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Evidence of Twin Gyres in the Indian Ocean: New Insights using reduced
gravity model forced by daily winds.

P.Rahul Chand Reddy, P.S.Salvekar, D.W.Ganer & A.A.Deo.

Indian Institute Of Tropical Meteorology, Pune, India.

Abstract

Westward straddling anticyclonic mesoscale Twin (T) Gyres are discovered to form even
before the Somali Gyres during the South West monsoon months May through mid September,
every year over the Equatorial Indian Ocean as revealed from the analysis of surface circulations
by the Reduced Gravity Model with daily forcing. The Seasonal and the Monthly forcing fail to
capture this finer aspect. The Twin Gyres (T1-Northen Gyre, T2-Southern Gyre) move
westwards (from 90E) between 5°N and 5°S. T1 forms first and dissipates first by July end at
65E, T2 dissipates later at the Somali coast at 45E by mid September. World Ocean Circulation
Experiment observations in 1995 catch the dissipating stage of such gyres. TOPEX Sea Surface
Height observations in the Indian Ocean (90E) from May to July by Subrahmanyam et.al [2001]
also support the Twin Gyres formation and westward movements. ‘Conjunction Theory’ is
proposed to explain the formation, westward movement of the Gyres. The results reveal new
dynamics in the Indian Ocean and stress the need of using daily data in modeling studies as
monthly data hides such significant modes.

Keywords - Data Spectrum, Equatorial Indian Ocean, Conjunction Hypothesis, Twin gyres.



1.Introduction

Indian Ocean enacts a very active and independent role (Webster, 1999) in climate
variability but is independent of forcing by external phenomena such as ENSO
[Meehl(1994,1997),Nicholls(1983, 1997)]. The surface circulations play an important role in the
exchange of mass, momentum and energy between the atmosphere and ocean Kendall et
al(2002). In fact, the surface circulations predominantly govern the ocean state. Wind driven
upper circulation gives rise to massive near surface flows such as Gulf Stream, Khuroshio and
Antartic circumpolar currents, Carlwunsch (2000). Ocean numerical models have become quite
realistic as recognized by Semnter (1995) in simulating the seasonal and interannual large-scale
surface circulations. It is now being realized that very simple models, which can be run on
relatively inexpensive computers, can provide results different from, but just as useful as those
produced by high resolution simulations, Pillard (2002). The basin scale Reduced Gravity 1%
layer ocean model also called as the IITM Reduced Gravity (IRG) model, has been proven to
simulate realistic observed surface currents on both monthly and seasonal scales as seen by
Behera et al. (1996, 1998). Earlier studies by Luther et a.l (1985), Woodberry et, al (1989)
Potemra et al. (1991) and by Jensen (1993) with monthly and seasonal winds fail to simulate the
Twin gyres. This is first time the impact of daily winds in model simulations is being studied
Using Reduced Gravity model. Rahul et al. (2002 a, b) have shown that these model-simulated
currents can be treated equivalent to observations in the data sparse regions. Indian ocean has
been extensively studied using seasonal or the monthly forcing, what happens to the model
simulations when the time scale is fractured to daily forcings? As expected, the results
encompass all the features that are simulated with Seasonal and Monthly forcing plus something
that the Seasonal and the Monthly forcing had been missing since the past 4 to 5 decades. Daily
climatologically simulated upper layer currents reveal westward advecting anticyclonic Twin (T)
Mesoscale gyres on either side of the equator in the well-studied equatorial Indian Ocean, Wyrtki
(1973) during midmonsoon months. A “Conjunction Theory” is proposed to probe into the
details of the T-Gyres. A “Data Spectrum” that explains the role of daily data in simulating finer
aspects of Mesoscale circulations is also proposed. The small-scale processes, whose influence
on large-scale processes is just beginning to emerge and would bring radical changes in ocean
modeling Quadfasel (2002). Relation of such small-scale processes to the dynamics of the Indian
Southwest monsoon and its subsequent impact on the global climate needs to be further
investigated. In the following sections the model details, data & methodology, results &
discussion and finally the conclusions are provided.



2. Model and Methodology

The model used in this study has one active layer, overlying a deep motionless inactive
layer, i.e., zero pressure gradient in the lower layer that effectively filters the fast barotropic
mode. The model equations are based on vertically integrated shallow water equations over a
layer, assuming no vertical shear in the horizontal fields.

The model equations in Cartesian co-ordinate are:

U, +(UU/H) «+ (UV/H) , - fV + (g7 2)(H?) r= A, V* (U)+7_ | p, (1)
Vi+ (UVIH) x+ (VV/H) y+fU+ @72)(H?) y=A V:(V) +7,, | p, (2)
H+U,+V,=We (3)

Where U and V are zonal and meridional components of transport obtained from vertically
integrating upper layer velocity field, fis the Coriolis parameter. H is the upper layer thickness,
g' =g (p,—p) p, is the reduced gravity (0.03ms™?). 4, is the horizontal eddy viscosity

coefficient (2250 m?*s™')and '7_ ' z,.  are the components of the wind stress applied as a body

force. w, is a source term representing entrainment from deep motionless layer to the upper

active layer. This entrainment is introduced only to prevent the interface from surfacing that
happens when a small initial upper layer thickness is considered. This term is positive for upper
layer when the layer thickness becomes less than a pre-set minimum depth Hmin (100 m). The
term is determined through a simple function as suggested by McCreary and Kundu (1988). The
effect of this entrainment on the upper layer density, momentum and kinetic energy balance has
been neglected. It is assumed that the entrained water engulfed into the upper layer, has zero
velocity and is instantaneously adjusted to the density p,. The model equations are solved

numerically on a finite difference mesh staggered in space (Arakawa C-grid) and integrated with
respect to time ( Az =30 min) using leapfrog finite-difference scheme. An Euler scheme is applied
at every 49th step to eliminate the spurious growth that usually arises due to time splitting in
leapfrog scheme. The horizontal domain used in the model extends from 35°E to 115°E and from
24°S to 23°N. Boundary conditions are no slip (U = ¥ =0) at land boundaries and modified
radiation boundary condition by Camerlengo and O'Brien (1980), Jensen (1990) is applied at the
open boundaries. The reduced gravity model has realistically simulated most of the circulation
features in the Indian Ocean as referred by Luther et al. (1989), Simmons et al. (1988), Luther
and O'Brien(1985). The model is integrated by using daily climatology of NCEP winds,
interpolated to the model grid resolution (0.5° X 0.5°) from 1992- 2001 and the spin up time to
reach the steady state is 10 years. Model is further integrated from Jan 1992 to Dec2001 using
daily interannual surface forcings. The detection and measurement of small changes in the
Earth’s climate require extremely precise observations on a daily scale Frank et al (2000) from
the satellites. To see the impact of still more reduced time scales than the daily data, IRS P4
MSMR (OCEANSAT) derived 6 hourly surface winds over the north Indian ocean are acquired
during the mid monsoon month of July for three years 1999,2000 & 2001.These winds having an



initial grid resolution of 1.48° x 1.48° are interpolated to reduced gravity model resolution of
0.5° x 0.5°. The steady state solution for June using daily reanalysis NCEP climatology is
considered as the initial condition and the model is further integrated for the month of July using
interannual MSMR winds. These results are similar with those obtained by NCEP daily
climatology for July.

3. Overview of the Observational and other modeling studies in the Indian

Ocean
A sketch of the various modeling and observational studies that have been carried out since the
last 30 years are presented here. The details of the Indian Ocean are presented in three sections,

Bay of Bengal, Equatorial region and the Arabian Sea.

3.1 Bay of Bengal circulation:

The Bay of Bengal is boarded by the Indian Subcontinent, Burma, Thailand Malay Peninsula and
Sumatra, east coast currents and equatorial currents characterize the circulation of the bay. The
Bay seasonally experiences reversing monsoons and depressions, severe cyclonic storms and
also receives a heavy amount of rainfall coupled with the river run off.

The bay of Bengal is subjected to strong seasonal reversal of wind stress forcing.5N
along Srilanka and Sumatra can be taken as the southern boundary line of the Bay.Legeckis
(1987) proposed a basin scale anti cyclonic circulation pattern during winter months using
NOAA AVHRR thermal infra red images. Four stages of flow in the Bay have been suggested
by Potmera et al (1991),an anti cyclonic gyre across the whole bay during Dec-March, followed
by two gyre systems (anti cyclonic on the western and cyclonic on the eastern side) during
April- July. July-august is characterized by a basin wide gyre followed by another two-gyre
system in the full season, which is opposite to its counterpart. The generation of these patterns
has been explained by Yu et al (1991) using the concept of remote effect caused by the equatorial
Kelvin waves. Successful simulations of the BOB surface circulations have also been carried out
by Mc Creary (1993), Behara et al (1992) along with the observational work by Eigenheer &
Quadfasel(2000)(Fig 5). Further, Verkey etal (1996) explained the seasonal circulation using a 3-
gyre circulation pattern in a schematic way of two monsoons, South West and North East
monsoon (Fig 4 a,b). A northern gyre (Gl) at 13N, 89E is clockwise during winter and
anticlockwise in summer. (G2) at 11N is clockwise during both winter and sumrher. (G3) is a
gyre in the Andaman Sea having clockwise and anti clockwise flows in winter and summer
respectively.



3.1.1 The East India Coastal Current.

Major part of the circulation in the BOB stems from the circulation along the coasts. The
western boundary current in the BOB has been named as EICC(Fig 2,3). Shanker (1996),
McCreary (1996) have shown that the EICC changes its direction twice a year, flowing north-
eastward from Feb. to sep with a strong peak in March-April and southwestward from Oct-Jan
with a strongest flow in Nov. This western boundary current is also part of an eddy field like the
Somali current in SW monsoon Shetya(1993). The recent study by Ratna Reddy (1995) using
NOAA AVHRR imagery reveled that this current is about 900 km in length and usually lies to
the coast but sometimes shifts offshore Shetya et al(1993) with an average speed of 30-55cm/s.
The EICC and its driving mechanisms have been further probed by hydrographic studies
Shetya(1993, 1996),Sanil kumar(1997).Beginning in late September, the EICC begins to flow
southward by November, at this time Eigenheer and Quadfasel(2000) through the. T/P altimetry
have shown that, a slow cyclonic circulation around the Bay of Bengal, breaks up into several
cells as the monsoon season develops. Due to the EICC it was found the geostrophic transports
between the northern end of the Bay and 10N increase southward from 2Sv to about 8 Sv, Shetye
et at. (1996).

3.1.2.West Indian Coastal Current (WICC)

Cutler and Swallow(1984); Shetya and Shenoy(1988) using the ship drift observations
suggested of a southward flow that appears along the west coast of India in march, reaches a
maximum in July (Fig 2) and vanishes by October. This is called the WICC.These features were
also confirmed by Shetya et al(1990).

WICC flows northward during the winter monsoon (Fig 2), Shetye et al. (1991) found the
surface current to decrease in width from about 400 km off South India near 10°N to just 100 km
in the north at 22°N.The ship-drift currents indicated that the northward WICC at this time is the
strongest west coastal current throughout the year , and yet the coastal winds are very weak or
absent at this time. This property lends strong support for the importance of remote forcing.

The West Indian Coastal current (WICC) in the Arabian sea changes its direction
seasonally. Pole ward in NE Monsoon and Equator ward during SW Monsoon and turn around
Srilanka and join the eastward southwest Monsoon Current (SMC) Shetye etal(1990, 1993, 1996)

(Fig 2).

3.2.Equatorial Regime:
3.2.1. The South Equatorial Current (SEC)

The SEC(Fig 2,3) flows westward between 10S and 20S and is the most persistent and
present in most part of the year. At 208 it branches off in northward and southward directions
near the Madagascar Coast. The northward branch again separates into two branches at the
African Coast. One branch feeds the northward flowing EACC that is very important for SC, the
southern branch feeds the Mozambique current.



3.2.2.The North Equatorial Current (NEC)

The NEC or the NEMC (Fig 3) flows west during winter with much weaker flow
between 8N and the Equator (Pickard and Emery, 1982). Further south between Equator and 8S
is the eastward flowing Equatorial Counter current (ECC). The NEC never reverses the direction
during the summer monsoon but joins the ECC to form the Southeast monsoon current (SMC) or
the Indian Monsoon current (IMC). This is more persistent along the south of equator. After the
NE monsoon the NEC currents return to the westward flow.

Woodberry et al (1989) demonstrated the importance of SEC as a source of the EACC
and the SC. Potemera etal (1991) and Yu etal (1991) showed that the equatorial waves remotely
alter the circulation of the Bay of Bengal.

3.2.3. Wyrtki Jet or Equatorial Jet (EJ)

Theoretical studies on the equatorial jet have been reported by several authors (e.g
Yoshida, 1959,0’Brain and Hurlbert, 1974,Gill, 1975 and cane, 1980). Cane and More(1981)
theoretically proved the equatorial modes are basically composed of long Kelvin and Rossby
waves. Kindle and Thompson (1989) showed that 26-day oscillation in the E.I.O is due to Yanai
waves that are generated during the southwest monsoon. Wyrtki (1973) reported a jet like stream
called a Wyrtkl Jret(Fl% 2). Reverdin 1987, Rao 1989 have shown that the Wrytki jet is strongest
between 60° E and 90° W and has a velocity 80 cm/s and a width 500 km. The Equatorial under
current flows from East of 60° E during boreal winter Cane (1980). The Wyrtki jet transports
surface waters over a time of two months. After reaching the Eastern end of the Basin the
Wiyrtki jet is reflected as Rossby waves and a part propagates pole ward as Eastern boundary
waves. These Eastern boundary waves generate slowly propagating mid latitude Rossby waves
that move into the BOB and eastern Arabian Sea is a Perigaud and Delecsive(1992). The
existence of complex deep jets has also been reported by Lutem and Swallow (1976). Further it
has been seem that the Indian Ocean — jets are more pronounced at depth than those in the
Pacific below 2000m Muenchctal(1994)

3.3 .Arabian Sea

The Arabian Sea is a unique environment for studying the forced upper ocean response
with strong and distinct atmospheric forcing regimes and a clear separation in the time domain
between mesoscale oceanic variability and variability in the atmospheric forcing. It is influenced
by unique monsoon seasonal cycle, with strong reversing wind forcing. Over the Arabian Sea
Which is bounded by the land masses of the East Africa, the Arabian peninsula and the Indian
Sub continent and the Indian Ocean to the South, the monsoon circulation leads to seasonal cycle
of cold, dry northeasterly winds during the winter northeast monsoon and warm moist and very
strong westerly winds during the summer southwest monsoon.



3.3.1. Somali Current

A Unique feature of the SW Monsoon winds out the Arabian Sea is the development of
remarkably strong and steady wind jet . The dramatically changing forcing over the Arabian Sea
leads to a dramatic response in the Basins boundary current/Somali current. During the SW
monsoon the northward flowing Somali current has a strong transports e.g. 65 Sv, mostly
confined to the upper 20 m, and posses a speed upto 3.7m/sec (Scott, 1983, swallow etal,
1983).During the NE monsoon the surface current is southwards, but is weaker and more diffuse
(knox, 1987). During the SW monsoon, this current gives side to mesoscale eddy field Bruce
(1979), Bran (1980), Evans and Bran(1981), Bruce and Beatly (1985), Simma (1988). These
Eddies are important component of the short-term variability in this region.

The Somali current transports volumes of water mass comparable to the Gulf stream but
changes direction during the SW monsoon. Schott et al (1990) showed that the Somali current
during the SW monsoon decays monotonically in the vertical where as no deep reaching
boundary current exists during winter monsoon. In March a northward surface current
establishes north of 5° N Quadfasel and Schott(1983). The development and dissipation of the
Somali gyres has been illustrated by Schott et al(1990) (Fig 6). During April, May the Somali
current moves to the North. A southward return flow develops offshore and the eddy called the
Southern gyre (SG) forms between 0-5N, S3E with a diameter ~200-300Km(Brucel983, Schott,
1983,Subramanyam et al 1996). With strong winds blowing parallel to the coast a northern eddy
system called the Great whirl (GW) forms between 5-10N, 58E with a diameter ~400-600 km
(Bruce, 1970,1979: Swallow et al, 1983).Dengler et al(2001mkpap) recently concluded that the
depth of monsoon response of GW in the WOCE observations was less than 1500m rather then
2000m as proposed by Quadfasel(1982). Bruce (1973) showed that the two gyre system is stable
till Aug-Sep, when SG propagates northward and merges with the GW.After which the Somali
current becomes stationary flowing from 4S to 10 N Swallow and Fieux (1982), Some of years
there is also formation of a third warm eddy called Socotra eddy northeast of the GW.Bruce and
Beatty (1985); Fischer et al (1996). Luther & O’Brien (1989) using 23 year mean monthly wind
data Cadet and Diehl(1984) simulated the intraseasonal variability in the current sytem,they had
found that the SG was absent in two of the 23 years. The coalescence of the SG with the GW did
not take place in 7 years, McCreary and Kundu (1988) using a 21/2 layer reduced gravity model
examined the different mechanisms responsible for the generation of SC and the associated
gyres. These eddies along the Somali coast seem to be controlled by the wind forcing and
topographic features Cagle and Whritner (1981). Significant interannual differences in the
system of cold and upwelling wedges off Somali and their movements during the course of the
Southeast Monsoon had already been reported by Evans and Brown,(1981);Schott,(1983).



4. IRG model simulations using monthly winds
The IRG model simulations of surface circulations in the Indian Ocean are presented below.

4.1 Bay of Bengal

The model simulated surface currents also reveal a 4-stage mode of the circulation
patterns in the Bay of Bengal. A large basin wide anticylonic gyre(Fig 7,a) dominates the entire
Bay, as observed in the climatological and the other model studies, Potemera etal (1991). This
gyre(Fig 7 b,d) circulates all along the east coast of India north of 13N from January to May as
observed by Cutler and Swallow (1984) and by Legeckis (1987) .The basin gets divided into two
gyres during the transition months of March —May, a dominant anticylonic gyre to the west and
another weak cyclonic gyre to the east with northward flow along both the boundaries(Fig 7 b,d).
The coastally trapped Kelvin waves originating from the Reflected equatorial Kelvin waves at
the eastern boundary cause a northward flow along the eastern side of the bay. This northward
flow in turn radiates Rossby waves that dictate the flow in the Bay during the subsequent
months.By late May and June a single Cyclonic gyre dominates the bay this is replaced by two
weak gyre sytems by Jul-Nov(Fig 7 f,h).

4.2.Equatorial Currents.

4.2.1 South Equatorial Current

A broad westward flowing SEC (Fig. 7,a) is seen in most of the Climatological charts
between 8S and 205 almost through out the year. The same feature is well simulated by the
model as well, a westward current between 105 and 205 is found to exists all through the year.
The seasonal variability of the SEC is also reproduced in the model simulations in the sense that
the SEC is more broader and towards the north of its mean position during the boreal summer
and is narrow and to its south during the winter, this also tallies well with the climatologies that
reproduce the seasonal variability of SEC. Woodberry(1989)has explained this seasonal
variability as the consequence of the annual cycle of the wind stress curl further east, which
gives rise to westward propagating Rossby waves.

Since the small islands east of Madagascar are not included in the model geometry, the
simulated SEC flows directly to the east coast of Madagascar, splitting near Madagascar coast
around 178 and is in agreement with the observations Schott et al(1988). The Northern branch, the
Northeast Madagascar current, flows past the north east tip of Madagascar at Cape Amber and
feeds into the EACC, the other branch flows southward as the Mozambique current. The annual
cycle of the wind fields causes the basin wide southern hemisphere gyre to be flanked by SEC to
the south, ECC to the north, EACC to the west (Fig 7 a to h). The model simulated ECC remains
around equator between 3N and 75 and is by the westward propagating equatorial Rossby waves.
During Mar-Apr and Oct-Nov, the transition months of the monsoon winds and, model simulates
stronger ECC around the equator, which is comparable to the observed Equatorial Jet (EJ). The



model simulates EJ in March and October, earlier to the observed occurrence during May and
November respectively Wyrtki (1973)

4.2.2. North Equatorial Current (NEC)

The model simulated NEC is seen to change direction four times in a year, flowing
eastward during southwest monsoon. There is a shift of the eastward Monsoon Current (MC) to
the north and this is observed in summer months occurring because of the northward push of
the westward propagating Rossby waves. This is mainly caused as the reported observed
currents are wind driven surface currents whereas the model currents are mean upper layer
averaged flow (100 m).

4.3. Arabian Sea.

The winds are north easterly in the Indian ocean during the Northern Hemisphere winter,
the Somali current along the Somali coast has southward flow as seen in the model simulations for
January(Fig 7,a).

The model simulated surface currents show a southward flow from 10N to Equator in December
and then flow further south till 2S by Jan-March. An anticyclonic gyre south of the equator is
simulated in the January circulation, this gyre forms when the Somali Current that flows southward
joins the northward flowing East African Coastal Current (EACC). The model simulations of the
features so far discussed are in perfect qualitative agreement with the observed climatological
atlases Wyrtki (1971), Hasternath & Greischar (1989), Rao et al, (1991) and with the model
results of Luther & O' Brien (1989) and Woodbery et al (1989).Before the onset of the southwest
monsoon or rather during the transition period, the somali current starts to flow northward. Model
results show a northward flow north of SN fed by an onshore flow around 5N by late March (Fig
7,b)and the northward all along the coast in April (1,c). This is in good agreement with the
climatological charts and also with the results of Schott and Quadfasel (1982). The northward
flow, north of 5N occurring in March is reported as a result of the local negative wind stress curl.
With the southward flowing Somali Current disappearing in April and the winds start blowing
from southwest, the EACC reaches equator. The recirculated water from the EACC forms a
cyclonic gyre south of equator in April. This attains strength by May (Fig. 7,d) and is found to be
present through out the monsoon season. With the monsoon onset in June(Fig 7,e)an anticyclonic
gyre ,the Great Whirl develops from 4-10N with a second cold wedge at the latitude where it turns
off shore(10-12N) by July.

The cross equatorial flow continuous this time, it leaves the coast south of 4N, where it
partially turns eastward and as well flows back across the equator resulting in a circulation pattern
referred to as the Southern Gyre.Water mass signatures of both the gyres indicate a very little
exchange between the Great whirl and the Southern gyre, thus the water that crosses the equator
with the shoreward part of the southern gyre does not continue to flow up the Somali coast but
rather bends eastward and partially recirculates southwards across the equator as seen (Fig 7,f).In
the late phase of summer monsoon the Great whirl has become an almost closed circulation cell.
Even though observational evidences Swallow & Fieux(1982) suggest a northward migration of
the Southern Gyre and its subsequent merging with the Great Whirl in late August (Fig 7,g) and



early September and also shown by the modeling simulations of Luther et al(1985), the model
simulations of the present study, do not show northward migration of the Southern Gyre but eddies
from the gyre migrates northward to merge with the Great Whirl. In September (Fig 7,h) the
magnitude of south westerly wind decreases but the circulation features of July are retained, except
for the weakening of the Southern Gyre and northward migration of the Great Whirl. When the
southwest west monsoon dies down, the cross equatorial Somali current turns offshore again at
3N,while the great whirl continues to spin in its original position, the great whirl is even
discernible underneath the developing Northeast Monsoon circulation well towards the end of the
year, this feature is well simulated in the present study tallying with the finding of Bruce et al
(1981).

S5.IRG model simulations using Daily winds

5.1 Bay of Bengal

All the features simulated in the monthly simulations are well simulated even in the daily
simulations. Every five-day simulation of the Bay of Bengal circulations for the Southwest
monsoon months from May to September are shown (Fig 8 a to z")

5.2 Arabian Sea.

The model simulations in the Arabian Sea (Fig 9 a to z') from May to September with 5-
day intervals using the daily forcing reveal almost all the features obtained by monthly
simulations. Noticeably as seen from the seasonal and monthly simulations, 3 gyres are
simulated in the month of August, two of them constitute the Somali Gyres (Southern Gyre and
the Great whirl), and the presence of the third gyre has not been satisfactorily accounted for. The
third Gyre woes its existence to a series of drastic changes that take place along the equatorial
belt. These changes are discussed in the next section.

5.3. Equatorial regime

The effect of using daily data over the seasonal and monthly data can be best in the
model simulations over the equatorial region during the southwest monsoon months. These
features have never been reported earlier in the entire history of the Indian Ocean. These features
lay hidden as Seasonal and monthly data fail to simulate the finer and the moving aspects of
mesoscale phenomena, which in turn may hold the key for the large-scale phenomenal changes.
The model simulations reveal a Twin (T) Gyre system that forms an intrinsic signal of the Indian
South West Monsoon .The fundamental point of importance is that the T-Gyres form before the
Somali Gyres. As stated earlier, the Somali gyres have been extensively studied but the T-Gyres
form much before the Somali gyres. Even though a lot of work needs to be carried over the T-
Gyres, we present below a detailed note on the T-Gyres.

10



6. Discovery of the T-Gyres

Model simulations with the daily forcing.

The model reveals completely hidden dynamics along the equatorial region when daily
winds are used as forcings. The month wise developments along the equator during the
Southwest monsoon are disused below.

6.1 Results

May.

The equatorial jet (EJ) gains maximum speeds by mid May. Along the equator at
about90E, with the increase in the EJ speeds, the reflected wave speed (reflected Rossby waves)
also increases. As seen in FiglO (a) the EJ splits at about 90E into three branches, the Northward
branch(NB) flowing towards the west coast of the Bay of Bengal, Equatorial branch(EB) flowing
straight to the Northern tip of Sumatra and the Southward branch(SB) along the Sumatra coast.
By the 15" of May (Fig 10 b) the conjunction of the reflected Rossby wave from the Sumatra
coast and the EJ starts to take the form of a gyre. At this stage a Northern gyre (T1) appears first,
giving no sign of a Southern Gyre.ZO"1 May (Fig 10 c) has the Twin Gyres formed at about
88E.T2, the Southern gyre is formed by the conjunction of the reflected Rossby wave from the
Sumatra coast and EJ. By May end (Fig 10 d) the Twin (T) Gyres T1 and T2 are well formed, T1
is slightly inclined to the Northeast where as T2 is almost horizontal along the Equator. By the
30" May (Figl0 e) the T-Gyres have moved westwards till 82E.Both T1 and T2 have
anticyclonic circulations patterns.

June,

The T — Gyres continue their westward movement, T1 is more elliptical and still inclined
Northeast to the Equator than T2 (Fig 10 f, g, h, i) that is semi-elliptic (more circular). By June
end (Fig 10 j, k) T1 and T2 (1100Km length, 550Km width) are elliptic in shape (T1 is more
elliptic) and aligned horizontally along the Equator, they move more westward till 74E.

July.
The T-Gyres reach till 68E(Fig 10 1 to O), the intensity of T1 is lesser than T2.By the 25"
July (Fig 10 p), Tl becomes diffused and finally it dissipates at about 65E.T2 also enters a

diffuse state but retains the shape of the gyre.

August.

There is no trace of T1, T2 is still persistent in its diffusive form of the gyre (Fig 10 qg).
T2 continues westward propagation towards the Somali coast. By 8" August T2 moves to till
55E coming into contact with the Southern gyre of the Somali gyres (Fig 10 r). T2 moves still
westward slightly displacing the Southern Gyre northward by August end (Fig 2 s to v). The
seasonal and monthly simulations also reveal a 3 gyre structure of which 2 are the Somali gyres,
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the remaining | extra gyre could not fit into a logical explanation. Now it is seen that T2 is the
3" Gyre along the Somali coast in month of August.

September.

A very diffused T2 reaches the Somali coast at about 40E displacing the Southern gyre of
the Somali gyres to the North (Fig 10 w to z). By mid September T2 also dissipates (Fig 10 z’).

The T —Gyres are not found to be simulated in any other part of the year. These form
exclusively during the Southwest monsoon.

6.1. IRG model simulations using satellite daily winds

The model simulations and the Upper Layer Thickness Depths (ULTD) for 3 years when
MSMR daily winds are used are shown in (Figs 11, 12, 13 a, b, c) for $" ,15" 25" of July
respectively. A positive ULTD’s indicate a downwelling and negative ULTD’s indicate
upwelling. The gyres are absent when the model is forced by monthly winds as seen in (Fig 14 a,
b, ¢, d). Irrespective of the El Nino, La Nina and the Dipole years the Twin gyres are found to
occur as shown in (Figl$ a, b).

7. Validation of the Gyres

7.1. WOCE results.

The Reduced Gravity model simulated surface currents have been found to tally with
WOCE observed surface currents Rahul et al. (2002), hence the model simulations can be treated
equivalent observations in the data sparse regions. Since WOCE observations were available for
1995, the twin gyre system of 1995 is examined carefully. The observations of R/V Malcom
Baldridge Figure 16(a) in the Tropical Indian Ocean near 64E-70E,Eq-5N from 1/08/1995 to
3/08/1995, at 25-35m depth support the model simulated currents of 3/08/995 using NCEP
forcing as seen in Figure 16(c) with a slight shift of positions. The currents as seen from a closer
view from Figure 16(b) in the region 65-70E, 5S-5N clearly show the Northern gyre between Eg-
SN (the eastward moving currents turning westwards) and the Southern gyre (the Westward
moving currents turning Eastwards) between Eq-5S, the Northern gyre is well observed than the
Southern gyre. The complete gyre structures are not revealed in the WOCE observations as the
Cruise did not move along the gyres, since the objective of Cruise was not to study the gyres.
The complete picture of the gyres is simulated by the model is shown in the Figure 16(c). The
maximum speed of simulated current of the Northern gyre is 60cm/s and the observed magnitude
is about 80cm/s.
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7.2. Observed Daily Sea Surface Heights.

A very strong evidence regarding the occurrence of the gyres comes from a recent case
study by Subrahmanyam et al. (2001) for the year 1993, which reported that the
TOPEX/POSEIDON observed Sea Surface Heights rise dramatically between 85 to 95E in the
eastern Indian Ocean by the end of May, and reaches maximum by the middle of June. The
model-simulated currents during May-July 1993 account for this drastic rise of TOPEX SSHs
noticed by Subrahmanyam et al. (2001), it is seen from the model results that the Twin gyres to
start form by May end and are well established by mid June at 85-95E and subsequently move
westwards till July end, hence it can be said that the anticyclonic Twin gyres are responsible for
downwelling and causing an dramatic increase of the TOPEX SSH. In Figure 17(A to F) the
TOPEX SSH residuals computed by Subrahmanyam et al. (2001) are compared with the model
simulations, this clearly shows that it is the evolution and the westward propagation of the Twin
gyres that contributes the Observed increase and westward movement of the SSH.

Also as an example, the ULTD fields for 20" July 1999 described in the previous section
(Figure8) can be compared with the observed SSH plots of ERS2, Topex Poseidon and GFO
satellites which show positive anomalies over the Indian Region 5S-SN between 60-100E
showing warmer surface waters.

8. Conjunction Theory.

Having adequate observational support we propose a Conjunction Theory, associating the
westward movement of the gyres to the reflected Rossby wave movement. We try to explain the
formation, westward propagation and dissipation of the Twin gyres. A mathematical formulation
needs to taken up at a later stage, initially since this is the first time the twin gyres are noticed;
we take in the observational proof to be strong enough on which we can propose the theory of
Conjunction.

One of the characteristics of the tropical ocean is the relatively rapid and efficient channel
of communication, through Kelvin waves and Rossby waves Anderson(1999). Specially the
Rossby waves provide the means for westward intensification of circulation gyres and they play
a critical role in the transient adjustment of ocean circulation to changes in large — scale
atmospheric forcing Dudley (1996). Formulation and physical implication of these waves are
well summarized Gill (1982); Lelond(1978); Pedlosky(1979). The conjunction theory is
proposed in three stages.

Stage 1. The latitudinal structure of sea level associated with the dominant tropical
Rossby waves has a local minimum at the equator with symmetric maxima at about 4°N and
4°Sdelcroix(1994); Boulanger(1995). The westward propagation is therefore much more
apparent along 4°N and 4°S than along the equator Dudley (1996) thereby a conjunction of
Kelvin and Reflected Rossby waves takes the form of a gyre as shown (Fig 18 a, b). EJ first hits
the Northern tip of the Sumatra coast at 95E, with the increase in EJ speeds by mid-May the
reflected Rossby waves speeds from the Northern tip of Sumatra also becomes stronger resulting
the formation of T1 first. By May end the EJ has maximum speeds, the Southward branch (SB)
of the EJ along the Sumatra coast also reflects back giving rise to T2.T1 is inclined slightly
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towards the northeast since it is bounded above by Srilanka (Fig 10 f). The horizontal shear
between the westward moving Rossby waves and eastward propagating Kelvin waves is
responsible for the elliptical shape of the T-gyres, inhibiting a complete circular shape. T1 is
more elliptical because it gets sought of compressed by the Srilankan Island (Fig 10 h). Once the
Srilankan Island is crossed T1 and T2 have the same semi-elliptical shape.

Stage 2.The westward movement of the T-Gyres is due to the combination of the energy
of reflected equatorial Rossby wave (gained from the Kelvin wave, EJ) and the reflected
monsoon current. This has been proved in the Pacific Ocean by Delcroix, J.Picaut and G.Eldin.
(1991). Even the B effect (latitudinal variation of the local vertical component of the earth’s
angular rotation vector) contributes to the over all westward movement of the T-Gyres.

Stage 3. We propose that the reflected Rossby wave looses energy as it travels to the
west, but if this is the case T1 and T2 should have simultaneously dissipated, as contrary to the
simulated results. T1 dissipates first and then after 40 days, T2 dissipates at the Somali coast, the
probable reason for T1 to dissipate faster may be due to the lack of larger water mass on the
Northern side of the equator as compared to the Southern side of the equator that subsequently
helps T2 sustain for a longer time.

9. The Data Spectrum.

The data spectrum is formulated in order to project the performance of the IRG with
Seasonal, Monthly, Daily and Hourly forcings. The model has the ability to simulate circulations
of different scales depending on the scale of input. Hence when Seasonal and Monthly forcings
are used as input [e.g.Luther et al (1985), Woodberry et, al (1989) and by Jensen (1993)] large
scale features like the Equatorial jet and the Somali gyres are well simulated, but to simulate
Mesoscale features like the Twin Gyres the daily data plays a very crucial role. The model has
single active layer, the numerical experiments with daily data as well with six hourly data are
carried out. But it is noticed that the results are unaltered .In short the use of 6 hourly data did not
add any extra features. This concept is graphically represented (Fig 19).

10. Conclusions

Occurrence of the Twin Gyres in EQI during mid monsoon months is shown for the first
time in this study. WOCE and Topex observations confirm the occurrence of the Twin gyres.
The results show that the Indian Ocean exhibits a strong ocean—atmosphere interactions that are
self-maintaining and may produce significant perturbations. The periodic occurrences of the
gyres suggest that the ocean is not wholly chaotic and unpredictable Jacobs (1994) as generally
believed. The results strongly emphasize the role of daily data in understanding the details of
surface circulation, which is an important component in understanding the air-sea interactions.
The “Data Spectrum” shows that daily data is a minimum requirement if one wishes to study the
Meso scale features by the Reduced gravity models. Based on these results we wish to
recommend a closer look into using the daily data to understand the complex phenomena like
ENSO. This is because an unexpected change of the ocean state in an hour can trigger an
unpredictable climatic change over a decade. The results concerning the Rossby wave speeds
also provide important consistency checks for evaluating the performance of Ocean General
Circulation Models for studying the role of the ocean (a major component in earths climate) in
the inter-annual and inter-decadal climate variability.
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Fig .2. A schematic representation of identified current branches during the Southwest Monsoon, including some
choke point trans- port numbers (Sv=10°m’s"). Current branches indicated are the South Equatorial Current (SEC),
South Equatorial Countercurrent (SECC), Northeast and Southeast Madagascar Current (NEMC and SEMC), East
African Coast Current (EACC), Somali Current (SC), Southern Gyre (SG) and Great Whirl GW) and associated
upwelling wedges, Socotra Eddy (SE), Ras al Hadd Jet (RHJ) and upwelling wedges off Oman, West Indian Coast
Current (WICC), Laccadive High and Low (LH and LL), East Indian Coast Current (EICC), Southwest and
Northeast Monsoon Current (SMC and NMC), South Java Current (JC) ,Equatorial Jet(EJ)and Leeuwin

Current(LC).
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Fig 3. Same as above but for Northeast monsoon. (From Schott et al., 2001)




@

k]
& ‘\:‘h -

. - - - ! -
Fig 4a and b. Seasonal Circulation in the Bay of Bengal in Summer and Winter respectively.
(Varkey et al., 1996)
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Figure 6.Somali upper layer flow patterns over the course of the year.(Schott et al.,1990)
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Fig 8. a to 2’ are the five day surface circulations simulations of IRG model in the Bay of
Bengal beginning from 10" May to 22" September, with Daily winds as forcings.
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10™ May to 30™ May(5 day interval)
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5" July to 25" July(5 day interval)
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Fig 10. IRG model surface simulations along the equator reveal the T-Gyres with daily winds as forcings.
S-day outputs are presented from the Initial stages to the Final stages of the T-gyres, i.e. from May end to
Mid September.
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25 July 1988 - MSMR
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Flg 11 .Currents for the month of July 1999 showing the twin gyres for the dates 05", 15" and
25™ in the upper panel and Upper Layer Thickness Depth (ULTD) in the Lower layer
respectively.
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Fig 13. Same as Figl2 but for the year 2001.
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Model Currenls on 3 Aug 1995

(@ ;e (b) ©

Fig 16. (a) Is the vector plots of surface circulations (25m to 35m) from the WOCE along 50E-
80E, 10S-30N during 7™ July — 26™ August 1995. (b) A closer view (65E-70E,Eq-5N) from 1* to
3™ Augl995 (c) The model simulated surface currents along 64E-70E,Eq-5N for 3/08/1995.
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(A) TOPEX SSH 09/05 —19/05 1993

Model Currenis on 19 May 1993
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(B) TOPEX SSH 19/05 —29/05 1993
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e Model Currents on 30 Mgy 1993
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TOPEX SSH 29/05 - 07/06 1993

Model Currents on 8 Jun 1993
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(D)

TOPEX SSH 07/06 — 17/06 1993

Model Currents on 19 Jun 1993

B ey
M“ac&yp..!qw“?;..'-’quhl_- 0-;,;.,,.,..;.‘..
vatuy c"uudicqilnpr-q.‘.mﬂ Prasppapwagadetd,,

SAvaasde tsassprmRRIThgy jodid vln-t;uo-qqa;-!o,‘d

13N

cfprAassnanuteaeddugyeuiiTy dssgandibbr¥arerleya

R R I ettt d el s L A E T A TR S R sttt 1)
i “yddgnvﬁm"

42w L 2

il sV EEL N a bRV P LRA> )2 Do
Sl A v Fadqerpe 40 -

‘.;“l abwaqd raagqvadl 3 - -.
- "J("'.‘:u-,onuy.-ct“
- P L AR Bt Ry b T 2
. > Ve
Q1 -, "(/ B s et \‘::1 =
: v

N vcedeqae4eadddbvobirrrryvrarbbrbbrbryd LR TR E R LIy
VA AATAAAbdbbbbbbWVYYYYY I’Ul‘ibbllbi“ill.-.iDhbhbhblvd“‘

Tvaddasvanddsssbbbibnbbabvvivibbbibbisdnannddddbdlbosbsnsnnmiddidy
A

Ds T T . T T . = 73 T T v T
¢0E 45E OS0E SSE GOE 652 70E 7SE B0 BSE SO0E 95€ 100E

—

1

79



(E)

10N

15N

Model Currents on 9 Jul 1993
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(F) : TOPEX SSH 07/07 - 17/07 1993
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Fig. 1T.TOPEX/POSEIDON Sea Surface height residuals (Upper Panel) in the Equatorial
Indian Ocean from 19* May to 19® July1993 and model simulations (Lower panel) for
the same year (A to F). The circles in the Figures show evolution and westward
propagation of the Twin Gyres that are reflected subsequently in the rise of SSH.
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Fig 18. a & b represent the formation and westward propagation and dissipation stages of the

Twin (T) gyres.T1 and T2 are the northern and southern gyre respectively.
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