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Abstract

A variational-direct minimization objective analysis technique is used
to create a set of regularly spaced monthly mean maps from 1960-1989 of
temperature, wind, humidity, sensible and latent heat flux and wind stress
over the Indian Ocean using the Comprehensive Ocean-Atmosphere Data Set
as input. The technique simultaneously solves for all the fields listed above
through a coupled relationship between the flux parameterizations and the
solution fields. The variational method utilizes a set of constraints which
express a lack of fit to input data, climatology and kinematics.

The variation of latent heat flux in the Indian Ocean contains a large
annual component and is related to the strength of the monsoon winds. The
sea surface temperature exerts a secondary influence on the latent heat flux.
On a monthly time scale, latent heat flux is always from the ocean to the
atmosphere. Maximum values of latent heat flux are found in trade winds
and the Arabian Sea during the southwest monsoon. Minimum values of
latent heat flux are observed during the northeast monsoon over the entire
domain. Sensible heat flux is less variable than latent heat flux and is more
dependent on the air-sea temperature difference.

An Empirical Orthogonal Function (EOF) analysis of latent heat flux
indicates: (1) large decadal variability with a biannual signal during the

seventies; (2) a strong correlation with Indian rainfall; and (3) no correlation
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seventies; (2) a strong correlation with Indian rainfall; and (3) no correlation

to El Nino.
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1. INTRODUCTION

Surface fluxes of heat and momentum provide the link in the
interaction between the atmosphere and ocean. This relationship is vital to
the understanding of weather and climate in the tropics. However, the
formulae used to estimate the surface fluxes are a function of several
meteorological and oceanographical variables which may not be adequately
measured. Many scientists have estimated climatologies of surface fluxes
for the global oceans as well as for specific regions. Hastenrath and Lamb
(1979) published an atlas of the oceanic heat budget in the Indian Ocean.
Similarly, Oberhuber (1988) and Congbin et al. (1990) created atlases of the
net heat budget and surface heat fluxes, respectively, over the global
oceans. Meanwhile, Hsiung (1986) studied the annual and monthly means
of the surface energy fluxes over the global oceans. Weare et al. (1981)
studied the long term annual mean of net surface heating in the tropical
Pacific.

All of the above studies were focused on the climatological and/or
mean annual estimates of the surface fluxes. The research contained in
this paper creates a consistent set of monthly maps of surface fluxes and
surface parameters in the Indian Ocean basin for a 30-year period
(January 1960 - December 1989). The data set is obtained from the
Comprehensive Ocean Atmosphere Data Set (COADS). Missing data due to

tha ahoconna Af chin vannrte Av Avvennaniie manmirvarmanta ana wanlanad ke A

Comprehensive Ocean Atmosphere Data Set (COADS). Missing data due to

the absence of ship reports or erroneous measurements are replaced by an
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objective analysis technique developed previously by Legler (1992) over the
North Atlantic Ocean.

A consistent set of monthly fields of the surface fluxes does not exist.
Data are particularly sparse over the Indian Ocean. Previous studies have
examined single variables (i.e. sea surface temperature, wind speed, etc.)
and their relationships to the monsoon. This is the first study which jointly
solves for and examines the surface fluxes and the surface variables which
determine the fluxes. Better estimates of the surface fluxes and an estimate
of their uncertainty will permit a determination of the importance of the
fluxes in the atmosphere and upper ocean thermodynamics.

The monsoon systems of India, northeast Africa, southeast Asia and
the continent of Australia are driven by this air-sea interaction. The
southeast trade wind belt west of Australia, the Bay of Bengal and the
Arabian Sea are of particular interest in the Indian Ocean regime. In
addition, improved surface flux analyses may clarify the spatial and
temporal variability influenced by such large scaie phenomena as the El
Nifio Southern Oscillation (ENSO) and the Indian summer monsoon.

The most predominant phenomenon found in the Indian Ocean is
the annual monsoon reversal. The physical parameters of the atmosphere
and ocean as well as the flux or transport quantities demonstrate
considerable variability in relation to the summer and winter monsoons. In
general, the summer monsoon in the lower atmosphere is dominated by
strong westerly and southwesterly flow across south and central India

(Figure 1). Strong southeasterly trade winds are found in the Southern

strong westerly and southwesterly flow across south and central India

(Figure 1). Strong southeasterly trade winds are found in the Southern



FSU TROPICAL INDIAN WINDS
JANURRY 15 STEP = B HRS

20 S

N N
a0 £ 60 E 80 E 100 E 120 E
HASIG  FSU 050 TS
JUN 23 1332 GREGORY R. THROKER

(b) FSU TROPICAL INDIARN WINDS
JULY 15 STEP = 6 KRS

T —t T i
40 E 60 E 80 E 100 E © 120 E
MASIG FSU 10700 H/S

JUN'28 1892 cercory A, THROKER

Figure 1. The Florida State University tropical Indian Ocean
winds demonstrate: (a) the wind flow pattern of the winter
monsoon in January. Strong northeasterlies are observed in

the northern Indian Ocean. (b) The reversal of winds is observed
winds demonstrate; (aJ the wind How patter A ornaswithe.,
monsoon in January. Strong northeasterlies are observed in

the northern Indian Ocean. (b) The reversal of winds is observed
in the summer monsoon flow during July. Strong south-
westerlies off the coast of Somalia flow into the Arabian Sea and
Bay of Bengal, bringing a lot of moisture into India.
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Hemisphere. Likewise, strong cross-equatorial flow is observed along the
east coast of Africa in association with the low-level Somali jet. The cross-
equatorial flow acquires moisture over the southern Indian Ocean,
transports the moisture into the Arabian Sea and brings rain to India. The
air is nearly saturated (Cadet and Diehl, 1984).

The winter monsoon is dominated by a reversal of flow.
Northeasterlies prevail over the China Sea, Bay of Bengal and Arabian Sea.
The northern and southern trades converge at 10-20°S as the Indian Ocean
resembles the Atlantic and Pacific Oceans with two tradewind systems
present (Knox, 1986). More information is available on the summer
monsoon as the intensity is much stronger.

Although the monsoons are predominately characterized by their
overall flow patterns, the intensity of the monsoon is correlated to other
surface parameters. Shukla and Misra (1977) considered the importance of
air-sea interaction to the intensity of the monsoon circulation and
precipitation. They stated that higher wind speeds over the Arabian sea
were correlated with lower sea surface temperatures. The stronger winds
led to an increase in evaporation as well as to an increase in upwelling and
spreading of cold coastal waters.

The negative correlation was also noted by Cadet and Diehl (1984)
who examined the interannual variability of the sea surface temperature,
air temperature, surface pressure, surface wind and the mixing ratio in
relation to the intensity of the monsoon. They determined that weaker than

normal trade winds in the Southern Hemisphere and stronger zonal winds

relation to the intensity of the monsoon. They determined that weaker than
normal trade winds in the Southern Hemisphere and stronger zonal winds

along the eastern coast of Africa were associated with a deficit of rainfall
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over India during the summer. In addition, warmer sea surface
temperature over the Indian Ocean in the summer was responsible for
weak atmospheric circulation found during a dry monsoon period.
Conversely, colder sea surface temperature was responsible for stronger
atmospheric forcing during a wet monsoon.

This link between sea surface temperature and rainfall is weak
according to Weare (1979). Although warmer sea surface temperatures led
to a stronger monsoon, higher sea level pressures tend to offset the effects of
temperature on rainfall.

More recently, interest in the correlation between the Indian
summer monsoon and ENSO has developed. Again, a negative correlation
between the Indian Ocean sea surface temperature and the monsoon is
indicated. Weare (1989) suggested that the weakened latent heat fluxes in
the eastern Pacific acted to reinforce the warming of the ocean surface in
the early stages of El Nifio. Philander and Hurlin (1988) suggested that a
developed El Nifo increased the latent heat flux w‘hich occurred during the
warm water phase of ENSO. Furthermore, Verma (1992) established
correlation maps between the monsoon precipitation from June to
September and sea surface temperature anomalies in the Pacific from
March to December. Verma suggested the warmer phase of ENSO was
associated with weaker monsoon activity, or less precipitation. The cooler
phase of ENSO was associated with a stronger monsoon and more
precipitation. However, the signal was not considered strong enough to

forecast the Indian monsoon precipitation.

precipitation. However, the signal was not considered strong enough to

forecast the Indian monsoon precipitation.
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Since latent heat flux and sensible heat flux are related to sea surface
temperature, wind and humidity, their importance to the monsoon is
naturally assumed. Latent heat release is the primary component of ocean
to atmosphere heat exchange (Congbin et al., 1990). Maximum values are
observed along the eastern coasts of continents due to the boundary
contrasts between the continents and the downwind ocean. Minimum
values are found in upwelling regions such as the Arabian peninsula
during the summer monsoon and the South China Sea during the winter
monsoon. On a monthly time scale, the transport of latent heat is almost
always from the ocean to the atmosphere. On the other hand, sensible heat
is transported from the atmosphere to the ocean (negative values) off the
eastern coasts of continents when upwelling occurs.

Annual values and patterns of latent and sensible heat flux are
related to the Northern Hemisphere summer monsoon. Hastenrath and
Lamb (1980) studied the ocean heat budget of surface heat fluxes
determined from long term ship observations and s.atellite data. During the
northern summer, sensible and latent heat are released by the ocean.
Moisture is evaporated from the southern tropical Indian Ocean and
carried across the equator in the monsoonal flow. The moisture is then
released as precipitation over southern Asia.

Knox (1986) notes a surface exchange of heat from the atmosphere to
the ocean in the Arabian Sea during the summer despite the strong winds.
However, this exchange is offset by the heat flux across the equator due to

the northerly flow of cooler water from the Somali current. Upwelling along
However, this exchange is offset by the heat flux across the equator due to

the northerly flow of cooler water from the Somali current. Upwelling along
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the African and Arabian coasts leads to the cooling of the ocean in the
northern summer and warming in the winter.

Latent and sensible heat fluxes have major impacts on the large
scale sea surface temperature anomaly field in the mid-latitudes (Cayan,
1990). Only a few studies have tested the relationship between the fluxes and
the sea surface temperature field over broad scales. These include an
observational study (Frankignoul and Reynolds, 1983) and an ocean general
circulation model (Haney, 1985). Both studies indicated that anomalous
heating by the surface fluxes were a major component in producing
monthly thermal anomalies in the North Pacific Ocean.

By examining the surface fluxes in relation to six surface
parameters, sea surface temperature, air temperature, specific humidity,
the scalar wind and pseudo-stress wind components of the COADS data, it
is found that higher latent heat flux is associated with stronger winds. In
the central Arabian Sea, latent heat flux is related also to the sea surface
temperatures along the coasts of Somalia and the Arabian peninsula.
Regions of strong coastal upwelling reduce the latent heat flux.

A negative correlation exists between the western coast of Australia
and the Arabian Sea. Higher latent heat flux in the trade winds off the
western coast of Australia is observed during the drier Indian monsoon
periods. During these years, the equatorial trough deepens over the
Australian continent and more moisture is present during the summer
Australian monsoon.

In the following pages, section 2 describes the data sets and the bulk

Australian monsoon.
In the following pages, section 2 describes the data sets and the bulk

formulae used in computing the surface fluxes. The objective analysis
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technique and the connectivity of the terms are described in section 3.
Results of the objective analysis and the variability of the results are
discussed in section 4. EOF analyses indicate large annual and decadal
variability in latent heat flux. Meanwhile, the wind stress only contains
large annual variability. Although a strong correlation is established
between latent heat flux and Indian rainfall, no correlation between the
latent heat flux and El Niifio is found. Section 5 discusses the sensitivity of
the scheme. Wind stress and latent heat flux solutions are more sensitive to
the optimal weights of the sea surface temperature wind speed terms than
the other weights. Finally, the conclusions and findings are recapped in

section 6.



2. DATA SET
2.1 COADS data set

The COADS data are monthly means of individual meteorological
reports from ships of opportunity, meteorological buoys and ocean weather
ships. The data are stored in quality controlled reports and summaries on a
2° latitude by 2° longitude grid. Data which fell outside 2.8 standard
deviations of the median of each of the 2° by 2° boxes were trimmed from
this data set. Likewise, duplicate data records were also removed from the
COADS data set (Slutz et al., 1985).

Monthly means of sea surface temperatures (SST), air temperatures
(AT), specific humidity (Q), scalar wind speed (W) and pseudo-stress wind
components (the product of the directional wind c'omponent and the scalar
wind, UW and VW) over the Indian Ocean region (30°S to 24°N, 30°E to
120°E) are extracted from COADS during the period 1960 to 1989. The
pseudo-stress components of wind are henceforth noted simply as the wind
components. This grid yields 888 stations over the ocean. Approximately
95% of the stations record measurements for any given month. Thus, data

distribution is dense.
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2.2 Flux calculations

The bulk formulae are a practical means of estimating air-sea
exchanges and many uses are noted. Since the distribution of COADS data
is highly variable in space and time, some caution is advised. However,
Cayan (1990) considers one month a convenient time scale in which to
examine fluxes. He notes that one month is long enough to average over
several events for more statistical significance, but also short enough to
retain the details of magnitude and structure in the heat transfers over the
ocean. Esbensen and Reynolds (1981) observe that surface heat fluxes
calculated using monthly means did not differ greatly from the monthly
averaged heat fluxes calculated from daily data.

For monthly means, the largest variations in space and time of the
heat fluxes generally arise from the variations in space and time of W and
Q. The latent heat flux is also more affected by the horizontal temperature
gradient than is the sensible heat flux. Higher valués of latent heat flux are
observed at low latitudes because of the larger values of Q, SST and AT.
Therefore, areas dominated by the trade winds and western boundary
currents produce a maximum of latent heat transfer. Sensible heat is
comparatively small due to the weak temperature gradient. Several
exceptions to this occur when cold air masses of continental origin flow
over warm water at high speeds as are observed in the Gulf Stream and the
Kuroshio.

As direct measurements of surface fluxes are rarely available, the
Kuroshio.

As direct measurements of surface fluxes are rarely available, the

bulk aerodynamic formulae are used to calculate these surface fluxes of
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momentum and sensible and latent heat. Several methods of calculating
surface fluxes have been previously attempted. Large and Pond (1982) used
the eddy correlation and dissipation methods. However, they found little
difference between the time variations of fluxes for the bulk formulae
versus those determined by the eddy correlation and dissipation methods
for time averages. Thus, the bulk formulae are used in this paper and are

defined as:
H =pa cgcp W(SST - AT)
E =pacr W (Qsstc- Q)L
Tx = Pacq UW

Ty=pachW

where pjis the density of air, cp is the specific heat at constant pressure
(1004 J kg-1 C-1), L is the latent heat of vaporization (2.5 x 106 J kg-1) and Co,
cr and cq are the drag coefficients. The Qggsfc term denotes the sea surface
specific humidity and is calculated from the sea surface temperature,
surface pressure and the dewpoint temperature. The Q and AT are
considered to be measured at 10 meters typically on a ship; the winds are
assumed to be measured at 20 meters. The rate of energy exchange
(sensible heat, H, and latent heat, E) is expressed in W m-2 | stress () in N
m-2. Positive heat flux values indicate a gain of thermal energy by the

atmosphere. For wind stress calculations, using pseudo-stress components

111 <, 1 UDILLYE LISdl L1uA values 1ualcdie d gdlil oL uvaerindl energy by the
atmosphere. For wind stress calculations, using pseudo-stress components

rather than actual wind components is critical; it reduces the difference
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between the stress from the means of coincident stress and the stress
calculated using the mean winds (Hanawa and Toba, 1987).

The largest uncertainty in the fluxes depends on how the bulk
formulae are applied. For this study, the bulk coefficients cg, ¢y and cq of
Smith (1988) are used. The coefficients cq and cg depend strongly on the air-
sea virtual potential temperature difference at low wind speeds. However,
higher wind speeds decrease the dependency of the coefficients on the

temperature difference.

2.3 Climatologies of surface parameters

Climatologies of the surface variables (SST, AT, Q and W), extracted
from the COADS data set, were created. The climatological fields primarily
reflect the summer and winter monsoonal weather patterns and are
consistent with those of Hastenrath and Lamb (1979) and Wright (1988).

For pseudo-stress components, the Florida State University climatologies
developed from Legler, et al. (1989) are used.

The largest values of the SST are generally found in the northern
region of the Indian Ocean and the overall orientation is zonal (Figure 2a-
d). The summer months show the highest values of SST to be north of the
equator in the South China Sea, the Arabian Sea and the Bay of Bengal with
values at 29°C. South of 20°S, cooler temperatures ranging between 19°C
and 22° are recorded. As the monsoon reaches its peak in August, a slight

temperature gradient is observed off the Arabian peninsula due to the

dllu 44" dre recorucu. £As LIe 0S50V redlies 1us pedns 111 Augusy, d S1gILL
temperature gradient is observed off the Arabian peninsula due to the

strong winds and upwelling. Maximum SST values in the winter are
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located near the equator. A large gradient is observed in the South China
Sea where the northeastern trades are strong. Some upwelling is also
occurring off the China coast in association with the winter monsoon.

The AT climatology (Figure 2e-h) is similar to the SST. Over the
North Indian Ocean, the atmosphere and ocean temperatures vary less
than 1° Celsius throughout the year. South of the equator, the atmosphere
is 2-3° cooler than the ocean. The winter air temperature picture indicates
the same gradient as the SST off the China coast with the largest
temperatures centered near the equator. During the summer, the air
temperature demonstrates a sharper decline south of 10°S.

The specific humidity is generally higher north of 10°S regardless of
the season (Figure 2 i-1). During the summer months, Q increases north of
the equator as the winds transport more moisture into the North Indian
Ocean. Values are 21 g kg-1 as opposed to 18 g kg-1 in the northern winter.
However, in the late fall, the highest values of Q are found in the Bay of
Bengal and in the southern hemisphere tropics. Both areas are under the
influence of the winter monsoon at this time.

The scalar wind speed (Figure 2 m-p) and pseudo-stress wind vector
climatologies demonstrate the onset of the summer and winter monsoons,
as well. During the summer, winds are strongest off the Arabian coast and
are on the order of 10 - 14 m s-1. Moderately strong winds exist in the Bay of
Bengal and in the latitudinal band 10 - 20°S. The southeasterly trade winds
increase as the summer monsoon develops. Likewise, the Somali jet

increases and strengthens the westerly and westsouthwesterlies over the

increase as the summer monsoon develops. Likewise, the Somali jet
increases and strengthens the westerly and westsouthwesterlies over the

Arabian Sea. The overall flow pattern in the winter is the reverse of the flow
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during the summer monsoon for the Indian Ocean region. The strongest
winds occur off the eastern coast of Asia over the South China Sea in the
northern winter. These are the northeast trade winds which are indicative
of the flow pattern. Northeasterlies also dominate the Arabian Sea and flow
southward down the east African coast. The spring and fall wind patterns

are very weak over the entire basin.
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3. OBJECTIVE ANALYSIS METHOD

Variational analysis methods allow information in various forms to
be combined by minimizing a lack of fit to a set of constraints. This
technique was documented by Sasaki (1955) and previously employed by
Legler (1992) to determine surface fields over the Atlantic Ocean, by
Hoffman (1984) in order to remove the ambiguity of SeaSat satellite
scatterometer winds (SASS), and by Legler et al. (1989) to formulate surface
pseudo-stress vectors in the Indian Ocean. The functional used must retain
information from the input ship data, some information of the climatic
norm and information on the covariant structure. The random errors in
the input ship data are assumed to be normally distributed. The method is
similar to a contrained least squares method which involves direct
minimization of a cost functional consisting of '17 terms and which is
implemented over the Indian Ocean basin. Each term represents a
measure of lack of fit to certain conditions driven by dynamics and/or
statistics. Associated with each term is an empirically determined weight.

The cost functional in this study is used to create objectively analyzed
monthly maps of the surface variables such as temperature, humidity and
winds. In addition, monthly fields of the derived fluxes, latent and sensible
heat and wind stress, are created. The first six terms of this functional

describe expressions of misfit to the input data from COADS; the next four
heat and wind stress, are created. The first six terms of this functional

describe expressions of misfit to the input data from COADS; the next four

terms are constraints which force the resultant fluxes to approximate the
23
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COADS flux fields; the next six terms smooth the results by forcing the
resultant fields to resemble climatology in a smooth sense; and the final term
is a kinematic constraint which approximates the expected curl of the pseudo-

stress wind field. The functional is:

F = o X (SST-SST¢oads)?2 + B X (AT - AT¢oads)?
+ Y 2(Q - Qcoads)z + 8 X(W - Wepads)?
+ & X(WU - WUcoads)2 + ¢ 2(WV - WVoads)?
+ T 3(Hg - Heoads)2  + M Z(Ev - Ecoads)?
+ & 2(Tx - Txcoads)? + § X(1y - Tycoads)z
+ p L4 X(V2(SST - SSTe)2) + A L4 X(V2(AT - AT)2)
+ n LA X(VAQ- Q)2 + vI4X(VIW-We)2)
+ 6 L4 Y (V2(UW - UW¢)2) + 114 Y (V2(VW - VW)2)
+ @123k -V x (VW - VW¢] )2

The symbols in the functional are as follows:

SSTeoads COADS Sea Surface Temperature
AT oads COADS Air Temperature

Qcoads COADS Specific Humidity

Weoads COADS Wind Speed

UWcoads and VWegads COADS Pseudo-Stress components
Evcoads COADS Latent Heat Flux

Hgcoads COADS Sensible Heat Flux
Txcoads and Tycoads COADS Stress components

SSTe, AT¢, Qc, We, UWe and VW Climatologies

L Length scale

e, aas U, WUy TG, TG s v rr G Ciiiauuiugios

L Length scale
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The summation is over all points in space where the functional and
gradient calculations can be computed. The functional is applied on a 2° by 2°
grid over the Indian Ocean. The goal is to solve iteratively for SST, AT, Q, W,
UW, and VW thereby indirectly solving for H, E, Tx and Ty. The Laplacian
and curl terms provide curvature information as criteria and link the
functional in space.

Each term in the functional is normalized by its standard deviation.
The input fields are non-dimensionalized by their respective RMS basin-mean
values in order to scale their magnitudes. Second-order finite differencing in
spherical coordinates is used for all derivative calculations. The smoothing
terms as well as the curl are non-dimensionalized by an appropriate length
factor, L, which is chosen to be the grid spacing used in the finite difference
operator. The length is 222.2 km. Furthermore, each grid point is
logarithmically weighted according to the number of observations used in
computing the monthly means.

The analysis is carried out for each of the 360 months of the 30-year
period (January, 1960 through December, 1989). The COADS ship report
fields are used as the first guess. If missing data exist in the first guess,
climatology is used. Given the continental and island locations, the functional
is evaluated at 888 locations on a 2° by 2° grid. The functional is solved for
the six dependent variables. The interior continental boundary locations can
not be evaluated for the Laplacian and curl terms. Moreover, two columns
and rows along the perimeter of the analyzed region in the resultant fields

are not considered since the functional is not completely defined at those

and rows along the perimeter of the analyzed region in the resultant fields
are not considered since the functional is not completely defined at those

points. The total number of variables for which the gradient of the functional
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is calculated is: n = 6 x 888 = 5328. All other terms in the functional are
functions of these six physical variables.

This method updates the flux fields at each iteration using the bulk
formulae depending on changes in the resultant fields of the SST, AT, Q, W,
UW and VW. Any alterations in these resultant fields can affect the other
resultant fields through the flux constraint terms. For example, all drag
coefficients in the bulk formulae are dependent on these fields. Similarly, a
new saturated specific humidity field is calculated from updated SST fields at
each iteration to provide a more accurate latent heat solution field.

Several techniques for determining the minimum of a functional were
tested by Navon and Legler (1987). They found the conjugate gradient
method to be most efficient when the number of parameters are large. The
method produces a rapid reduction of the function by finding the gradient of
the function with respect to the variables and combining the gradient with
information from previous iterations. The specific algorithm used in this
study is Conmin (Shanno and Phua, 1980). The. Euclidian norm of the
gradient must be reduced by nearly three orders of magnitude for
convergence to occur. In this study, almost every analyzed month converged

within 40 iterations or less.
3.2 Weight selection

The behavior of the functional and hence the solution fields are

determined by the weights on each term of the functional. Empirical studies

The behavior of the functional and hence the solution fields are
determined by the weights on each term of the functional. Empirical studies

rather than truly objective means are used in selecting the optimal weights.
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Objective methods for selecting the optimal weights are intractable due to the
large number of variables solved in this study and are also difficult to use
since an independent "truth" data set is difficult to obtain. Several criteria
were used to determine the optimal weights: comparison of results to ship
means at well sampled locations; qualitative comparisons of results to
climatological studies (Hastenrath and Lamb, 1980 and Oberhuber, 1988);
and a quantitative data void difference test.

Over 50 combinations of weights were tested for the months, August,
1965 and January, 1960 in order to determine the optimal weights. These
months are used as representative of the summer and winter monsoon
periods. A data void test was performed whereby input data for one 2° x 2°
grid point was removed and the analysis repeated. The difference between
the objective results for different weight selections and the withheld data
would ideally be minimal when the "correct” weights are used. The grid point
(84°E, 4°N), just east of Sri Lanka was chosen because the area is rich with
observations (75 observations in January, 1960 ‘and 86 observations in
August, 1965) and the withheld data are given more credence (based on
sampling theory). The resultant values of the 10 surface variables at that
station were compared to the values of the original data (Table 1).

For the final weights chosen, the pseudo-stress and wind stress values
show the largest relative difference between the input and withheld values at
the chosen grid point for January, 1960 more so than August, 1965. The zonal
component of pseudo-stress and stress exhibit a larger difference in August

because the direction of the winds are changing rapidly. The dramatic spatial

component of pseudo-stress and stress exhibit a larger difference in August
because the direction of the winds are changing rapidly. The dramatic spatial

change in wind magnitude and direction contributes to a large difference in
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Table 1. Quantitative error analysis of the 10 surface variables. One 2° x 2°
grid point at 84°E, 4°N, just east of Sri Lanka is withheld. The mean of all the
surface parameters are shown for the withheld data. The difference between
the final results when the grid point is withheld and the original data at that
grid point is also given.

January 1960 August 1965
Surface Mean of the Difference Mean of the Difference
Parameter  withheld data between withheld data between
results and results and
withheld data withheld data
SST (°C) 28.03 -0.02 27.87 -0.4
AT (°C) 27.86 -0.12 27.65 -0.44
Q (g kg1 18.5 -1.0 19.1 -0.8
W (m s-1) 5.90 -0.9 8.70 -0.49
H (W m™2) 1.18 0.42 2.15 0.3
E (W m-2) 103.5 4.7 121.6 5.2
UW (m2s2) -18.5 -6.24 69.0 9.76
VW (m2¢2) -23.1 5.31 41.2 -1.29
tx (N m-2) -.14 -.07 .84 A7

ty(Nm2)  -17 -.06 50 02
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the error analysis. The wind flow changes from a nearly zonal flow around
the Indian peninsula to southwesterly in the Bay of Bengal. In January, a
sharp gradient in the magnitude of the pseudo-stress is observed near Sri
Lanka. The direction is also changing from northeasterly to westerly.

Once the optimal weights were selected, several months' results were
also examined for continuity between the input and resultant fields. The
weight selection showed no seasonal dependence. Continuity is maintained
regardless of season.

The optimal weights are shown in Table 2. The SST and AT terms are
weighted more heavily than the other terms. If the temperature constraints
are decreased, the fluxes degrade. The SST weight is more influential to the
latent heat flux results than to the sensible heat flux results. The AT weight
affects the sensible heat flux more than the latent heat flux as is expected.
Larger constraints on Q also degraded the latent heat flux resultant field as
well as the SST field.

The weight on the wind speed is significantly less than that of Legler
(1992). The scalar wind field is analyzed as a variable in this study rather
than as a function of the wind components as is done in Legler, 1992. Larger
weights on W decrease the accuracy of the SST and heat flux fields.

The weights, p, A, 1, and v act as smoothers for the resultant fields of
SST, AT, Q, and W, respectively. The Laplacian terms couple the entire
functional in space. The results are noisy without these terms. The Laplacian
SST weight proved more influential than the weights on the other smoothing

terms. Sensitivity analyses confirm this (section 5). The weight is larger than
SST weight proved more influential than the weights on the other smoothing

terms. Sensitivity analyses confirm this (section 5). The weight is larger than
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the other Laplacian weights to insure the "smoothness" of the heat flux fields
as well as the other fields.

The pseudo-stress winds and their Laplacian terms are all weighted at
unity as are the stress terms. Stronger constraints on the pseudo-stress
winds decrease the accuracy of the other fields and have very little effect on
the pseudo-stress field. The curl of the pseudo-stress winds is weighted five
times as large as these terms to approximate the expected wind derivative

fields.



Table 2. The final weights for the functional terms are listed below.

Weight designator Functional term Value of the weight
o Sea surface temperature 60.
B Air temperature 20.
Y Specific humidity 1.
) Scalar wind speed 5.
€ Zonal pseudo-stress 1.

component
) Meridional pseudo- 1.
stress component
r Sensible heat flux .05
n Latent heat flux 5
€ Zonal stress component 1.
¢ Meridional stress 1.
component ’
p SST smoothing term 10.
A AT smoothing term 5
T Q smoothing term 5.
v W smoothing term 5
o UW smoothing term 1.
Il VW smoothing term 1.
Curl of pseudo-stress 5.
winds
Q] Curl of pseudo-stress 5.

winds



4. RESULTS

From the functional described in section 3, resultant fields of the 10
surface variables and fluxes are created for the 30-year period. The results
are compared to independent data and demonstrate acceptable results. The
solution fields of latent and sensible heat flux are especially accurate as is
demonstrated in the sensitivity analysis (section 5).

The solution fields also contain the error estimates which are
associated with the number of observations used to compute the monthly
means. Each month contains r.m.s. error estimates in the 10 solution
variables.

Finally, the variability of the fluxes is discussed. Annual and decadal
variability is observed in the latent heat field through subjective and

statistical analyses.

4.1 Monthly means

Comparisons between the input and resultant fields are shown to
provide evidence as to the success of this study. For August 1965, the input
SST field has a strong horizontal gradient in the southern Indian Ocean
(Figure 3). In the north Indian Ocean, the SST is generally 27-28°C. This
same distribution is observed in the resultant field of SST only much

LI ule J). L1l LLIE LULIuUL Alddldall wvoeall, ulle OO0l 15 geuerdily 4(i-&£0°u. 1118

same distribution is observed in the resultant field of SST only much
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smoother. The AT input also demonstrates a strong horizontal gradient off
the western Australian coast. The values are 2-3°C cooler than the SST.
Cooler air also prevails just off the coast of the Arabian peninsula. The
resultant field of the AT (Figure 3) remains consistent to the input field.
The north Indian Ocean AT is 27-28°C, but the southern Indian Ocean is as
cool as 19°C.

In the Q field, the same strong horizontal gradient is observed in the
southern Indian Ocean in the input and resultant fields (Figure 3). Values
range from 9-18 g kg-1. The weight on the "smoothing" term is five times as
large as the weight on the input Q term. An accurate Q resultant field
establishes greater confidence in the latent heat flux resultant field.

The seasonal wind flow patterns are detectable in the input W field.
The strongest winds are observed in the Arabian Sea and in the southern
trade wind belt as is expected during the summer monsoon (Figure 3). In
the resultant field, the strongest speeds are also found in the Arabian Sea
and in the trade wind belt, but they are more noticéable. The weakest winds
exist over the equator between 50°E and 80°E.

The solution field of latent heat flux (Figure 4a), from August 1965,
shows two maximums in the southern trade wind belt. The transfer is
generally from the ocean to the atmosphere on a monthly scale. The
resultant field of August, 1965 indicates this transfer. Minimum values are
observed in the Bay of Bengal where weaker winds, high humidity and high
temperatures are located. Off the coast of Somalia, latent heat flux is

relatively high (120 W m-2). Again, the winds are strong in this region and

temperatures are located. Off the coast of Somalia, latent heat flux is
relatively high (120 W m-2). Again, the winds are strong in this region and

tight gradients exist in the other surface fields.
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Figure 3. The input (top) and resultant fields (bottom) respectively of
the surface variables using the optimal weights for the August 1965
case: (a-b) SST;(c-d) AT; (e-f) Q ; (g-h) W; and (i-j) pseudo-stress
Figure 3. The input (top) and resultant fields (bottom) respectively of
the surface variables using the optimal weights for the August 1965
case: (a-b) SST;(c-d) AT; (e-f) Q ; (g-h) W; and (i-j) pseudo-stress
vectors. Units are the same as in previous figures.
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Figure 3. (Continued)
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Figure 4. The resultant fields, using the optimal weights, of latent
heat flux (a), sensible heat flux (b) and wind stress (c) for August
1965. Units are W m 2 for heat fluxes and N m-2 for wind stress.
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The sensible heat flux resultant field (Figure 4b) is somewhat noisy.
The atmosphere transfers sensible heat to the ocean (negative values) off
the eastern coast of India in the Bay of Bengal. Here, the difference in AT
and SST is minimal. The wind speed is also weak which decreases the
magnitude of sensible heat. Elsewhere, the ocean releases sensible heat
into the atmosphere especially in the regions where the winds are strong
and the difference in AT and SST are large, namely the southern trade
wind belt.

Strong wind stress in the solution field for August 1965 is most
prevalent in the southern trades and in the Arabian Sea as is expected
during the southwest monsoon. The Intertropical Convergence Zone is

observed along the equator.
4.2 Variability of the surface fluxes

Interannual, annual and decadal variabiiity is observed in the
surface fluxes. Variability is determined through subjective and statistical
analysis (section 4.3). Several areas of significant variability include the
Arabian Sea, the Bay of Bengal and the southern trade wind belt.

On an annual time scale, latent heat flux exhibits two maxima
during July and August in the southern trade winds. Another secondary
maximum is located in the Arabian Sea. Both areas are sustained by the
strong summer monsoon. Maximum values of latent heat flux in the

summer are generally 160 W m-2 in the trade winds and 120 W m-2 off the

strong summer monsoon. Maximum values of latent heat flux in the
summer are generally 160 W m-2 in the trade winds and 120 W m-2 off the

Somali coast. The maximum in the Arabian Sea decreases westward as
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evaporation is suppressed due to coastal upwelling (Surgi, 1990). As the
northeast monsoon strengthens, latent heat flux exhibits maxima again in
the Arabian Sea and in the southern trade winds just west of Australia.
During the transition periods between the northeast and southwest
monsoons, latent heat flux is considerably less than during the monsoon.
In the north Indian Ocean latent heat flux is 60-80 W m-2 and
approximately 100 W m-2 in the trades during the spring and fall.

Sensible heat flux varies little in comparison to latent heat flux.
Values are generally positive except where coastal upwelling occurs. The
difference in the air-sea temperature exhibits the strongest influence on
sensible heat flux. During the southwest monsoon, large positive values of
sensible heat flux (15-20 W m-2) are observed off the western coast of
Australia where the air-sea temperature difference is greater than 1°C.
Smaller values are found in the north Indian Ocean where the temperature
difference is negligible. During the northeast monsoon, sensible heat flux
values range from 0-10 W m-2 over the entire basih as air-sea temperature
differences are insignificant. In the transitions periods, sensible heat flux
varies even less than during the northeast monsoon, and values are in the
range £ 5 W m-2.

During the southwest monsoon, wind stress is large in the western
Arabian Sea in association with the Findlater Jet. The trade winds in the
Southern Hemisphere, west of 90°E, also exhibit large values of stress.
Strong stress values are observed in the South China Sea during the

northeast monsoon as a strong high pressure system builds over Asia.

Strong stress values are observed in the South China Sea during the
northeast monsoon as a strong high pressure system builds over Asia.

Another high pressure system over Australia during the northeast
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monsoon increases the stress in the trade wind region between 90-110°E.
The transition periods show increased stress only in the southern trade
winds.

Throughout the early 1960s, latent heat flux is higher in the Arabian
Sea and the southern trade wind region near Madagascar. At the end of the
1960s and beginning of the 1970s, a decrease in latent heat flux is observed.
A slight increase of latent heat flux is observed in the Arabian Sea
beginning in the middle 1970s. The 1980s depict a 15% increase (~ 20 W m-2)
in latent heat flux from the 1960s. A similar trend is observed in the wind
speed and wind stress over the Arabian Sea. Higher wind speeds produce
more evaporation and turbulent mixing which is transported from the
Southern Hemisphere trades into the Arabian Sea (Cadet and Diehl, 1984).

Both the Arabian Sea and the trade wind region near Madagascar
experience lower SST when the winds are stronger and latent heat flux
larger. These results agree with the findings of Joseph and Pillai (1984) and
Krishnamurti (1981). The SST in the middle of thé Arabian Sea does not
decrease as significantly as the SST along the Saudi Arabian and Somali
coasts does during a wet southwestern monsoon. Stronger winds drive
Ekman pumping (Dube et al., 1990) and strong coastal upwelling decreases
the SST. McCreary and Kundu (1989) consider the Arabian Sea SST to be
more influenced by the upwelling near the coasts and the offshore
advection. Evaporative heat flux due to increased wind is considered
secondary. However, this study concludes that the wind speed rather than

the SST over the Indian Ocean is more influential to latent heat flux
secondary. However, this study concludes that the wind speed rather than

the SST over the Indian Ocean is more influential to latent heat flux

(Figures 5 and 6).
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Figure 5. The difference in the average wind speed of the sixties

and the eighties is shown. Contour intervals are .1 m s-1. The
largest difference between the decades are observed in the trade
winds and along the Somali coast. Minima are found at 10°S near
Madagascar and at the equator near Sumatra.

winds and along the Somali coast. Minima are found at 10°S near
Madagascar and at the equator near Sumatra.
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Figure 6. The difference in the average latent heat flux
in the sixties and the eighties is shown. Contour intervals
are in 5 W m-2. The largest differences are observed in
the trade winds and in the Arabian Sea. The maximum
differences in the latent heat correspond to the maximum
differences in wind speed shown in figure 5.

the trade winds and in the Arabian Sea. 'f'he maximum
differences in the latent heat correspond to the maximum
differences in wind speed shown in figure 5.
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In the Bay of Bengal, higher values of latent heat flux are observed
during the dry southwest monsoon years of 1965, 1979, 1982, and 1985
(Shukla, 1987 and Parthasarathy et al., 1990). Conversely, lower values of
latent heat flux are found during the years of higher rainfall over India. As
the Bay of Bengal is on the leeward side of India during the strong
southwest monsoon, precipitation due to evaporative flux in India
diminishes slightly before reaching the Bay of Bengal. Latent heat flux is
still relatively high in the Bay of Bengal during a wet monsoon, but the
values are significantly less than those in the Arabian Sea.

Although the Bay of Bengal monsoon is significantly less in strength
than the Arabian monsoon, the same relationship between the wind speed
and latent heat flux observed in the Arabian Sea exists. In addition, the SST
in the Bay of Bengal is higher than anywhere else in the Indian Ocean.

The negative correlation between the SST and wind speed noted
previously and described by Shukla (1987) is not as prominent in the Bay of
Bengal. Coastal upwelling is minimal here compal;ed to the Arabian and
Somali coasts. When coastal upwelling occurs off of India in the Bay of
Bengal, sensible heat flux is negative. However, for the 30-year period of
discussion, sensible heat flux is predominantly positive.

The eastern portion of the Southern Hemisphere trade wind belt (80°E
to Australia) demonstrates an opposing view of conditions in the Arabian
Sea. Higher values of latent heat flux are noticed in the early sixties and in
the late eighties. A notable decrease exists from 1967 to 1973. The same

prerequisites for higher latent heat flux exist for the Arabian Sea and off of
the late eighties. A notable decrease exists from 1967 to 1973. The same

prerequisites for higher latent heat flux exist for the Arabian Sea and off of

Australia. Higher winds and wind stress provide higher evaporative flux.
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Lower AT and SST also exist. However, the years which show the strongest
latent heat flux off Australia are the same years that latent heat flux is
minimal in the Arabian Sea and vice versa.

Sensible heat flux in the eastern trade wind belt is always positive.
Higher values of sensible heat flux are located in the years of the dry Indian
southwest monsoon. The SST and AT differ greatly (~ 1°C) during these

years.
4.3 EOF Analysis

An EOF analysis is performed on the resultant fields of latent heat
flux and wind stress to examine further their variability. The spatial and
temporal variability of latent heat flux and wind stress are linked in this
statistical analysis which partitions the variance of the fluxes. An EOF
analysis of sensible heat flux is unnecessary as the variance is small
compared to the variance of latent heat flux. The fesultant fields contain
745 stations over the Indian Ocean for the 360 months due to the boundary
conditions imposed on the functional (section 3). Temporal means of the
latent heat and wind stress components are removed initially to insure that
the largest eigenmode is not the mean pattern.

For latent heat flux, the first eigenmode accounts for 26% of the total
variance. This mode physically describes the fluctuations in the latent heat
flux in relationship to the wind field during the southwest monsoon. A 12-

month moving average of the time series closely resembles the interannual

11ux 1n relationship to the wind tield during the southwest monsoon. A 12-
month moving average of the time series closely resembles the interannual

latent heat flux variability noted previously in the Arabian Sea (section 4.1).
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A small trend, .28 W m-2 year-1, in the first eigenmode is related to a
similar trend in the scalar wind (.05 m s-1 year-1). This trend is the result
of climatic change or instrument bias. The time series shown (Figure 7a)
removes the trend in order to examine more completely the variability of
latent heat flux. The raw time series of latent heat flux, however,
demonstrates a trend of 10 W m-2 decade-l in the Arabian Sea, the South
China Sea and in the southern trades.

Combining the spatial pattern (Figure 7b) with the time series for
this first mode, strong latent heat flux anomalies are noted in the north
Indian Ocean. The spatial pattern is dominated by the Findlater Jet in the
Arabian Sea. Large decadal variability is observed in the time series of
latent heat flux. Lower evaporation is noted during the 1960s. The 1970s
exhibit a biannual oscillation similar to the monsoon signal during the
decade (Parthasarathy, et al. 1990). The middle 1980s demonstrate a
decrease in latent heat flux. Three dry monsoon periods occurred between
1984 and 1987. Not only does the first EOF mode correlate well to the
monsoon signal, large decadal variability is observed.

Joseph, et al. (1991) allude to the relationship between the Indian
summer monsoon rainfall and El1 Nifio events. However, the relationship is
small and results are inconclusive. However, they found more correlation
between the Australian summer monsoon and El Nifio. Rasmusson and
Carpenter (1983) find a relationship among higher SSTs in the eastern and
central equatorial Pacific Ocean, positive pressure anomalies over the

Indian Ocean and a weaker southwest monsoon. The extremely dry

central equatorial Pacific Ocean, positive pressure anomalies over the
Indian Ocean and a weaker southwest monsoon. The extremely dry

monsoons which led to severe droughts in India over the period 1975-1979
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Figure 7. (a) Time series of the first eigenvector of latent heat
flux with a 12-month moving average. Discrepancies in the time
series are due to the fact that the onset of the Indian summer
monsoon does not contain a perfect annual signal. (b) The
spatial pattern of the first eigenmode of latent heat flux. Contour
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series are due to the fact that the onset of the Indian summer
monsoon does not contain a perfect annual signal. (b) The
spatial pattern of the first eigenmode of latent heat flux. Contour
intervals are in 1 W m-2. The first mode represents 26% of

the total variance.
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corresponded to only 20% of the warm El Nifio years. Meanwhile, 40% of the
El Nifio years were accompanied by a relatively dry monsoon. The EOF
analysis shows no correlation between latent heat flux over the Indian
Ocean and EIl Niilo.

The second eigenmode accounts for 11% of the variance. The
variability of the northeast monsoon is most prevalent in this mode,
particularly the South China Sea region. Another slight trend in the latent
heat flux is observed (.17 W m-2 year-1) in relation to the trend in the scalar
wind speed (.05 W m-2 year-1). The remaining eigenmodes account for
equal portions of the variance and are considered noise.

Vector EOF analysis (Legler, 1989) is performed on the wind stress
components. The temporal means of the wind components are initially
removed. The magnitude and phase of the wind stress are used to
physically interpret the results. The first eigenmode accounts for 73% of the
total variance. The time series indicates the variation of the summer and
winter monsoons. The summer monsoon is more v.ariable than the winter
monsoon. The time series (Figure 8a) indicates a trend (.005 N m-2 year-1)
which begins in the middle 1970s. This trend is attributed to the increase in
the wind speeds in Arabian Sea (section 4.1) during the southwest monsoon
and in the South China Sea during the northeast monsoon. Anomalously
high values of wind stress (IMigure 8b) are observed in the Arabian Sea, Bay
of Bengal and the South China Sea. The spatial pattern represents the wind
stress field during the southwest and northeast monsoons and contains a

phase of £180°. These summer and winter months experience the most

stress field during the southwest and northeast monsoons and contains a
phase of £180°. These summer and winter months experience the most

variability on an annual scale.
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The second eigenmode accounts for 6% of the total variance of wind
stress. The transitional periods are represented in this mode as only the
variance in the trade winds are observed. The remaining modes contain
equal portions of the variance and as with the remaining modes in the

latent heat flux, they can not be examined independently.
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Figure 8. (a) The time series of the first eigenvector of the wind
stress, corresponding to 73% of the variance. The 12-month
moving average is superimposed (thicker line) to indicate the
trend. Discrepancies in the moving average are due to the fact that
the onset of the Indian summer monsoon does not have a perfect
Moving average is supérimposed ((hicicer 11hs) Tohdans s of
trend. Discrepancies in the moving average are due to the fact that
the onset of the Indian summer monsoon does not have a perfect
annual signal. (b) The spatial structure of the first eigenmode of
wind stress. Contour intervals are .05 N m-2.



5.0 SENSITIVITY ANALYSIS

A sensitivity analysis is performed on each of the weights in the
functional which affect the resultant fields of latent heat flux and the
magnitude of wind stress. A first-order finite difference method detailed by
Cacuci (1988) is used to test the sensitivity. The goal is to ascertain the
change in the selected response functions for a prescribed change in the
optimal weights. The response function should be a simple function of the
solution. Any number of response functions can be chosen. For this study, a
function describing the total latent heat flux and the total magnitude of
stress over all points in space is used.

Absolute sensitivity describes the change in the total response function
for a certain change in the weights. The relative sensitivity is the normalized
absolute sensitivity and aids in determining the regions which are most

affected by a change in the optimal weights. The response functions for latent
heat flux (Rg) and wind stress (R7) are defined as:

Rp =) Eij
i

and

1
Rz =2 (vap +Thap P
i]

ij
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The relative sensitivities (Sy) of latent heat flux and wind stress to a certain

weight, o, in the functional are defined as such:

o JRE
510 = Ry " o
o oRT
Sr@) = R * oo

Each weight from the set of optimal weights (Table 3) is altered + .5% for a
total change of 1%. The functional is then recalculated with the altered
weights to determine the relative sensitivity in the response functions.

For the optimal weights, all except the Laplacian term for the SST
indicate less than a 1% change in the response functions of latent heat and
wind stress for a 1% change in each weight. Both response functions are more
sensitive to the weights on the SST, scalar wind and their "smoothing" term
counterparts. The response function of the wind stress is more sensitive to
these weights than the latent heat flux. The wind stress is also more sensitive
to the weights on the Laplacian terms of the pseudo-stress components.

The local sensitivity error locates the regions in which the actual
resultant fields of latent heat flux and wind stress are most affected by a
prescribed change in the optimal weights. It is similar to an r.m.s. error in
the resultant fields. Local sensitivity error (Lg) of the latent heat flux is
defined:

(Eij - Ej jk*10%) )2

[

&
I
M

17 1
( - E; j(k*10%) 2

[\'Jli—'
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A similar equation is used for wind stress by replacing the change in latent
heat flux with the change in the magnitude of the wind stress. The change
implied above represents the difference in the resultant field of the latent heat
flux using the optimal weights and the latent heat flux fields when the 17
optimal weights are adjusted to 10 times their relative sensitivities as given in
Table 3. For a 10% change in the relative sensitivities, the r.m.s. error in the
latent heat field due to the relative uncertainties in all of the optimal weights
is given in terms of the local sensitivity error (Figure 7a). The largest error is
+ 20 W m-2. Latent heat flux is most affected in the region of the Somali Jet,
the Bay of Bengal and off the western coast of Australia where the trade
winds are strong. In these regions during August, latent heat flux is on the
order of 240 W m-2. These results support the relationship between the latent
heat flux and scalar wind field.

Local sensitivity of wind stress is concentrated in the trade winds and
in the western Arabian Sea (Figure 7b). Variation in the Somali Jet affect the
amount of coastal upwelling present and the strengfh of the wind. The SST
and wind speed have the highest relative sensitivities (Table 3) to the wind
stress because they are meteorologically significant in these areas. Local

sensitivity errors are as high as .2 N m-2.
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Table 3. The relative sensitivities of the optimal weights which influence the
latent heat flux and wind stress. The values are given for August 1965. All
other months are similar. A 1% change in the weights in the first column
yields the percentage change listed for the latent heat flux and wind stress
response functions.

Functional Term SKE) Sr(r)
Weights

o -.026 52
B -.00008 -.0007
¥ -.0004 -.0001
) .0047 0012
£ .0003 -.0005
o .0006 -.0005
P .049 -1.07
A .0029 .006
i 0076 .005
v -.027 -.127
o 01 . -.487
5| 01 -.488
r -.005 .007
n .001 -.016
4 -.0018 .0018
g -.0039 .006
[2) -.0039 016
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Figure 8. The local sensitivity of (a) latent hea.fg flux an.d (b) wind

Figure 8. The local sensitivity of (a) latent heat flux and (b) wind
stress due to the relative uncertainty of the optimal weights.
Contour intervals are 1 W m~2 for latent heat flux and .05 N m-2 for
wind stress.



6. CONCLUSIONS and SUMMARY

A consistent set of monthly mean maps of surface variables and fluxes
over the Indian Ocean are created simultaneously using a variational-direct
minimization objective analysis technique. The surface fluxes are coupled to
and determined by the surface variables. The input data are from COADS
ship reports for the 30 year period, 1960-1989. A longer period could be
examined if enough data are available.

The optimal weights are selected by comparison of the results to ship
means at well sampled locations, a qualitative comparison of the results to
previous studies and through a quantitative data void test described in
section 3. The first-order finite difference method of sensitivity described in
section 5 allows one to narrow the focus of the results to certain weights. This
sensitivity analysis was not previously performed in other studies. It is
important to note that sensitivity analysis c;an be performed on functions
with a large number parameters. The solutions of latent heat flux and wind
stress are more sensitive to the weights on the SST and W terms. These
terms exhibit more annual variability especially along the African coastline
and in the Arabian Sea.

Once the solution fields are created for the entire period, the variability
of the fluxes are examined. On a monthly time scale, the transport of latent

heat is always from the ocean to the atmosphere. The latent heat flux is most

OI the IluXes are exdImined. Ull d IULILILLY LS DUALIT, UG vialiopUs v us Stovaay
heat is always from the ocean to the atmosphere. The latent heat flux is most

influenced by the wind. The SST exerts a secondary influence in the regions
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of coastal upwelling. Meanwhile, areas of high wind speed such as the
southern trade winds and the Arabian Sea generate larger values of latent
heat flux by pumping more moisture from the Southern Hemisphere into the
Northern Hemisphere during the southwest monsoon. Therefore, the
relationship of stronger wind speed, higher latent heat flux and more
precipitation over India is established. During the northeast monsoon, latent
heat flux is transferred into the south Indian Ocean from the north Indian
Ocean. The largest values of latent heat flux and precipitation are observed
over the islands of Borneo and Java and in the northwestern regions of
Australia.

The trade wind region near Australia is particularly interesting in
relation to the monsoon. During the dry monsoon years over India, the
southern trade winds between 80°E and 110°E are stronger than normal and
the latent heat flux is anomalously large. A negative correlation could be
further proven with Australian rainfall data.

Wind stress exhibits large annual variability depending on the wind
speed during the monsoon. Little decadal variability is observed other than a
slight trend which is also noted in the wind speed.

The EOF analyses of latent heat flux and wind stress support the
findings in section 4.2. The lack of variability in the wind stress is confirmed.
Large decadal variability in latent heat is observed in associations with the
Indian summer monsoon rainfall. Surprisingly, no relationship exists
between lgtent heat flux and El Nifio. A definite relationship is established

hatwoan Tndian rainfall and latent heat flux (Fiven Anstralian rainfall data.

between latent heat flux and El Nino. A definite relationship is established

between Indian rainfall and latent heat flux. Given Australian rainfall data,
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a relationship between latent heat flux and Australian rainfall could provide
a link to El Nifio.

Meteorological implications of the surface fluxes over the Indian Ocean
are discovered. This information concerning the variability of latent heat flux
in relation to surface parameters such as wind speed, SST, AT and humidity

can be utilized more extensively in future Indian Oceaan models.



7. APPENDIX

Monthly mean results

Analysis results of the surface variables and surface fluxes for a typical
January (1976) and July (1984) are shown in figures 9-10. The differences in

the parameters during the southwest and northeast monsoons are evident.
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Figure 10. Monthly means resultant fields for January 1976
are shown: (a) SST; (b) AT; (¢) Q; (d) W; (e) latent heat flux;
(f) sensible heat flux; (g) pseudo-stress vectors and (h) wind
Higiire 10 Monthly means résaitant 1ields BrIaNtaty 1975
are shown: (a) SST; (b) AT; (¢) Q; (d) W; (e) latent heat flux;
(f) sensible heat flux; (g) pseudo-stress vectors and (h) wind
stressvectors. The units are the same as in previous figures.
During January, the wind speed is stronger in the South
China Sea and the southern trade winds. Latent heat flux
is large in these areas as well.
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Figure 10. (Continued)
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Figure 11. Monthly mean resultant fields are shown for July

1984: (a) SST; (b) AT; (¢) Q; (d) W; (e) latent heat flux; (f) sensible
heat flux; (g) pseudo-stress vectors and (h) wind stress vectors.

Units are the same as in previous figures. The Indian summer

1984: (@) SST° H(b")"A'i‘;‘ (cﬁlQ; ayws (éﬂat%'fft“ﬁea’k ﬂux ) fsensible
heat flux; (g) pseudo-stress vectors and (h) wind stress vectors.

Units are the same as in previous figures. The Indian summer
monsoon is observed in the strong wind speeds over the Arabian Sea.
The SST and Q are higher during July in the north Indian Ocean.

A maximum of latent heat flux is observed in the trade winds.
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