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Abstract

Accurate, year-long time series of winds, incoming shortwave and longwave radiation, air
and sea temperatures, relative humidity, barometric pressure, and precipitation were collected
from a surface mooring deployed off the coast of Oman along the climatological axis of the
Findlater Jet from October 1994 to October 1995. Wind stress, heat flux, and freshwater flux
were computed using bulk formulae. The Northeast Monsoon was characterized by steady but
moderate winds, clear skies, relatively dry air, and two months, December and January, in
which the ocean, on average, lost 45 Wm™? to the atmosphere. The Southwest Monsoon had
strong winds, cloudy skies, and moist air. Because of reduced latent and longwave heat loss, it
was accompanied by sustained oceanic heat gain, with the strongest monthly mean warming,
147 Wm™? in August.

Large differences are found between the observations and older climatologies. Recent
climatologies agree better with the observations. The means of the Southampton Oceanogra-
phy Center climatology for 1980-1995 are close to the buoy monthly means. Monthly means
from that climatology show that 1994-1995 was in general a typical year, with surface
meteorology and air—sea fluxes within one standard deviation of the long term means. Concur-
rent data from the NCEP, ECMWF, and FNMOC show that the models provide realistic
surface winds. FNMOC winds show that the timing and character of the onset of the Southwest
Monsoon in 1995 differed from 1994 and 1996 when variability within one month is resolved.
The models fail to replicate other observed surface meteorology and to produce realistic heat
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fluxes. Annual and monsoonal mean net heat fluxes from the models differed from those of the
buoy by 50 to 80 W m ™~ 2. Because of these differences, some care is warranted in selecting and
using air-sea flux fields in studies of the Arabian Sea. © 1998 Elsevier Science Ltd. All rights
reserved.

1. Introduction

The Arabian Sea is characterized by strong monsoonal surface forcing, which in the
summer as well as in the winter is accompanied by cooling of the oceanic surface
mixed layer. Many investigators have sought to understand and model the physical
and biological response of the ocean there to that forcing. However, the Arabian Sea is
also a data-sparse region; and the air-sea fluxes that comprise the atmospheric forcing
are not well known. Year-long time series of high quality, direct observations of the
near-surface meteorological variables and of the air—sea fluxes of heat, freshwater, and
momentum have not been available in the central Arabian Sea. Thus, there has been
some uncertainty about the role of local air-sea interaction in the observed annual
evolution of upper ocean properties, including sea surface temperature and mixed
layer depth. The possibility of error in present climatologies of wind stress and
heat flux also has led to uncertainty about the heat balance of the Arabian Sea as
a whole.

Recently, as part of a cooperative research effort in the Arabian Sea, we deployed
a surface buoy off the coast of Oman at 15.5°N, 61.5°E from October 1994 to October
1995. This was done to collect accurate time series of near-surface meteorology at
a site where some of the strongest winds associated with the Southwest Monsoon are
found. Sensors on the buoy measured the near-surface wind, incoming shortwave and
longwave radiation, barometric pressure, air temperature, sea surface temperature,
relative humidity, and precipitation. These observations allow time series of the wind
stress, latent heat flux, sensible heat flux, net shortwave radiation, net longwave
radiation, and freshwater flux to be determined.

In this paper these year-long time series of surface meteorology and air—sea fluxes
are used to describe with some certainty the atmospheric forcing at a point in
the Arabian Sea characterized by strong monsoon winds. In addition, to quantify the
difference between these observations and the forcing fields used in other studies, the
observations and fluxes are compared with historical data and with surface fields and
air-sea fluxes from numerical weather prediction models. The historical data include
the Hellerman and Rosenstein (1983) (hereafter referred to as Hellerman), Hastenrath
and Lamb (1979a, b) (hereafter referred to as Hastenrath), Wright (1988) and Ober-
huber (1988) (collectively hereafter referred to as Oberhuber), and UWM/COADS
climatologies (da Silva et al., 1994) as well as the recent Southampton Oceanography
Center analysis of the COADS reports from 1980 to 1995 (Josey et al., 1996, 1998)
(hereafter referred to as SOC 1980-1995). The numerical weather prediction
model data come from the operational analyses carried out at ECMWF (European
Centre for Medium Range Weather Forecasting) and FNMOC (Fleet Numerical
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Meteorology and Oceanography Center) and the reanalysis conducted at NCEP
(National Centers for Environmental Prediction). The buoy data were not included in
either the observations used to create the climatologies or the surface meteorological
data assimilated by the models.

2. Arabian Sea surface buoy

The location chosen for the surface mooring, 15.5°N, 61.5°E, was close to the
climatological maximum in the wind speed during the height of the Southwest
Monsoon. Two separate mooring deployments, the first beginning October 15, 1994,
and ending April 20, 1995, and the second starting April 22, 1995, and ending October
10, 1995, were used so that a second set of freshly calibrated sensors was deployed
prior to the onset of the Southwest Monsoon. A brief discussion of the meteorological
instrumentation is provided here; more information about the design of the mooring,
the deployment cruises, and the moored instrumentation is provided in Trask and
Weller (1995), Trask et al. (1995a,b). Ostrom et al. (1996), and Baumgartner et al.
(1997).

The 3-m diameter surface buoy (Fig. 1) carried two separate, complete meteorologi-
cal instrument packages and a third package that measured just humidity and air
temperature. Table 1 summarizes the sensors associated with the different instru-
ments, their heights and sampling characteristics. One instrument was the Vector-
Averaging Wind Recorder or VAWR (Weller et al., 1990), recording every 7.5 min;
and the other was the Improved Meteorological Recorder or IMET (Hosom et al,,
1995), recording every minute. The additional Rotronic MP-100 humidity and
air temperature sensor was sampled by a third, independent or “stand-alone” data
logger.

The shortwave and longwave radiometers were the highest sensors, located away
from shadows. The Eppley longwave radiometers were modified so that thermopile,
body, and dome temperatures could be recorded and, in later processing, used for
computing incoming longwave radiation. The buoy was fitted with a large vane so
that it would have a preferred orientation with respect to the wind. The sensors
needing ventilation (air temperature and relative humidity) and undisturbed airflow
(wind speed and wind direction) were placed on the windward side of the buoy. In low
winds the buoy vane does not always develop sufficient torque to bring the front face
of the sensor array into the wind, and the passive Gill multiplate radiation shields
(Gill, 1983) do not entirely prevent radiative heating from influencing the air temper-
ature measurements (Payne, 1987). To overcome these problems, which were likely to
occur in the intermonsoon periods, an additional air temperature sensor was installed
with an electrically driven fan to provide aspiration. As space on the buoys for
batteries was limited, there was only power to run the aspirator for approximately the
first two months of each deployment, when low wind and significant radiative heating
errors were anticipated. Anderson and Baumgartner (1998) developed the empirical
algorithm used here to correct the non-aspirated air temperature, reducing the
radiative heating error to at most 0.3°C.
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Fig. 1. Line drawing of the buoy deployed in the Arabian Sea, showing meteorological sensors on the
superstructure and shallow ocean temperature sensors to the side and below the hull.

The performance of the meteorological instruments and individual sensors was
examined by comparison with separate transfer standards in Woods Hole prior to
shipment, after re-assembly in the port of Muscat in Oman, at sea just following
deployment, and just prior to recovery. In Woods Hole, before and after the deploy-
ments, all sensors were recalibrated in the laboratory except for the radiometers,
which were returned to Eppley for recalibration, In addition, the shortwave
radiometers were sent to the Electric Power Research Institute in Colorado for
comparison with their standard radiometers. No significant shifts in any calibrations
were observed, and the data were processed using the pre-deployment calibrations.
Checks of the quality of the processed data were made by comparing the VAWR,
IMET, and stand-alone data sets. Shipboard meteorological data were collected
immediately following buoy deployments and just prior to buoy recoveries using
both a set of recently calibrated meteorological sensors mounted on the jackstaff of
the R/V Thomas Thompson and the ship’s standard set of IMET sensors. These
observations provided an independent data set that was compared to the data from
the buoy.
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Table 1

Summary of meteorological sensors deployed on the WHOI buoy. Heights are reported in meters above the
mean water line. The rate at which data was recorded was every 7.5 min for the VAWR and every 1 min for
the IMET. Most measurements are an average over the recording period; but some, as noted in the table,
are an average over a shorter interval within the recording period

Parameter Sensor Height (m) Sampling characteristics
VAWR

Air temperature thermistor 2.68 1.875 min average
Relative humidity Viisdla Humicap 2.69 3.515 s sample
Barometric pressure Paroscientific Digiquartz 2.76 2.636 s sample

Wind speed/direction cup/vane 3.63/3.07 7.5 min vector average
Shortwave radiation Eppley 8-48 3.42 7.5 min average
Longwave radiation Eppley PIR 3.42 7.5 min average

Sea temperature thermistor 0.92 1.875 min average
IMET

Air temperature Platinum resistance 2.74 1 min average
Relative humidity Rotronic MP-100 2.74 1 min average
Barometric pressure AIR DB-1A 2.77 1 min average

Wind speed/direction R.M. Young 5103 3.16 1 min vector average
Shortwave radiation Eppley PSP 342 1 min average
Longwave radiation Eppley PIR 342 1 min average
Precipitation R.M. Young siphon 3.14 1 min sample
Aspirated air temperature Platinum resistance 2.20 1 min average
Stand-alone

Air temperature Rotronic MP-100 2.98 3.5 s sample
Relative humidity Rotronic MP-100 2.98 3.5 s sample

Only one sensor failed, and this was the barometric pressure sensor on the VAWR
used in the second deployment. From the IMET and VAWR data, the best time series
were selected and used to make one set of time series of surface meteorology with
7.5 min sampling. The choice of which data were best was based both on sensor
performance and on minimizing error in quantities to be computed from the basic
observations. For example, the IMET longwave radiation sensors showed greater
error due to heating by the sunlight, so the VAWR longwave data were used. In the
case of relative humidity, the IMET relative humidity time series was selected because
that sensor had a collocated temperature sensor and allowed a more accurate
computation of specific humidity. More detail about the preparation of the one-year
meteorological time series is provided in Baumgartner et al. (1997).

The calibrations and comparisons, together with previous experience in the TOGA
Coupled Ocean Atmosphere Response Experiment (COARE) (Weller and Anderson,
1996), led to the summary of measurement accuracy for monthly means provided by
Table 2. The air-sea fluxes were computed following procedures summarized in
Weller and Anderson (1996), with the sign convention that a negative value for heat
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flux indicates oceanic heat loss. Wind stress, latent heat flux, and sensible heat flux
were calculated using version 2.5 of the bulk formulae developed during COARE,
described by Fairall et al. (1996a). For the flux computations the shallowest (0.17 m)
temperature observations were extrapolated to the surface to obtain a skin temper-
ature (Fairall et al., 1996b). Net shortwave radiation was computed from incoming
shortwave radiation using a variable albedo based on the solar elevation angle and an
atmospheric transmittance of 0.720 (Payne, 1972). Net longwave radiation was com-
puted by subtracting an estimate of the outgoing longwave, LWt =eaT* +
(1 — ¢)LW|, from the measured incoming longwave, LW |, where the emissivity, ¢, was
chosen to be 0.97, and ¢ is the Stefan—Boltzmann constant (5.67 x 10”3 Wm ™ 2K ™4).
Freshwater flux was calculated by combining the observed precipitation rate with
evaporation calculated from the latent heat flux.

3. Meteorology and air-sea fluxes at the buoy

Both sea and air temperature showed two periods of cooling, December 1994
through February 1995 and from June 1995 through July 1995. This can be seen in
both the time series of surface meteorology (Fig. 2) and in monthly means of those
time series (Table 3). The high wind stress of the Southwest Monsoon is evident in the
times series of the air-sea fluxes (Fig. 3) and in the monthly means of the observed

Table 2
Abbreviations, units and estimated accuracies of the meteorological observables and air-sea fluxes

Parameter Units Abbreviation Typical accuracy

Meteorological observables

Wind speed ms™ ! U 5%

Wind direction Degrees WD 10°
Barometric pressure mbar BP 0.5 mbar
Air temperature °C AT 0.1°C

Sea surface temperature °C SST 0.1°C
Incoming shortwave radiation Wm™? SwW| 3%
Incoming longwave radiation Wm™? Lw| 10Wm™?
Relative Humidity Yo RH 4%

Specific Humidity gkg™! SH 02gkg™!
Precipitation mmh™? P 0.0l mmh™!

Air-sea fluxes

Sensible heat flux Wm™? Q.. 2Wm™?
Latent heat flux Wm™? » 5Wm™?
Net shortwave radiation Wm? SW_., 10Wm™?
Net longwave radiation Wm~2 LW, S5Wm™?
Net heat flux Wm?2 Q... 15Wm™?
Wind stress Nm™? 7] 001 Nm™?

Freshwater Flux mmh™! E-P 001 mmh™*
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Fig. 2. Time series of meteorological observables from the Arabian Sea buoy. From top to bottom,
overplot of wind speed (black) and wind direction (gray, toward, so that 0° is flow to the north and 90° is
flow to the east), overplot of air (black) and sea surface (gray) temperatures, overplot of relative (solid) and
specific (gray) humidities, barometric pressure, overplot of incoming longwave radiation (gray) and
incoming shortwave radiation (solid), and precipitation rate. All are one-hour averages, except incoming
shortwave and longwave, which have been low-pass filtered with a 48-h running mean.
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Table 3
Monthly averaged values and the annual (October 1994-October 1995) means of the meteorological
observables from the WHOI mooring at 15.5°N, 61.5°E

Month U WD AT SST RH SH BP SW| Lw| P

Oct. 94° 529 234 2724 2791 710 17.55  1011.6 250.5 3939  0.0557
Nov. %4 626 237 2723 2152 756 17.01 1012.7 2372 3908  0.0099
Dec. 94 6.64 227 2553 2634 671 13.59 1015.8 2219 3770 0.0005
Jan. 95 603 223 2421 2530 676 12.61 1015.8 2370 367.1  0.0004
Feb. 95 395 227 2419 2535 699 13.00 1014.1 270.5 3672  0.0000
Mar. 95 426 226 2530 2625 732 1447  1013.2 3006 3729  0.0000

Apr. 95 317 226 2719 2847 740 16.46 1011.2 3189 3832  0.0000
May. 95 446 103 2886 2984 759 18.73 1008.7 3135 4067  0.0000
Jun. 95 9.91 66 2925 2945 823 20.69 10052 2648 4364  0.0008

Jul. 95 12.37 54 2742 2700 863 19.37  1002.5 198.1 4406  0.0004
Aug. 95 9.33 50 2646 2593 896 18.94  1006.2 2302 4320  0.0000

Sep. 95 6.82 66 2677 2721 87.5 18.90 10094 255.6 4216  0.0230
Oct. 95° 3.88 108 27.26 2841 80.6 18.16 10104 2590 4067  0.0000
Annual 6.50 157 2665 2724 774 16.83 1010.4 2580 4000  0.0053

®Includes data from October 16, 1994, to October 31, 1994, only.
bIncludes data from October 1, 1995, to October 19, 1995, only.

fluxes (Table 4). The Northeast Monsoon (averages from November 1, 1994 to
February 15, 1995 are given in Table 5) was characterized by steady but moderate
winds, clear skies, relatively dry air, and two months, December and January, in which
the ocean, on average, lost 45 Wm™? to the atmosphere. The Southwest Monsoon
(averages from June 1 to September 15, 1995 are given in Table 5) had strong winds,
cloudy skies, and moist air. Because of reduced latent and longwave heat loss, it was
accompanied by sustained oceanic heat gain, with the strongest monthly mean
warming, 147 Wm ™2, in August.

The variability associated with the monsoons was a major signal in the observed
surface meteorology, though an annual cycle was seen in the incoming shortwave
radiation. Wind direction was towards the southwest, at an average heading of 228°,
during the Northeast Monsoon; and wind speed averaged 6.05ms™'. Wind speeds
were lower and wind direction more variable during the March through May
intermonsoon period. At the onset of the Southwest Monsoon the wind speed rose
initially in early May, then became light, before rising again in early June. The timing
of both wind speed increases matches that found by Fieux and Stommel (1977) during
years they characterize as having multiple onsets. During the Southwest Monsoon
wind speed averaged 10.16 ms™' and wind direction, 57°. Peak wind speeds during
the Northeast Monsoon were 10.9 ms™' on January 16, 1995 and during the South-
west Monsoon, 18.3ms™ ! on July 21, 1995. The wind direction was very steady
during the Southwest Monsoon,; the ratio of vector to scalar wind speeds was 0.987
and the standard deviation of the scalar wind speed was 2.72ms ™" or 26.8% of the
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Fig. 3. Time series of the air—sea fluxes computed using the data in Fig. 2 and bulk formulae. From top to
bottom, the magnitude of the wind stress, net heat flux, time-integrated net freshwater fiux (E-P), sensible
heat flux, latent heat flux, net longwave radiation, and net shortwave radiation. All are one-hour averages
except net heat flux and net shortwave and longwave radiation, which have been low-pass filtered with
a 48-h running mean. Positive heat fluxes indicate ocean heating.
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Table 4
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Monthly averaged values and the annual (October 1994—October 1995) means of the estimated air-sea
fluxes at the WHOI mooring at 15.5°N, 61.5°E

Month [zl Qsen Qlat Swnet Lwnﬂ Qnex E-p

QOct. 94° 0.0597 -39 —120.5 2359 —68.4 43.0 0.1212
Nov. 94 0.0724 0.0 —136.2 222.1 —69.1 16.8 0.1900
Dec. 94 0.0860 —-57 —196.9 206.7 —75.1 —71.0 0.2886
Jan. 95 0.0662 —-7.6 —171.0 221.3 —78.6 —36.0 0.2506
Feb. 95 0.0291 —54 —110.7 254.0 —78.8 59.1 0.1625
Mar. 95 0.0354 —4.2 —112.1 2839 —78.7 88.8 0.1646
Apr. 95 0.0191 —-50 —97.8 301.9 —81.8 117.3 0.1435
May. 95 0.0436 -37 —1149 297.0 —674 1110 0.1686
Jun. 95 0.2123 0.1 —165.5 251.0 —37.0 48.7 0.2421
Jul. 95 0.3248 9.0 —1224 188.0 —18.6 56.0 0.1792
Aug. 95 0.1706 8.9 —59.8 2188 —20.8 147.0 0.0877
Sep. 95 0.1008 —18 —80.7 2421 —38.0 121.6 0.0954
Oct. 95° 0.0266 —-56 —87.2 2443 —59.0 924 0.1280
Annual 0.1007 -1.7 —122.6 2433 —58.7 60.3 0.1747

*Includes data from October 16, 1994, to October 31, 1994, only.
®Includes data from October 1, 1995, to October 19, 1995, only.

Table 5

Average values of the meteorological observables and air-sea fluxes for the Northeast Monsoon (November
1, 1994, through February 15, 1995, inclusive), and the Southwest Monsoon (June 1 through September 15,

1995, inclusive)

Variable NE Monsoon SW Monsoon
Observables
U 6.05 10.16
WD 228 57
AT 2543 27.54
SST 26.21 27.34
RH 70.3 86.4
SH 14.23 19.54
BP 1014.8 1005.2
SW| 2373 232.0
LW]| 376.0 435.1
P 0.0030 0.0012
Air-sea fluxes
|| 0.0693 0.2221
0.n —4.7 5.3

N ~161.3 —110.0
SW.., 221.8 220.2
LW, ., -754 —26.0
Q. —-19.7 89.5
E-P 0.2337 0.1603
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mean. During the Northeast Monsoon the ratio of vector to scalar wind speeds was
0.937, and the standard deviation was 1.61 ms~! or 26.6% of the mean.

Low-passed, incoming shortwave radiation showed an annual cycle with a max-
imum during the intermonsoon in April. The observed annual variability in the
low-passed incoming shortwave was only roughly approximated by low-passed, clear
sky, incoming shortwave radiation calculated from the formulae in the Smithsonian
Meteorological Tables (List, 1984) using an atmospheric transmission coefficient of
0.72 (Fig. 4). From October 1994 to mid-April 1995 the calculated and observed daily
integrated incoming shortwave radiation agreed to within approximately 10%. How-
ever, the difference between the observed and calculated shortwave was large during
the Southwest Monsoon due to increased cloud cover. Incoming longwave radiation
varied over the year, averaging to 390 Wm™? from the deployment in October
through to the intermonsoon in May and then rising to an average of 435 Wm ™2
during the Southwest Monsoon.

Humidity was lowest and showed considerable variability (standard deviation of
8.0%) during the Northeast Monsoon, when relative humidity dropped at one point
to 47.3% (specific humidity to 8.6 g kg~ ') and averaged 70.3%. In contrast, the
average relative humidity during the Southwest Monsoon was higher at 86.4%, rose
steadily from June through late August, and had much less variability (standard
deviation of 3.5%). Rain was observed only during the fall in association with synoptic
weather events. There were a total of six such occasions, in October and November
1994 and in September 1995. The most dramatic such event, a low pressure system in
October 1994, had 21.4 mm of accumulated rain, winds in excess of 17 ms™ !, and

dense cloud cover associated with it. Total accumulated rainfall over the year was
46.6 mm.

304 r

251 h {W\/\\“ .

204 r

Daily Insolation (10°J m?)

T T T T T T T T T T T T

Oct Nov Dec Jan Feb Mar Apr May Jun Jul Aung Sep Oct Nov
1994 1995

Fig. 4. Comparison of the daily-integrated, clear-sky incoming shortwave radiation computed for 15.5°N,
61.5°E (thicker, gray line) using an atmospheric transmission coefficient of 0.72 with the observed daily-
integrated incoming shortwave radiation (thin, black line).
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Variability in the air—sea fluxes also showed monsoonal and annual signals. The
wind stress peaked in July during the Southwest Monsoon. Air temperature was
typically cooler (0.59°C on average) than the sea surface temperature with the
exception of the period from mid-July through to the beginning of September (the
height of the Southwest Monsoon), when the air temperature was up to 1.71°C and,
on average, 0.36°C warmer than the sea surface temperature. Thus, the sensible heat
flux, while relatively small in both monsoons, was of opposite sign. Latent heat flux
was large throughout the Northeast Monsoon. During the Southwest Monsoon
it initially increased with the wind speed, but dropped to close to zero in late July.
In contrast to net longwave radiation, which decreased by 50 Wm™? during
the Southwest Monsoon, the average net shortwave radiation had essentially the
same value during the two monsoons. With only brief rain events each fall, the
freshwater flux (E-P) was dominated by evaporation and had an annual mean of
0.17Smmh™ 1.

Over the whole year, the low-passed net heat flux was negative (oceanic heat
loss) during the isolated storm in October 1994, during late November, from
early December through mid-January, again later in mid-January, for brief periods
in February and March, for two periods of several days each during June and
July, and again once in October 1995. The mean net heat flux for the Northeast
Monsoon (Table 5) was an oceanic loss, —19.7 Wm™ 2, while that during the
Southwest Monsoon was an oceanic gain, 89.5 Wm ™2 The heat gain of the South-
west Monsoon resulted largely from reductions in both the latent heat loss and in
the net longwave radiative loss relative to those seen during the Northeast
Monsoon. The largest oceanic heat gains of the whole year, as indicated by the
low-passed net heat fluxes, were in fact observed in the later half of the Southwest
Monsoon.

Air-sea temperature and humidity differences and cloud cover, as well as wind
speed, contributed to the variability observed in the air—sea fluxes. Throughout the
Northeast Monsoon, the sea surface temperature was warmer than the air temper-
ature. With the relatively dry air off Asia cooler than the sea surface temperature,
a strong near-surface gradient in specific humidity (the average difference between the
observed and saturated specific humidity was —6.6 gkg™ ') was maintained and the
latent heat loss was large even though wind speeds were moderate. In contrast, during
the Southwest Monsoon the air arriving at the mooring was moister and close to, and
at times warmer than, the sea surface temperature. That sea-surface temperature was
also warmer than during the Northeast Monsoon. As a result, the near-surface specific
humidity gradient during the Southwest Monsoon was small (the average difference
between the observed and the saturated specific humidity was —2.9 gkg™'), parti-
cularly so when the air temperature was warmer than the sea surface temperature, and
thus the latent heat flux was reduced even though the wind speeds were much greater
than during the Northeast Monsoon. Cloudy, moist conditions also reduced the net
longwave heat loss by the ocean. In spite of strong winds during the Southwest
Monsoon, only on two occasions did increased cloud cover and reduction in net
shortwave radiation shift the daily-averaged net heat flux to oceanic loss, and then
only for several days in duration.
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4. Comparisons with ship-based and model fields

In this section the buoy observations are compared against data from various
other sources. First, the differences between various climatologies (whose mean
fields are built up primarily from many years of ship reports) and the buoy ob-
servations are examined, focusing on the monsoon periods (Section 4.1). When
looking at a particular year instead of average conditions, the surface meteorology
and air-sea fluxes from numerical weather prediction models provide convenient,
gridded fields with good temporal resolution. To examine how well models replicate
the observations, the buoy time series are also compared (Section 4.2) with concurrent
time series from the ECMWF, NCEP, and FNMOC numerical weather prediction
models.

4.1.Comparison with climatological data

While the several climatologies chosen as representative have seen frequent use, the
SOC 1980-1995 flux data set may be less familiar. The SOC 1980-1995 fields result
from the analysis of an enhanced COADS data set for the period 1980-1995 contain-
ing additional metadata describing observing procedures on the reporting ships that
has allowed various observational biases to be removed. The SOC 1980-1995 data
used here are an extended version of those used to produce the SOC climatology
(Josey et al., 1998) based on the period 1980-1993. The two-year extension allows us
to address the question of whether the buoy deployment period was typical. The SOC
1980-1995 data used here were obtained by extracting and averaging the 25 1° x 1°,
analyzed, mean values contained within a 5° square centered on the buoy. Additional
comparisons, not presented here, were done for the single 1° x 1° square centered on
the buoy; and similar results were obtained although the time series tended to be more
noisy due to the low sampling at this resolution. The Hellerman wind stresses and
Oberhuber surface meteorology and fluxes come from a 2° x 2° box centered at 15°N,
61°E, 41.7 km away from the mooring site. The Hastenrath and the UWM/COADS
data come from a 1° x 1° box centered on the mooring.

These various climatologies differ in the annual mean (Table 6) and during both
monsoons (Table 7). To simplify calculations using monthly values, the two monsoon
periods were defined for this comparison to be November, December, and January for
the Northeast Monsoon and June, July, and August for the Southwest Monsoon. Also
included in Table 7 are the buoy means for the same periods in 1994-1995 together
with the means of the SOC data for 1994-1995 (hereafter referred to as SOC
1994-1995). Interpretation of Tables 6 and 7 is made difficult because different
methods and sampling periods have been used to produce each of the climatologies.
In addition, the buoy data only sampled a one year period. However, interesting
conclusions still can be drawn, particularly about biases in some of the climatologies.
This is not a detailed comparison of the different climatologies in terms of
methods used for their generation; our goal is to identify major differences in the
picture of the net heat exchange in this region that would result from using these
different climatologies.
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Table 6

Annual means of the meteorological observables and air—sea fluxes from the buoy and the climatologies.
Data from SOC for the period matching the buoy deployment is labeled SOC 1994-1995, while the
climatological means are SOC 1980-1995. UWM/COADS constrained heat flux is in parentheses

1994-1995 Climatology
Buoy SOC SOC UwM Hastenrath Oberhuber
1994-1995 19801995 COADS
U om 7.1 7.6 7.3 6.2 5.8 6.7
WD 157 164 153 150 173
AT,,. 26.6 26.6 264 26.8 26.4 26.8
SST 272 269 27.0 27.0 26.6 27.0
RH,,.. 75.8 79.8 78.8 79.0 783 789
SH .. 16.4 17.2 16.8 17.2 16.7 17.2
BP 10104 1010.8 1010.9 1010.6 1010.5 1010.5
P 0.0053 0.0053 0.0234 0.0279 0.0317
|7 0.1007 0.1166 0.1080 0.0869
Q... —-1.7 —12 —-27 28 -0.2 0.0
Lt —122.6 —1127 —1173 —112.0 —107.9 —113.6

SW ., 2433 241.1 240.0 243.5 199.2 202.3
LW _, —58.7 —66.0 —68.3 —51.5 —62.1 —51.1
[ . 60.3 613 51.6 77.3 (39.0) 29.0 379
E-P 0.1747 0.1600 0.1488 0.1380 0.1254

Note: The Hellerman and Rosenstein (1983) value for |7/ is 0.1308 Nm 2.

Table 7a
Observed and climatological means during the Northeast Monsoon (November, December, and January).
UWM/COADS constrained heat flux is in parentheses

1994-1995 Climatology
Buoy SOC SOC UwM Hastenrath Oberhuber
1994-1995 1980-1995 COADS
U, om 6.9 6.8 6.3 5.5 5.2 5.6
WD 229 225 222 219 222
AT, om 255 259 254 25.8 253 259
SST 264 26.1 26.3 26.3 260 264
RH, . 68.3 72.5 74.1 733 70.0 73.5
SH, o, 138 14.9 14.8 150 138 15.2
BP 1014.8 1015.6 1014.8 1014.7 1014.6 1014.4
P 0.0035 0.0083 0.0167 0.0207 0.0308
|7 0.0749 0.0675 0.0598 0.0502
Q.. —45 -1.2 -53 —6.4 —53 —36
Lt —168.4 —150.2 —145.8 —-141.4 —1233 —128.3

SW_., 216.6 188.3 195.7 192.8 168.3 165.9
LW, —74.3 —76.2 —81.9 —62.2 717 —59.8
0ot —30.6 -394 —373 —17.3(—54.5) —320 —25.7
E-P 0.2436 0.2122 0.1973 0.1886 0.1453

Note: The Hellerman and Rosenstein (1983) value for |z| in the NE monsoon is 0.0668 N m ™ 2.
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Table 7b
Observed and climatological means during the Southwest Monsoon (June, July, and August).
UWM/COADS constrained heat flux is in parentheses

1994-1995 Climatology
Buoy sSOcC SOC UwM Hastenrath Oberhuber
1994--1995 1980-1995 COADS

Uiom 11.6 12.7 124 125 12.0 12.5
WD 57 51 52 53 48
AT, 277 27.4 27.2 274 269 272
SST 274 272 27.1 27.1 26.8 269
RH,,. 84.3 86.8 833 85.3 87.3 84.5
SH,,.. 194 19.6 18.6 19.3 19.2 189
BP 1004.6 1005.0 1005.5 1004.7 1004.7 1004.9
P 0.0004 0.0093 0.0462 0.0440 0.0471
|7] 0.2362 0.3007 0.2843 0.2370
0... 6.0 40 2.6 26 8.0 6.9
0., —115.3 —115.6 —1280 —1228 —146.7 —166.2
SW._., 2189 240.3 229.0 231.8 171.7 192.8
LW_, —254 —414 —39.7 —339 —45.0 —36.8
0. 84.3 87.3 64.0 717 (36.5) —120 -33
E-P 0.1689 0.1603 0.1417 0.1381 0.1820

Note: The Hellerman and Rosenstein (1983) value for || in the SW Monsoon is 0.3779 Nm™2.

The climatological means of the meteorological variables are mostly in broad
agreement and the differences between their monthly means and those of the buoy
data show similar patterns of variability over the annual cycle (Fig. 5). The SOC
1980-1995 mean wind speed in the Northeast Monsoon (6.3 ms™ ') is typically about
10% greater than that found in the other climatologies, but not during the Southwest
Monsoon. The differences among the climatological monthly means in the sea surface
and air temperatures are up to 0.5°C, and in the air—sea temperature differences are up
to 0.4°C. Differences in monthly mean specific humidity reach 2 gkg™! but are
typically between 0.5 and 1 gkg™*.

Larger differences are found among the climatological fluxes due to the various
empirical formulae employed (Fig. 6). Better general agreement is seen between the
buoy and SOC 1980-1995 fluxes, particularly the net heat flux, than between the buoy
and other climatologies. The large magnitude of the wind stress obtained by Heller-
man for the Southwest Monsoon, 0.380 Nm ™2, is probably due to their use of
a simple drag coeflicient parameterization, which has values at high wind speeds that
are significantly greater than those obtained with detailed experimental analyses
(Smith, 1980). Differences in the monthly means of the sensible heat flux are small,
under 10 Wm ™ 2. Sensible heat flux is a relatively small term in the overall heat budget
in all of the climatologies considered.

The dominant terms in the heat exchange, latent heat flux and shortwave radiation,
show larger differences. The various estimates of the latent heat flux range from — 120
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Fig. 5. Overplots of the differences between monthly means of the buoy observations and the
UWM/COADS, Hastenrath, Oberhuber, and SOC 1980-1995 climatologies. The difference is computed as

(climatology-buoy value). Different symbols and line types are used as indicated in the overplot of the wind
speeds.

to —150 Wm~? during each monsoon, though Oberhuber shows more loss in the
Southwest Monsoon. The SOC 1980-1995 and UWM/COADS latent heat fluxes
(computed using stability dependent parameterizations of the transfer coeflicients for
the heat loss rather than the constant value used in Hastenrath) are closer to the buoy
monthly means. The monthly cloud cover values from UWM/COADS, Hastenrath,
and Oberhuber show large increases in cloud cover from May to August, consistent
with the reduction in incoming shortwave radiation seen at the buoy during the
Southwest Monsoon. Climatological estimates of the net shortwave radiation range
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Fig. 6. Overplots of the differences between monthly mean fluxes at the buoy and the UWM/COADS,
Oberhuber, Hastenrath, SOC 1980-1995, and Hellerman climatologies. The difference is computed as

(climatology-buoy value). Different symbols and line types are used as indicated in the overplot of the
sensible heat fluxes.

from 166 to 196 W m ™ for the Northeast Monsoon and from 172 to 232 Wm ™2 for
the Southwest. There is a distinct difference between the Oberhuber and Hastenrath
climatologies and the SOC 1980-1995 and UWM/COADS climatologies; the earlier
chmatologles have monthly means of net shortwave radiation that are lower by
20-50 W m ™ 2, The buoy monthly means agree better with the higher values found in
the SOC 1980-1995 and UWM/COADS analyses.

Differences in the net longwave radiation are smaller but still significant, as their
value can change the sign of the net heat flux. Estimates of the longwave radiation in
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the Northeast Monsoon range from —60 to —82Wm 2 and from —34 to
—45Wm™? in the Southwest Monsoon. The SOC 1980-1995 estimates of net
longwave radiation used in the current analysis were obtained with the Bignami et al.
(1995) formula, which is based on measurements made in the Mediterranean Sea with
an appreciable proportion of clear sky conditions. We note that the formula of Clark
et al. (1974) is thought to be more applicable under mid-latitude, high cloud cover
conditions (Josey et al., 1997) and was used to produce a 1980-1993 global SOC
climatology (Josey et al., 1998). The close agreement between the buoy measured net
longwave radiation (—74.3 Wm ~?) for the Northeast Monsoon and the SOC 1994
1995 estimate (— 76.2 W m ™ ?) suggests that the Bignami et al. (1995) formula is indeed
the more appropriate choice under conditions of low cloud cover. The greater cloud
cover conditions experienced at the buoy during the Southwest Monsoon led all of the
climatological estimates for the net longwave radiation to be greater losses than the
buoy value by —10to —20 Wm ™2,

Of particular interest is the net atmosphere—ocean heat flux during the two
monsoons. During the Northeast Monsoon the climatological estimates all indicate
a heat loss by the ocean of between —17 and —37 W m ™ %; the values from the buoy
and SOC 1994-1995 are losses of —30.6 and —39.4 Wm™?, respectively. The
situation is somewhat different during the Southwest Monsoon. The buoy shows
a significant heat gain by the ocean of 84.3 W m ™2, in close agreement with the SOC
1994-1995 value, 87.3 Wm ™ 2. The climatological estimates from UWM/COADS
(77.7 Wm™?) and SOC 1980-1995 (64.0 W m ~?) are smaller but still indicate a signifi-
cant heat gain during the Southwest Monsoon. In contrast, both the Hastenrath and
the Oberhuber analyses indicate heat loss with values of —12.0 and —3.3 Wm™?,
respectively. The reason for this difference lies principally in the weaker shortwave
gain and stronger latent heat loss in the older climatological analyses. Finally, note
that the value in parentheses in the UWM/COADS column in the tables is the
“constrained” net heat flux, which has been determined by adjusting the various
components of the heat flux within the framework of a simple linear inverse analysis
with the constraint that the global net heat flux must average to zero. With this
approach values of —54.5 and 36.5 Wm™?2 are obtained for the climatological
Northeast and Southwest Monsoons, respectively, leading to greater disagreement
with the buoy estimates than was the case with the original unconstrained estimates.

The freshwater flux is dominated by evaporation. In the SOC 1980-1995,
UWM/COADS, and Oberhuber climatologies the annual average precipitation rates
are between 16 and 25% of the freshwater flux. The annual precipitation rate observed
at the buoy was only 3% of the freshwater flux. The climatological rain rates are 4 to
6 times larger than the buoy precipitation rate; and, in spite of the dominance of
evaporation, these rain rate differences contribute significantly to the difference
between the buoy and the climatological freshwater flux. The remainder of the
difference stems from biases in the climatological latent heat fluxes, which are
especially apparent in the comparison of the fluxes during the Northeast and South-
west Monsoons (Tables 7a and 7b). Both SOC 1980-1995 and UWM/COADS
indicated a larger freshwater flux during the Northeast Monsoon than during the
Southwest Monsoon while Oberhuber indicated the opposite. The buoy observations
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and SOC 1994-1995 showed much less precipitation than the climatologies during
both monsoons, but support the SOC 1980-1995 and UWM/COADS climatologies
with larger freshwater fluxes during the Northeast Monsoon than during the South-
west Monsoon.

4.2. Comparison with concurrent fields

The buoy meteorological data and air—sea fluxes were compared to the concurrent
surface meteorology and air—sea fluxes from SOC 1994-1995 as well as from numer-
ical weather prediction models from ECMWF, NCEP, and FNMOC. This compari-
son was done, in part, to learn how best to assemble forcing fields for the Arabian Sea
in 1994-1995 that would be, at the mooring site, close to and consistent with the buoy
observations.

The NCEP data come from the recent reanalysis; but, because the recent ECMWF
reanalysis was done only up through 1993, ECMWF operational analysis fields were
used. Only winds and wind stresses from the FNMOC analysis fields were included, as
the air-sea fluxes from this center were not archived, and a reanalysis has not been
done. In each comparison, data were obtained from the model grid point nearest to
the location of the mooring, every 6 h (ECMWF, NCEP) or 12 h (FNMOC) for a time
interval that included the period of the buoy deployment. For ECMWF, the grid
point was 15.14°N, 61.875°E, 56.7 km from the buoy; for NCEP, the grid point was
16.19°N, 61.875°E, 86.6 km from the buoy; and for FNMOC model the grid point was
15.5°N, 61.3°E, 21.4 km from the buoy. For the comparisons, the buoy winds were
extrapolated to 10 m and the air temperatures and humidities to 2 m to match the
models. This was done using boundary-layer profiles computed using the Fairall et al.
(1996a) bulk flux algorithm. Monthly means were computed from the numerical
weather prediction data and, in addition, the 6- and 12-hourly model data were
compared with buoy data subsampled every 6 and 12 h.

Figs. 7 and 8 show overplots of the differences between monthly means of these data
sets and the buoy time series from October 1994 through October 1995. Tables 8
and 9 provide a quantitative summary of the annual means and averages over each of
the monsoons. The model and observed wind speeds are close, within approximately
0.5ms ™!, during the Northeast Monsoon. The ECMWF wind speeds are close to the
buoy winds during both the monsoons but show differences during the intermon-
soons. During the Southwest Monsoon, the NCEP and FNMOC winds are 1-2 ms~ 1
lower than observed. The SOC 19941995 winds are stronger than all others during
the height of the Southwest Monsoon. NCEP wind stress is closest to that observed in
the Northeast Monsoon, but all three models underestimate the wind stress during the
first two months of the Southwest Monsoon, with ECMWF coming closest to the
buoy stresses. Barometric pressure agrees well among the buoy, SOC 19941995, and
the models; the standard deviation of the monthly differences of each from their mean
for that month is 0.63 mb. The NCEP air temperature is low compared to the
observed, SOC 1994-1995, and ECMWF air temperatures from October 1994
through May 1995, and the bias is largest, approximately 1°C, in December, January,
and February. The model monthly mean sea surface temperatures are close to those
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observed at the buoy. ECMWF, for example, which uses the Reynolds sea surface
temperature field (Reynolds and Smith, 1994, 1995), shows a mean offset from the
buoy of —0.05°C. The SOC 1994-1995 and model monthly mean specific humidities
are higher than those observed during the Northeast Monsoon by nearly 1 gkg™*,
and ECMWF humidities are drier than those of the buoy and NCEP in September
and October by about the same amount.

Both the NCEP and ECMWF monthly net heat flux values are biased low
compared to the buoy and SOC 1994-1995 net heat fluxes (Fig. 8). For NCEP this
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bias is typically 50-100 Wm ™2, and during the two monsoons (Table 9) NCEP net
heat fluxes are 70-85 W m ™2 below that observed. During the Southwest Monsoon,
the mean June and July NCEP net heat flux indicates oceanic heat loss, but the buoy
monthly mean net heat flux, while reduced, still indicate ocean heating. During the
Southwest Monsoon the ECMWF net heat flux is on average 45 W m™? lower than
the buoy, but monthly means remain positive. The differences between the buoy and
the two model net heat fluxes are noticeably greater than those between the buoy and
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Table 8
Annual means of the surface meteorology and air-sea fluxes from the buoy, the ECMWF, NCEP, and
FNMOC models for October 1994 through October 1995 and from the 1994-1995 SOC

Buoy ECMWF NCEP FNMOC SOC 1994-1995

Ulom 7.12 7.34 6.84 6.54 7.6
WD 157 177 157 172 164
AT, 26.67 26.73 26.25 26.6*
SST 27.24 27.20 27.13 269
RH,,, 78.0 715 82.1 79.8
SH,.. 1695 16.86 17.43 17.2°
BP 10104 1010.9 1010.2 1010.8
P 0.0053 0.0137 0.0053
J| 0.1007 0.1049 0.0907 0.0900 0.1166
0... -17 —4.6 —6.5 —-12

Lt -1226 —144.1 —154.6 ~112.7
SW,., 2433 219.0 2223 241.1
LW, —58.7 —60.9 —659 —66.0
Q.. 60.3 9.4 —45 61.3
E-P 0.1747 0.2131 0.1600

*SOC 1994-1995 air temperature, relative humidity and specific humidity are 10 m stability dependent
values.

the SOC 19941995 fields for the same period, the latter typically agreeing to within
20-30 W m~? at month-long time scales.

In terms of the annual mean net heat flux, the buoy and SOC 1994-1995 analyses
differ by just 1 Wm™2 with values of 60.3 and 61.3 Wm ™2, respectively. In
contrast, the corresponding values of annual mean net heat flux from ECMWF and
NCEP are 9.4 and —4.5 Wm ™2, respectively. In the mean, the ECMWF model gives
a windier, drier, warmer atmosphere, with larger sensible, latent, and longwave heat
losses from the ocean than observed. The ECMWF model indicates an annual net
heat gain by the ocean of 9.4 Wm ™2, over 50 Wm ™2 less heat gain than observed at
the buoy. Roughly half the difference comes from the larger latent heat loss in the
model and half from reduced incoming shortwave radiation. The NCEP model
gives an atmosphere that is 0.4°C cooler and 0.5 gkg~' moister. It indicates an
oceanic heat loss for the year, with annual mean net heat flux equal to —4.5 Wm™?,
over 60 Wm ™2 below that from the buoy. The NCEP annual latent heat flux is
30 Wm ™2 more negative; its annual mean net incoming shortwave radiation is
21 Wm ™ ? less; and its net longwave radiative heat loss is 7 W m ™2 more negative
than observed.

The comparison of the monthly means shows seasonal variability in the differences
between the models and the buoy, indicating relatively persistent departures in the
model fields from the observed meteorology and fluxes. However, the difference time
series also have considerable variability within each month. The 6- (NCEP, ECMWF)
or 12-hourly (FNMOC) values from the numerical weather prediction models were
compared to 6- or 12-hourly, sub-sampled values from the mooring data using scatter
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plots and simple statistics (Baumgartner et al., 1997). Relative humidity comparisons
show large scatter, particularly so for ECMWF. This scatter is reduced in specific
humidity for NCEP but less so for ECMWF. Net longwave radiation, latent heat flux,
sensible heat flux, and net shortwave radiation also show considerable scatter in both
NCEP and ECMWF.

Regressions between the buoy and model data were computed to quantify the
performance of the models at replicating the buoy time series. Means and standard
deviations of the model-buoy differences, correlation coefficients and two simple
linear regressions between the buoy and model data over the entire deployment are
summarized in Table 10. The means of the 6- or 12-hourly differences are consistent
with the results of the comparison of the monthly values. Low correlation coefficients
are associated with the variables noted above that showed the most scatter. In
particular, the ECMWF and NCEP relative humidities and net longwave time series
do poorly at replicating the observed variability. The two models however do not
always perform equivalently. The coefficient, c¢;, of the linear regression differs from
unity by more than 10% for both models for wind speed, relative humidity, net
longwave, and wind stress. However, for NCEP alone such differences are seen for
sensible heat flux, air temperature, and barometric pressure, and for ECMWF alone
such differences are seen for sea surface temperature, specific humidity, and latent heat
flux.

In the 6- and 12-hourly time series, differences are noted both in association with
transient events, lasting for one day to one week, and from persistent biases. Fig. 9
shows an overplot of buoy and model meteorological variables from two one-month
periods, one from the Northeast Monsoon and one from the Southwest Monsoon.
Figs. 10 and 11 overplot the wind stress magnitudes, heat fluxes, and freshwater fluxes
for the same two periods.

During the Northeast Monsoon, both NCEP and ECMWF air temperature have
periods of several days when they are low relative to the buoy, but these episodes are
more frequent and last longer in the NCEP model. In contrast, during the Northeast
Monsoon, while both NCEP and ECMWF are more moist, it is the ECMWF model
humidities that show the more extreme departures from the observations. The air
temperature variability of the models relative to the buoy leads to several-day periods
of larger sensible heat loss. NCEP net longwave loss varies in an almost binary
manner between close agreement to the buoy and a value that is approximately
40 Wm ™~ ? smaller; the ECMWF net longwave loss dips only briefly to the smaller
value. For the Northeast Monsoon the large negative bias in model net heat flux stems
largely from a persistent underestimation in the models of incoming shortwave
radiation (overestimation of cloud cover).

During the Southwest Monsoon (Figs. 9-11) the model sea surface and air temper-
atures show a tendency to be persistently too warm, and the ECMWF humidities to
be too dry. Short-lived departures in wind speed from that at the buoy are seen in
the ECMWF and FNMOC models. The too-warm sea-surface temperatures elevate
the surface saturation specific humidity; as a result, the models show evaporation
and latent heat loss elevated relative to those at the buoy. The NCEP net long-
wave radiation again shows a binary character, either close to that at the buoy
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Table 10

Statistics and regressions based on comparisons of the 6-hourly buoy observations and ECMWF, NCEP,
and FNMOC data: the mean difference, the standard deviation of the difference, the correlation coefficient
(r), and two regressions. Positive mean differences indicate the model is higher than the buoy

Var Model Mean Std. Dey. r Regression®
¢, Co Slope®
Ulom ECMWF 0.249 1.860 0.869 0.8940 1.004 1.006
NCEP —0.256 1.632 0.892 0.7543 1.494 0.9216
FNMOC —0.608 1.761 0.877 0.7113 1.465 0.8738
WD ECMWF 2.2 329 0.957 1.023 2.8 1.018
NCEP —-1.9 314 0.964 1.058 —0.6 1.060
FNMOC 1.3 31.0 0.964 1.038 20 1.035
AT, ECMWF 0.070 0.796 0.895 0.9841 0493 1.003
NCEP —0414 0.830 0914 1.123 —3.698 0.9850
SST ECMWF —0.051 0.499 0.948 0.8878 3.005 0.9978
NCEP —0.124 0.461 0.956 0.9265 1.878 0.9952
RH, ECMWF —0.53 9.21 0.405 0.3905 46.99 0.9860
NCEP 4.11 7.04 0.591 04318 48.42 1.045
SH, ECMWF —0.106 1.672 0.821 0.7342 4.401 0.9864
NCEP 0.477 1.200 0914 09116 1.976 1.025
BP ECMWF 0.42 0.64 0.992 0.9271 74.05 1.000
NCEP —0.31 1.30 0.976 1.132 —133.88 0.9997
7] ECMWF 0.00485 0.04734 0.898 0.8640 0.01856 09511
NCEP -0.00959 0.04454 0.909 0.7864 0.01197 0.8425
FNMOC —0.01165 0.05636 0.867 0.6347 0.02578 0.7526
Q. ECMWF —2.89 6.65 0.728 1.096 -2.72 1.199
NCEP —4.74 9.47 0.761 1.588 —3.76 1.730
Qe ECMWF —21.84 48.00 0.660 0.7286 —55.13 1.103
NCEP —-32.30 46.54 0.736 09155 —42.66 1.205
Sw_,, ECMWF -25.08 82.58 0.959 0.8829 342 0.8887
NCEP —21.82 83.72 0.959 0.8642 11.24 0.8834
LW . ECMWF —2.06 19.53 0.697 0.6875 —20.39 0.981
NCEP —6.88 25.59 0.511 0.5332 —3426 1.026
Qe ECMWF —51.87 90.40 0.952 0.8874 —45.06 0.8575
NCEP —65.71 9345 0.949 0.8711 —5791 0.8326

*Model = ¢, VAWR + ¢, (linear regression)
®Model = Slope- VAWR (linear regression forced through the origin)

or a loss of about 20 Wm ™2 larger. Model latent and longwave heat losses con-
tribute more to the buoy-model differences in this monsoon than during the
Northeast Monsoon. The low bias in net shortwave is again seen in NCEP but not
in ECMWF.
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It is interesting to compare Fig. 5 with Fig. 7 and also Fig. 6 with Fig. 8. The
model-buoy differences in surface meteorology in Fig. 7 (wind speed and direction,
barometric pressure, specific humidity, air temperature, and sea surface temperature)
do not track together as closely as do the climatology-buoy differences in Fig. 5.
Individual models perform differently at replicating surface meteorology, and these
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Fig. 10. Overplots (top to bottom) of the wind stress magnitudes, freshwater flux, and net heat flux from
one month during the Northeast Monsoon (December 15, 1994—January 15, 1995) (left) and one month
during the Southwest Monsoon (July 15-August 15, 1995) (right) from the buoy, FNMOC (wind stress
only), ECMWF, and NCEP. Different symbols and line types are used as indicated in the overplot of the
wind stress.

Pl
«

Fig. 9. Overplots (top to bottom) of the wind speeds, wind directions, air temperatures, sea temperatures,
and specific humidities during one month of the Northeast Monsoon (December 15, 1994-January 15,
1995) (left) and one month during the Southwest Monsoon (July 15-August 15, 1995) (right) from the buoy,
FNMOC (wind speed only), ECMWF, and NCEP. Different symbols and line types are used as indicated in
the overplot of the wind speeds.
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Fig. 11. Overplots (top to bottom) of the sensible heat flux, the latent heat flux, the net longwave heat flux,
and the net shortwave heat flux from one month during the Northeast Monsoon {December 15, 1994
January 15, 1995) (left) and one month during the Southwest Monsoon (July 15-August 15, 1995) (right)
from the buoy, ECMWF, and NCEP. Different symbols and line types are used as indicated in the overplot
of the sensible heat flux.

differences as well as differences in how the models parameterize the flux components
contribute to the model-buoy flux differences in Fig. 8. The model-buoy flux
differences are as large and sometimes larger than the climatology-buoy flux differ-
ences in the corresponding panels in Fig. 6.
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5. Was 19941995 a typical monsoon year?

The question of whether 1994-1995 was a typical year in terms of the strength of
heat exchange and wind stress forcing during the two monsoons can be addressed
using the SOC 1980-1995 flux data set. This subset of the individual monthly mean
values used to produce the SOC 1980-1995 climatology was extracted for the
1994-1995 period at the location of the buoy and compared against the means over
1980 to 1995. The advantage of using only data from SOC 19801995 is that the same
method of flux generation has been used throughout, thereby avoiding the problems
of different data sources and methods, which hamper any attempt to ascertain
whether the deployment period was typical by direct comparison of the buoy observa-
tions with the various climatologies.

Time series of the SOC 1994-1995 individual monthly meteorological variables
and fluxes are compared with the corresponding climatological values based on the
full 19801995 data set in Figs. 12 and 13, which include bars showing the interannual
standard deviation of the monthly climatological mean. In virtually all cases the
meteorological variables and derived fluxes remain within one standard deviation of
the climatological means. Looking for the reason why leading the annual mean net
heat gain of SOC 1994-1995 is 87.3 W m ™2 as opposed to the climatological value of
64.0 Wm ™2, there is some indication that the latent heat loss is persistently low
throughout the 1995 Southwest Monsoon and the average net shortwave radiation
high (Fig. 13; Table 7). However, although larger than the climatological means for
June, July, and August, the net heat flux values for these months during 1995 remain
within one standard deviation of the climatological means, indicating that this was
not an exceptional Southwest Monsoon. The climatological mean net heat flux during
the Northeast Monsoon is —37.3 Wm ™2, and for 19941995 the corresponding
figureis —39.4 Wm ™2 suggesting that the Northeast Monsoon sampled by the buoy
was close to typical. The wind stress values are close to the climatological mean
during each monsoon. Despite large differences between the SOC 19941995 precipi-
tation rates and the SOC 1980-1995 climatology, especially during the Southwest
Monsoon, the observed rainfall for all months is roughly within one standard
deviation of the SOC 1980-1995 climatological means. Since both the 1994-1995
precipitation rates and the latent heat fluxes are close to the SOC climatology, so too
is the freshwater flux.

The SOC 1980-1995 and 1994-1995 analyses also were used to consider whether
the air-sea fluxes over the Arabian sea as a whole were typical during the deployment
period. For the Northeast and Southwest Monsoons, Figs. 14 and 15 show the
climatological and 19941995 monsoon fields of net heat flux and wind stress over the
North Indian Ocean. The climatological and 19941995 fields are broadly similar in
each case, indicating that the deployment period was not atypical. There is some
indication that the region of strongest heat loss over the Arabian Sea during the 1994
Northeast Monsoon has been displaced to the southwest and strengthened. Regard-
ing the 1995 Southwest Monsoon, there appears to be a strengthening of the north-
west—southeast gradient in heating across the basin, with the heat loss at the location
of the buoy being strengthened in accordance with the comments made above, but
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Fig. 12. Overplot of the SOC 1994-1995 monthly mean surface meteorological observables from a 5° x 5°
square centered on the buoy location and the SOC 1980-1995 climatological monthly means (horizontal
bars in center of gray boxes). The tops and bottoms of the boxes give the interannual standard deviation for
the SOC 1980-1995 monthly climatology.

again the field is close to the climatological mean. Finally, the climatological and
1994-1995 wind stress fields are very similar for each monsoon.

In contrast to the monthly statistics, though, comparison of the buoy and FNMOC
winds sampled every 12 h suggests some difference between 1994-1995 and the years
before and after the experiment. Fig. 16 shows a composite of time series for the 10 m
FNMOC winds averaged over three areas encompassing the central and northern
Arabian Sea: a southern region (7-12°N, 55-65°E), a central region (10-15°N,
55-65°E), and a northern, coastal region (15-20°N, 55-65°E). To examine interannual
variations, the time series for three different one-year periods, October 1993 to
October 1996, are overplotted. For all three regions, the wind magnitudes during the
buoy deployment are generally consistent with those prior to and following the
deployment. This is in agreement with the analysis of the monthly means of SOC
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1994-1995. However, on shorter time scales the intensification of the Southwest
Monsoon in the southern and central regions occurred approximately 7-10 days later
in 1994-1995 than in the year before and the year after. In addition, in the northern
region, in close agreement with the buoy observations, the FNMOC model shows
a multiple onset in 1995. Fieux and Stommel (1977) report multiple onsets in only four
of the twenty-five years they examined, and the FNMOC winds in the northern region
in 1993-1994 and 1995-1996 do not show a multiple onset. Thus, when the variability
within one month is examined, the timing and character of the onset of the Southwest
Monsoon in 1994-1995 is different from other years.

6. Discussion and summary

The comparisons of the observed meteorology and air—sea fluxes observed at the
buoy from October 1994 to October 1995 with both climatological data and meteoro-
logy and fluxes from numerical weather prediction models have shown differences.
For the comparison between the buoy and the climatologies differences might arise
from: (1) measurement error, either at the buoy or in the ship reports, (2) differences in
the parameterizations used to calculate the fluxes, (3) the deployment period not being
typical, and (4) differences in how the area near the buoy was sampled.

We believe that the uncertainties in the buoy data and derived fluxes are well
known based on the extensive investigation of the methodology in TOGA COARE,
and that the major differences we find are large compared to the measurement errors
in Table 2. The SOC 1980-1995 climatology results from an effort to reduce the
uncertainties due to the measurement error in the ship reports on which it, like the
other climatologies, is based and to make regionally appropriate choices of the bulk
formulae. The good agreement between SOC 19941995 and the buoy suggests that
the corrections made in the SOC 1980-1995 analyses have improved the accuracy of
flux fields derived from ship observations.

Further, the comparison of the SOC 1994-1995 data with the SOC means for
1980-1995 shows that 1994-1995 was in many ways a typical year, 1994-1995
monthly values were almost always within one standard deviation of the 1980-1995
mean values. Only by looking at variability on time scales of days to one week do we
find evidence that 1994-1995 may not be typical.

Sampling issues include consideration of the density and location of ship reports in
space and time relative to the location of the buoy. The buoy site is in a region
characterized by significant space and time gradients, and there is the potential that
a skewed distribution of points might result in a bias relative to the buoy reports.
Monthly means based on both 1°x 1° and 5° x 5° squares were computed for SOC
1994-1995 and little difference found, suggesting that this is not a problem. As all the
climatologies use basically the same ship reports, they should all be similarly affected
by sampling error.

Similar issues must be considered for the comparison of the buoy observations and
the model fields, where the nearest grid points were chosen for the comparison. For
the major differences, the product of the spatial separation times the spatial gradients
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observed in the model was most often small compared to the observed differences.
Exceptions to this were seen in the ECMWF model, where large spatial gradients were
found in relative humidity as regions of greatly different relative humidity migrated
around the basin. For net shortwave the 6-hourly accumulations available from the
models lead to differences with the buoy, but these are small compared to the
differences in mean net shortwave seen, for example, during the Northeast Monsoon.
Thus, the differences found between the models and the buoy, particularly in air
temperature, humidity, shortwave radiation, cloud cover, and longwave radiation, are
taken to primarily reflect the difficulty those models have in producing realistic
surface meteorology and air—sea fluxes in the Arabian Sea. In part this is because their
sea surface temperatures, which are supplied externally, are at times different from
those observed, which affects the boundary layer profiles of temperature and humidity.

Thus, we believe that the differences we find are significant and that there should be
concern about the use of climatological or model-based fluxes to investigate air-sea
interaction and the physical and biological response of the upper ocean in the Arabian
Sea. The Hastenrath, Oberhuber, and Hellerman climatologies do poorly at repres-
enting the insolation, net heat flux, and wind stress there. Use of the NCEP net heat
flux during the Southwest Monsoon, which indicates a net oceanic heat loss in June
and July, would, like the Hastenrath and Oberhuber climatologies, lend support to
the conclusion that surface heat loss was important to the mixed layer deepening
observed during the summer monsoon. Instead, using the buoy data, in which the
June and July monthly net oceanic heat gains were 48.7 and 56.0 Wm ™, Fischer
(1997) concludes that wind-driven shear rather than convection drives the mixing.
SOC 1994-1995 and SOC 1980-1995, like the buoy, indicate that the Southwest
Monsoon is associated with heat gains of greater than 60 W m ™. With such strong
surface heating, closure of the local upper ocean heat budget requires another process,
perhaps the inflow of cool water upwelled along the coast.

Posing the possibility that the biases between the observed, climatological and
model fluxes may be found over the whole Arabian Sea, we considered the significance
of these differences. To set the context, note that Wacogne and Pacanowski (1996)
describe a meridional circulation in tk.e Indian Ocean that moves 1 x 10'* W of heat
northward across the equator in the Northeast Monsoon (February) and 1.2 x 10> W
of heat southward in the Southwest Monsoon (August). The annual biases in the net
heat flux, —50.9 and —64.8 Wm ~? relative to the buoy, respectively, for ECMWF
and NCEP if uniform over the basin (an area of 6.4 x 10'* m?). Diiing and Leetmaa
(1980) would correspond to a shift in the surface heating in 1994-1995 by
0.3-0.4 x 10'® W. The Hastenrath and Oberhuber net heat fluxes show smaller biases;
but, if that bias was spatially uniform, it would shift surface heating by
0.1-0.2 x 10'® W, the same size as the 0.2 x 10'> W annual mean heating reported for
the region by Diiing and Leetmaa (1980). If the higher mean heating seen at the buoy
and by SOC reflects a bias found over the entire Arabian Sea, the actual 1994-1995
heating would be two to three times higher than that based on older climatologies.
This, in turn, would require a stronger oceanic export of heat from the Arabian Sea.

In studies of seasonal variability of the meridional transport of heat out of the
northern Indian Ocean (e.g., Lee and Marotzke, 1998) the choice of Hellerman wind
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stress would lead to an overestimate of the Ekman transport of warm water south-
ward during the Southwest Monsoon by 45%. ECMWF winds are higher than
observed at the buoy site in the annual mean and particularly during the Northeast
Monsoon. Halpern et al. (1998) find over the Arabian Sea that use of the ECMWF
winds results in meridional Ekman transport at 8.5°N that are 32% larger than those
computed using NCEP winds. If a biased low heat flux climatology is used together
with wind stresses that are too large, the net surface heat transport might not be
unrealistic. Still, simplifications such as taking the net shortwave and longwave
radiation each to be constant (Wacogne and Pacanowski, 1996), may be a source of
error in such studies. At the buoy, the net longwave radiation varies by 50 Wm ™% and
the shortwave radiation varies by 100 Wm ™2 over the year.

The good agreement between the new SOC 19941995 data set and the buoy allow
us to use the SOC data from 1980-1995 to establish that the buoy deployment was
done in a generally typical year. It also encourages us to choose the SOC 1980-1995
data set to pursue further questions about the heat budget of the Arabian Sea. Flux
variability at the mooring site showed that accurate sea-surface temperature, atmo-
spheric moisture content, and insolation data are needed as a basis for determining
the fluxes accurately. Particularly during the Southwest Monsoon, the cooling of the
sea-surface temperature in combination with the high humidity of the air reduced
latent heat loss. The moist atmosphere also reduced outgoing longwave radiation.
Accurate determination of the radiative fluxes has long been a challenge in preparing
climatologies. The SOC 1980-1995 climatology is an improvement. Numerical
weather prediction models still need to make improvements in determining shortwave
radiation. They also need to receive good sea surface temperatures and to improve the
air temperatures (NCEP) and humidities in order to produce more accurate fluxes.

In summary, the year-long time series from a surface mooring deployed off the coast
of Oman along the climatological axis of the Findlater Jet showed strong monsoonal
variability. The Northeast Monsoon was characterized by steady but moderate winds,
clear skies, relatively dry air, and two months, December and January, in which the
ocean, on average, lost 45 Wm™? to the atmosphere. The Southwest Monsoon had
strong winds, cloudy skies, and moist air and was accompanied by sustained oceanic
heat gain, with the strongest monthly mean warming of the year, 147 Wm™?2, in
August. Large differences are found between the observations and older air-sea flux
climatologies, particularly so in the Southwest Monsoon, when the older climatolo-
gies indicate oceanic heat loss. Recent climatologies agree better with the observa-
tions. Based on monthly means, comparison of the SOC 1980-1995 and SOC
19941995 data sets shows that 19941995 was a typical year. At the higher temporal
resolution provided by the FNMOC winds, however, the timing and character of the
onset of the Southwest Monsoon in 1995 differs from other years. Comparison with
concurrent data from NCEP, ECMWF, and FNMOC shows that the models provide
realistic surface winds, but fail to replicate other observed surface meteorology and to
produce realistic heat fluxes. Annual and monsoonal mean net heat fluxes from the
models differ from those of the buoy by 50-80 W m ™2 Because of these differences,
some care is warranted in selecting and using air-sea flux fields in studies of the
Arabian Sea.
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