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Equatorial jet — A case study
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Detailed EOF analysis of wind data reported by Wunsch over Gan {00°41°S; 73°10’E) is made for the
period 1963-70. Mean monthly wind pattern over these years shows one significant peak each in pre and
postmonsoon transition periods. The year 1964, which exhibited least variability from mean wind struc-
ture, has been chosen for the case study. EOF analysis of hydrographic data of 1964 is also carried out to
understand the response signature of water column to prevailing westerlies. A jet forms in the central In-
dian Ocean, which gathers momentum as it advances eastward. Sinking of the thermocline and formation
of a subsurface high salinity core are, apparently, manifestations of vertical advection of momentum as-
sociated with the jet. The driving force behind the equatorial undercurrent in the Indian Ocean ceases to
exist in May, causing undercurrent to rebound at east coast and produce an opposite flow at the subsur-
face depth. Absence of a high salinity core during May-June may be accounted for by enhanced mixing at
equator arising out of shear produced at the boundary of 2 opposing currents.

The Indian Ocean is the only major ocean that is
land-locked in its northern boundary, the others be-
ing open towards poles. This peculiar geography of
the Indian Ocean gives rise to, in its northern region,
a unique interplay of oceanic and continental clim-
ate called the monsoons. Between the 2 monsoons
(northeast and southwest monsoons) winds - along
the equator become organized into moderate wes-
terlics and this organization is especially evident in
central and eastern equatorial Indian Ocean'.
Transitional months exhibiting maximum castward
wind stress are April and May (premonsoon transi-
tion) and October and November (postmonsoon
transition), according to Netherlands Meteorologi-
cal Institute? charts.
Associated with these intermonsoonal westerlies,
a strong and narrow surface current—equatorial
jet—develops in the central Indian Ocean and flows
towards east, symmetric about the equator, as docu-
mented by Wyrtki!. Subsequent to this discovery
O’Brien and Hurlburt?® generated a 2-dimensional,
nonlinear model which could account for most of
inferences of Wyrtki from meteorological charts.
Thereafter, numerous attempts have been made by
occanographers to understand the theory behind
this unique phenomenon**. Knox® has collected an
uninterrupted time series of wind (vector wind) and
surface current data for 2y from 1972 to 1974 and
- established the presence of a jet in the central Indian
Ocean during both pie and postmonsoon trans-
itions. Results of Knox are somewhat contradictory

to Wyrtki’s report, for, while Knox has observed a
strong jet during the October-November transition,
Wyrtki’s report points to a stronger jet during spring
than autumn. Qbservations of Knox have further
been supported by those of Reverdin et al’ using 20
drifting buoys launched along the equator between
48°and 60°E.

The western Indian Ocean, on the other hand, ex- -
periences an unsteady wind pattern throughout the
year and this is responsible for inconsistent currents
noticed during periods of transition. There are very
few reports in support of the existence of a jet in the
western Indian Ocean®? but these reports did indic-
ate a complicated current structure beneath the jet.
This appears to be in concurrence with the views of
Philander® who believes that nonlinear effects are
important on time scales longer than about one
week and that winds that fluctuate on such time
scales introduce hysteresis effects and generate flow
with a complicated vertical structure. Nevertheless,
incorporating above facts it can be stated that equa-
torial jet does not make its appearance in western
Indian Ocean due to unfavourable condition pre-
vailing there.

Existing information on equatorial Indian Ocean
is inadequate to understand nature and behaviour of
the equatorial jet, primarily because of ill-timed and
surface oriented observations. It is felt that vertical
extent of the jet and processes associated with verti-
cal transport within the jet have not, to date, been
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given due importance. In this context, the authors
aim at bringing out salient features of the jet by anal-
ysing hydrographic data from the upper 500 m lay-
er, with special reference to characteristic differ-
ences between pre and postmonsoon jets.

The aim of this paper is achieved through a novel
technique called Empirical Orthogonal Function
(EOF) analysis by means of which historical wind
data and hydrographic fields are decomposed and
explained in terms of covariances to give meaningful
conclusions. EOF analysis is a very powerful tool
which has been widely adopted for statistical de-
scription of many types of distributions. It is import-
ant to note that atthough EOF’s may or may not
have a physical significance, careful analysis and in-
terpretation have enabled researchers from various
fields to assign appropriate physical meaning to dif-
ferent modes of EOF’s. For example, Stidd!® has
used eigen vectors to represent seasonal variation of

rainfall over Nevada and found that the first 3 eigen

vectors in order of importance have features.in
common with the 3 natural cycles of precipitation.
Winant et al! and Aubrey'? have applied the tech-
nique to beach profile data and attributed the first 3
eigen vectors to be mean beach profiles, seasonal
cycles and high frequency oscillations, respectively.
Rizzoli er al!3 have used this technique for statistical
description of sound speed variability in gulf stream
region to improve resolution of stochastic inversion.
More recently, Prasanna Kumar ez al!* have applied
this technique to determine high energetic modes of
sound speed field in central Bay of Bengal for pro-
viding base line information for tomographic stu-
dies.

Materials and Methods

Zonal component of monthly mean wind data of
8y (1963 to 1970) as reported by Wunsch!® over
Gan has been analysed using EOF analysis. The da-
ta matrix is set in such a way that each row contains
wind data for all months for a particular year while
each column contains wind data for all years for a
particular fortnight. The data ensemble is of the size
8 % 24. The scarcity of hydrographic data in the cen-
tral Indian Ocean during the period of investigation
(1964) left the authors with no other choice but to
utilise available hydrographic data at 84°, 88° and
92°E (Fig. 1) with the justification of a steady wind
stress right from the central Indian Ocean extend-
ing?'% to 92°E. This hydrographic survey has been
carried out in premonsoon transition period (May-
June) during the International Indian Ocean Expe-
dition, much before the discovery of the jet. The

central (77°E) and eastern (84°E) Indian Ocean

were also covered in 1962 during October-Novem-
ber when postmonsoon jet was active and the same
sections were used here for comparison purposes,
even though wind data during that year were not re-
ported. Since the 8y mean monthly wind data show
well-defined peaks during both transition periods it
can be safely assumed that wind over Gan during
October-November in 1962 might not have consid-
erable variation from mean wind structure of the
following 8y (Fig. 2).

Hydrographic data along transequatorial section
at 84°E, 88°E and 92°E for 1964 during May-June
and along 77°E and 84°E for 1962 during October-
November were also subjected to EOF analysis.
Hydrographic data (temperature, salinity and sig-
ma-t) were set into a data matrix with each row con-
taining a particular parameter at all stations cover-
ing entire transequatorial section at a given standard
depth, while each column represented values of a
parameter at a given station for all standard depths.
The data ensemble of each parameter was of the
size 15 X 20. _

In order to explain trend of variance observed in
the salinity data ensemble, especially during post-
monsoon transition period, a typical high salinity
core is simulated within a hypothetical column of
water with longitude along X-axis and depth along
Y-axis. Corresponding mean and variance are also
plotted (only distribution of spatial functions is pre-
sented) by subjecting data set to EOF analysis. Such
an approach seems to be useful in discussing the re-
sults.

Hydrographic data have been subjected to EOF
analysis to examine vertical and horizontal variabil-
ity. Variability of data matrix (H,,,,) is explained in

.
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“ terms of a few eigen functions of matrix H. This is
achieved by normalising and decomposing H into a
product of 3 matrices using SVD technique!”.

In the matrix form

.'_—; Hdmxn)la = Umxrrrxr Vr,{n M (1)

where m is the number of standard depth points, n
the number of stations at which data were collected,
and T the transpose of the matrix. The column vec-
tors of U and V' matrices are orthogonal,

UtUu=1, VTv=I

X

mxn
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Fig. 2—Matrix decomposition of the wind [(a) Monthly variation
of zonal component of wind. (b} Yearly variation of zonal com-

ponentof wind. ,meandistribution of wind;
and -, variance).
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and I' is a diagonal matrix with diagonal elements
called singular values of H, and r{r < min{mxn)] is
the rank of the matrix H. U, T and V satisfying the
Eq. 1 are obtained by solving the eigen value pro-
blem

(B;,ll) V=()
(A-A1)U=0

. (2)
. (3)

where covariance B=X7X and covariance
A= XXT. Values of 1 are obtained by solving the
characteristic Eq. (2)
ie, |B—A1Il=0

Substitution of these values in Eq. 2 leads to a sys-
tem of equations which are solved following stand-
ard Gaussian elimination method'® to obtain values
of V.Likewise, U is determined from Eq. 3.

Ratio between sum of squares of elements of the
factor model and that of data matrix is considered as
the measure of closeness of the model data,

k
Measure of closeness =

Aid 22 Ay

i=1
where k is the number of factors and r is rank of da-
ta matrix. The eigen functions associated with lar-
gest eigen value represent the data best in least-
square sense, while the second factor (in rank) de-
scribes residual mean square data best in the least-
square sense. In EOF analysis each function repre-
sents a certain amount of mean-square value of data,
which privides a convenient means for ranking and
assessing importance of each of the functions. Thus
a large number of data variables can be efficiently
represented by a few empirical functions which de-
scribe most of mean-square value of data.

For example, in Table 1 the first 2 cigen functions
account for 99.99% of mean-square value of data.
Hence in the present study the third eigen function
is not considered as its contribution is negligibly
small. '

Table 1 —Percent variance explained by first three characteristic eigen functions-

Eigen Premonsoon Postmonsoon
- values
84°E 88°E 92°E 77°E 84°E
Temp. Sal. Sig-t Temp. Sal. Sigt Temp. Sal. Sig-t Temp. Sal. Sig-t Temp. Sal. Sig-t
I 99.74 9998 99.98 99.73 99.98 99.98 99.86 99.99 99.98 99.89 99.98 99.99 99.83 99.98 99.99
1 010 002 001 o011 002 001 008 001 001 008 002 001 013 0.02 001
m 008 000 001 008 060 000 004 0060 000 001 000 0.00 003 000 000
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Results

* Analysis of the wind field—The matrix decompo-
sition of zonal component of scalar wind field is pre-
sented in Fig. 2. Weak meridional component of
wind is not analysed because its possible contribu-
tion to generation and maintenance of the jet is
practically insignificant. Monthly mean wind is rep-
resented by the first EOF mode (first set of eigen va-
lues) in Fig. 2a and variance by the second EOF
mode (second set of eigen values). The apparent
peaks during the 2 transition periods denote organ-
ized westerlies confined to the equator. Broad band
of steady westerlies ranging from April to June and
from September to January obviously indicates an-
nual fluctuation of the period of westerlies. High
variability, as observed from sccond eigen function,
occurs in May-June and September-October and
for the rest of the season the variability totally vani-
shes or is almost negligible. It is interesting to note
that the anomalous premonsoon wcsterlies are
much stronger than their postmonsoon counter-
parts whereas the mean wind structure is of an op-
posite nature. »

Fig. 2b, on the other hand, presents yearly mean
wind field and deviation from the mean. Curve asso-
ciated with the first function has a roughly semi-sin-
usoidal trend which probably denotes periodicity of
the year with a highly variable wind field. Curve
corresponding to the second function is the measurc
of variability in an exaggerated scale. If the wind
over Gan could be represented by the curve asso-
ciated with the first EOF mode (Fig. 2a), yearly
mean curve of Fig. 2b would have been a straight
line. Therefore it is presumed that the irregularity of
curve is associated with the yearly variation of wind.

Fig. 2b shows least variability from mean wind
structure in 1964 and has hence been selected as
the year to study the jet in more detail by subject-
ing the hydrographic data to EOF analysis.

Analysis of hydrographic fields during premon-
soon transition (May-June)—The first vertical eigen
function of temperature represents mean tempera-
ture profile throughout the section along 84°E dur-
ing premonsoon transition, whose salient features
are an isothermal layer reaching to a depth of 50 m,
followed by thermocline and a quasi-isothermal wa-
ter column beneath it (Fig. 3a). Consistency of this
mean along the latitude is evident from the pattern
of the curve (straight line) represented by first eigen
function in Fig. 3b. Second cigen function denotes
the trend of variability from the mean. Vertical pro-
file of the horizontal temperature gradient is i
played in Fig. 3a by the curve representing second
eigen function. Likewise, change of vertical temper-

ature gradient with latitude is illustrated in Fig. 3b.
In general, the anomalous thermal field is confined
to the equator between 1.5°N and S, having two
maxima each at 100 and 200 m, with opposite po-
larity (Fig. 3a,b).

Consistency of mean salinity field along 84°E is
shown in Figs. 3c and d from the trend (straight line)
of first vertical and horizontal eigen functions. Signi-
ficant patterns in anomalous salinity field are no-
ticed in the surface 100 m layer (Fig. 3c). Spatial dis-
tribution of this field is given in Fig. 3d. Although
the trend of second function (Fig. 3d) represents sal-
inity distribution of the whole water column, con-
tribution from the surface 100 m layer is significant
since the lateral variation of salinity below this depth
is negligible (Fig. 3c). It is quite interesting to note
that vertical gradient of anomalous salinity dec-
reascs steadily from north to south. The curve, how-
ever, exhibits some consistency of gradient between
1 and 2 degrees, symmetrically on either side of the
equator (Fig. 3d).

Figure 4 displays characteristics of the water co-
lumn along 88°E. The trends of both functions are
analogous to those in previous section. Decrease in
the amplitude of second function at 100 m is fol-
lowed by a proportional increase at 200 m (Fig,. 4a).
Such a change is, however, less conspicuous in the
density field (Fig. 4c). Spatial distribution of anoma-
lous temperature and sigma-t fields nevertheless re-
sembles that of the previous ones, with better
symmetry about the equator. It appears from the
trend of anomalous salinity field that the least vari-
able zone is shifted slightly to higher latitudes but
the symmetry about the equator is still maintained.

At 92°E, both temperature and sigma-t fields
showed changes in amplitudes in vertical trends of
anomalous fields. Horizontal gradients in tempera-
ture and sigma-t are much less at 100 m when com-
pared with previous sections. Thereafter the gra-
dicnt decreases to zero as it approaches 125 m and
again increases with reverse polarity to reach a
maximum at 150 m (Fig. 5a, b).

" Analysis of hydrographic fields during postmon-
soon transition (October- November)—Fig, 6 pre-
sents characteristics of thermal, saline and density
fields of water column along 77°E during October.
The consistency of mean fields of all parameters is
evident from the nature of signature represented by
first function. Deviations in the signatures of second
function have a significant relationship with physical
processes of the surface layer. The density field of the
water column is almost analogous to temperature
field (Fig. 6).
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Vertical distribution of meridional gradient of
temperature and density as shown by 'the broad am-
plitude of second EOF function is presented in Fig.
6a, b. Vertical extent of the gradient reaches 200 m
with a maximum at 100 m. The gradient, especially
that of density, does indicate a negative trend but is
evenly distributed with depth, unlike the patterns
observed in May and June. It has been observed that
the curve associated with temperature in Fig. 6b has
remarkable similarity with the one associated with
density, viz. Fig. 6f. Unlike the May-June transition
period, here the spectrum of highest variability is
narrow (within 1°N and 1°S) and symmetrical about
the equator. Meridional distribution of the second
function produces wavy amplitudes about zero axis.

Figure 7 illustrates properties of water column
along 84°E in October. In general, the pattern of
curves resembles the figure along 77°E especially in
case of temperature and sigma-t fields..The ampli-
tudes of signatures are sharp and narrow both verti-
cally and horizontally when compared with previ-
ous results. Highest variability of temperature and
sigma-t fields is seen between the equator and 1°N
at about 100 m depth (Fig. 7a-f). Vertical distribu-
tion of horizontal gradient of salinity does not vary
much but at the same time highest vertical gradient
shifts towards the equator.

41

Discussion :

To examine temporal variability of scalar wind
field together with laterally and vertically linked
variability of hydrographic fields, EOS analysis has
been used. EOF provides a series of ranked eigen
vectors, each of which contains a percentage of tem-
poral/spatial variability of the data. Eigen vectors
with the largest percentage are usually associated
with physical processes'®. Hydrographic fields are
arranged in such a way as to form a covariance ma-
trix by placing lateral variability in rows and vertical
variability in columns. In this study, therefore, each
set of eigen vectors pertaining to hydrographic data
denotes either vertical distribution of horizontal
gradient of field or horizontal distribution of vertical
gradient of field. i

Matrix decomposition of zonal component of
wind over Gan gives some important information
regarding atmospheric forcing which would gener-
ate an equatorial jet (Fig. 2). Monthly mean wind av-
eraged over a period of 8y shows 2 broad peaks for
the 2 transition periods (Fig. 2a). Such organized
westerlies as noticed during the period of transition
can produce a strong surface jet at the equator!+¢,
The broadness of peaks can be explained as tem-
poral oscillation of the jet in the central Indian
Ocean during these 8y. The root mean square devi-
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ation (variance) which is explained by the second
EOF mode appears to be associated with an abnor-
mal atmospheric forcing averaged over 8y. Annual
mean wind represented by the first EOF mode (Fig.
2b) has a roughly semi-sinusoidal trend which prob-
ably denotes periodicity of the year with strong/
weak atmospheric forcing. A close examination of
the second mode explains influence of distortion
which occurred during 1967 and 1968 on monthly
variance (Fig. 2). In other words the variance ob-
served in mean annual wind during 1967 and 1968
can be the significant contributing factor in average
monthly variance.

First 2 modes in Fig. 2b signify the most favour-
able situation for development of an equatorial jet in
central Indian Ocean. During this year, mean annual
wind rises to its peak while root mean square devia-
tion approaches zero. In the light of information ob-
tained from these figures, 1964 is identified as the
most favourable year for the occurrence of a full-
fledged equatorial jet. Authors therefore found it

INDIAN J MAR SCI, VOL. 21, MARCH 1992

worthwhile analysing hydrographic data: collected
during premonsoon transition period of 1964 to
study the response signature of this atmospheric
forcing in underlying water column. Geographic dis-
tance between the location of wind observations
and that of hydrographic data collections fall well
within limits for invoking the assumption of a steady
wind stress right from central Indian Ocean®’® ex-
tending to 92°E. Central (77°E) and eastern (84°E)
Indian Ocean had also been covered in 1962 during
October-November when postmonsoon jet active
and the same sections were used here for comparis-
on purposes, even though wind data during that year
were not reported. This discrepancy is also smooth-
ened out by assuming that wind during October-No-
vember of 1962 does not show considerable varia-
tion from mean wind structure of the following 8y.
In general, the figures representing premonsoon
hydrographic fields of surface layer of equatorial
ocean did indicate a multilayered currént structure
right from 84°E to 92°E. Analogous temperature
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and density fields in all sections investigated reveal
‘the fact that the current in surface layer is mainly
controlled by thermat field which in turn is closely
linked with near surface atmospheric forcing. Am-

plitude of the second EOF mode throughout the.

water column signifies 2 prominent phenomena, viz.
a surface eastward jet and a subsurface countercur-
rent. The shallow amplitude probably indicates a

- core associated with jet, formed by downward ad-
vection of momentum which appears to be dimin-
ishing as it travels eastwards. The core of subsurface
countercurrent, as indicated by deep negative am-
plitude (Figs 3-5), appears to be very prominent in
magnitude in the extreme east and it disperses while
travelling west. A strong salinity gradient exists ver-
tically across 2 opposing currents. Contrary to this
observation, during postmonsoon period, water co-
lumn at 77°E and 84°E does not show any indica-
tion of the presence of a subsurface countercurrent
although the surface jet is quite prominent (Figs 6,
7), with the core ‘centered approximately around
100 m.

A detailed awareness of equatorial current system
in Indian Ocean is called for in order to understand
this multilayered current system and its characteris-
tics. Unlike in the other major oceans, surface winds
and currents in the Indian Ocean change direction
several times a year®?®. Wind and the associated
ocean circulation in eastern equatorial Indian
Ocean as well as its variation with scason are repre-
sented schematically in Fig. 8. Inconsistent wind
over the Indian Ocean leads to a seasonal undercur-
rent during the later half of northeast monsoon?-22
(Fig. 8A). This undercurrent ceases to exist when
southwest monsoon commences in the Indian
Ocean during May/June (Fig. 8B). Termination of
gencrating mechanism of the undercurrent (east-
west pressure gradient) sometimes coincides with
formation of the surface jet in the central Indian
Ocean. This causes the undercurrent to rebound at
the east coast and produce subsurface countercur-
rent (Fig. 8C). A similar countercurrent does not ap-
pear in postmonsoon transition period as undercur-
rent disappears with the commencement of south-
west monsoon (Fig. 8D). This is clearly discernible
from transequatorial sections presented. Geogra-
phical position of the -Arabian Sea and the Bay of
Bengal and its possible influence on equatorial cir-
culation is well known. The contrasting salinity gra-
dient at the equator due to proximity of these water
bodies had been frequently utilized to trace zonal
currents. Equatorial jet, being narrow and rapid,
carries high salinity waters from west (Arabian Sea)
and transports them rapidly to east, leaving its foot-
print there as a well defined high salinity core; in the
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‘normal case. Present investigation of jet at 77° and

84°E during October-November also supports the
above logic. Although the study indicated a strong
surface jet during May-June, it did not show any
evidence of a high salinity core in any or the sections
investigated. It is therefore presumed that absence
of a high salinity core during this transition period
may be accounted for by pronounced vertical mix-
ing resulting from shear produced by 2 strong op- -
posing currents present one below the other. This
enhanced mixing can produce a layer of homogene-
ous water in the vicinity of the equator. Gradual
decrease in vertical gradient of salinity from north to
south, especially in the central Indian Ocean during
this period (Figs 3d and 4d) is a manifestation of this
cnhanced mixing. This northsouth gradient of salin-
ity again exhibits some sort of consistency around
2°N and S (Figs 3d and 4d). This consistency of near
uniform salinity gradient on either side of the equa-
tor is likely to occur as and when mixing is active.
The stress produced at the boundary of a current
can also cause such mixing. It could therefore be
presumed that those regions where the gradient (sal-
inity) is consistent (at around 2° on either side of the
equator) refer to the meridional boundary of the eq-
uatorial jet. Characteristics of the water column as-
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Fig. 9—(a) Schematic representation of typical high salinity core
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sociated with jet change substantially as jet ap-

proaches its terminus at 92°E. Equatorial jet at this
longitude starts disintegrating by drifting towards
the north. ; :

The absence of such mixing during postmonsoon
transition creates a heterogeneous distribution of
salinity near the equator. This is reflected in irregu-
lar meridional distribution of variance of the ensem-
ble (Figs 6d and 7d). The wavy nature of the curve
representing this variance, is explained on the basis
of logic derived from simulated picture of a typical

high salinity core (Fig. 9a). Corresponding EOF
functions are plotted in Fig. 9b. The regions desig-
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nated by letters A and C (Fig. 9a) represent zone of
least vertical salinity gradient whereas B is the zone
of highest gradient. Polarity of curve changes for low
salinity core. This concept is useful while discussing
salinity fields at 77° and 84°E during October-No-
vember transition. .
Meridional distribution of variance from mean
salinity field along 77°E and 84°E during October-
November exhibits both positive and negative peaks
between 5°N and S. Therefore a high salinity water
mass is expected at 4°N along 77°E, in addition to
the appearance of alternate high and low saline wa-
ter bodies between equator and 5°N. As the jet adv-
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Fig. 10— Vertical distribution of temperature (

) and salinity {----) along (a) 84°E in May, (b) 88°E in May-June, (¢} 77°E in Oc-

tober and (d) 84°E in October-November
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ances to 84°E this high salinity core at 4°N in the
central Indian Ocean drifts towards equator due to
convergence associated with equatorial jet. The
peak observed in the distribution of variance along
84°E is the manifestation of this process.

Hydrographic fields along 84°E in October fa-
vour.a well-developed narrow equatorial jet, while
fields along 77°E probably indicate either the jet in
its developing stage or a reorientation due to discon-
tinuity created by the presence of an island at 73°E.
Knox?? has discussed the distortion of oceanic tem-
perature and velocity fields close to Gan (73°E).
Theory of Hendry and Wunsch?* predicts that such
distortion due to an isolated island is minimised off-
shore, beyond one or two island diameters in cross-
stress direction. : :

In order to examine the validity of inferences
drawn from signatures of different EOF modes (ei-
gen functions), figures rcpresenting vertical distribu-
tion of temperature and salinity along 84°E and
88°E in May-June and 77°E and 84°E in October-
November are presented in Fig. 10. Distribution
pattern of temperature and salinity fields do match
very well with aforementioned inferences. Thus
EOF analysis used in this study improves the inter-
pretation of oceanic processes which would now be
possible with less effort by studying variation of a
few eigen functions irrespective of size of the data
matrix. It is possible through this technique to re-
cognise the zone of mixing, which is an additional
advantage over conventional hydrographic proce-
dures. Moreover it helps to reduce the noise if a
large data set (in space and time) is used for analysis.
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