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SURFACE METEOROLOGICAL AND NEAR SURFACE OCEANOGRAPHIC ATLAS

OF THE TROPICAL INDIAN OCEAN 

R. R. Rao, R. L. Molinari, and J. F. Festa

ABSTRACT. Historical observations of surface marine meteorology 
(COADS: 1950-1979), near surface vertical thermal structure (MOODS: 
1948-1981), and near surface ship drift (Cutler and Swallow, 1984: 
1854-1974) for the tropical Indian Ocean are compiled to generate 
mean monthly climatologies of several observed and derived param­
eters on a 2° x 2° grid. The derived parameters include surface 
heat exchanges, surface wind stress and its curl, mixed layer depth 
(MLD), vertical thermal gradient just beneath the mixed layer, 
depth of 20°C isotherms, and zonal and meridional near surface flow 
patterns. The formulations used in the derivation of these 
quantities are also presented. The resultant climatological fields 
are machine contoured. The annual cycle of many of the fields are 
presented in terms of amplitude and phase of the annual and 
semi-annual harmonics.

1. INTRODUCTION

The tropical oceans appear to play a key role in modulating global atmo­
spheric processes. With the occurrence of anomalous ENSO events leading to 
large scale global droughts and floods, for instance, the importance of 
air-sea interactions in the tropical oceans has gained increased interest in 
recent years. International research programs such as the Tropical Oceans and 
Global Atmosphere (TOGA) and the World Ocean Circulation Experiment (WOCE) 
have been developed to study the role of the ocean in climate variability. 
Unfortunately, relatively meager data are available for studies of tropical 
areas compared to extra-tropical regions.

The tropical Indian Ocean, with its unique seasonal reversing monsoons, 
forms an integral part of TOGA and WOCE research programs. Although small in 
dimension in comparison with its counterpart tropical Pacific Ocean, it is 
landlocked in the north and represents an area of intense air-sea interaction 
under the influence of seasonal reversing monsoons and transient cyclonic 
storms.

This atlas contains descriptions of the annual cycle of surface meteoro­
logical elements, surface heat flux estimates, surface wind stress and its 
curl, mixed layer depth, depth of 20° isotherms (representative of the thermo- 
cline), and near surface ship drift current vectors for the entire tropical 
Indian Ocean. The intent of this atlas is to provide a more complete descrip­
tion of the annual cycle of the air-sea interaction parameters/processes, 
subsurface thermal structure, and near surface circulation for the entire 
tropical Indian Ocean. The monthly fields presented here are computer gene­
rated from the monthly data on a 2° latitude by 2° longitude grid. This atlas 
provides an integrated description of the observed annual cycle in the 
tropical Indian Ocean in the context of global ocean-atmosphere interactions. 
A portion of the data have been presented in Rao et al. (1989).
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2. DATA AND DATA PROCESSING

2.1 Surface Marine Meteorological Data

The data used to compute the surface fields presented in this atlas come 
from the Comprehensive Ocean-Atmosphere Data Set (COADS) (Woodruff et al., 
1987). The COADS is one of the largest and most complete data sets of marTne 
data available today. Ramage (1987) points out that the COADS wind data have 
larger mean scalar winds during the 1950-1979 period than for the earlier 
1900-1939 period. This trend is probably due to changes in measurement 
techniques. Because of this trend and other possible inaccuracies, as well as 
the limited amount of data available before 1950, this atlas is only based on 
the 1950-1979 period. Monthly averages of all standard marine meteorological 
parameters on a 2° by 2° grid for the period 1950-1979 have been kindly pro­
vided by Dr. Scott D. Woodruff as a subset of Comprehensive Ocean Atmosphere 
Data Set (COADS). The details of input data sets, data volume, data reduction 
and storage, quality control are presented elsewhere (Slutz et al., 1985; 
Woodruff et al., 1987).

Mean monthly climatologies of SST, surface meteorological variables and 
surface energy fluxes based on COADS data already exist (Shea, 1986; Sadler et 
al., 1987a; Wright, 1988; Oberhuber, 1988a). Several factors justify the 
effort required to reconstruct similar fields. The period 1950-1979 is 
characterized by high density data coverage. In addition, this data set is 
more homogeneous than earlier data sets since the measurement techniques did 
not change during this period. However, the data distribution clearly shows a 
bias for major international shipping routes (Figure 1). The resulting 
monthly climatologies of surface wind vectors are given in Figures 2, 3 and 4; 
sea-surface pressure, Figures 5, 6 and 7; surface air temperature, Figures 8,
9 and 10; surface specific humidity, Figures 11, 12 and 13; total cloudiness, 
Figures 14, 15 and 16; and sea-surface temperature, Figures 17, 18 and 19.

2.2 Subsurface Temperature Data

The climatological description of the subsurface temperature distribu­
tion for the tropical Indian Ocean is based on relatively fewer observations 
than are available for other oceans (Wyrtki, 1971; Colborn, 1975; Robinson et 
al., 1979; Levitus, 1982). The subsurface temperature data for this study 
were provided by the Fleet Numerical Oceanographic Center as the Master 
Oceanographic Data Set (MOODS). The MOODS data set consists of CTDs, BTs and 
hydrocasts collected between 1948 and 1981. Approximately 25,000 temperature 
profiles in the eastern tropical Indian Ocean were added to the 50,000 pro­
files considered by Molinari et al. (1986) in the western Indian Ocean to 
generate a basin-wide climatology. In the present study, the mixed layer 
depth (MLD) is defined as the first depth at which the temperature is 1.0°C 
less than that at 10 m depth. A review of the vertical temperature gradients 
just below the mixed layer indicates that over most of the basin these 
gradients were greater than 2°C/20 m. Thus, the MLD estimates would, in 
general, not be sensitive to order of 1°C changes in this criterion. The 
depth of the 20°C isotherm (D20) is chosen to represent the depth of the 
thermocline, as this isotherm is typically present in the thermocline over 
most of the basin.

Mixed layer depth and depth of 20°C isotherm values were derived from 
individual profiles. The MLD and D20 values were then averaged on a 2° lati­
tude by 2° longitude grid, first by day, to reduce the influence of multiple
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data collected in the same day, and then by month. When sufficient data 
existed, a biased sample variance was computed for a grid point. A mean 
standard error of the mean for the entire domain was then determined by 
averaging the variances. Differences between mean daily and mean monthly 
values were computed at each point. Daily values more than two standard 
errors different from the mean monthly values were deleted and new monthly 
means were then computed.

Monthly data distributions are shown along with mixed layer depth 
distributions. Regions outside of the main shipping lanes have few available 
data. A 9-point Laplacian estimator was used as a final check for outliers, 
particularly in these areas. To fill in grid points where no data were 
available, a method similar to the smoothing-spline method of Ooyama (1987) 
was used. The particular technique applied here is described in detail in 
Thacker (1987). The resulting MLD (Figures 20, 21 and 22) and D20 (Figures 
23, 24 and 25) climatologies are generated and machine contoured.

2.3 Ship Drift Vector Data

The ship drift data were obtained from the United Kingdom Meteorological 
Office archives of historical surface currents. Observations extend through 
the period 1854 to 1974. The area covered is bounded by the coasts of Asia 
and Africa, longitudes 50°E (in the Gulf of Aden) and 100°E, and latitude 
25°S. Cutler and Swallow (1984) compiled these surface currents into 10-day 
periods and 1 degree quadrangles of latitude and longitude. For each 10-day 
period and 1 degree quadrangle, the vector mean of all the observations from 
all years has been estimated. To reduce the temporal and spatial noise 
further, the data are averaged on 2° latitude by 2° longitude boxes for each 
month. The number of observations in each 2° box is given in Figure 26. The 
mean monthly climatological distribution of the observed ship drift vectors 
are given in Figures 27, 28 and 29.

2.4 Surface Flux Data

The individual flux terms needed to estimate the net surface flux are 
typically derived from the bulk aerodynamic formulas. The bulk exchange 
coefficients are functions of near surface stability, measurement height, 
surface wind speed and sea state. The problems associated with the use of the 
bulk formulae are numerous and well documented (Blanc, 1985, 1987; Molinari 
and Hansen, 1986). For instance, Sarachik (1984) notes that the two basic 
problems with these formulae are calibration and data. The various functions 
and coefficients are determined by "regressing these formulas against high 
quality measurements as can be taken on shipboard" (Sarachik, 1984). However, 
the calibration data are very limited. Thus, in the case of exchange coeffi­
cients "there is now no single, universally accepted bulk transfer coefficient 
scheme" (Blanc, 1985).

Reed's 2(1977) comparisons for typical tropical shortwave fluxes (order of 
100-200 W/m ) imply errors greater than 20 W/m2. These uncertainties are 
greater than the TOGA requirement for shortwave radiation estimates. Similar 
difficulties are encountered when estimating net longwave radiation. For 
instance, Hastenrath and Lamb (1978) assume a weaker reduction due to cloud 
cover than does Bunker (1976) or Reed (1983), resulting in larger longwave 
fluxes (of the order of 50%) (Reed, 1983).

3



Blanc (1985) reviewed ten pulished bulk transfer coefficient schemes and 
finds that differences in latent and sensible heat fluxes related to different 
schemes are frequently large [0 (1002)]. Bunker (1976) used a variety of 
sources, most of which used indirect measurements to constrain a tabular 
coefficient scheme. The coefficients are tabulated as a function of wind
speed and stability. The latent and sensible heat coefficients are assumed 
equal. In general, the Bunker coefficients at neutral stability were the 
largest considered by Blanc (1985). Large and Pond (1982) determined 
different latent and sensible heat flux coefficients by indirect observations. 
Both are considerably less than the Bunker coefficients. Hastenrath and Lamb 
(1978) used a constant drag coefficient of 1.4 x 10~3 for both latent and 
sensible heat fluxes.

Herein, the mean monthly surface data and the bulk aerodynamic formulas 
given by Molinari et al. (1985) are used, with one difference, to estimate the 
four components of net surface heat flux. The sensible and latent heat fluxes 
are computed here using the variable exchange coefficients given by Bunker 
(1976) rather than the constant value used by Molinari et al. (1985).

The net shortwave, Qsw, and longwave, QLW, radiation (in M/m2) are 
estimated using the following equations:

Qsw = 0.94 Qo (1.0 - 0.38c - 0.38 c2)

Qlw = ta TS4 (0.39 - .056 /qa) (1 - 0.53 c2) + 4ta Tg3 (Ts - Ta)

The sensible, Qs, and latent, Qe, heat fluxes (in W/m2) are estimated using 
the following bulk aerodynamic formulations:

Q. ■ P CD CP (T, - T0) V

0. - > c, Mq, - q.) *

where
p = density of air (1.175 kg/m3)

CD = exchange coefficient (after Bunker, 1976)

Cp = specific heat of air (1.012 KJ/kg/°C)

Ts = air temperature (°K)

Ta = sea surface temperature (°K)

V = scalar wind speed (m/s)

qs = saturation specific humidity at Tg (g/kg)

qa = specific humidity at Ta (g/kg)

L = latent heat of vaporization (2484 - 2.39 xTs) kJ/kg 

Qo = clear sky radiation (after Budyko, 1963)

c = fractional cloud cover (after Berliand, 1960)
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Qlw = net longwave radiation (after Berliand and Berliand, 1952) 

c = emissivity (1)
a = Stefan-Boltzman's constant (567 x 10'10 W/m2/K4)

Mean monthly distributions of shortwave (direct solar) radiation balance, 
Qsw’ are given in Figures 30, 31 and 32; net longwave radiation, Figures 33, 
34, and 35; sensible heat flux, Figures 36, 37 and 38; and latent heat flux, 
Figures 39, 40 and 41. The net surface heat flux, Q, is computed as

^ = ^sw ~ Qs Q* •

Mean monthly distributions of net heat gain are given in Figures 42, 43 and 
44.

3. DISCUSSION

Using the estimates for uncertainty in the surface meteorological 
variables given in Table 1 and a propagation of error analysis (Meyer, 1975), 
error estimates for individual flux terms are equivalent to an uncertainty in 
net surface flux of 10 W/m within the shipping lanes and about 25 W/m2 
outside the shipping lanes. However, these errors are independent of any 
inadequacies of the bulk fomulas and depend only on sampling and instrumental 
uncertainties.

Table 1. Ensemble average standard error of the mean values for 
2° x 2° quadrangles within the shipping lanes (450 values) 
and outside shipping lanes (300 values).

Element Unit 450 Values 300 Values
Sea surface temperature
Sea level pressure
Air temperature
Wind speed
Specific humidity
Cloud cover
Shortwave radiation
Net longwave radiation
Sensible heat flux
Latent heat flux

°c
(mb)
(°C)
(m/s)

(gms/Kg)
(tenths)(W/m2)
(W/m2)
(W/m2)
(W/m )

0.1
0.2
0.0
0.3
0.1
0.2
5.2
1.2
1.0
7.8

0.3
0.9
0.2
0.9
0.4
0.6
18.0
4.3
3.7

23.9

Estimates of the amplitude and phase of the first two (i.e., annual and 
semi-annual) harmonics of the annual cycle for various oceanic properties were 
also computed. Amplitudes are expressed both in terms of property units and 
the percent of total variance accounted for by each harmonic. Phases are 
given in months with respect to 0 phase on 15 January. The amplitudes and 
phases for sea surface temperature are given in Figure 45; for mixed layer 
depth. Figure 46; for 20°C topography, Figure 47; and for the zonal and 
meridional components of surface current in Figures 48 and 49, respectively.
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