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Abstract

The oceanic subsurface variability off East Africa in the tropical western Indian Ocean plays a
crucial role in ocean dynamics and living resources as well as weather and climate variability.
A regional ocean model is applied to understand the oceanic subsurface interannual varia-
bility off East Africa. The region with the highest sea surface temperature (SST) variability in
the offshore region lies adjacent to strong subsurface temperature variations located between
30 and 180 m corresponding with strong variations in the thermocline depth. The weakest
SST variations in the Tanzanian shelf waters lie over the subsurface waters with the smallest
temperature variations in the upper 200 m with weak variations in the thermocline depth.
Such signals are associated with induced forcings from the Indian Ocean Dipole (IOD) and E1
Nifio-Southern Oscillation (ENSO) in both regions with different intensity and peaking times.
The IOD-induced forcings are weaker, evolving in October and November-December in the
region with the weakest and strongest SST variations, respectively. Relatively stronger ENSO
induced forcings occur in both regions. Stronger signals occur in the region with the stongest
SST variations throughout the year, except in August, with a peak in January. The ENSO-in-
duced forcings occur in January to May peaking in March and April in the region with the
weakest SST. Consequently, anomalous Rossby waves as well as local Ekman downwelling and
upwelling associated with both large-scale modes occur in the region leading to the subsur-
face temperature variations.

Keywords: oceanic subsurface temperature, thermocline, Indian Ocean Dipole,
El Nifio-Southern Oscillation, downwelling, upwelling.

Introduction

The subsurface temperature in the tropical western

The tropical Indian Ocean experiences strong inter-
annual variability of sea surface temperature (SST)
associated with internal dynamics and remote forc-
ing resulting in significant influences towards both
regional and global climate activities. Several stud-
ies have been conducted on the SST variability in
the tropical Indian Ocean (e.g., Behera et al., 1999;
Behera et al., 2000; Collins et al., 2012; Schott et al.,
2009; Manyilizu et al., 2014) and a smaller number
on the subsurface temperature and its relation to
SST (e.g., Rao et al., 2002; Sun et al., 2021; Kakatkar
et al., 2019, 2020; Sayantani and Gnanaseelan, 2015).

Indian Ocean determines the vertical temperature
stratification that affects upper ocean circulation,
marine ecosystems and mesoscale activities in the
region (Brill, 1994; Feng and Wijffels, 2002; Schott and
McCreary, 2001). Furthermore, the region is part of
the tropical Indian Ocean that forms the largest warm
pool on Earth which shapes both regional and global
warming (Schott et al., 2009). The recently reported
break in global warming in the decadal variability
in the early 21* century is associated with heat rear-
rangement between the surface and subsurface of the
tropical Indian Ocean (Lee et al., 2015; Liu et al., 2016;
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Meehl et al., 2011; Nieves et al., 2015). In the late 20%
century, the tropical Indian Ocean experienced rapid
surface warming aligned with the significant subsur-
face cooling (Han et al., 2006; Trenary and Han, 2008).
However, such surface warming stopped in early 21
century when there was a rapid increase in subsur-
face warming and upper ocean heat content (Lee et
al., 2015; Nieves et al., 2015). Thus, the subsurface tem-
perature variability in the tropical Indian Ocean has
peculiar features in comparison with its correspond-
ing surface temperature.

Uniquely for the tropical Indian Ocean only, there is no
co-variability between surface and subsurface spatially
and temporally (Barnett ez al., 2005; Du and Xie, 2008;
Han et al., 2006; Nieves et al., 2015; Pierce et al., 2006;
Trenary and Han, 2008) with the highest differences
even opposite signatures between the trends in surface
and subsurface temperatures among all oceans (Alory
etal.,2007; Han et al., 2006; Nieves et al., 2015; Trenary
and Han, 2008). For instance, the decadal variability
in the subsurface temperature of the tropical Indian
Ocean shows a strong seasonality with a prominent
east—west dipole structure (Sun et al., 2021). At interan-
nual variability scales with onsideration of the Indian
Ocean Dipole (IOD) and El Nifio-Southern Oscillation
(ENSO) co-occurrence years, Sayantani and Gnana-
seelan (2015) reported the existence of a north-south
subsurface dipole in the tropical Indian Ocean. Such
dipole evolves from September to November under
forcing of the IOD and peaks from December through
February (DJF) being reinforced by ENSO. Such pat-
terns are maintained through March to May (MAM) of
the following year. Moreover, the signals are associated
with positive and negative wind stress curl anomalies
in the south and north of 5°S which force downwelling
and upwelling waves accordingly during the Decem-
ber to February period. Consequently, there is strong
subsurface-surface feedback in this region which
determines different surface dipole patterns apart
from the commonly known of the large-scale modes;
ENSO and IOD (Shinoda et al., 2004).

The southwestern Indian Ocean region, for example,
is associated with a thermocline dome named the
Seychelles Dome by Yokoi et al. (2008) or the Sey-
chelles-Chagos thermocline ridge by Hermes and Rea-
son (2008) and the shallow thermocline as reported by
Manola et al. (2015). The variations associated with the
thermocline north and south of 10°S are associated
with IOD and ENSO induced forcings, respectively
(e.g., Saji et al., 1999; Rao and Behera 2005; Yu et al.,
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2005; Tozuka et al., 2010; Yokoi et al., 2012). The SST
over this region is very sensitive to thermocline varia-
bility, and hence, it can influence the regional climate
variability (Chowdary et al., 2009; Izumo et al., 2008;
Jayakumar et al., 2011; Jayakumar and Gnanaseelan,
2012; Manola et al., 2015; Vecchi and Harrison, 2013;
Yokoi et al., 2008; 2012). The positive SST anomalies
in this region retard the Inter-tropical convergence
zone towards the Indian Subcontinent, and thus, it
delays the beginning of rainfall there. Moreover, the
strong SST anomalies over this region lead to strong
devastating rainfall and cyclone activities over the
southern Africa (Xie et al., 2002). Therefore, the sub-
surface temperature in the tropical western Indian
Ocean plays a vital role in surface variability as well as
shaping both regional and global climate activities; a
topic of great interest recently.

The coastal waters of East Africa, as part of the trop-
ical western Indian Ocean, indicate spatiotemporal
variability of SST which greatly affects social-eco-
nomic activities (such as fisheries, tourism, recrea-
tion as well as marine and coastal shipping), and ulti-
mately, the regional economy. It mainly determines
regional rainfall distribution and sea levels as well
as the distribution and abundance of marine living
resources (e.g., Schott et al., 2009; Obura et al., 2002).
In this region, the weakest interannual SST variations
which are only significant at about a five-year period,
occur in the Tanzanian shelf region to the south of
6°S extending to the north and west of Madagascar.
Such SST variations are predominantly influenced
by the surface heat fluxes related to shortwave radi-
ation in conjunction with a contribution from advec-
tion of the North-East Madagascar Current (NEMC)
as reported by Manyilizu ez al. (2014). The strongest
interannual SST variations in the zonally ellipti-
cal band occur between 2°S and 2°N extending off-
shore with two significant periods of about 2.7 and
5 years (Manyilizu et al., 2014). These periods reflect
the large-scale climate variability modes, namely
ENSO (Reason et al., 2000; Annamalai and Murtu-
gudde, 2004; Schott et al., 2009) and IOD (Behera
et al., 2000; Yamagata et al., 2004), and hence suggest-
ing their influences to such SST signals being lagged
behind for two to four months (Klein et al., 1999;
Reason et al., 2000; Manyilizu et al., 2014).

However, the subsurface temperature variability as
well as its relationship with the SST in the region off
East Africa are not well documented. This is due to the
fact that the tropical Indian Ocean experiences the



M. Manyilizu | WIO Journal of Marine Science 21 (2) 2022 57-70

highest differences spatially and temporally between
the trends in surface and subsurface temperatures
(Alory et al., 2007; Han et al., 2006; Nieves et al., 2015;
Trenary and Han, 2008). Therefore, filling in the gaps
of understanding of the subsurface temperature var-
iability particularly the region with the weakest and
strongest SST variations using numerical studies is
the subject for this study. The study also explores the
mechanisms behind the subsurface-surface feedbacks
for the upper ocean temperature in these regions.

Datasets and methodology

The Regional Ocean Model Systems (ROMS) is used
to simulate subsurface variability in the ocean off East
Africa from 1980-2007. The details of the model and
its configuration, datasets as well as data analysis tech-
niques used in the study are provided below.

Model description

This study applies the ROMS which is currently
improved to the Coastal and Regional Ocean Com-
munity (CROCO) model (www.croco-ocean. org) to
simulate the ocean off East Africa in the tropical west-
ern Indian Ocean. Previously, this model has realisti-
cally simulated the upper ocean physical features in
this region (e.g., Hermes and Reason, 2008; Penven
et al., 2006; Manyilizu et al., 2014; 2016; Collins et al.,
2014). The model is a free-surface, terrain-following
ocean model which solves the three-dimensional
hydrostatic primitive equations (Shchepetkin and
McWilliams, 2003, 2005). It solves the equations using
a split-explicit time-stepping scheme and a free-sur-
face. Stretched, terrain-following coordinates are
used in the vertical, and orthogonal curvilinear coor-
dinates are applied in the horizontal on a staggered
Arakawa C-grid. The surface heat flux is based on a
bulk parameterization at the air-sea interface (Fairall
et al., 1996). Vertical mixing occurs through the K-Pro-
file Parameterization (KPP; Large et al., 1994).

The model domain setup in Manyilizu et al. (2014)
was adapted for this study covering the region for
37.5-60°E and 4.85°N-18¢S in the East African coastal
waters. The study was conducted for interannual sim-
ulation forced from 1978 to 2007 with the National
Center for Environmental Prediction (NCEP) rea-
nalysis-2 of winds and heat fluxes with a two-year
spin-up time. This model simulation was named as
Model_NCEP. The monthly mean values were used to
force the lateral open boundaries by means of a linear
temporal interpolation. The lateral boundary condi-
tions were based on a combination of active adaptive
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radiation conditions added to nudging (reaching a
nudging time scale of 360 days) and sponge (reaching
a viscosity/diffusivity value of 1000 m?s?) layers 150
km wide (Marchesiello et al., 2001). With this model,
the 2’ spatial resolution global dataset processed by
Smith and Sandwell (1997) have been configured. The
model simulation has 40 vertical levels, 1/6 ° hori-
zontal resolution and time steps of 1800s. The model
outputs were averaged every two model days which in
turn were processed to calculate monthly and clima-
tological data. The monthly anomalies of the interan-
nual model output were extracted by subtracting the
monthly climatological mean calculated for 28 years
(i.e., 1980-2007) of the model interpretation.

For model validation, another simulation was forced
with the monthly mean Comprehensive Ocean and
Atmosphere Data Sets (COADS) winds and heat fluxes
(da Silva et al., 1994) for 10 years with a three-year
spin-up time over the same domain. This model sim-
ulation was named as Model_COADS. The initial and
lateral boundary conditions for this simulation were
extracted from World Ocean Atlas 2001 global dataset
with monthly climatology 1 ° resolution, WOA2001
(Conkright ez al., 2002).

Datasets

Further validation of the subsurface temperature in
the study region was performed using data from the
observational/hydrographical World Ocean Atlas 2009
data (WOA2009). The WOA2009 consists of the global
monthly climatology at 1° grid resolution and interpo-
lated to standard depth levels on both 1° and 5° grids
(Antonov et al., 2010; see www.nodc.noaa.gov). Thus,
the model validation was conducted between the two
simulations as well as data from WOA2009. Further-
more, the model configuration was validated through
the SST variability using satellite and in situ data as
shown in Figure 2 and 4 in Manyilizu et al. (2014).

The influences of the ENSO and the IOD on the vari-
ability of the region was assessed through correlation
analysis using the Nifo3.4 index and the Dipole Mode
Index (DMI). The ENSO and the IOD are prominent
climate modes in the tropical Indian Ocean. The DMI
is provided by the Japan Agency for Marine-Earth
Science and Technology (JAMSTEC) represents the
difference of the monthly SST (HadISST dataset from
1958 to 2010) between two boxes in the west (50-70°E,
10°S-10°N) and the east (90-110°E, 10°S-0) of the
tropical Indian Ocean (see www.jamstec.go.jp). The
Nino3.4 index is extracted from the National Ocean


http://www.nodc.noaa.gov
http://www.jamstec.go.jp

60

and Atmosphere Agency (NOAA) and is the monthly
SST anomaly averaged over 5°N-5°S and 120-170°W
(see gcmd.nasa.gov). It is commonly used to represent
the SST variability associated with ENSO events.

Data analysis techniques

Analyses of the model results were performed using
composites, correlation and Empirical Orthogonal
Function (EOF) decomposition. All these techniques
were applied to the monthly anomalies of the sub-
surface temperature and forcing variables. The cor-
relation and standard deviations of the monthly SST
anomalies were computed from the ROMS model.
The possible linkage between the interannual vari-
ations of the subsurface temperature in the regions
with the weakest and strongest SST was examined
through correlation analysis. The EOF analysis was
used to identify the leading modes of the spatiotem-
poral variability of the subsurface temperature in the
region. The leading modes that explained more than
10% of the total variance of the subsurface tempera-
ture variability from the EOF analysis were retained.

In order to understand the subsurface temperature
variations in the regions with the weakest and strong-
est SST variations in the ocean waters off East Africa,
two transects were extracted. The first transect aver-
aged between 1 and 1.5°S was extracted crossing the
zonally elliptical band between 2°S and 2°N extending
offshore. This transect represented the region with
the strongest interannual SST variations that peaks
at its center and it was named as the offshore region.
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The second transect averaged between 9 and 9.5°S.
It was extracted crossing the weakest interannual SST
variations which are in the Tanzanian shelf region
to south of 6°S that extends to the north and west of
Madagascar peaking at its center and it named as the
inshore region. The selection of both transects aimed
at studying the vertical subsurface temperature varia-
tions in these respectively regions. Furthermore, the
transect for validation was considered around 10°S,
the latitude which divides the interannual variations
in two patterns as well as forcings to its north and
south. The variations associated with the thermocline
north and south of 10°S are associated with IOD and
ENSO induced forcings, respectively (e.g., Saji et al.,
1999; Rao and Behera 2005; Yokoi et al., 2005; Tozuka
et al., 2010; Yokoi et al., 2012). Therefore, the vertical
structure of the annual mean temperature across the
domain from 38 to 60°E averaged over 10-10.5°S in
the upper 250 m was used to evaluate the ability of the
model to reproduce subsurface variability. This tran-
sect indicates that the ROMS model realistically simu-
lated the subsurface temperature in the region.

Results and discussion

The tropical western Indian Ocean experiences spatial
and temporal variability of subsurface temperature
which does not show co-variabity with its correspond-
ing sea surface temperture. This study focused on
simulating the spatiotemporal interannual varibility
of the oceanic subsurface temperature in this region
off East Africa. The model validation and results of
this study are provided below.

Ann. Mean Temperature Over 10-10.5°S

-2
38 40 42 44 46 48 50 52 54 56 58 88 40 42 44 46 48 50 52 54 56 58 88 40 42 44 46 48 50 52 54 56 58 60

Longitude (°E)

Longitude (°E)

Longitude (°E)

Figure 1. Annual mean of the vertical temperature in °C for Model _NCEP (1** column) and Model_COADS (2" column), and from WOA2009 (3
column) averaged over 10-10.5°S from 38 to 60°E with contour intervals of 1°C.
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Annual subsurface temperature

The annual subsurface temperature off East Africa in
the tropical western Indian Ocean is shown through
a vertical transect in Figure 1. Since the 10°S latitude
appears to divide north-south patterns of the inter-
annual variability and its respective possible forc-
ings in this region, the vertical transect around 10°S
was extracted from both simulation configurations
(Model_NCEP and Model_COADS) as well as from
observational/ hydrographical WOA2009 data for
validation.

The vertical structure of the annual mean tempera-
ture across the domain from 38 to 60°E averaged over
10-10.5°S in the upper 250 m is evaluated to under-
stand the ability of the model to reproduce subsur-
face variability (Fig. 1). Relatively warm temperature
(>26°C) appears in the upper 50 m in Model _NCEP
and Model _COADS as well as in the WOA2009 data
(Fig. la-c). Similar temperature patterns occur below
50 m with about 14°C isotherm laying around 250
m near the coast in both model simulations and the
WOAZ2009 data. In short, the model seems to repro-
duce the annual mean of the subsurface tempera-
ture in the ocean waters off East Africa in the trop-
ical western Indian Ocean fairly well. However, the
COADS simulation shows slightly different patterns
in the upper 80 m towards the sea surface. These dis-
crepancies could be due to differences in the spatial
and temporal resolutions as well as the initial and
lateral boundary conditions for Model _NCEP and

a)std (Vert. Temp. Anom.) over 1-1.8S

Depth [m]
=
S

-200

38 40 42 44 46 48 50 52 54 56 58 60

Longitude (°E)
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Model_COADS. However, the subsurface tempera-
ture variability is similarly represented in both simu-
lations as well as in the WOA2009 data.

Therefore, the ROMS model simulated the annual
mean state in the oceanic subsurface waters in this
region reasonably well. This is shown by a good
agreement of the mean state of the upper ocean
properties from both model configurations and that
from observational/ hydrographical data. Further-
more, the interannual validation of the sea surface
temperature is shown in Figure 4 from Manyilizu et
al. (2014). Thus, the next section focuses on the sub-
surface temperature variability in the region with the
strongest SST variations.

Subsurface temperature variations off

East Africa

The subsurface temperature variations in this region
off East Africa were studied through the regions with
the weakest and strongest SST interannual variations.
The aim was to investigate the subsurface tempera-
ture signals in these regions. Thus, two transects were
extracted; the first one averaged between 1 and 1.5°S
crossing the zonally elliptical band between 2°S and
2°N extending offshore with the strongest interan-
nual SST variations, and with the peak center named
the offshore region. The second transect averaged
between 9 and 9.5°S was extracted crossing the weak-
est interannual SST variations which are in the Tan-
zanian shelf region to the south of 6°S that extends to

b)std (Temp Anom.) over 9-9.8S

-200
38 40 42 44 46 48 50 52 54 56 58 60
Longitude (°E)

0 0.5 1

1.5 2 2.5 3

Figure 2. Standard deviation of the vertical temperature anomaly and the annual thermocline depth (red line) from 38 to 60°E averaged over (a)

1-1.5°S and (b) 9-9.5°S from 1980 to 2007 in the upper 200 m depth.
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the north and west of Madagascar, with its peak center
named the inshore region.

Figure 2 displays standard deviation of vertical tem-
perature anomalies and the annual mean thermocline
depth (red line) in the regions which experience the
strongest and weakest interannual SST variations. The
vertical transect of the standard temperature anom-
alies were extracted from the coast at 38 to 60°E,
and averaged between 1 and 1.5°S for Figure 2a and
between 9 and 9.5°S for Figure 2b from 1980 to 2007.
The former transect crosses through the offshore
region, and the latter one goes through the inshore
region as shown in Figure 2; the regions with the
strongest and weakest interannual variability of the
SST, respectively.

The vertical temperature transect that crosses through
the offshore region shows strong interannual temper-
ature variations (standard deviation of about 2-3°C) in
the subsurface waters between 30 and 130 m (Fig. 2a).
Such patterns of subsurface temperature which show
strong variations around 100 m depth were reported
by Sun ez al. (2021) and Kakatkar et al. (2020, 2019) as
well as Sayantani and Gnanaseelan (2015). The transect
displays very deep thermocline depth at the annual
mean ranging from 100 to 130 m (Fig. 2a). The highest
interannual variations of the vertical temperature are
confined to the subsurface waters near the offshore
region where the annual thermocline depth is rela-
tively elevated. Relatively weak interannual variations
of the upper ocean temperature (standard deviation
<1°C) occur in the upper 30 m and below 130 m. The
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130 m depth is the annual mean thermocline depth in
the offshore region.

The variations of the temperature in the upper 30 m
depth in the transect seems to be mainly explained by
seasonality, and they are confined to the coast, where
they reach below 200 m depth. The offshore region
corresponds to strong interannual variations in the
thermocline depth with a standard deviation which
ranges from 18 m at 50°E to 24 m at 48°E (Fig. 3).
Consequently, variations in the thermocline depth are
associated with strong variations in the upper temper-
ature in the offshore region.

The vertical temperature transect through the coastal
waters in the Tanzanian shelf region shows weak inter-
annual variations (standard deviation <0.5°C) in the
upper 200 m depth (Fig. 2b). The annual mean of
the thermocline depth ranges from 70-80 m in the
Seychelles-Chagos thermocline ridge as reported by
Hermes and Reason (2008) and Yokoi et al. (2008) to
the deepest value (130 m) in the Tanzanian shelf region.
In this transect, strong seasonality is present in the
upper 40 m (explained variance >80% not shown), and
it is confined to the coast where it reaches below 200
m. High subsurface temperature variations (standard
deviations of about 1.5-2.0°C) occur between 30 and
80 m to the east of the transect which seems to advect
towards the Tanzanian shelf region. These high sub-
surface temperature variations are located between 48
and 60°E. The region corresponds with relatively high
standard deviation of the thermocline depth (>18 m)
which becomes higher than that in the offshore region

Figure 3. Standard deviation of the thermocline anomalies from the ROMS model in the tropical west-
ern Indian Ocean averaged from the coast at 38 to 60°E over 1-1.5°S (red) and 9-9.5°S (blue).
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towards the east of 52°E (>15 m). This region reflects
the thermocline dome named the Seychelles Dome
by Yokoi et al. (2008) or Seychelles-Chagos thermo-
cline ridge by Hermes and Reason (2008); the shal-
low thermocline also reported by Manola ez al. (2015).
Thus, uniformly weak variations of the temperature in
the upper 200 m occur in the Tanzanian shelf region
which is mainly dominated by seasonality and some
contribution from advection from the region with high
variations to the east in the subsurface waters.

In general, the region with the highest SST variability
in the offshore region lies adjacent to strong subsur-
face temperature variations located between 30 and
180 m. Moreover, the region corresponds with strong
variations in the thermocline depth. The weakest
SST variations in the Tanzanian shelf waters lie over
the subsurface waters with the smallest temperature
variations in the upper 200 m. It matches with weak
variations in the thermocline depth. The highest
regional variability of the subsurface temperature is
further explained by interannual variability. Thus,
the next section deals with subsurface temperature
in the region in association with large-scale climate
variability modes.
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Subsurface temperature with large-scale

climate variability modes

An Empirical Orthogonal Function (EOF) analysis
was applied to the upper ocean temperature (0-200
m depth) in the vertical transects through the Tanza-
nian shelf region and offshore in the tropical western
Indian Ocean off East Africa. The analysis was per-
formed on the monthly vertical temperature anom-
alies to determine the dominant modes of variability.

Vertical interannual temperature variability through
the region with the weakest SST variations

The EOF analysis in the transect through the region
with the weakest SST variations in the Tanzanian shelf
waters was performed on the monthly vertical tem-
perature anomalies from 38 to 60°E averaged between
9 and 9.5°S from 1980 to 2007 (Fig. 4). The first two
leading modes of the vertical temperature anomalies
in the upper 200 m of the EOF, which collectively
explain about 64% of the total variance, were retained.

The first mode explains about 51% of the total var-
iance with the same sign everywhere in the transect
(Fig. 4a). The weakest loadings are in the Tanza-
nian shelf region reflecting the weakest temperature

Figure 4. The first two EOF modes for the upper ocean temperature (0-200 m) from 388 to 60°E averaged over 9-9.5°S and their corresponding
principal component time series (in red). The DMI (in black) and the Nino3.4 index (in blue) are added. The time series is smoothed by a sev-

en-month running mean. (a) 1 EOF, (b) 2! EOF.
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a) Lag cor. Temp PC1 Averaged over 9-9.5°S with DMI and NINO3.4
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b) r(Temp. PC1 over 9-9.5°S with DMI)

¢) r(Temp. PC1 over 9-9.5°S with NINO3.4)
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Figure 5. (a) Lag correlation of the Nino3.4 index (black) and the DMI (red) with the PC1 of the vertical temperature EOF from 88 to 60°E
averaged over 9-9.5°S in the upper 200 m. Bar diagrams of the monthly correlation coefficients between the PC1 with (b) the DMI (left)
and (c) the Niflo3.4 index (right). The unshaded region in (a) and the red stars in (b) and (c) indicate statistically significant correlation at

957% significant levels (p<=0.05).

variations. However, strong spatial loading patterns
occur to the east between 48 and 60°E in the subsur-
face waters between 20 to 140 m where they match
with strong standard deviation in the vertical tempera-
ture anomalies. Such loadings reflect those of the Sey-
chelles Dome (Yokoi et al., 2008) or Seychelles-Chagos
ridge (Hermes and Reason, 2008), the shallow ther-
mocline also reported by Manola et al. (2015). The
principal component time series of the first EOF (PC1)
of the anomalies in the upper temperature correlates
with the Nifio3.4 index and the DMI with values of
0.31 and 0.12 at 95% significant level, respectively. Such
findings suggest a relatively stronger influence of the
ENSO than the IOD with the IOD and ENSO-induced
Rossby waves dominating to the north and south of
10°S, respectively (Rao ez al., 2005; Yu et al., 2005).

The second mode of the EOF analysis explains about
14% of the total variance with an east-west dipole spa-
tial pattern in the subsurface waters (Fig. 4b). The
lowest values close to zero occur in the upper 30 m
being confined to the Tanzanian shelf region. The
PC2 shows correlation with the Nifio3.4 index and the
DMI with values of about 0.24 and 0.18 at 95% signif-
icant levels, respectively. The first two modes of the
monthly vertical temperature anomalies through the
Tanzanian shelf waters show correlation with ENSO
and IOD signals. Very low and relatively high values of
correlation between the large-scale indices (Nifio3.4
index and DMI) occur with the upper temperature in
the Tanzanian shelf region and offshore, respectively.
However, significantly small values of correlation of
the PC1 and PC2 with the Nifio3.4 index and the DMI
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Figure 6. (a) Lag correlation of the Nino3.4 index (black) and the DMI (red) with the PC2 of the vertical temperature EOF from 38 to 60°E aver-
aged over 9-9.5°S in the upper 200 m. Bar diagrams of the monthly correlation coefficients between the PC2 with (b) the DMI (left) and (c) the
Nifo8.4 index (right). The unshaded region in (a) and the red stars in (b) and (c) indicate statistically significant correlation at 95% significant levels

(p<=0.05).

could be associated with strong seasonality of the indi-
ces. Thus, stratification of the PC1 and PC2 as well as
their correlation with the Nifio8.4 index and the DMI
in calendar months can provide strong correlation in
seasonal variations.

To understand the seasonal variations of the vertical
temperature anomalies in the Tanzanian shelf region
and their relation to the ENSO and 1IOD signals, the
principal component time series of the first two lead-
ing modes and their correlation with the Nino3.4
index and the DMI were stratified by calendar months.
The PCI of the vertical temperature anomalies in
the region mostly correlated with the Nifo3.4 index
(r>0.6) at a 95% significant level when the Nino3.4
index lags behind the PC1 by 8-7 months (Fig. 5a).

However, the correlation between the PC1 of the ver-
tical temperature anomalies with the DMI is very
weak. Furthermore, no significant monthly correla-
tion exists between PC1 of the vertical temperature
anomalies and the DMI (Fig. 5b). On the other hand,
the Nino3.4 index and the PC1 of the vertical temper-
ature anomalies show a strong correlation from Janu-
ary to April, peaking in March-April at about 0.7 (Fig.
5¢). Such findings appear to capture the influence of
the ENSO in the subsurface temperature in the region
reported to be in December-February which might be
maintained to the following March-May season (Shi-
dona et al., 2004; Sayantani and Gnanaseelan, 2015).
Weak signals of the ENSO and IOD appear in the PC2
of the vertical temperature anomalies which are rel-
atively weakly correlated (r-=0.3) when the Nifno3.4
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index and the DMI lags behind the PC2 by 2-3 and 5
months, respectively (Fig. 6a). No significant monthly
correlation of the PC2 with the DMI exists except in
October (r-=0.4; Fig. 6b). The combination of the sea-
sonal influences of the ENSO and IOD signals reflects
the analysis of Sayantani and Gnanaseelan (2015) that
the IOD influences the subsurface variations in the
September-November (SON) season being intensi-
fied by the ENSO from December to February and
retained through March to May. These results suggest
strong variations of the interannual vertical tempera-
ture anomalies around 9-9.5°S in the tropical western
Indian Ocean are more associated with ENSO signals
than IOD signals as was previously reported by Rao et
al. (2005) and Yu et al. (2005).

Vertical interannual temperature variability

in the region with the strongest SST variations
The monthly temperature anomalies of the vertical
transect through the offshore region are used to com-
pute the EOFs in the region from 38 to 60°E aver-
aged between 1 and 1.5°S. The first leading mode of
the vertical temperature of the EOF which explains
about 52% of the total variance with a homogeneous
signal of the spatial pattern is retained (Fig. 7). Strong
spatial loading patterns occur between 20 and 160
m depth matching the strong variations in temper-
ature. The offshore region appears to the east of the
strongest loadings in this EOF with upward advec-
tion toward the surface waters. The PC1 of the upper
temperature anomalies correlate with the Nifno3.4
index and the DMI with values of 0.58 and 0.21 at
95% significant level, respectively. Therefore, the ver-
tical temperature anomalies in the offshore region
between 48 and 50° E and the nearby are associated
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with the ENSO and the IOD signals. Moreover,
significant correlation of the PCl with the Nino3.4
index and DMI could be obtained if they are stratified
in calendar months due to the fact that the ENSO and
10D signals in the tropical Indian Ocean are annually
phase-locked.

Figure 8 displays the standard deviation of the
monthly PC1 through the offshore region from 38
to 60°E averaged between 1 and 1.5°S for the vertical
temperature anomalies stratified in calendar months.
The PCI1 shows relatively strong standard deviation
from August to December which peaks in December
at about 0.4°C. The vertical temperature anomalies in
this region mostly correlate with the Nifio3.4 index
(r=~0.6) at 95% significant level when the Nino3.4
index lags behind the PC1 by 1-8 months. Moreover,
the correlation between the PCI of the vertical tem-
perature anomalies in the region with the DMI peaks
at 2-4 lag months. Monthly correlation of about 0.42
appears between the PC1 of the vertical temperature
anomalies and the DMI in only December at the 95%
significant level (Fig. 8b). However, the Nifio3.4 index
and the PCI of the vertical temperature anomalies
show significantly strong correlation throughout the
year, except in August, and the correlation peaks in
January at about 0.8 (Fig. 8c). Such patterns could be
explained by the analysis of Sayantani and Gnana-
seelan (2015) who showed that the subsurface tem-
perature in the tropical Indian Ocean evolves from
September to November forced with the IOD, intensi-
fying and peaking in the following season in Decem-
ber-February (DJF), being reinforced by ENSO. Such
patterns are maintained through March-May (MAM)
of the following year.

Figure 7. The first EOF mode for the upper ocean temperature (in 200 m depth) from 38 to 60°E averaged over 1-1.5°S in tropical western Indian
Ocean and their corresponding principal component time series (in red). The DMI (in black) and the Nifio3.4 index (in blue) are added. The time

series is smoothed by a seven-month running mean.
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Figure 8. (a) Lag correlation of the Nifno3.4 index (black) and the DMI (red) with the PC1 of the vertical temperature
EOF from 388 to 60°E averaged over 1-1.5°S in the upper 200 m. Bar diagrams of the monthly correlation coefficients
between the PC1 with (b) the DMI (left) and (c) the Nifi03.4 index (right). The unshaded region in (a) and the red stars in
(b) and (c) indicate statistically significant correlation at 95% significant levels (p<=0.05).

In the Sayantani and Gnanaseelan (2015) study, the
patterns were linked with positive and negative wind
stress curl anomalies in the south and north of 5°S
which force downwelling and upwelling waves respec-
tively during the December-February period. There-
fore, there is strong subsurface-surface feedback in
the tropical Indian Ocean which determines differ-
ent surface dipole patterns apart from the commonly
known large scale modes of ENSO and IOD (Shinoda
et al., 2004). It is apparent that strong variations of the
interannual temperature in the upper 200 m which
are related to the thermocline variations in the off-
shore region are associated mainly with the ENSO
and IOD signals.

Summary and conclusion

The ROMS which has been improved into the CROCO
model was used to simulate the oceanic subsurface
temperature off East Africa in the tropical western
Indian Ocean. The study focused on understanding

the subsurface variations in the regions with the
strongest and weakest SST variations in the region
from 1980 to 2007. The ability of the model to repro-
duce the variability in this region is reasonable as the
model outputs are in good agreement with observa-
tions and hydrographical data.

The upper ocean temperature in the tropical west-
ern Indian Ocean showed spatial and temporal vari-
ability. The offshore region around 48-50°E averaged
between 1 and 1.5°S showed high interannual temper-
ature variability in the upper 200 m. Weak inter-an-
nual variations of the vertical temperature anomalies
occur in the Tanzanian shelf region in the upper 200
m. The region experiences weak inter-annual varia-
tions in the thermocline suggesting that local forcing
is responsible for the variability. However, strong vari-
ability in the thermocline to the east of the Tanzanian
shelf waters leads to strong subsurface inter-annual
variability which could influence the Tanzanian shelf
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region at that depth through advection. The offshore
region experiences strong inter-annual variability in
the vertical temperature with the highest variability
between 30 and 130 m depth. The regional variability
of the subsurface temperature cannot be explained by
seasonality, and thus, it is related to modes of inter-an-
nual variability. Strong inter-annual variability in the
thermocline depth associated with the local surface
forcing and the remote forcing from ENSO and the
IOD is responsible for the strong inter-annual varia-
bility in the region. The strongest inter-annual varia-
bility in the mid depth between 40 and 130 m seems
to be upwelled towards the surface. Therefore, surface
and subsurface temperatures in the Tanzanian shelf
region vary in the same way with weak inter-annual
variability. However, stronger inter-annual variability
of the temperature occurs in the subsurface waters
than in the SST in the offshore region. The strong
variability in the offshore region is related to strong
inter-annual variability in the thermocline associated
with the ENSO and the IOD.

This study provides an understanding of the subsur-
face temperature variability in relation to the SST in
the tropical western Indian Ocean; factors that are very
important for climate and marine living resources.
Such understanding improves planning and manage-
ment of climate sensitive activities in the East African
marine ecosystem region and marine shipping activi-
ties in the Tanzanian shelf region.

To summarize, the upper ocean temperature in the
tropical western Indian Ocean shows spatial and tem-
poral variability. The offshore region around 48-50°E
averaged between 1 and 1.5°S shows high interannual
temperature variability in the upper 200 m. The
highest temperature variations are confined to the
subsurface, and they match with anomalous thermo-
cline depths. Moreover, the subsurface temperature
variations in the offshore region strongly relate to the
ENSO and IOD. The Tanzanian shelf region indicates
weak temperature variations in the upper 200 m with
weak influences of ENSO and the IOD.
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