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ABSTRACT
A z-coordinate Modular Ocean Model (herein after referred as MOM3) has been implemented for global 
domain forced by NCEP/NCAR wind stress climatologies and executed for twenty five years. Several results of 
interest were analysed mainly for Southern Indian Ocean (SIO) (60°S-10°N, 30°E-120°E) including Antarctic 
Circumpolar Current (ACC) region of Southern Ocean (SO) from the output of the above model. The fidelity 
of the model is examined for varieties of phenomenon viz: surface elevation, horizontal circulations/vertical 
velocities at sub-surface, property transport including statistical estimation of Sea Surface Temperature 
(SST). The Results indicate that model produces strong variability of vertical velocity in the deeper ocean 
showing inability of z level model for bottom boundary layer correctly whereas the strength of the subsurface 
currents decays in comparison to the preceding depth circulation. It is noticed that in the upper ocean, the 
zonal transports are eastwards that may directly follow the surface currents. Statistical analyses include the 
estimation of model Error (ME), Correlation Coefficient (CC) denoted by R and Skill Score (SS) between 
model & observed SST data and result showing high correlation (R=0.94) with ME between 0 to 10C. CC 
and SS suggests the success of model up to some extent. As seen from the R values, which are close to 1 
over most of the model domain, is thought to be SST is simulated well. 

Key words: Wind Stress, ACC, Sub surface horizontal circulation, Sea Surface Temperature, Vertical Velocity 
and Statistical Analyses.   

INTRODUCTION

The Southern Ocean (SO) plays a very important part in the 
general circulation of the world ocean and consequently the 
global climate system. Despite the recent advances in the 
understanding of SO, many questions remain unanswered. 
One reason is that the region is a particularly remote one 
with bad weather conditions and sea ice, which makes 
the collection of insitu data difficult (Best et al., 1999). 
Modelling SO is thus analytically somehwhat intractable 
and resources must be had to be based on/ taken from 
numerical methods (Killworth and Nanneh, 1994). There 
has been a controversial issue on the choice of a vertical 
coordinate system for use in a numerical model like 
Modular Ocean Model (MOM) in the ocean modelling 
community. The geopotential or z-level coordinate is the 
simplest and has been widely used in the past. However, 
z-level models must represent the real bathymetry by a 
series of steps, which may lead to large truncation errors 
over steep topography (Gerdes 1993; Adcroft, Hill and 
Marshall 1997; Gnanadesikan and Pacanowski 1997; Sheng 
et al., 1998). 

In this study, our interest is to see the performance 
of the above model and to see the improvements over the 

existing studies/observation. In an attempt to reconcile 
some of the analyses/results from the present model for 
SIO/SO in response to wind forcing, we have examined 
horizontal circulation & vertical velocities (VV) at the 
sub-surface, property transport, SST using correlation and 
statistical measure from the output of the model and to 
possibly overcome the limitations of the observation based 
studies with the goal of obtaining a more complete physical 
understanding of the ocean dynamics and processes. Further, 
SST, being an important indicator of the state of the earth’s 
climate system and its precise information, is very essential 
for climate monitoring, research and prediction (Reynolds 
et al., 2002) with focus on quantitative statistical measures 
between SST values of the model and observation. Moreover, 
VV diagnosed here is important as its measurements in 
the ocean are scarce (Thurnherr, 2011) and to study its 
variations, it is natural to quantify the VV variability and its 
distribution at the sub-surface and the processes responsible 
for such distribution. For instance, the equatorial upwelling 
that represents probably the largest mean VV is about  
10-3 cm/s (Wyrtki, 1981) and in the deep oceans, the mean 
value of VV is much smaller (about 10-5cm/s) (Munk, 
1990). Spatial maps of different measures were shown/ 
generated to examine model performance.
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METHODOLOGY AND MODEL SETUP 

Model and formulation

The version 3 of GFDL Modular Ocean Model [Pacanowski, 
Dixon and Rosati, 1993; Huang and Schneider 1995; 
Schneider et al., 1999] uses the Boussinesq and traditional 
approximations and allows the use of the rigid-lid and 
free-surface methods. It allows many types of mixing 
including horizontal mixing along surfaces of constant 
density and can be coupled to atmospheric models. The 
horizontal mixing of tracers and momentum is Laplacian. 
The momentum mixing uses the space-time dependent 
scheme of Smagorinsky (1963) and the tracer mixing uses 
Redi (1982) diffusion along with Gent and McWilliams 
(1990) quasi-adiabatic stirring. The zonal resolution is 
1.5° while the meridional resolution is 0.5° between 10°N 
and 10°S, gradually increasing to 1.5° at 20°N and 20°S. 
There are 25 levels in the vertical with 17 levels in the 
upper 450 meters of the ocean. The model is forced by 
the long term mean surface wind stress from the National 
Center for Environmental Prediction (NCEP)-National 
Center for Atmospheric Research (NCAR reanalysis) 
(Kalnay et al., 1996).  The original surface reanalysis is 
on an irregular grid with a zonal resolution of 1.875° 
and Gaussian latitudes of grid spacing less than 2°, and 
is linearly interpolated to the OGCM grids. The vertical 
mixing scheme is non-local K-Profile Parameterization 
(KPP) of Large, McWilliam and Doney 1994. The model 
surface salinity is relaxed to Levitus (1982) monthly 
climatology. Surface heat flux is also relaxed to Levitus 
(1982) climatology and relaxation time is 100 days. Model 
variables, set of equations, constants, coefficients and 

depth to the grid point used in the model are described 
in an earlier study (Mishra et al., 2010). The four 3-D 
prognostic variables of the model are zonal and meridional 
components of velocity (u, v), temperature (T) and salinity 
(S). The diagnostic variables are vertical velocity (ω) and 
density (ρ). In order to suppress the fast moving surface 
gravity waves, the rigid lid approximation is employed (i.e. 
ω=0 at the surface z=0).

Experiment detail, Simulation domain and Study 
Region

The model is initialized from an ocean at rest with 
climatological temperature and salinity and then spun up 
for twenty five years under NCEP-NCAR climatological 
wind stress forcing. Initial condition is taken from annual 
mean temperature and salinity field without motion 
(Levitus, 1982). The monthly output of the model is saved 
and analyzed for SIO. Simulation domain of the model is 
that of the world oceans spanning from (74.25°S to 65°N, 
180°W-180°E) and the analysis region includes SIO region 
including SO spanning from 30°E-120°E, 60°S-10°N.

RESULTS AND DISCUSSIONS

Surface Elevation, Horizontal Circulation and 
Vertical Velocities

Figure 1 shows the model climatology (last 6 year model 
run) of the surface elevation field in the Southern Indian 
Ocean region. We see that the surface elevation field 
shown in figure 1 is quite smooth and also the surface 
flow from the Indian Ocean into Madagascar near Somali 

Figure 1. Six year average Model Surface Elevation Field (Units are in c.m.). The contour interval is 3 cm.
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region. The high surface elevation field is associated with 
equatorial Indian Ocean/North Indian Ocean up to 25°S 
while the low elevation fields are seen near Antarctica 
Circumpolar Region (40°S-60°S). Moreover, the Sea level 
drop in Agulhas region is seen to be around 15-18 cm. 
In addition to such distribution, bump shaped frontal 
structure around Agulhas retroflexion area, 30°E (although 
area prior 30°E is not covered) can be understood and 
structure around the Antarctic Circumpolar Current 
(ACC) is well captured. Agulhas retroflexion is related 
to the Agulhas Current (27°S to 40°S, Gordon, 1985), a 
western boundary current of Southern Indian Ocean, since 

as it reaches the Southern Ocean, the current retroflects 
or turns back on itself and flows eastward with part of 
the flow recirculating in the counter clockwise flowing 
subtropical gyre and part of the flow feeding the Antarctic 
Circumpolar Current as Agulhas return Current (Quartly 
and Srokosz, 1993).

Figures 2a, 3a and 4a show the velocity field at 97.5 
m, 875.5m and near the bottom, respectively averaged over 
the last six years of the simulation. The vertical velocity 
is diagnosed through the continuity equation; horizontal 
velocities are driven by the Coriolis force, horizontal 
pressure gradient and advection terms.

Figure 2. (a) Six year average horizontal circulation (cm/s) at 97.5 m. Arrow length of 0.5 cm represents current speed of 60 cm/s.

Figure 2. (b) Vertical velocity (m/s) at 97.5 m. The contour interval is 1X10-5 m/s in vertical velocity. Negative VV shows the 
downslope flows.
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Figure 3. (a) Six year average horizontal circulation (cm/s) at 882m. In figure (a) arrow length of 0.5 cm represents current speed 
of 10 cm/s.  

Figure 3. (b) Vertical velocity (m/s) at 882m. The contour interval is 1x10-5 m/s in vertical velocity. Negative VV shows the 
downslope flows.

At 97.5 m depth the dominant features are the 
westward and eastward flow of Southward Equatorial 
Current (SEC) and the Antarctic Circumpolar (ACC) flow 
respectively. Agulhas current is also revealed but various 
other currents viz; North Equatorial Current (NEC), 
Equatorial Counter Current (ECC) etc are not seen well and 
are too weak in the model (Figure 2a). The vertical velocity 
field shows the expected downward flow in the middle 
latitude from the wind driven Ekman pumping (Figure 2b). 
The horizontal flow field at 882m (Figure 3a) shows several 
small scale gyres in the Southern Ocean south of ACC. At 
this depth, SEC, NEC, ECC is not seen well while ACC is 
evident. We note entrainment of slope water west of the 
Madagascar into the subsurface water of ACC. Areas of 
strong downwelling are found along western boundaries, 
equatorial region etc. (Figure 3b). 

The bottom flow field at 4882m (Figure 4a) generally follow 
the bottom topography contour (Olber and Volker 1996) 
and is the result of Ekman veering to the left (right) of the 
mean flow in the north (south) hemisphere, producing an 
upslope and downslope component. In the ACC, currents 
are very sparse and show few gyre structures (Figure 4a). The 
region of downslope near bottom flow in figure 4b indicates 
areas of possible deep water formation. For more clarity, 
we have plotted the overall feature of the model to find its 
fidelity. The very small vertical velocity (3x10-21m/s) shows 
that it is difficult to model bottom boundary layer correctly 
by z-level model, which is also suggested by Winton et al., 
1998 in his studies. Overall, it is also evident in the figures 
2a, 3a, 4a that strength of the subsurface currents at different 
depths is decaying monotonically down in comparison to the 
circulation in the preceding depths (e.g. 60cm/s at 97.5 m 
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depth, 10cm/s at 882m depth and 7cm/s at 4482 m depth) 
which shows that subsurface currents travel at a much 
slower speed when compared to surface flows. This is in 
accordance with the study suggested by Pidwirny, 2006 and 
owing to stratified ocean, velocities tend to be faster near to 
the surface (Gille, 1994).

Upper Ocean Volume Transport

To examine the contribution of wind forcing, we have 
computed the upper ocean volume transport. The upper 

ocean volume transport quantifies the flow patterns with 
water column of subtropical waters implied by the volume 
transport sections and is distributed at 60°S at about 
250m depth, with magnitude lying between +5Sv to -1Sv 
(1 Sv=106 m3/s). In the figure 5, the Agulhas current is 
marching swiftly towards north and the flow is weak with 
zero (0) Sv net transports at 30°E. These exterior flows 
significantly differ from the flows continuing up to 120°E. 
However, the energetics  between +5/-1 Sv flows through 
Mozambique ridge at 35°E and Madagascar ridge at 44°E 
and there seems to be variable contribution of transport 

Figure 4. (a) Six year average horizontal circulation (cm/s) at 4482m. In figure (a) arrow length of 0.5 cm represents current 
speed of 7cm/s.  

Figure 4 (b). Vertical velocity (m/s) at 4482 m. The contour interval is 3x10-21m/s in vertical velocity. Negative VV shows the 
downslope flows.
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Figure 5. Upper ocean volume transport (Upper 250 meter depth) at 60°S in the region 30°E-120°E.

in feeding anticyclonic eddies on its left side as observed 
from incidence of different order (+5 Sv to -1 Sv).  In the 
figure no 5, the fluctuations are confined to 250m depth, 
with a larger meridional scale width and in the upper ocean 
above the top of the thermocline, the zonal transports are 
eastward that may directly follow the surface currents. This 
result suggests that the vertically integrated, persistent 
eastward transport results largely from the layers in and 
below the thermocline (Weiqing et al., 2004). 

Statistical Analysis between Model & Observed SST 

Methodology and Formulation

For evaluation of the model results, monthly means are 
formed from January through December using the model 
years. These values are then compared to climatology at 
each grid point of the model domain. Several statistical 
measures are considered together to assess the comparisons 
between SST values predicted by the model and those 
predicted by the observed SST data (Levitus 1994). Here, 
we have taken the region of interest 60°S-20°N, 30°E-120°E 
to discuss SST analysis in detail. 

Let Xi (i=1, 2,.................,n) be the set of n reference 
values (i.e. observed SST, Levitus, 1994) and let Yi (i=1, 
2,.............,n) be the set of estimates (i.e. Model SST). 
Also let X and Y  and sx and sy  be the mean and standard 
deviations of the reference (estimate) values respectively. 
For model data comparisons, we evaluate time series of 
monthly mean SST values from January to December at 
each grid point over the domain, so n is 12.

We have used the following statistical relationship 
between observed SST (X) and Model SST(Y) [based on 

Stewart (1990) and Murphy (1988) formula] as follows 
and also described by Kara, Wallcraft and Hurlburt 2003]:
   

  (1)

                       (2)

  (3)

  (4)

where ME is the bias or annual mean difference (in 0C), 
RMS is the root mean square difference (in 0C), R is the 
correlation coefficient, SS is the skill score (in degree C), SD 
is the standard deviation (in 0C) and SS is dimensionless. 
The skill score is understood to be a very informative tool 
of model performance in predicting SST since it takes 
bias into account and often used to assess the accuracy 
of forecasts produced by numerical, statistical, and/or 
conceptual models relative to the accuracy of forecasts 
based on simple forecasting methods such as climatology 
or persistence (Murphy, 1996).

We have examined the model SST with respect to 
climatology for Model Error (Figure 7) i.e. departure of 
model SST from the observation using equation 1, RMS 
difference using equation 2, Correlation Coefficients 
denoted by R using equation 3 (Figure 6) and Skill Score 
(SS) over the model domain. The RMS difference between 
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model and observed SST is 1.340C, Correlation Coefficients 
is 0.94, standard deviation between model and observed 
data is 1.150C respectively. The domain average skill score 
is found to be 0.59, yet not very high, but suggests the 
success of model up to some extent. As seen from the R 
values, which are close to 1 over most of the model domain, 
is thought to be SST is simulated well. 

 Although the correlation is very high between 
model and observed SST in the most part of the southern 
ocean and equatorial warm pool, the model SST seems 
to be simulated well as evident from R values (Figure 
6), especially in the ACC region, the correlation seems 
moderate to high. In general, SST bias (model error) in 
figure 7 looks within 0 to 10 C, when compared to the 
observations in most part of the study region, which 
may be because of advection of colder surface water by 

upwelling processes. The SST errors in the open ocean 
are seen usually smaller than those along continental 
boundaries as well as upwelling regions. Cold SST biases 
are found in Southern Ocean around 20°S/40°S (Figure 7). 
Strong cooling by latent heat flux loss occurs in the central 
parts of the ocean (around 45°S/70°E) which may be due 
to strongness of the northeast trades and the weakness of 
south pacific convergence zone. In the present model study, 
the ocean temperature and salinity were restored to the 
observations, which could greatly improve the persistent 
bias. However, we would expect this bias to be improved in 
the high resolution model. In addition, it is also important 
to note that SST errors (Figure 7) along the continental 
boundaries may be due to steep structure of z-level models 
as suggested by Mellor et al., 2002; and Winton, Hallberg 
and Gnanadesikan, 1998).

Figure 6. Correlation Coefficient (R) between model and observed SST.

Figure 7. Annual mean error between model and observed SST. We note that mean error is between 0 to 10 C in the model domain.
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SUMMARY AND CONCLUSIONS

The primary motivation of this study is to evaluate the 
coarse resolution ocean model around SIO/SO. As far as 
modelling results are concerned, they are providing a good 
source of information on the model outputs viz; circulation, 
its energetic property transports, etc. including quantitative 
& statistical estimation of model SST against the observed 
data set. Success of the model SST is revealed well by the 
high correlation coefficient (R=0.94) over the region of study, 
however, model is unable to predict/estimate VV  for bottom 
boundary layer as the magnitude of VV is very small in the 
bottom. Its measurements are scarce because for, many 
years, velocity data in the ocean were collected primarily 
with mechanical current meters designed to measure the 
two horizontal component of velocity due to reasons of 
instrument cost and complexity (Thurnherr, 2011). 

The model has always certain limitations and model 
provide its solution under a specified forcing under 
those limitations. However, forcing used in this Ocean 
General Circulation Model (OGCM) uses NCEP/NCAR 
climatological wind forcing which itself was regarded as less 
accurate forcing fields (Behra et al., 2000),  due to which 
ocean modellers often relax ocean model simulation to the 
observed forcing. Hence, future step may be to use a coupled 
ocean atmosphere model to determine the implications on 
the finding presented here. Additionally, it is important to 
understand the uncertainty associated with the OGCM’s 
simulation for statistical studies in respect of biases/error. 
In the modelling context, reproducing these results with 
OGCM’s other than present set up with a coupled ocean–
atmosphere model would be a valuable next step. 
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