and star 2.

winds with larger variability at night (not shown) but
associated with the recurring surges that were appar-
ent in the latent heat fluxes shown in Fig. 10b. How-
ever, most evident is the very strong nighttime maxi-
mum in rainfall rate. Again, the nocturnal maximum
is associated with the propagating disturbances.

The latent heating (LH) distributions (Fig. 13a)
largely follow the mean diurnal variation of the winds
(Fig. 12b), as does the variation of the sensible heat
(SH). However, the latter flux is enhanced during star
2 by the strong nocturnal decrease in 10-m air tem-
perature. The solar radiation is severely reduced and
the downwelling infrared radiation is higher during
the disturbed period. Very strong negative surface
shortwave forcing is apparent in the star-2 period
during the daytime because of the generally overcast
conditions during the disturbance.

Large-scale convection. The nocturnal convection ap-
peared to have a form that was unique to the region
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Fic. 10. Components of the surface energy balance
(W m?) for (a) star | and (b) star 2. Five surface fluxes
are shown: the solar radiative flux, sensible turbulent
heat flux, latent turbulent heat flux, net longwave flux
(outgoing surface minus incoming atmospheric), and
the sensible heat flux of rainfall. Units: W m2.

with strong propagating convective bands that moved
southward from the head of the Bay of Bengal in di-
rections orthogonal to the wind direction at all lev-
els. These propagating disturbances severely per-
turbed the surface fluxes as they propagated
southward past the ship (Fig. 10). Furthermore, there
is evidence that the propagations continued into the
Southern Hemisphere as far south as 10°S (Figs. 4 and
14). Along a track, the amplitude of the convection
appears to decrease during the next local daytime but
grows once again farther to the south during the fol-
lowing night.

During each of the intraseasonal events occurring
throughout the summer of 1999, propagations of di-
urnal signals are evident along trajectories of 2000-
3000 km in length with propagation speeds in the
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Fic. 11. Daily averaged net heat flux into the ocean
during (a) phase Il and (b) phase Ill. The shaded areas
indicate the on-station star patterns (phase Il) or the
triangle patterns (phase Ill). Units: W m2%

range 50-60 km h™'. The convective disturbances usu-
ally formed in the early afternoon over the land areas
in the northern reaches of the Bay of Bengal (Zuidema
2003, hereafter Z03). The disturbances adopt a
southwest-northeast orientation roughly parallel to
the surface isobars (Fig. 6b) and extend 300-500 km.
In the direction normal to propagation (perpendicu-
lar to the wind), the disturbances are much narrower
with scales of about 50 km. Quite probably these fea-
tures have characteristics of propagating gravity
waves. Using a multiyear global cloud archive, Yang
and Slingo (2001) find persistent diurnal propagations
in the Bay of Bengal with convection commencing
over the land at the head of the Bay. These features
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Fic. 12. Average diurnal variability of the (a) sea
surface and 10-m air temperature (SST, TA: C),
(b) surface wind speed (WS: m s™'), and (c) rain rate
(R: mm h™') for star | (dashed lines) and star 2 (solid
lines).

and their ubiquity as a component of disturbed con-
ditions in the Bay of Bengal has been confirmed by
Z03 who studied other years in addition to 1999. Prior
to JASMINE, however, and the subsequent papers of
Yang and Slingo (2001) and Z03, these vigorous diur-

24



(a) Surface Turbulent Fluxes Brightness Temperature Detail for STAR 2 Period
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Fic. 14. Detail of the brightness temperatures (K)
plotted as a function of latitude and time with twice
the resolution of Fig. 4b. Sloping lines represent
phase lines of 50 km h-'. A-A and B-B refer to con-
vective events shown in Figs. |15 and 16. Time in
Julian days (and in UTC) is shown on the abscissas.
The relationship of Julian days and UTC is such that
day 142.00 corresponds to 22 May at noon or
221200.
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In between the nocturnal episodes of deep, intense
convection that passed the Brown each evening are
extensive, deep nimbostratus decks. These may be
24  seen in the cloud radar data shown in Fig. 15. The

(c) Surface Radiative Cloud Forcing time-height sections encompass the passage of two
" " nocturnal convective events demarked in Fig. 14 by

200 |

ol IRCF2) the lines A and B. Cloud radar signals are attenuated
very rapidly with deep convection and rain but the
-100 sections provide an indication of the broadscale strati-
o~ form clouds that accompany the disturbances.
g 2007 Figure 16 shows examples of the C-band radar data
2 a0l obtained during the passage of the same two distur-
bances. Broad bands of deep convection within the
-400 | larger-scale mesoscale convective system are evident
500 in the figures. To a large degree, these two JASMINE
systems appear to be similar to the “superconvective”
600 . . . systems defined by Chen et al. (1996) for the western
0 6 12 18 24 Ppacific Ocean. Parts of the convective systems had

Local hour

developed stratiform precipitation over the ship

Fic. 13. Diurnal variation of the surface fluxes between [Figs. 162, (i)] on 23 May. On the other hand, the
the atmosphere and the ocean for the periods of star | superconvective system of 24 May (Fig. 16b) was in a
(dashed) and star 2 (solid): (a) the surface turbulent highly convective stage and had yet to produce an
fluxes and the net longwave radiation, (b) the solar and  extensive stratiform region. The convective cells were
downwelling longwave radiation, and (c) calculations of  deep and intense with echo top heights of at least
the diurnal variability of the shortwave and longwave {g |, [Fig. 16b, (ii)]. On this day, the 30-dBZ echo
surface cloud forcing. Units: W m™. reached to 11 km and the radial velocity perturbations
associated with these cells [Fig. 16b, (iii)] were also
nal convective events do not appear to have been strong with speed differences of 5 m s between the
documented. inside and the outside of the convective cells.
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Fic. 15. Height-time sections of 35 GHz (K band) profiling “cloud radar” reflectivity between 1200 UTC 22 May
1999 and 1200 UTC 25 May 1999 during the star-2 period. Lines A and B correspond to same time as lines in
Fig. 14. Both Julian days and UTC are indicated.
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The C-band Doppler radar data collected during
star 2 may suggest cooperative interactions between
convection and the large-scale flow. The low-level
momentum during star 2 was southwesterly, and not
as strong as the northwesterly flow in the
midtroposphere (Figs. 5, 9b, and 16a,b). The down-
ward momentum flux in the convective and strati-
form regions evidently increased the westerly com-
ponent speed and made the wind veer slightly. As a
result, the large-scale westerly component was accel-
erated by the convection, and low-level convergence
with the ambient southwesterly component was cre-
ated to generate still more deep convection. In the
stratiform region there is a midlevel layer of north-
westerly momentum flowing into the system between
the 4- and 8-km level, where the environmental wind
was strongly northwesterly as shown in Fig. 9. Doppler
wind data shows inflow sloping downward, transport-
ing the strong northwesterly flow toward the surface.
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CONCLUSIONS, QUESTIONS, AND PLANS
FOR FURTHER RESEARCH. A number of ten-
tative conclusions are summarized below.

1) The surface flux data collected during JASMINE
allows a comparison of the manner in which the at-
mosphere and ocean interact during active and
break periods of the monsoon. Table 5 summarizes
the flux data collected during JASMINE and also
lists similar data collected during TOGA COARE.

o During undisturbed periods (star-1 period and
phase III), there was substantial heating of the
ocean with average flux values of > + 90 Wm™.
The heating during the undisturbed phase is in
stark contrast to the strong cooling that oc-
curred during the active phase (star-2 period)
of the JASMINE pilot study when average fluxes
were nearly -100 W m. Given the limited



a) 23-MAY-1999, 01:10:00 UTC  b) 24-May-1999, 18:10:00 UTC
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Fic. 16. C-band Doppler radar depictions of disturbed conditions on (a) 0110 UTC 23 May 1999, and (b) 1810
UTC 24 May 1999. The times of scans are marked as A-A and B-B on Fig. 14 and A and B on Fig. |15, respec-
tively. For each situation, three sections are shown: (i) reflectivity as a function of latitude and longitude (dBZ),
(ii) cross section of reflectivity (dBZ) along the white line marked in (i), and (iii) radial wind speeds along the
white line (m s') as determined by the Doppler radar. In (b), a section of the lower troposphere has been
expanded.
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TasLE 4. Comparison of average conditions of active and break periods in the Bay of Bengal
compared to conditions during star | and 2. Comparisons are made with OLR (W m2) and
1000-mb wind speed (m s'). There were 59 active and 49 break periods used in compiling the
climatology using criteria described in the text. NCEP reanalysis wind dataset was used.

Break periods Active periods
(49 events) STAR | (59 events) STAR 2
OLR (W m?) 242 +17 253 167 £16 140
1000-mb wind speed (m s™') 7.6 £2.3 45 10.1 +4.8 9.9

duration of the JASMINE pilot study, it is dif-
ficult to say if these values are indicative of break
and active periods of the monsoon. However,
statistics compiled from reanalysis and satellite
data (Table 4) suggest that conditions found in
the star 1 and 2 may be representative of break
and active periods.

o The TOGA COARE fluxes shown in Table 5
(measured from shipborne systems such as
those deployed during JASMINE (Fairall et al.
1996) and from the Improved Meteorology
(IMET) buoys (Weller and Anderson 1996))
also display great vari-

contained a mixture of disturbed and undis-
turbed periods and transitions between phases
of intraseasonal oscillations. Thus, mean fluxes
during TOGA COARE periods were calculated
using the criterion of Johnson and Ciesielski
(2000), which defined undisturbed days as
having precipitation < 5 mm day™ and dis-
turbed days as having precipitation rates
> 10 mm day. In total, 35 undisturbed and 37
disturbed days were identified in this manner.
In general, the undisturbed periods of TOGA
COARE and JASMINE had very similar net

ability between active
and undisturbed peri-
ods. The first TOGA

TaeLe 5. Comparison of Indian Ocean fluxes obtained during JASMINE
with those obtained in the western Pacific Ocean TOGA COARE.
Mean surface flux data is listed for the three periods of TOGA

COAREperiod (11No- | cOARE (11 Nov-3 Dec 1992, 16 Dec 199211 Jan 1993, and 28 Jan-16
vember-3 December Feb 1993). The TOGA COARE data was binned further into disturbed
1992) was a relatively and undisturbed day using the criteria of Johnson and Ciesielski
quiescent period with (2000). Flux data for phases Il and Il of JASMINE are shown together
net flux of +65 W m™2, with the means for star | and 2.“SOLAR,” “LW,” “SEN,” “LH,”
while the second “RI.\II“I,” and “NE'!'” refer to the net solar radiation, the net Ior}gwave
TOGA COARE period radiation, the sens[ble and latent turbulent heat fluxes, the s.enS|bIe
heat flux due to rain, and the net flux at the surface, respectively.

(16 December 1992- Units: W m-2.
11 January 1993) con-
tained one of the stron- EXPERIMENT SOLAR LW SEN LH RAIN NET
gest westerly wind PACIEIC
bursts recorded in the )

. TOGA COARE (TC) Pilot +197 —43 —12 -6 -3 +22
western Pacific Ocean. )
The net flux for this TC period | +222 58 7 -89 =l +65
burst eriod  was TC period 2 +166 —46 —I1 =117 —4 -12

P

~12 W m™ compared TC period 3 +190 =51 —-10 —112 -3 +13
to -89 W m2 during TC undisturbed +247 -57 =5 -84 = +99
star 2. The third | TC disturbed +158 | 43 -1l | -150 -5 -5
(28 January-16 Febru- | |ASMINE phase II +205 | 43 | -9 | 125 -2 | +27
ary 1993) possessed | ppace |I: star | ¥260 49 -5 | 115 | -0 | 492
above-average winds | p.co 1 sear 2 +128 | 31  -17 | -162 | -7 | -89
and showed . net flux |\ \GMINE phase Il +229 | -38 | -3 -92 —1 49
of 113 WmZintothe | )\ TOGA COARE = +198 = —49 -8 | 105 -3 | +34
ocean. However, each |\ /o IASMINE I+l | +217 | 42 | -6 | —109 | -2 +&
of these three phases
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surface heat fluxes with values > 90 W m™=
Given the greater sampling of undisturbed days
in JASMINE, a greater confidence can be attrib-
uted to this comparison. The disturbed periods
of JASMINE showed a much stronger negative
heat flux than disturbed periods during TOGA
COARE principally because of the greatly re-
duced net solar flux at the surface. Because of
the relatively few disturbed days in JASMINE,
less confidence can be placed in this compari-
son. However, this uncertainty may be offset to
some extent by noting the similarity of the wind
and OLR characteristics of the star-2 period
with other active monsoon periods (Table 5).

TOGA COARE. TOGA COARE disturbed and un-
disturbed fields were computed using the criteria
of Johnson and Ciesielski (2000), described above.

+ In general, the atmosphere was considerably
moister during active periods than break periods,
especially in the mid- and upper troposphere
(Fig. 9b). Winds speeds increased from about
4 to nearly 10 m s™' near the surface between
the undisturbed and disturbed periods. During
the same period upper-tropospheric winds in-
creased from about 15 to more than 25 m s™.

o The vertical distribution of relative humidity
during the disturbed periods of JASMINE and
TOGA COARE appear to be very similar with

2) The JASMINE pilot study successfully observed averages in both locations of about 80% up to
the upper-ocean structure during active and break 400 mb. However, the relative humidities of the
periods and during the transition between these undisturbed periods of JASMINE are about
periods. 20% less than the undisturbed TOGA COARE

periods with average humidities in the 700-300-
« Energetic jets and circulation features reversed mb layer of about 40% and 60%, respectively.

in the upper ocean on intraseasonal timescales.
Likewise, the temperature, salinity, and air-
sea flux fields varied strongly on intraseasonal
timescales.

A strong barrier layer exists in the Bay of Ben-
gal. Large changes were observed in the thick-
ness of the surface layer (mixed layer plus bar-
rier layer) and these appear to be consistent
with near-equatorial dynamics as suggested by
Han et al. (2001; HWHL).

Upper-ocean observations indicate that realis-
tic ocean models must include salinity as well
as temperature, and must have high vertical and
horizontal resolution to resolve mixed- and
barrier-layer structure affecting SST.

The JASMINE observations help to provide a
firm basis for the design of an ocean observing
system and future process studies in the Bay of
Bengal sector. The new upper-ocean observa-
tions add significantly to the historical regional
database. The JASMINE data allows, for the first
time, a detailed comparison between disturbed
and undisturbed conditions in the warm pools
of the Indian Ocean and the Pacific Ocean. A
comparable dataset was collected during TOGA
COARE (Feng et al. 2000).

Why the mid- and upper troposphere in the Bay
of Bengal should be so dry during undisturbed
periods is unknown.

4) The radar systems aboard the Brown allowed an
unprecedented view of convection in the eastern
Indian Ocean.

o As in the Pacific warm pool region, propagating
large-scale convective elements dominate dis-
turbed periods amid deep stratiform environ-
ment. In both regions the convection possesses
a nocturnal maximum. However, propagation
of mesoscale convective elements is parallel to
the ambient wind field in the Pacific Ocean
whereas it is orthogonal to the ambient wind in
the eastern Indian Ocean/Bay of Bengal region.
In both locations, the elements appear to have
propagation speeds similar to inertial-gravity
modes and can persist for a number of days.

o Overall, despite the differences in propagation
characteristics, the observations suggest simi-
larity between organized convection in JASMINE
and TOGA COARE. This type of sloping
midlevel inflow transporting momentum
downward in the stratiform region was iden-
tified by Kingsmill and Houze (1999a) and

3) The atmospheric sounding data collected during Houze et al. (2000) from TOGA COARE ship
JASMINE provided the opportunity to compare and aircraft Doppler radar data. Houze et al.
the character of the atmosphere during active and (2000) determined that this midlevel down-
break periods in the eastern Indian Ocean and also ward inflow acted as a positive feedback en-
between similar periods that occurred during hancing the low-level westerlies in the warm
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pool intraseasonal oscillation. Thus, all the el-
ements of a positive momentum feedback ap-
pear to have been present in the Bay of Bengal
region.

Whereas JASMINE provided substantial insight
into the coupled ocean—atmosphere structure in the
eastern Indian Ocean region, there remain many un-
answered questions that require further investigation.
Some of these questions are highlighted below:

1) The intraseasonal variability observed during JAS-
MINE indicates very strong ocean-atmosphere
interactions in the Bay of Bengal and the eastern
Indian Ocean. But what is the impact of
intraseasonal wind forcing on the broaderscale
Indian Ocean and its overall heat balance?

2) Detailed observations of an intraseasonal oscilla-
tion during its mature phase in the Bay of Bengal
were made during JASMINE. But the oscillation
appears to be a basinwide phenomena (e.g.,
Lawrence and Webster 2002) propagating along
the equator before extending northward in the
eastern part of the Indian Ocean and the Bay of
Bengal. What are the processes that generate this
basinwide phenomenon and determine its west-
ward and northward speed of propagation?

3) There appears to be some similarity in the surface
fluxes and the tropospheric moisture distribution
between the undisturbed star-1 period and the
TOGA COARE period 1. From a detailed numeri-
cal modeling study, Parsons et al. (2000) was able
to suggest that subsiding dry continental air was
responsible for the suppressed convection over
the warm pool of the western Pacific. Are similar
controls occurring during monsoon break peri-
ods and is the source of subsiding midtropo-
spheric air at these times also of higher-latitude
continental origin?

4) The JASMINE observations suggest a very strong
interaction between the atmosphere and the ocean
on these timescales, which is both dynamical and
thermodynamical. Given that most atmosphere
general circulation models have a near absence of
intraseasonal oscillations in model simulations
(e.g., Slingo et al. 1996) it is hoped that the JAS-
MINE results will be used to define a modeling
strategy for the simulation of intraseasonal oscil-
lations. Given the degree of interaction between
the ocean and the atmosphere, as was observed in
JASMINE, it is likely that the modeling of
intraseasonal variability may have to employ a
coupled model strategy.
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The dataset obtained during JASMINE is unique
in the sense that it obtained time series of data in a
location of the Tropics in which few observations had
been made. Furthermore, JASMINE measured con-
currently the structure of the ocean, the ocean-
atmosphere interface, and the atmosphere including
clouds and convection. It is anticipated that these data
will be used to determine fundamental processes that
control how the ocean and the atmosphere interact
on intraseasonal timescales. The data collected will
also allow the fundamental rationale of JASMINE to
be addressed: the improvement of numerical simula-
tions and predictions of monsoon phenomena. From
an oceanic perspective, this goal is being approached
by attempting to replicate the JASMINE ocean obser-
vations (e.g., HWHL). Furthermore, work is currently
under way to compare single-column realizations of
ECMWF model output with column observations
from JASMINE. The aim of this comparison is to de-
termine commonalities and differences between in-
columnar heating in intensely convective regions.
This procedure is based on the hypothesis that
intraseasonal variability is absent from many numeri-
cal modes because convective available potential en-
ergy is released too quickly in numerical models and
does not build up to the levels encountered in the
undisturbed tropical atmosphere prior to the exist-
ence of an intraseasonal event (T. N. Palmer,
ECMWE, 2000, personal communication).

Based upon what was found in the JASMINE Pilot
Study and on the newly emerging ideas regarding
phenomenology in the Indian Ocean-monsoon regime,
several research plans are under consideration. One
is to conduct a more expansive survey of the coupled
ocean-atmosphere interaction on intraseasonal time-
scales in the central and eastern Indian Ocean dur-
ing 2003-04. The aim would be to obtain detailed
surface flux and evolving ocean and atmospheric
structures for a longer period during the established
summer monsoon. Major emphases might be on the
determination of the wider field responses of the up-
per ocean to intraseasonal atmospheric forcing and
the determination of the spatial and temporal patterns
of interface fluxes. The timing of a JASMINE II would
be crucial and tied to the maximum coverage of sat-
ellites during the 2002-05 period. The process study
is planned to take place within the Global Energy and
Water Cycle Experiment (GEWEX) Coordinated
Enhanced Observing Period (CEOPS). Another plan
is to develop an Indian Ocean monsoon observing
system to study and monitor the Indian Ocean zonal
mode or dipole (Webster et al. 1999; Saji et al. 1999;
Yu and Rienecker 1999, 2000). Such an effort requires



the maintenance of the XBT lines already in the In-
dian Ocean, the deployment of the Argo (profiling
temperature and salinity floats) array, and deploy-
ment of a tropical moored buoy array spanning the
Indian Ocean. These two major plans are being con-
sidered in detail by the Asian—Australian Monsoon
Panel of World Climate Research Programme’s Cli-
mate Variability and Predictability Study (CLIVAR).
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APPENDIX: JASMINE: OBSERVING INTRA-
SEASONAL OSCILLATIONS OF THE MON-
SOON. JASMINE was a bilateral effort of the United
States and Australia under the auspices of CLIVAR.
Four U.S. research groups and an Australian group
collaborated in the planning and execution of JAS-
MINE, each with specific responsibilities. The Uni-
versity of Colorado [Principal Investigator (PI): P. J.
Webster] and the NOAA Environmental Technology
Laboratory (NOAA/ETL PI: C. W. Fairall) were re-
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sponsible for the measurement of the air-sea fluxes.
The University of Hawaii group (PIs: P. Hacker, R.
Lukas, and E. Firing) was responsible for the measure-
ment and analysis of the upper-ocean temperature, sa-
linity, and velocity fields during the monsoon onset
period. The University of Washington group (PIs: R.
Houze Jr., S. Yuter, and Y. Serra) documented the
evolution of convection and its relationship to mon-
soon transitions. Both the University of Colorado/
NOAA-ETL and the University of Washington
groups maintained an upper-air sounding program
throughout JASMINE. These four principal research
groups used the Brown as their principal observing
platform. The fifth research group participating in
JASMINE was from the Australian CSIRO Marine
Sciences Division (PIs: J. S. Godfrey and E. F. Brad-
ley) that used the Franklin. They were responsible for
measuring upper-ocean heat, salt, and momentum
budgets; air-sea fluxes; and atmospheric structure
during the late summer monsoon. E. F. Bradley also
represented the Australian group aboard the Brown.
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