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likelihood estimator (MLE) is used to determine the most probable direction of the
wind given a wind speed and a set of directional aliases. The CMOD-IIFR2 model has
limitations in areas of sharp wind contrasts due to contamination of the measured
backscatter by associated weather or because of the spatial resolution. Some of the
problems are removed by an ambiguity removal technique which checks the fit and
consistancy of statistical qualities with respect to analyses and estimations of other
meteorological fields over a swath [Quilfen, 1996].

When compared to moored-buoy estimates of the wind speed and direction at 10
m, the estimation of the wind by the scatterometer has a root mean squared (rms)

! in wind speed and rms error near 15° in direction [Quilfen, 1996].

error of 1.2 ms~
The error in the estimated wind speed and direction increases with lower wind speed;
the MLE method for determining wind direction tends to perform poorly at speeds
less than 3.5 ms™! [Quilfen, 1996]. This estimation error could affect divergence
calculations in regions of low wind speeds. Our method for estimating divergence,
which will be explained in the following section, minimizes the effect of individual wind
vectors on the divergence field in an effort to reduce the effect of isolated erroneous
values on the calculations.

For the Arabian Sea, the CMOD-IFR2 gives a mbre accurate estimate of the
winds, when compared to other widely used scatterometer wind inversion models.
CMOD-IFR2 scatterometer wind-derived products, such as upper ocean transport,
also show considerably better agreement to observations [Halpern et al., 1998].

Several problems exist in the ERS scatterometer wind data set. The obvious
problems are tied to problems with the satellite. Satellite maneuvers for recalibration
or for changing to a new orbit cycle/height usually interrupt the continuous data
coverage of the instruments. In addition, the various orbit cycles of the ERS mission
sometimes result in poor spatial coverage.

Other anomalies arise from deficiencies with the inversion model and the instru-

sometimes result in poor spatial coverage.

Other anomalies arise from deficiencies with the inversion model and the instru-



ment itself. Although the scatterometer accurately measures the backscatter, the
algorithm sometimes has a problem correctly converting the measurement to the 10
m wind vectors. This problem is especially apparent in areas of low wind speed. This
algorithm flags those points where the MLE is below a certain value. The inability of
the instrument to detect backscatter accurately at low wind speeds exacerbates this
problem [Ebuchi and Graber, 1998]. Unfortunately, areas of strong convergence, such
as the ITCZ, tend to coincide with areas of low wind speeds. Consequently, certain
areas of the tropics, especially some of the areas we use for our analysis, are poorly
covered by the scatterometer.

Ebuchi and Graber [1998] show that there are other problems with the inversion
model. In a two month study of scatterometer-derived winds, the CMOD-IFR2 model
tended to have a slight systematic bias in determining the correct direction. The
derived directions showed a preference to the directions of the three azimuth angles
of backscatter measurement.

For this research, we use five years of ERS-1 and ERS-2 scatterometer data, start-
ing with January 1992. This period incorporates most of the measurement phases
of both satellites. January to April 1992 and January to March 1994 are periods of
poor spatial coverage due to the satellite orbit, a 3-day fepeat orbit cycle. This cycle
gives good coverage of the poles; however, coverage in the mid-latitudes and tropics
is relatively sparse. In addition, June and July 1996 are ignored in the Empirical Or-
thogonal Function (EOF) analyses because of substantial missing data from satellite

mancuvers.



3. METHODOLOGY

We use the divergence theorem (equation 1) to calculate horizontal wind divergence
in each swath. Previous works (e.g., Halpern et al. [1994a|; Zheng et al. [1997]) have
used a finite differenced formula for calculating divergence of satellite estimated winds.
Finite difference methods require the winds to be averaged or gridded the winds. This
process could result in winds from different swaths being used in the same divergence
calculation. Using finite differencing in each swath is extremely difficult to implement
due to missing or flagged cells. Our method is more appropriate for satellite data. The
divergence theorem method allows us to take advantage of the high spatial resolution
of the wind vectors without averaging over different times; it is also more adaptable
to regions with missing and/or flagged data.

The divergence theorem states:

/S(v.ﬁ)dh/A(v-V)dA (1)

where V is the vector wind, A is the surface area over which divergence is calculated,
and 11 is the unit vector normal to the perimeter S enclosing A [Holton, 1992|. By
assuming that the divergence (V - V) is constant within the area, equation (1) is

simplified to solve for the horizontal divergence:

Js(V - ) dI

V.V=
[ dA

(2)

For computations, we use all winds from valid cell locations within a certain range

of radii (within 0.7 to 1.0° latitude) to create a polygon (surface A) surrounding the
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surrounding cells would be convex, perfectly centered about the calculation point. As
previously discussed, this data set has several problems leading to missing/flagged
data; therefore, a few rules must be implemented to ensure the quality of the diver-
gence calculation.

In this system, missing divergence values result from too few valid wind vectors
surrounding the point or too great a distance between successive points on the poly-
gon. Given that the perfect situation should yield greater than 20 valid points, setting
the minimum number of valid vectors surrounding the point to 10 forces a maximum
number of missing values. One missing value or row of values will not affect the
calculation, but several missing values and rows will lead to a missing divergence
value.

By limiting the distance between points, we try to create a polygon that is not
too far from centered about the point. This distance is judged by the magnitude of
the angle difference between successive clockwise points relative to the center point.
If the angle between two adjacent points is greater than 160°, the polygon may be too
off-center for the divergence calculation to be representative of the true divergence
for the calculation point. Using only those points that qualify allows us to gain more
confidence and increased accuracy in the divergence calculations.

We compute divergence for a majority of the ice-free oceans (70° S — 70° N, at
all longitudes). Each swath is computed separately to avoid overlap of wind vectors
from different times. Resulting divergence estimations are binned into 2° latitude by
2° longitude boxes over our area of concentration (40° S — 40° N, 20° E — 120° E;
Figure 1) for each day of the five-year period, 1992-1996.

Despite the relatively good spatial and temporal coverage of the scatterometer,
several days of divergence calculations are needed to create a global map. We find

that the shortest time interval for meaningful averages is monthly. Therefore, the
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means and climatological (1992-1996) monthly means are also generated from daily
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Figure 1: Map of the Indian Ocean Basin. Analysis of results from divergence cal-
culations were carried out over the region from 40° S to 40° N and 20° E to 120°
E.
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4. RESULTS

For consistency, references to seasons in this study are that of the northern hemi-
sphere. Winter includes the months of December, January, February; spring includes
March, April, and May; summer incorporates June, July, and August; and fall is

considered to be September, October, and November.

4.1 Total, annual, and five-year averages

The strongest and most persistent features appear in the five year average of the data
(Figure 2). The northern Indian Ocean has net convergence due to the strong conver-
gence experienced with the Asian monsoon in the summer. South of the equator, the
ITCZ is the strongest and most persistent feature in this five year period. Over the
southwestern part of the Indian Ocean, the convergence is strong throughout the pe-
riod, while the southeastern ocean ITCZ experiences a strengthening in convergence
in during the five year period.

This overall mean compares well with #n situ studies. For example, the divergence
calculated from the FSU Winds data [Legler et al., 1997] shows most of the same
features. Locations of the various convergent and divergent zones match up well;
however, the divergence and convergence are slightly stronger in our study. Both
studies find divergence on the order of 107¢ s7!.

Annually averages of the data reveal the interannual changes during this period

(Figure 3). Because the months with less coverage were included for completeness in

1992 and 1994 (Figures 3a and 3c), those annual averages tend to show a band struc-
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more toward summer and fall patterns, since the first three to four months have
considerably fewer points than other months.
The ITCZ over the southwestern Indian Ocean is strong in 1992 and 1993, with

magnitudes exceeding —1 x 1075 s7!

occurring between 5° S and 15° S (Figures 3a
and 3b). The eastern section is much weaker and alimost non-existent (small patches
with minimum values between —4 and —6 x 1075 s7!). This part of the ITCZ is also
narrower and centered close to 5° S.

During 1994 and 1995 (Figures 3¢ and 3d), the western part of the ITCZ is still
strong. The eastern section, centered now between 5° S and 15° S, is considerably
stronger and wider than the earlier years.

In 1996 (Figure 3e), the ITCZ is continuous across the basin; however, it is cen-
tered a few degrees further south (13° S) than during 1994 and 1995. Also, it is
weaker than the ITCZ in 1995, especially at the eastern and western boundaries.

The convergence and divergence patterns over the southeastern Indian Ocean
undergoes a dramatic change in the nature of the divergence between 1993 and 1994
(Figures 3b and 3c, respectively). The region of divergence centered around 20° S
disappears. At the same time, the convergence zone centered at 10° S strengthens.
The strengthened convergence zone dominates the soutllleast ocean for the last three
years of the period (Figures 3¢, 3d, and 3e). This change will be explored further in
section 4.4.

The seasonal cycle is emphasized in the monthly climatologies for 1992-1996 (Fig-
ures 4, 5, 6, and 7). During the winter (Figure 4), the northern Indian Ocean and
regions southwest and west of Australia are generally divergent, while strong conver-
gence is evident between 10° S and 20° S. During January and February, the ITCZ
over the southwest Indian Ocean is centered about 20° S near Madagascar. Over the
central and eastern Indian Ocean, the ITCZ is farther north, between 5° S and 15° S.

In spring (Figure 5), the divergence over the northern ocean shifts to the eastern
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part of the Arabian Sea and Bay of Bengal as the beginning of the transition to the
summer pattern in the Indian Ocean. Another part of this seasonal transition occurs
in the ITCZ. West of 70° E, the ITCZ begins to migrate northward. Some convergence
even begins to appear north of the equator near 70° E. The entire ITCZ is slightly
weaker during spring than the winter months due to the changing cross-equatorial
wind flow.

With the onset of the Asian monsoon in late spring and early summer (Figures 5c
and 6), patterns over the Arabian Sea and Bay of Bengal exhibit strong convergence
(stronger than —15 x 107% s7!) except in the region of the Somali Jet (50° E, 0°to
10° N). The acceleration of the winds in this area results in strong divergence. Over
the southwest Indian Ocean, the convergence is relatively strong, but it is located
farther north (5° S to 10° S) than the winter convergence zone (close to 20° S). The
convergence is weaker over the southeast Indian Ocean, but the zone is still in the
same general location as the winter months (5° S to 15° S). Some convergence still
exists north of the equator near 70° E.

In the fall (Figure 7), the divergence patterns begin to revert back to the winter
configuration. The ITCZ is relatively weak, and the western section is slowly propa-
gating to the south. The convergent features north of ﬁhe equator at 70° E begin to
dissipate. The convergence over the northern part of the ocean weakens and begins
to disappear as winter approaches.

This seasonal cycle is similar to the seasonal cycle of divergence noted in other
studies. The strength and location of the ITCZ in the southwestern Indian Ocean
compares well to a study by Jury et al. [1994]. A study of highly reflective cloud
(HRC) data shows some of the same convergent features of the eastern part of the
basin [ Waliser and Gautier, 1993]. In addition, the behavior of the surface winds and
wind divergence over the northern ocean is also documented; our study compares well

to these studies (e.g.. Hastenrath,(19911: Lealer et al. [19971). However. these studies
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likelihood estimator (MLE) is used to determine the most probable direction of the
wind given a wind speed and a set of directional aliases. The CMOD-IIFR2 model has
limitations in areas of sharp wind contrasts due to contamination of the measured
backscatter by associated weather or because of the spatial resolution. Some of the
problems are removed by an ambiguity removal technique which checks the fit and
consistancy of statistical qualities with respect to analyses and estimations of other
meteorological fields over a swath [Quilfen, 1996].

When compared to moored-buoy estimates of the wind speed and direction at 10
m, the estimation of the wind by the scatterometer has a root mean squared (rms)

! in wind speed and rms error near 15° in direction [Quilfen, 1996].

error of 1.2 ms~
The error in the estimated wind speed and direction increases with lower wind speed;
the MLE method for determining wind direction tends to perform poorly at speeds
less than 3.5 ms™! [Quilfen, 1996]. This estimation error could affect divergence
calculations in regions of low wind speeds. Our method for estimating divergence,
which will be explained in the following section, minimizes the effect of individual wind
vectors on the divergence field in an effort to reduce the effect of isolated erroneous
values on the calculations.

For the Arabian Sea, the CMOD-IFR2 gives a mbre accurate estimate of the
winds, when compared to other widely used scatterometer wind inversion models.
CMOD-IFR2 scatterometer wind-derived products, such as upper ocean transport,
also show considerably better agreement to observations [Halpern et al., 1998].

Several problems exist in the ERS scatterometer wind data set. The obvious
problems are tied to problems with the satellite. Satellite maneuvers for recalibration
or for changing to a new orbit cycle/height usually interrupt the continuous data
coverage of the instruments. In addition, the various orbit cycles of the ERS mission
sometimes result in poor spatial coverage.

Other anomalies arise from deficiencies with the inversion model and the instru-

sometimes result in poor spatial coverage.

Other anomalies arise from deficiencies with the inversion model and the instru-



ment itself. Although the scatterometer accurately measures the backscatter, the
algorithm sometimes has a problem correctly converting the measurement to the 10
m wind vectors. This problem is especially apparent in areas of low wind speed. This
algorithm flags those points where the MLE is below a certain value. The inability of
the instrument to detect backscatter accurately at low wind speeds exacerbates this
problem [Ebuchi and Graber, 1998]. Unfortunately, areas of strong convergence, such
as the ITCZ, tend to coincide with areas of low wind speeds. Consequently, certain
areas of the tropics, especially some of the areas we use for our analysis, are poorly
covered by the scatterometer.

Ebuchi and Graber [1998] show that there are other problems with the inversion
model. In a two month study of scatterometer-derived winds, the CMOD-IFR2 model
tended to have a slight systematic bias in determining the correct direction. The
derived directions showed a preference to the directions of the three azimuth angles
of backscatter measurement.

For this research, we use five years of ERS-1 and ERS-2 scatterometer data, start-
ing with January 1992. This period incorporates most of the measurement phases
of both satellites. January to April 1992 and January to March 1994 are periods of
poor spatial coverage due to the satellite orbit, a 3-day fepeat orbit cycle. This cycle
gives good coverage of the poles; however, coverage in the mid-latitudes and tropics
is relatively sparse. In addition, June and July 1996 are ignored in the Empirical Or-
thogonal Function (EOF) analyses because of substantial missing data from satellite

mancuvers.



3. METHODOLOGY

We use the divergence theorem (equation 1) to calculate horizontal wind divergence
in each swath. Previous works (e.g., Halpern et al. [1994a|; Zheng et al. [1997]) have
used a finite differenced formula for calculating divergence of satellite estimated winds.
Finite difference methods require the winds to be averaged or gridded the winds. This
process could result in winds from different swaths being used in the same divergence
calculation. Using finite differencing in each swath is extremely difficult to implement
due to missing or flagged cells. Our method is more appropriate for satellite data. The
divergence theorem method allows us to take advantage of the high spatial resolution
of the wind vectors without averaging over different times; it is also more adaptable
to regions with missing and/or flagged data.

The divergence theorem states:

/S(v.ﬁ)dh/A(v-V)dA (1)

where V is the vector wind, A is the surface area over which divergence is calculated,
and 11 is the unit vector normal to the perimeter S enclosing A [Holton, 1992|. By
assuming that the divergence (V - V) is constant within the area, equation (1) is

simplified to solve for the horizontal divergence:
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surrounding cells would be convex, perfectly centered about the calculation point. As
previously discussed, this data set has several problems leading to missing/flagged
data; therefore, a few rules must be implemented to ensure the quality of the diver-
gence calculation.

In this system, missing divergence values result from too few valid wind vectors
surrounding the point or too great a distance between successive points on the poly-
gon. Given that the perfect situation should yield greater than 20 valid points, setting
the minimum number of valid vectors surrounding the point to 10 forces a maximum
number of missing values. One missing value or row of values will not affect the
calculation, but several missing values and rows will lead to a missing divergence
value.

By limiting the distance between points, we try to create a polygon that is not
too far from centered about the point. This distance is judged by the magnitude of
the angle difference between successive clockwise points relative to the center point.
If the angle between two adjacent points is greater than 160°, the polygon may be too
off-center for the divergence calculation to be representative of the true divergence
for the calculation point. Using only those points that qualify allows us to gain more
confidence and increased accuracy in the divergence calculations.

We compute divergence for a majority of the ice-free oceans (70° S — 70° N, at
all longitudes). Each swath is computed separately to avoid overlap of wind vectors
from different times. Resulting divergence estimations are binned into 2° latitude by
2° longitude boxes over our area of concentration (40° S — 40° N, 20° E — 120° E;
Figure 1) for each day of the five-year period, 1992-1996.

Despite the relatively good spatial and temporal coverage of the scatterometer,
several days of divergence calculations are needed to create a global map. We find

that the shortest time interval for meaningful averages is monthly. Therefore, the
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Figure 1: Map of the Indian Ocean Basin. Analysis of results from divergence cal-
culations were carried out over the region from 40° S to 40° N and 20° E to 120°
E.
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4. RESULTS

For consistency, references to seasons in this study are that of the northern hemi-
sphere. Winter includes the months of December, January, February; spring includes
March, April, and May; summer incorporates June, July, and August; and fall is

considered to be September, October, and November.

4.1 Total, annual, and five-year averages

The strongest and most persistent features appear in the five year average of the data
(Figure 2). The northern Indian Ocean has net convergence due to the strong conver-
gence experienced with the Asian monsoon in the summer. South of the equator, the
ITCZ is the strongest and most persistent feature in this five year period. Over the
southwestern part of the Indian Ocean, the convergence is strong throughout the pe-
riod, while the southeastern ocean ITCZ experiences a strengthening in convergence
in during the five year period.

This overall mean compares well with #n situ studies. For example, the divergence
calculated from the FSU Winds data [Legler et al., 1997] shows most of the same
features. Locations of the various convergent and divergent zones match up well;
however, the divergence and convergence are slightly stronger in our study. Both
studies find divergence on the order of 107¢ s7!.

Annually averages of the data reveal the interannual changes during this period

(Figure 3). Because the months with less coverage were included for completeness in
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more toward summer and fall patterns, since the first three to four months have
considerably fewer points than other months.
The ITCZ over the southwestern Indian Ocean is strong in 1992 and 1993, with

magnitudes exceeding —1 x 1075 s7!

occurring between 5° S and 15° S (Figures 3a
and 3b). The eastern section is much weaker and alimost non-existent (small patches
with minimum values between —4 and —6 x 1075 s7!). This part of the ITCZ is also
narrower and centered close to 5° S.

During 1994 and 1995 (Figures 3¢ and 3d), the western part of the ITCZ is still
strong. The eastern section, centered now between 5° S and 15° S, is considerably
stronger and wider than the earlier years.

In 1996 (Figure 3e), the ITCZ is continuous across the basin; however, it is cen-
tered a few degrees further south (13° S) than during 1994 and 1995. Also, it is
weaker than the ITCZ in 1995, especially at the eastern and western boundaries.

The convergence and divergence patterns over the southeastern Indian Ocean
undergoes a dramatic change in the nature of the divergence between 1993 and 1994
(Figures 3b and 3c, respectively). The region of divergence centered around 20° S
disappears. At the same time, the convergence zone centered at 10° S strengthens.
The strengthened convergence zone dominates the soutllleast ocean for the last three
years of the period (Figures 3¢, 3d, and 3e). This change will be explored further in
section 4.4.

The seasonal cycle is emphasized in the monthly climatologies for 1992-1996 (Fig-
ures 4, 5, 6, and 7). During the winter (Figure 4), the northern Indian Ocean and
regions southwest and west of Australia are generally divergent, while strong conver-
gence is evident between 10° S and 20° S. During January and February, the ITCZ
over the southwest Indian Ocean is centered about 20° S near Madagascar. Over the
central and eastern Indian Ocean, the ITCZ is farther north, between 5° S and 15° S.

In spring (Figure 5), the divergence over the northern ocean shifts to the eastern
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part of the Arabian Sea and Bay of Bengal as the beginning of the transition to the
summer pattern in the Indian Ocean. Another part of this seasonal transition occurs
in the ITCZ. West of 70° E, the ITCZ begins to migrate northward. Some convergence
even begins to appear north of the equator near 70° E. The entire ITCZ is slightly
weaker during spring than the winter months due to the changing cross-equatorial
wind flow.

With the onset of the Asian monsoon in late spring and early summer (Figures 5c
and 6), patterns over the Arabian Sea and Bay of Bengal exhibit strong convergence
(stronger than —15 x 107% s7!) except in the region of the Somali Jet (50° E, 0°to
10° N). The acceleration of the winds in this area results in strong divergence. Over
the southwest Indian Ocean, the convergence is relatively strong, but it is located
farther north (5° S to 10° S) than the winter convergence zone (close to 20° S). The
convergence is weaker over the southeast Indian Ocean, but the zone is still in the
same general location as the winter months (5° S to 15° S). Some convergence still
exists north of the equator near 70° E.

In the fall (Figure 7), the divergence patterns begin to revert back to the winter
configuration. The ITCZ is relatively weak, and the western section is slowly propa-
gating to the south. The convergent features north of ﬁhe equator at 70° E begin to
dissipate. The convergence over the northern part of the ocean weakens and begins
to disappear as winter approaches.

This seasonal cycle is similar to the seasonal cycle of divergence noted in other
studies. The strength and location of the ITCZ in the southwestern Indian Ocean
compares well to a study by Jury et al. [1994]. A study of highly reflective cloud
(HRC) data shows some of the same convergent features of the eastern part of the
basin [ Waliser and Gautier, 1993]. In addition, the behavior of the surface winds and
wind divergence over the northern ocean is also documented; our study compares well

to these studies (e.g.. Hastenrath,(19911: Lealer et al. [19971). However. these studies
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are limited by the lack of in situ wind data available in the Indian Ocean, especially
the southern ocean. The scatterometer helps identily climatological features in this

area.

4.2 Variations in time at a meridian

A strong seasonality over the Arabian sea (60° E) and the Bay of Bengal (90° E) is
evident from the changes in divergence patterns through the period (Figure 8). This
seasonality reflects the seasonal nature of the Asian monsoon flow. Maximum values
of convergence (exceeding —4 x 107° s™! are found in the summer monsoon months,
and strong divergence occurs during the winter months.

South of the equator at 60° E (Figure 8a), seasonality still exists in the ITCZ,
but this seasonal cycle is much less pronounced than over the Arabian Sea. During
December, January, and February, the ITCZ tends to be centered at 13° S. In the
spring, the ITCZ propagates slightly northward to roughly 10° S. The ITCZ remains
at this position until September, the beginning of the transition back to the winter
pattern.

During the transitions between the summer and winter positions (Figure 8a), the
ITCZ tends to be slightly weaker with minimum values generally between —1 and
—2x107° s7'. At the seasonal extremes (winter and summer), the ITCZ is generally
stronger with convergence exceeding —4 x 107° s™!. The summer convergence is
mainly due to a bend in the trade winds into the monsoon flow near the equator,
while the winter band emerges from the confluence of the southern trade winds and
the northerly flow from the Arabian Sea. During both of these times, the convergence
is fairly strong, but the transition between the two regimes leads to a weakening of
the convergence in spring and fall.

At 90° E (Figure 8b), the divergence patterns change dramatically in 1994 between

30° S and the equator. The strong divergence zone between 15° S and 30° S weakens

At 90° B (Figure 8b), the divergence patterns change dramatically in 1994 between
30° S and the equator. The strong divergence zone between 15° S and 30° S weakens

considerably, while the convergence zone between 15° S and the equator strengthens
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and is consistently strong. The strongest convergence values are in 1994; however,
areas of convergence with magnitudes greater than —2 x 1075 s~ still appear in 1995
and 1996. Further discussion of this change in divergence patterns can be found later

(section 4.4).

4.3 Empirical Orthogonal Function analysis

We use empirical orthogonal functions (EOF) to find the major contributions to the
variations within the period. Very briefly, a data set can be described as a sum of

orthogonal components:

Ds,t:Zai,tXi,s; 3:1,...,5, t:].,,T (3)

where D(s,t) is the data point at location s and time ¢, a is the temporal variation of

th component, and X is the spatial pattern of the i** component. EOF analysis

the ¢
breaks up the spatial and temporal variance of the data set into a number () of
separate space and time components. Individual components can be ranked according
to the amount of the total variance explained. One expects the first several EOF's to
explain a majority of the variance | Wilks, 1995; Legler, 1983|. This variance includes
seasonal variations, since we do not remove the seasonal means prior to analysis.
In addition, this analysis requires no missing data; therefore, the nine months with
missing data are excluded.

Using a scree test [Wilks, 1995], we determine that the first four EOFs are the
only EOFs that are statistically significant. The first EOF comprises 15.9% of the
explained variance, while the second, third, and fourth EOFs represent 5.4%, 3.8%,
and 3.4% over the variance, respectively.

The first EOF emphasizes part of the annual cycle (Figure 9). The most striking
features in the spatial pattern are several regions of convergence. The Arabian Sea,

Bay of Bengal, the area just south of India, ITCZ, and a narrow band near 40° S all

features in the spatial pattern are several regions of convergence. The Arabian Sea,
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have large areas of convergence. Several divergent features are also evident off the
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coast of Somalia, west of Madagascar and west of Australia. The temporal component
shows that the spatial features found in EOF 1 are summer features over the Indian
Ocean. We note that the last three years of the associated time series have a slightly
higher maximum during the summer months than 1992 and 1993.

The second EOF also shows elements of the annual cycle (Figure 10); however
it has a much stronger interannual component than EOF 1. The major features in
the spatial pattern are strong convergent areas over the Arabian Sea, Bay of Bengal,
and north of Madagascar and a strong divergent patch over the southeastern Indian
Ocean (70° E to 120° E, centered about 10° S). For 1992 and 1993, the summer
features are more pronounced: convergence in the northern ocean, convergence north
of Madagascar, and divergence in the southeast Indian Ocean. For 1994 to 1996, the
winter features are dominant. The Arabian Sea and Bay of Bengal are divergent, and
there is strong convergence centered about 10° S. The area north of Madagascar is
also divergent; this feature, along with a similar feature in EOF 1, emphasizes the
seasonal migration of the ITCZ in the western ocean. The interannual trend seen in
EOF 2 attaches a statistical significance to the change in 1994.

The third and fourth EOFs clearly expose the shift in 1994 in the nature of the
divergence in the southeast Indian Ocean (Figures 11 a,;ld 12). The region where the
changes occur is depicted in both EOFs.

The region from 10° S to 30° S and east of 70° E is emphasized in EOF 3 (Fig-
ure 11). By examining the temporal component, divergence is evident in the region
for the first two years of the period. At the beginning of 1994, this shifts dramatically
to convergence. Convergence persists in the region until later 1996.

The entire band centered at 10° S is highlighted in the spatial function of EOF
4 (Figure 12); however, the eastern half is mainly convergent while the western part
is more divergent. The temporal component shows that this contrast is the main

pattern for 1992 and 1993. The eastern half of the area is divergent while the western

is more divergent. The temporal component shows that this contrast is the main

pattern for 1992 and 1993. The eastern half of the area is divergent while the western
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half is convergent. Very little can be inferred from the latter portion of the period
with the exception of a large spike in mid-1996. This spike corresponds to larger

convergence values over the southeastern Indian Ocean.

4.4 Changes over the southeast Indian Ocean

As previously discussed, between late 1993 and early 1994, the divergence patterns
change over the southeast Indian Ocean. This shift in the nature of the divergence
in this region arises in several analyses of the calculated field (Figures 8b, 3b and 3c,
and 11 and 12). Analyses of other related fields help offer an explanation for this
change.

In order to diagnose any changes in the nature of the southeast trade winds, we
use an index of the trade wind anomalies. These anomalies are the differences in wind
strength from the seasonal means. Our southeast trade wind index is calculated from
the monthly FSU wind field [Stricherz et al., 1993; Legler et al., 1997] by averaging
the magnitude of the monthly FSU wind anomalies. The index box, 75° E to 95° E
and 17° S to 20° S, incorporates the core of the southeast trade winds. The resulting
index shows the month to month changes in the trade wind anomalies (Figure 13).

Starting in January 1994, the index indicates a change in wind strength. Prior to
1994, the trade winds are on the average weaker than the wind of the latter years of the
period. A standard Student’s t-test is used to determine whether the difference in the
mean trade wind strength between 1992-1993 and 1994-1996 is statisticlly significant
[ Wilks, 1995]. Results from the t-test show that the increase in mean trade wind
strength between 1992-1993 and 1994-1996 is significant (t-test value of 0.00695).

Strengthening of the southeast trade winds in the index box results in greater
convergence north of 17° S and decreased divergence to the south. Convergence
north of this latitude is strong starting in 1994. The strong divergence south of 17°

S during 1992 and 1993 weakens and virtually disappears for the latter part of the

north ot this latitude is strong starting in 1994. 'I'he strong divergence south ot 17°
S during 1992 and 1993 weakens and virtually disappears for the latter part of the

period.
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The change in the surface wind divergence between 10° S and 20° S along with
the associated change in trade winds is also reflected in other fields. Sea surface
temperature (SST) may be related to surface wind divergence. Several studies have
noted a relationship between SST and tropical convergence (e.g., Hastenrath and
Lamb [1978|; Jury and Pathack [1991]). Although it is still unclear whether the
location of the ITCZ affects the underlying SST values or vice versa, it is evident that
higher SST's tend to be collocated with the ITCZ [Hastenrath and Lamb, 1978]. Over
the southeast Indian Ocean, the SST patterns can also be affected by the Indonesian
throughflow [Reason et al., 1996; Meyers, 1996] and wind-induced upwelling oft the
coast of Sumatra [Meyers, 1996].

Using monthly Reynolds SST data [Reynolds and Smith, 1994], we note several
interesting features. The increase in wind strength may lead to a slight drop in SST
anomalies (from seasonal means) between 5° S and 15° S (Figures 14 and 15). This
decrease in SST is part of a cold event previously identified by Meyers [1996] as wind-
induced coastal upwelling combined with possible El Nifno effects via the Indonesian
throughflow.

Starting at the end of 1994, the SSTs start increasing between 10° S and 20° S
(Figures 15a and 16a) and return to higher anomalies‘north of 10° S; this pattern
may be in response to the stronger convergence zone. Higher SSTs favor the location
of the tropical convergence (Figures 15¢ and 16¢).

Areas of surface wind convergence in the tropics are characterized by convective
cloud activity. OLR tends to be a useful tool for measuring convective cloud cover;
Lower values of OLR indicate more convective cloud activity and can indicate changes
in the ITCZ [Waliser and Gautier, 1993]. However, cloud activity and OLR are
also sensitive to changes in SST; cold anomalies in SST often lead to less sustained
convective cloud activity and higher values of OLR.

The OLR field tends ta mirror the chanees in SST hetween 5° S and 15° S (Fie-

convective cloud activity and higher values of OLR.

The OLR field tends to mirror the changes in SST between 5° S and 15° S (Fig-
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ures 15 and 14). Smaller anomalies in SST lead to greater anomalies in OLR. In the
southeast Indian Ocean, the increase in trade wind strength and associated drop in
SST lead to large OLR anomalies. The effect of the convergence may bring about the
return to negative anomalies, indicating more convective cloud activity. South of 15°
S, the mean SST values (less than 25°C) are too cold to support sustained convective
cloud activity. Any cloud activity is relatively short-lived and does not appear to
be significant to the monthly mean OLR field. Therefore, OLR shows little change
despite changes in both the SST and divergence fields (Figure 16).

It is important to note that the change in divergence patterns in 1994 is not clearly
evident in other studies of the atmospheric circulation in the southeast Indian Ocean

(e.g., Legler et al. [1997]). However, most of these studies rely on assimilated ship

and buoy data, and southern ocean tends to be poorly sampled by these sources.
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ERS— 1/,2n Average Wind Dlvergence 1 Jan 1992 - 31 Dec 1996
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Figure 2: Average wind divergence from ERS-1/2 scatterometer data for all five years
of study. Convergence is shown as negative divergence. Units are 1078 571
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Wind Divergence - 1992

(a) 1992

Wind Divergence —

1993

—!U —! -—é‘—4 -2 2 J g g x107° sec ™'

(b) 1993

Figure 3: Annually averaged wind divergence for 1992 through 1996. Convergence is
shown as negative divergence. Units are 107% 57!,

Ligule O, Aliliudlly dverdged willd dlvergence 10r 1yys tnrougn 1yvo. Lonvergence 1s
shown as negative divergence. Units are 107% s71.
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Wind Divergence — 1994

(c) 1994

Wind Divergence — 1985
I s T T
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(d) 1995

Figure 3: continued.

Figure 3: continued.
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(e) 1996

Figure 3: continued
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Wind Divergenc
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(a) December (b) January

_»M'Q"—B -2 2 é ; l! x10* sec ™!

(c) February

Figure 4: Climatological (1992-1996) divergence for December, January, and February

averaged over all five years. Convergence is shown as negative divergence. Units are
1078 571,
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(c) May

Figure 5: Same as figure 4 except for March, April, and May.
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(c) August

Figure 6: Same as figure 4 except for June, July, and August.
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Wind Divergence - September 1992-1990
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(a) September (b) October

o o o P o e

(c) November

Figure 7: Same as figure 4 except for September, October, and November.
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(a) Western Indian Ocean (60° E).
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(b) Eastern Indian Ocean (90° E).

Figure 8: Variations in divergence in the (a) eastern Indian Ocean (60° E) and (b)
western Indian Ocean (90° E). White spaces indicate areas of missing divergence data.
Convergence is shown as negative divergence. Units of divergence are 107° s71.
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(a) Spatial component of the first EOF
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(b) Temporal component of the first EOF

Figure 9: The first Empirical Orthogonal Function (EOF). Gaps in the time series
indicate months excluded from the analysis. Units of the spatial function are 107°
-1
s™h.

indicate months excluded from the analysis. Units of the spatial function are 107°
-1
s,
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(a) Spatial component of the second EOF

08T T [ — T

0.6

L e s B

0.4

0.2

ya AN LA

RIAA

|_ 1992 1893 1894 | 1895 1996
L i | L L 1 1 H 1 1 1 ] il .

—T T

T

-0.2

T

-0.4

7101 4 7 101 4 7 101 4 7 10 1 4 7 10
month

{(b) Temporal component of the second EOF

Figure 10: Same as Figure 9 except for the second EOF.
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(a) Spatial component of the third EOF
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(b) Temporal component of the third EOF

Figure 11: Same as Figure 9 except for the third EOF.
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(b) Temporal component of the fourth EOF

Figure 12: Same as Figure 9 except for the fourth EOF.
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Southeast Trade Wind Index
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Figure 13: Southeast Indian Ocean Trade Wind Index. This index shows the average
deviation from monthly climatology of winds in a box stretching from 75° E to 95° E

and 16° S to 20° S. Units are ms™'.

index box 17 to 20 S, 75 to 95 E
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(c) Divergence.

Figure 14: SST, OLR, and divergence 5° S (6° S for divergence) to 10° S. (a) Reynolds
SST anomalies averaged over a box extending from 80° E to 105° E. Units are °C. (b)
CAC OLR anomalies averaged over 80° E to 105° E. Units are Wm™2. (c) Divergence
averaged over 80° E to 106° E. Units are s~ !.
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SST from 10S Lo 15S
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(c) Divergence.

Figure 15: SST, OLR, and divergence 10° S to 15° S (16° S for divergence). (a)
Reynolds SST anomalies averaged over a box extending from 80° E to 105° E. Units
are °C. (b) CAC OLR anomalies averaged over 80° E to 105° E. Units are Wm™2. (c)

Divergence averaged over 80° E to 106° E. Units are s™1.
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AN

1.5

1.0

AARRRRRS]

0.5

PP O T IRV L 1 R

0.0 ——/\AF / y —
~0.5f
s o\
-1.0
£o1992 1993 1994 1995 1996
—-1.5C . ) . .
10 20 30 40 50 60
(a) SST.
OLR from 15S to 20S
40— —— — — — 4
i 1
20 i
Wy o
{5 of \ /\fj\v /\ /\VL\/\\/ A\/A:i
< Al W AL
-20 i
. 1992 1993 1994 1995 1996 |
-40 . L R RN ‘ .
1 4 7101 4 7101 4 7101 4 7101 4 710
month
(b) OLR.
5 Divergence from 16S to 208
2.0x107VF T T T
1.0x1079F :
T I S :
0
{ : / 3
’ é \/\/\“/\/\/\/\/_/\/\A/\/E
—1.0x1075F E
755 1992 1993 1994 1995 1996 |
-2.0x10"°E ., . R . A . q

1 4 7101 4 7101 4 7101 4 7101 4 710
month

(c) Divergence.

Figure 16: SST, OLR, and divergence 15° S (16° S for divergence) to 20° S. (a)
Reynolds SST anomalies averaged over a box extending from 80° E to 105° E. Units
are °C. (b) CAC OLR anomalies averaged over 80° E to 105° E. Units are Wm™2. (c)
Divergence averaged over 80° E to 106° E. Units are s™!.
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5. SUMMARY AND CONCLUSIONS

We use the divergence theorem as the basis for calculating surface wind divergence
from ERS-1 and ERS-2 10 m scatterometer winds. This method is better for satellite
data, since it involves no averaging over time or space prior to calculations. It is
also easier to implement on swath data because of the lack of sensitivity to missing
cells. After performing the calculations on five years of data from January 1992 to
December 1996, we find both seasonal and interannual variations within the resulting
divergence data.

The seasonal cycle associated with the Asian monsoon flow over the Arabian Sea
and Bay of Bengal is the most dominant feature over the northern Indian Ocean.
Strong convergence accompanies the onset of the monsoon during May and continues
through August. The northern winter months are characterized by divergence in this
region. |

The ITCZ over the southern Indian Ocean has both a seasonal and an interannual
component to its variability. Seasonally, the ITCZ experiences changes in strength
and location. The western portion of the region is farthest south (north) during
northern winter (summer). It is relatively strong at either extreme; it weakens during
the transition periods.

Over the central and eastern Indian Ocean, the ITCZ stays in approximately
the same location; however, it is strongest during southern summer and weakest
in southern winter. The southeastern Indian Ocean also has a distinct interannual

component. A general strengthening of the southeast trade winds in 1994 mav cause

in southern winter. The southeastern Indian Ocean also has a distinct interannual

component. A general strengthening of the southeast trade winds in 1994 may cause
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a change in the nature of the divergence in this region. The ITCZ is stronger and
larger for the latter part of the period, and a divergence zone near 20° S disappears.

The change in divergence in 1994 may be explained by strenghthened trade winds
over the southeast Indian Ocean. Evidence of the change in divergence patterns can
be detected in the SST and OLR patterns, resulting in increasing SST and decreasing
OLR.

This interannual component, as well as some of the seasonal features, have not
been previously noted in other studies of the Indian Ocean atmospheric circulation.
The increased coverage and resolution of scatterometer provides a more complete view
of the circulation over the global oceans, allowing for a better overall description of

wind and, when using our method, surface wind divergence features.
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