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Abstract (100 words)

In this report, we present a detailed comparison and validation of the simulations
from high-resolution (1/48%) ocean circulation model for the Bay of Bengal (BB-
HOOQOFS) using Regional Ocean Modeling System (ROMS) with the available ocean
observations and the simulations by the relatively lower resolution (1/12°) basin-
scale general circulation model setup (IO-HOOFS), which is presently used to
provide ocean forecasts for the Bay of Bengal. Comparison of vertical profiles of
currents, temperature, Sea Level Anomaly (SLA) and Sea Surface Temperature
(SST) for both model setups are carried for the period of 2013-2014. Comparison of
the circulation features in the shelf and slope regions off the east coast of India
simulated by the model with the ADCP observations shows that simulations by the
BB-HOQOFS are superior in terms of its ability to capture the features and variability
in different space and time scales. In addition, simulations of currents by BB-HOOFS
show high correlation and low RMSE values in the northern part of the shelf and
slope off the east coast of India compared to south. Comparison of temperature
simulations by the two model setups with observation shows that the simulations of
BB-HOOFS is better, with high correlation and low RMSE values especially in the
thermocline regions, compared to IO-HOOFS. However, comparison of SST and
SLA simulated by BB-HOOFS with the satellite based observations is not showing
any significant improvement compared to the simulations by I0O-HOOFS.
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Abstract

In this report, we present a detailed comparison and validation of the simulations from high-resolution
(1/48°) ocean circulation model for the Bay of Bengal (BB-HOOFS) using Regional Ocean Modeling
System (ROMS) with the available ocean observations and the simulations by the relatively lower
resolution (1/12°) basin-scale general circulation model setup (I0-HOOFS), which is presently used to
provide ocean forecasts for the Bay of Bengal. Comparison of vertical profiles of currents,
temperature, Sea Level Anomaly (SLA) and Sea Surface Temperature (SST) for both model setups are
carried for the period of 2013-2014. Comparison of the circulation features in the shelf and slope
regions off the east coast of India simulated by the model with the ADCP observations shows that
simulations by the BB-HOOFS are superior in terms of its ability to capture the features and
variability in different space and time scales. In addition, simulations of currents by BB-HOOFS show
high correlation and low RMSE values in the northern part of the shelf and slope off the east coast of
India compared to south. Comparison of temperature simulations by the two model setups with
observation shows that the simulations of BB-HOOFS is better, with high correlation and low RMSE
values especially in the thermocline regions, compared to 10-HOOFS. However, comparison of SST
and SLA simulated by BB-HOOFS with the satellite based observations is not showing any

significant improvement compared to the simulations by 10-HOOFS.



Introduction

Under the project “High-resolution Operational Ocean Forecast and reanalysis System
(HOOFS)”, Indian National Centre for Ocean Information Services (INCOIS) has been
carrying out focused research and development to configure a series of high-resolution ocean
model setups to provide very high resolution operational forecast of various oceanographic
parameters for the coastal waters around the country. Regional Ocean Modeling System
(ROMS), which is a state-of-the art ocean circulation model (Song et al., 1994; Haidvogel et
al., 2000; Shchepetkin, 2005) is used as the general circulation model for the HOOFS setups
(Francis et al., 2013). Here we provide a detailed report of the performance of the model
setup for the Bay of Bengal (BB-HOOFS) by comparing its simulations with the available
ocean observations and the simulations by the basin-scale model setup, which is presently
used to provide ocean forecasts for the Bay of Bengal.

The Bay of Bengal (BoB) is a unique tropical bay located in the north-eastern part of
the Indian Ocean bounded by land mass in the north. The region is well known for the surface
low salinity water due to the large amount of freshwater influx from the adjacent continental
rivers (Vinayachandran et al., 2015 and references therein). Presence of thick barrier layer is
one of the factors affect the intensity of tropical cyclones in the Bay (Balaguru et al., 2014).
Thermal inversions (Thadathil et al., 2002), meso-scale eddies (Chen et al., 2012) and the
presence of locally and remotely forced waves (Cheng et al., 2013) complicates the
variability in the Bay of Bengal and makes the numerical modeling of the Bay challenging.
Hence, we do not expect a perfect simulation of the ocean conditions by any of the model
configurations. However, here we try to quantify the improvements simulation of the general
circulation features by the higher resolution model configuration so that it can be used for the

operational predictions of ocean conditions with better accuracy.



2. Model domain and setup.

In the present study, we compare the simulations by Regional Ocean Modeling
System (ROMS, version 3.7), developed by Rutger’s University, New Jersey, USA, for the
period of 2011 to 2015. ROMS is a free surface, terrain following general circulation model
which solves a set of primitive equations in an orthogonal curvilinear coordinate system
(Song et al., 1994; Haidvogel et al., 2000; Shchepetkin., 2005). Simulations from two
different model setups, viz. one for the Bay of Bengal (BB-HOOFS) domain with very high
spatial resolution (1/48°) and the other for the entire Indian Ocean basin (10-HOOFS, which
is an improved version of the Indian Ocean model setup described in Francis et al 2013) with
relatively lower resolution (1/12°), are compared with the observations here. The bathymetry
in the model domain for the 10-HOOFS setup is shown in Figure 1la. The domain of the
Indian Ocean model based on ROMS extends from 30° E to 120° E in the east-west direction
and from 30° S to 30° N in the north-south direction. The horizontal resolution of IO-HOOFS
is 0.125° (approximately 13 km) and it has 40 sigma levels in the vertical. The vertical
stretching parameters are chosen in such a way that the vertical resolution is highest in the
upper part of the ocean. The lateral boundaries in the east and south are treated as open,
where the tracer and momentum fields are nudged to 10-day mean fields derived from the
INCOIS-GODAS analysis (Sivareddy et al., 2015). The western and northern boundaries are
solid walls with noslip conditions. The model uses the KPP mixing scheme (Large et al.,
1994) to parameterize the vertical mixing. Bi-harmonic diffusion and viscosity schemes are
chosen for horizontal mixing and a bulk parameterization scheme (Fairall et al., 1994;
Griffies and Hallberg, 2000) is chosen for the computation of air—sea fluxes of heat. Sea
surface salinity is relaxed to the monthly climatological values derived from World Ocean

Atlas (WOA) climatology (Antonov, et al., 2009; Locarnini, et al., 2009). 10 tidal



constituents derived from TPX07.2 are used to represent the realistic tides in the model. A

detailed description of 10-HOOFS setup is provided in Francis et al (2013).
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Fig. 1a: Model domain and bathymetry used in the IO-HOOFS setup.

Figure 1b shows the model domain and bathymetry (Modified etopo2, Sindhu et al.,
2007, http://www.nio.org/index/option/com_subcategory/task/show/title/Sea-floor%20Data/
tid/2/sid/18/thid/113) used for the Bay of Bengal model setup (BB-HOOFS). The model
domain covers entire Bay of Bengal and Andaman Sea, which extend from 77°E to 99° E and
4° N to 23° N. Malacca strait and Palk Strait are closed in the present model configuration.
The spatial resolution of the model is 1/48° (approximately 2.23 km) in horizontal and 40

sigma levels in vertical. The south and west boundaries of the model setup is open and



nudged to the daily values of the basin-scale 10-HOOFS simulations. The model uses the
KPP mixing scheme (Large et al., 1994) to parameterize the vertical mixing. Smagorinsky
type viscosity and diffusion schemes (Muschinski, 1996) are chosen for horizontal mixing
and a bulk parameterization scheme (Fairall et al., 1996) is chosen for the computation of air—
sea fluxes of heat. Atmospheric fields from Global Forecast System (GFS) at a horizontal
resolution of 1/4° obtained from NCMRWEF (http://www.ncmrwf.gov.in/t254-model
/t254 _des.pdf) are used for forcing both the BB-HOOFS and 10-HOOFS setups. In addition,
model is incorporated with the tidal forcing from TPX07.2 model in the southern and western
open boundaries. Sea surface salinity of this model setup is also relaxed to climatological

values obtained from revised WOA for north Indian Ocean (Chatterjee et al., 2012).
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Fig. 1b: Model domain and bathymetry used in the BB-HOOFS setup.



2. Data and methods

Observations of current and temperature/salinity obtained from different observation
platforms in the deep and coastal regions of BoB are used here to validate the model
simulations from 10-HOOFS setup, which is presently used for the operational forecast at
INCOIS, as well as the BB-HOOFS. Various parameters such as correlation, Root Mean
Square Error (RMSE), standard deviation and bias are calculated on the model simulations to
statistically quantify the performance both the model setups. All the analysis are carried by
extracting model output into the observation grid and time. Data obtained from various
observation platforms/moorings are used for the model validation during 2013-2014 are
shown in Figure 2. Even though the model simulations are available from 2011 onwards, the
period of model validation is restricted to 2013-2014 due to less coverage of simultaneous
observation of current and temperature at various locations in the BoB during other years. In
the coastal regions, current data are obtained from Acoustic Doppler current profilers
(ADCP) deployed along the continental shelf and slopes off the east coast of India by
National Institute of Oceanography (NIO), Goa, with the financial support from ESSO-
INCOIS. Vertical profiles of currents obtained from the ADCP moorings deployed along the
continental shelf (6 ADCPs) and slope (5 ADCPs) off the east coast of India (Table 1) are
used for the comparison of currents in the coastal regions. Shelf ADCPs were deployed about
150 - 200m depth and slope ADCPs were deployed about 1000m depth. The vertical
resolution of shelf and slope ADCPs data are 4m and 8m, respectively. The data near to the
surface and bottom levels were removed during the quality check due to the contamination
and echoes. Daily average of current data between 24 - 150m from the shelf ADCPs and data
between 40 - 500m from the slope ADCPs were used to compare with ROMS output. The

period of data availability is given in Figure 3.
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Fig. 2: Locations of coastal ADCPs and deep water moorings in the BoB used for the model

validation.
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Fig. 3: ADCP data availability on the shelf (green), slope (red) and deep regions (green)

during 2013-2014 period in the BoB.

Deep ocean observations of current, temperature and salinity data are obtained from
NIOT open ocean buoys and temperature/salinity data from RAMA (McPhaden et al., 2009),
buoys (Fig. 2). Current, temperature and conductivity data obtained from Moored Buoy
Network in Northern Indian Ocean (OMNI buoys) which is deployed and maintained by
National institute of Ocean Technology (NIOT) are used for the comparison of model output
in the deep water regions. These OMNI buoys are moored with ADCPs which measure
current in the upper 105m. In addition, these moorings are attached with CTD sensors in the
subsurface at various levels which measures temperature and conductivity up to 500m depth.
All observations of temperature and currents are converted into daily averages for the model

comparison. In addition, depth of 20° isotherm (d20) and Mixed Layer Depth (MLD) is



computed for all the mooring locations and statistics of the model performance are computed.
Temperature data from RAMA buoys at 12° N and 15° N were also used for the comparison,
whereas there is no/little data are available during 2013-2014 at 8° N, hence it excluded from
the comparison. The period of data availability is given in Figure 3. Temperature/salinity data
are obtained from coastal moored buoys deployed by National Institute of Ocean Technology

(NIOT).
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Fig. 4: Temperature data availability during 2013-2014 period in the BoB from coastal NIOT

buoys (black), RAMA (pink) and OMNI buoys (green).

Temperature/salinity data from Argo profilers (https://www.nodc.noaa.gov/argo/

floats_data.htm) in the BoB during 2013-2014 are also used to validate the vertical structure



of temperature simulated by the model setups. About 7187 temperature and salinity profiles
from Argo profiles are available in the BoB during 2013-2014 (Fig. 5). Data from Argo
profilers in the BoB are categorized into western BoB (77°E - 90° E, 4° N - 16° N), eastern
BoB (90° E - 99° E, 4° N - 16° N) and northern BoB (77° E — 99° E, 16° N - 23° N) and
statistical analyses are carried out for each category separately. No. of profiles in each year
and in different sections were shown in Figure 3. Statistics of temperature up to 2000m depth
were calculated to show the model performance at various vertical levels. In addition, TRMM
TMI (TRMM Micro-wave Imager) Sea Surface Temperature (SST, Kummerow et al., 1998;
Wentz et al., 2000, http://www.remss.com/missions /tmi#data_access) data and daily Sea
Level Anomaly data (SLA) from Copernicus Marine and Environment Monitoring Service
(CMEMS, http://www.marine.copernicus.eu) are also used to validate the model simulations.
The spatial resolution of TMI SST data is 0.25°. The SST and SLA from the model output is
regrided into observational grids and statistical parameters are computed. Since, surface
salinity in the model setups are relaxed to climatological values, we excluded the comparison

of salinity with the observation.
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Argo profiler data availability in the Bay of Bengal during 2013-2014
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Fig. 5: Location of ARGO profiles in the BoB during 2013 (blue) and 2014 (red).

3. Results

Currents, temperature and sea-level simulated by both the model setups are compared
with the observations obtained from various platforms in the BoB during the period of 2013-
2014. Comparison of time series data and its statistical parameters at all the locations in the

BoB are given below.

3.1 Comparison of current in the coastal regions using ADCP data
3.1.1 Comparison of currents on the shelf

Comparison of the time-depth sections of zonal (u) and meridional (v) currents
simulated by the low resolution (IO-HOOFS) and the high-resolution (BB-HOOFS) model

setups and the observations from the ADCPs installed on the shelf regions are shown along

1



with the vertical profiles of statistical parameters such as correlation, standard deviations,
root mean square errors and biases in Figures 6-11. Locations of ADCPs on the shelf are
shown in Figure 2. Current data about 25-150m depths from six ADCPs moorings are chosen
for the comparison on the shelf. Cuddalore, the southernmost ADCP location, where the
observed current flows towards the equator during January to April and its magnitude in this
period is relatively strong compared to other periods. In addition, current is mostly
unidirectional in the surface layers whereas slightly fluctuates below 75m during this period
(January to April). During the period from May to December, currents on the shelf off
Cuddalore flow poleward in the surface layers during May to December and an under
currents flowing equatorward with large intraseasonal variability below 50m. Comparison of
currents simulated from the models with the observation show that skill of capturing the
temporal variation of currents (magnitude and direction) is significantly higher in the BB-
HOOFS setup compared to the 10-HOOFS on the shelf off cuddalore (Fig. 6). Further,
vertical structure of current has improved and intraseasonal variabilities are more realistic in
BB-HOOFS setup. Even though the correlation values of currents in the BB-HOOFS and 10-
HOOFS with observed currents are nearly same, RMSE is reduced significantly for
meridional component and standard deviation (variance) becomes more closer to the
observed values (Fig. 6). The observed variability of currents on the shelf off Kakinada is
more or less similar to that on the shelf off Cuddalore with a less intraseasonal variability
(Fig. 7). The intraseasonal variability of current are found to be diminishing towards the
ADCP locations in the northern part of the shelf. In addition, observed currents start to flow
in the northward direction much earlier in the northern locations compared southern location.
For example, current start to flow towards north during the end of October on the shelf off
Gopalpur whereas currents start to flow northward during January on the shelf off Cuddalore.

The BB-HOOFS setup has captured these variation in the currents better compared to the 10-

12



HOOFS. Correlation of currents simulated by BB-HOOFS is higher than that of IO-HOOFS
setup on the shelf off Kakinada. Further north, observed currents on the shelf off south of
Visakhapatnam, Visakhapatnam and south of Gopalpur show dominant seasonal variability
compared to intraseasonal variability (Fig. 8-10). Comparisons of time series of current
simulations with ADCP observations at these locations show that BB-HOOFS is able
captures similar pattern of variability. Further, statistical parameters computed for both the
model setups show that BB-HOOFS simulated current are in better than I0-HOOFS
simulations at these locations. There is a noticeable difference in BB-HOOFS performance
from southern to northern part of the shelf. Current simulated by BB-HOOFS in the northern
locations on the shelf shows a better comparison with the observation compared to south. For
example, the correlation (RMSE) of BB-HOOFS with observation on the shelf off South of
Gopalpur is larger (less) than those on the shelf off Cuddalore (Fig. 8 and 10). Similarly, BB-
HOOFS performance is better on the shelf off Gopalpur compared to southern ADCP
locations. This clearly indicates that there is significant increase in model performance in the
northern part of the shelf compared to south. This could be due to the dominance of higher
order modes of variability, which are better simulated by high-resolution model compared to
the lower resolution models in the higher latitudes compared to the lower latitudes. Observed
currents on the shelf show variability in both seasonal and intraseasonal scales. One of the
main difference in the performance of the two model setups is BB-HOOFS simulations is
able to capture the intraseasonal variability better than 10-HOOFS. For example, BB-HOOFS
simulate intraseasonal variability and observed under currents on the shelf of Cuddalore
compared to IO-HOOFS (Fig. 6). Statistical parameters for currents for both model setups are
not showing significant differences on the shelf off Cuddalore, however BB-HOOFS is
capable of simulating intraseasonal variability better than 10-HOOFS. Similar improvements

in current simulation by BB-HOOFS can found in all the ADCP location on the shelf. In the

13



case of seasonal variability, BB-HOOFS performance is substantially higher compared to 10-

HOOFS. For example, seasonal reversal of current on the shelf off Cuddalore, off

Visakhapatnam, off Gopalpur is well simulated by BB-HOOFS setup.

In short, current simulations from BB-HOOFS setup show good comparison with
ADCP data compared to 10-HOOFS. Currents simulated by BB-HOOFS setup show
significant improvements in the northern part of the shelf compared to south. Further, BB-

HOOFS is able to capture intraseasonal and seasonal variability better than 10-HOOFS.
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Fig. 6: Comparison of u and v components of currents from ADCP (first panel), ROMS 1/48°

(second panel) and ROMS 1/12° on the shelf off Cuddalore. Statistical parameters with depth

are shown in the lowest panel.
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Fig. 9: Comparison of u and v components of currents from ADCP (first panel), ROMS 1/48°

(second panel) and ROMS 1/12° on the shelf off Visakhapatnam. Statistical parameters with

depth are shown in the lowest panel.
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Fig. 10: Comparison of u and v components of currents from ADCP (first panel), ROMS
1/48° (second panel) and ROMS 1/12° on the shelf off south of Gopalpur. Statistical

parameters with depth are shown in the lowest panel.
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Fig. 11: Comparison of u and v components of currents from ADCP (first panel), ROMS

1/48° (second panel) and ROMS 1/12° on the shelf off Gopalpur. Statistical parameters with

depth are shown in the lowest panel.

19



3.1.2 Comparison of currents on the slope

Current data from ADCPs deployed at about 1000m depth off Cuddalore, Kakinada,
Visakhapatnam, Gopalpur and Paradip are used to compare and validate model-simulated
currents on the continental slope. Here, we restricted our analysis in 40-500 m depth. Time-
depth sections of currents from the ADCPs and the model simulations are presented in Figure
12-16. In addition, the statistical parameters of the validation for both model setups are also
shown. Seasonal and intraseasonal variability of currents on the slope is more less similar to
that on the shelf locations. Both 10-HOOFS and BB-HOOFS setups are able to simulate the
seasonal variability of currents at all the location on the slope, however 10-HOOFS is unable
to capture the intraseasonal variability on the slope. For example, observed currents show
significant intraseasonal variability on the slope off Cuddalore and Visakhapatnam, while 10-
HOOFS is not able to capture these variability in detail (Fig. 12 and 14). Observed currents
shows that intraseasonal variability of currents on the slope off Paradip is lesser compared to
other locations and current shows strong seasonal variability. Current simulated by BB-
HOOFS is able to capture the seasonal variability better than 10-HOOFS on the slope off
Paradip (Fig. 16).

ADCP observations off Cuddalore, Visakhapatnam and Gopalpur clearly show an
undercurrent flowing poleward below 75 m depth whereas surface current flows towards
equator on the slope. The presence of under current is also observed on shelf locations, but it
is more visible on the slope. Current simulations from BB-HOOFS setup show the presence
of undercurrent on the shelf and able to capture it’s the variability better than 10-HOOFS
setup (Fig. 12 and 14). In addition, I0-HOOFS simulated under currents are deeper than
observed currents and with less intraseasonal variability and often failed to simulate the under

current (Fig. 13 and 15).
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In general, comparison of model-simulated currents with observations shows that BB-

HOOFS simulated currents have a high correlation and low RMSE compared to 10-HOOFS

setup except on the slope off Kakinada. Further, comparison of statistical parameters for

current simulations from BB-HOOFS at different locations show a spatial variability in the

model performance. In the northern part of the slope (off Visakhapatnam and Gopalpur), BB-

HOOFS simulated currents show higher correlation, low RMSE and better agreement in

standard deviation compared to locations in the south. This suggests that current simulations

from BB-HOOFS setup is better in the ADCP locations in the north compared to south.
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Fig. 12: Comparison of u and v components of currents from ADCP (first panel), ROMS 1/48
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(second panel) and ROMS 1/12 on the slope off Cuddalore. Statistical parameters with depth

are shown in the lowest panel.

Kakinada Slope U - Component ADCP V - Component ADCP

100 +
200 4
300 4
400 A
500

Depth (m)

100
200 4
300 4
400
500

Depth (m)

= 200 1
&
5 300 +
2 400

500 | R PR B R o S v o R b

Jd October January  April July  October January  April July  October January  April July  October
2013 2014 2013 2014
-80-70-60-50-40-30-20-10 0 10 20 30 40 50 60 70 80
Velocity (cms™)
Kakinada slope ROMS 1x48 ROMS 1x12 ADCP
Correlation BMSE (cm/s) Stand. Deviation (cm/s) BIAS (cm/s)
-1.0 -05 00 05 10 0 0 -20 10 0 10 20
I 1 | 1
T v comp

100 | @ueeme = 100 100 100
— 200 - 200 . 200 200
E L)
2 ;
= =1

300 — , = 300 300 300

400 - 400 - 400 — 400 | -

500 T T 500 T T 500 T T 500 T T

Fig. 13: Comparison of u and v components of currents from ADCP (first panel), ROMS
1/48° (second panel) and ROMS 1/12° on the slope off Kakinada. Statistical parameters with

depth are shown in the lowest panel.
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Fig. 14: Comparison of u and v components of currents from ADCP (first panel), ROMS
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3.2 Comparison of currents in the deep regions

ADCP data from NIOT OMNI buoys are used to validate the model simulations in the
deep BoB. Data from 7 ADCPs are available in the BoB and one from the Andaman sea
which all recorded current data in the upper 105m depth. The location of OMNI buys are
given in Figure 2 and comparison at BD013a, BD14a and BD14b moorings only are
presented here as there are significant gaps in the data from other locations. Time-depth
sections of both eastward and northward components of currents with observations and
vertical structure of statistical parameters of validations are shown in Figures 17-22.
Comparison show that BB-HOOFS simulated currents are good agreement with observation
compared to 10-HOOFS. Correlation of BB-HOOFS simulated currents with observation is
higher than that of 10-HOOFS setup at all the locations except at BD10. The correlation of
both models in the upper layers (0-20 m) is nearly same but below 20m, correlation of BB-
HOOFS setup is found to be higher than 10-HOOFS setup. This indicates that BB-HOOFS
setup shows a significant improvements in the simulation of currents in the deeper levels. In
addition to the observations from BoB, data from one ADCP mooring is available for
Andaman Sea (BD12 mooring). Analysis shows that there is a good improvement in the
simulations of BB-HOOFS setup in this region also. The there is no significant spatial

variation in the BB-HOOFS model performance in the deep regions.

26



Depth (m)

Depth (m)

Depth (m)

V - Component ADCP

NIOT (89.68E,18.18N
¢ ’ ) U - Component ADCP
0 WU r 7 [ T | T
] | @i T \ I
25|} ‘ | u ” ‘ ‘ A, ‘ r‘w‘ w \0 I
50 ‘ 0 RN i +
| | ) I il |
s s : | I ' il
' | “ [ | . d ‘ n |
100 N E——, GBS A | T | SN L1150 212 LR
U - Component ROMS (1x48) V - Component ROMS (1x48)
0 Wrﬂll 1y 1 r 1 L] T I T T T |7‘7-
| I
M m I | RIVEREN LI W ‘ ‘
50 1 | | ' F A -
M | 1] ’
U - Component ROMS (1x12) V - Component ROMS (1x12)
0 - v - -
8 ' ' WK o \ WYL
25 4 V i N,‘ I'l‘ |u'__ ‘d] | l P‘Jl | L
50 ‘ | kA | q | -
2 L) L] u"* |
A G O |1 L A ) AT S AL
January  April July October .JeJnuaw April July October January  April July October J:Jnuary April July October
2013 2014 2013 2014
—80—70—60—50—40—530—é0—"|0 (I) 1b 2I0 3‘0 4I0 50 60 70 80
Velocity (cms™)
NIOT BDO0S8 (89.68E, 18.18N)
ROMS 1x48 ROMS 1x12
Correlation RMSE (cm/s) Stand. Deviation (cm/s) BIAS (cm/s)
-1.0 -0.5 00 05 1.0 0 15 30 45 0 15 30 45 -20 -10 o0 10 20
0 b 0 oo 0 ot 0 to—t—1v!
»» [ ] * @* * @8 [ ] [ ¢
@ U comp » e ek * o® . "
Y v comp o [ ] o Ok & o [ ] e
25 *32 e - 25 ok Ok -~ 25 * ob - 25 H e »* e -
Jold [ ] Ok Ok * o0 [ ) e
Yo L] ok o * o8 * e
o ° ok o * @e . ke
e ° ok & Y we L] ke
ES 50 b o | E= 50 ok & - ES 50 * e = £ 50 ° ke B
I3 e ° 53 ok & a J be a ° ke
[a] e L[] a ok @ [=] * e [a] L] ot d
b ] ] ok @ * e L] Hh®
> [ ok o * S [ e
75 b d ® - 75 [ B o - 75 o o - 75 [ ] *e
*a ° ® kb * 8 ® e
*2 L] ® Ho > o e
*? L] LR e * @ ® %o
o [ ] ® *® > @ ® ke
100 » e |- 100 ® b - 100 | o - 100 ® e
Yol L ] ® *i * o e
T T T T T T T T T T

Fig. 17: Comparison of u and v components of currents from ADCP (first panel), ROMS

1/48° (second panel) and ROMS 1/12° at BDO08. Statistical parameters with depth are shown

in the lowest panel.

27



0 T j
. 254 g ‘ | "\
£ 50 1 | | [ 3
= F
B )
2 75+ 1 | -
1007 T T T T T T I“ T T T T I| T [ T T T T 2
U - Component ROMS (1x48) V - Component ROMS (1x48)
0 = - - v ——
il [ | l ] TFVEy F
. TN v f
E
= 501 _
g I
& 75 = ‘
100* r T T M T T T T I T T T T T T T T T
U - Component ROMS (1x12) V - Component ROMS (1x12)
0 g = - = r ;
] y I e 1 I
Azs—wuw T ',H» ' u w-- l‘M"‘“ -
g . il
= 50+ =
a [
A 75+ h A -
100_ T I‘ T T T T ‘I T T r T T T T T T T r
January  April July October January  April July October January  April July October Jdnuary  April July October
2013 2014 2013 2014
—80—70—60—50—40—530—‘20—%0 6 1I0 2I0 3‘0 40 50 60 70 80
Velocity (cms™!)
NIOT BD09 (89.68E,17.86N)
ROMS 1x48 ROMS 1x12
Caorrelation RMSE (cm/s) Stand. Deviation (cmy/s) BIAS (cm/s)
-10 -05 00 05 1.0 0 15 30 45 0 15 30 -20 -10 O 10 20
0 : B : 0 I * UK 0 : ® ulu 0 : L 1‘ur LJ :
® ok * 90 *om L) b
@ Ucomp [ 3 3 > 1 X L ke
Jrvcomp  @J8k o ok 98k e ok e
25 Sk ~ 25 ] — 25 ok 25 ® ok @ -
ki e bt e ok o
okt »e b ] o ok @
o »e * @ e bk e
L33 *e * e kk e
£ 50 1 L3 ] - £ 50 »e — £ 507 Hoke - £ 50 1 e ke
& «» e e ol * o3 * Mk e
[s] L & ] [=] Jou Q * (=] ® ke
e Jeo Foham o ke
La. ] *e A ® ke
75 L 5] - 75 e - 75 Froha o 75 e e
» *e e i o e
¥ *e *8 *oan ® e
» ke *8 * 4@ LI
» ke e * o8 e e
100 » ke o 100 e B 100 * oo - 100 [
ke ] % e [ ]
T T T T T T

NIOT (89.68E,17.86N)

U - Component ADCP

V - Component ADCP

"o
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Fig. 19: Comparison of u and v components of currents from ADCP (first panel), ROMS

1/48° (second panel) and ROMS 1/12° at BD10. Statistical parameters with depth are shown

in the lowest panel.
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Fig. 20: Comparison of u and v components of currents from ADCP (first panel), ROMS

1/48° (second panel) and ROMS 1/12° at BD11. Statistical parameters with depth are shown

in the lowest panel.
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Fig. 21: Comparison of u and v components of currents from ADCP (first panel), ROMS

1/48° (second panel) and ROMS 1/12° at BD12. Statistical parameters with depth are shown

in the lowest panel.
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Fig. 22: Comparison of u and v components of currents from ADCP (first panel), ROMS

1/48° (second panel) and ROMS 1/12° at BD13b. Statistical parameters with depth are shown

in the lowest panel.
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3.3 Comparison of Temperature

3.3.1 Comparison with NIOT Buoys and RAMA buoys data

Temperature simulated by both the model setups are compared with the observation
obtained from NIOT OMNI buoys and from the RAMA buoys in the BoB. Locations of
OMNI buoys and RAMA buoys are shown in Figure 2. Temperature data from surface to
500m depth are used for the comparisons. Time-depth sections of observed temperature and
model simulations in the upper 300 m along with the statistical parameters up to 500m are
shown in Figures 23-32. A comparison of the performance of both the model configurations
in simulating the observed mixed layer depth also is shown in Figure 33 as a Taylor diagram.
Comparison shows that correlation of BB-HOOFS is slightly higher than 10-HOOFS in the
upper 25 m whereas a significant increases in correlation temperature simulated by BB-
HOOFS setup is observed below 25 m, particularly in the thermocline regions. This
improvements is almost consistent at all NIOT buoy and RAMA buoy locations. For
example, BB-HOOFS simulated temperature at BD10 shows no improvements in upper 20m
but below 20 m, model shows a significant increase in correlation with observation (Fig. 25).
Further, model comparison with temperature data obtained from RAMA buoys also show
higher correlation in the in the thermocline region compared to surface layers. Relatively less
improvement in the quality of simulations by BB-HOOFS compared to the 10-HOOFS near
the sea surface could be due to the fact that the air-sea fluxes, which significantly influence
the surface processes for both the model configurations are derived from the same
atmospheric forcing fields.

Observed temperature shows significant variability in the intraseasonal time scale in
the BoB and BB-HOOFS setup capture this intraseasonal variability better compared to 10-
HOOFS. For example, the vertical temperature profiles at BD08 and BDO09 show

considerable intraseasonal variability during the July — December 2014 (Fig. 23 and 24).
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Temperature simulations from BB-HOOFS setup show similar variability but 10-HOOFS
setup is failed to capture this variability at these locations. Another important feature of
temperature profile of Bay of Bengal is the thermal inversions, particularly in the late winter
and early spring. Observations from most of the mooring locations clearly show these
inversions. Both the model setups are able to capture this features. However, inversions in the
IO-HOOFS setup simulations are stronger than the observed temperature inversions and often
simulate unrealistic inversions. For example, temperature inversions during January-March
2014 at BD10 (Fig. 25). The temperature inversions simulated by BB-HOOFS are more
realistic and in good agreement with observations. Further, observations show that surface
layers are warmer during summer and cooler during winter in the BoB, Both model setups are
able to capture this seasonal warming and cooling of surface layers and BB-HOOFS
simulations are in good agreement with observation. For example. 10-HOOFS simulations
are not showing cooling of surface layers during November 2013 - February 2014 at BD12

(Fig. 27).
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Fig. 23: Comparison of temperature from OMNI buoy BDOS

(first panel), ROMS 1/48°

(second panel) and ROMS 1/12°. Statistical parameters with depth are shown in the lowest

panel.
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NIOT BDO09 (89.68E, 17.86N)
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Fig. 24: Comparison of temperature from OMNI buoy BDO09 (first panel) with ROMS 1/48

(second panel) and ROMS 1/12. Statistical parameters with depth are shown in the lowest

panel.
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NIOT BD10 (88.00E, 16.50N)
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Fig. 25: Comparison of temperature from OMNI buoy BD10 (first panel) with ROMS 1/48

(second panel) and ROMS 1/12°. Statistical parameters with depth are shown in the lowest

panel.

37



NIOT BD11 (84.00E, 13.51N)
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NIOT BD12 (94.00E, 10.50N)
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Fig. 27: Comparison of temperature from OMNI buoy BD12 (first panel) with ROMS 1/48°
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panel.
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NIOT BD13 (86.30E, 10.80N)
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Fig. 28: Comparison of temperature from OMNI buoy BD13a (first panel) with ROMS 1/48°

(second panel) and ROMS 1/12°. Statistics are shown in the right panels.
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NIOT BD13 (87.00E, 13.99N)
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NIOT BD14 (88.00E, 07.01N)
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Fig. 31: Comparison of temperature from RAMA buoy at 12° N, 90° E (first panel) with

ROMS 1/48° (second panel) and ROMS 1/12°.
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RAMA 15N Observation

faaaaaaay
CENWPOPNDIC=RNUED

fap

SENWHANEVARO=N A NANOE

3
El
7
&
El
&
=
=
1

o

Fig. 32: Comparison of temperature from RAMA buoy at 15° N, 90° E (first panel) with

ROMS 1/48° (second panel) and ROMS 1/12°.
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Fig. 33: Taylor diagram for mixed layer depth comparison of ROMS 1/48° (second panel)

and ROMS 1/12° simulations a different location.

Temperature simulations from 10-HOOFS and BB-HOOFS model setups are also
compared with temperature observations obtained from NIOT coastal moored buoys.
Comparison of time depth sections of temperature at CB01 and CB05 with model-simulated
temperature are shown in Figure 34. This shows that BB-HOOFS simulated temperature
capture most of the observed seasonal and intraseasonal variability compared to 10-HOQS,

particularly at CBO05.
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Fig. 34: Comparison of temperature from coastal moored buoys with ROMS 1/48° and

ROMS 1/12° in the entire BoB.

3.3.3 Comparison with ARGO data

Vertical profiles of the RMSE, Correlation Coefficients, Standard Deviations and the
Biases of the co-located temperature profiles simulated by two configurations of the model
(viz. 10-HOOS and BB-HOOFS) with respect to the Argo profiles in the BoB during 2013-
2014 period are shown in Figures 35-37. The comparison is carried out separately for entire

BoB and for each regional sections, categorized as western BoB, Northern BoB and Eastern
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BoB (see Fig. 5). The details of each sections are given in section 2 and results for the
comparison in the Eastern BoB box are excluded due to the non-availability of sufficient
Argo profiles. The statistical parameters for the model comparison of temperature data entire
BoB shows that correlation (RMSE) of BB-HOOFS are greater (less) than that of IO-HOOFS
(Fig. 32). As in the case of the comparisons with the moored buoy data in the surface layers,
BB-HOOFS simulations are not showing any significant improvements in correlation or
RMSE compared to 10-HOOFS. However, in the subsurface, especially in the thermocline
region, the BB-HOOFS shows significant improvements. For example, the correlation values
for BB-HOOFS in the upper 50 m is more or less similar to 10-HOOFS, but those in the
depths about 50-800 m is high compared to I0-HOOFS. Similar results are also obtained
from the comparison of temperature using NIOT and RAMA buoys observation. Further,
regional wise comparison of temperature also show higher correlation and low RMSE values
in the thermocline regions for the BB-HOOS simulations and the BB-HOOFS model
performance is relatively better in the northern BoB compared to eastern and western BoB

(Fig. 36 and 37).
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Fig. 36: Comparison of temperature with ROMS 1/48° and ROMS 1/12° in the Western BoB.
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3.6 Comparison of SST and SLA

The SST data from TMI sensors in TRMM and gridded SLA data from satellite
altimetry are used to compare and validate the simulations from 10-HOOFS and BB-HOOFS
setups. Spatial pattern of correlation of SST and SLA for both model simulations are nearly
same and there is no noticeable improvements in BB-HOOFS simulations compared to 10-
HOOFS (Figs. 38-39). However, there is significant decrease in the RMSE values and bias in
the SST and SLA in the simulations of BB-HOOFS compared to that of 10-HOOFS

particularly in the northern and eastern part of BoB.

ROMS (1x48) ROMS (1x12)

20°

16°

Correlation

12°

20° 12
16° 1.0 ;a
[44]
<
12 08 =
8° 0.6
4°
15
20 1o
. 05—~
16 ‘ . ) . <
12° | . | 2
= 3 ";:. : : "3 o5 &
g : 3 >
SR O i
. L . AN -15
4 T T T T T 4 T T T T T
80° 84° 88° 92 un” 80° 847 88° 92° 96

50



OBSERVATION

80°

84 88"

96

ROMS (1x48)

ROMS (1x12)

STD Deviation (%)
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TMI SST data. Statistical parameters such as correlation (first panel), RMSE (second panel),
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Fig. 39: Comparison of SLA from ROMS 1/48° and ROMS 1/12° simulations with satellite
altimetry data. Statistical parameters such as correlation (first panel), RMSE (second panel),

BIAS (third panel) and standard deviation (bottom panel) are shown.

Summary and conclusions

In this report, we present the results of the comparison of the performance of two
different ROMS model setups, viz. one for the Bay of Bengal (BB-HOOFS) domain with
very high spatial resolution (1/48°) and the other for the entire Indian Ocean basin (1O-
HOOFS) with relatively lower resolution (1/12°) in simulating the general circulation features
in the Bay of Bengal. Comparison of vertical profiles of currents, vertical profiles of
temperature, SLA and SST for both model setups are carried for the period of 2013-2014.

Comparison of the circulation features in the shelf and slope regions simulated by the
model with the ADCP observations shows that simulations by the BB-HOOFS are superior in
terms of its ability to capture the intraseasonal variability, under currents etc. It is observed
that the simulations of currents by BB-HOOFS show high correlation and low RMSE values
in the northern part of the shelf and slope compared to south. Similarly, comparison of
temperature simulations by the two model setups with observation from NIOT, RAMA buoys
and Argo profiling floats shows that the simulations of BB-HOOFS is better, with high

correlation and low RMSE values especially in the thermocline regions, compared to 10-
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HOOFS. Seasonal and intraseasonal variability in the vertical temperature structure is also
better simulated by the BB-HOOFS and temperature inversions is more realistic compared to
IO-HOOFS simulations. Comparison of SST and SLA simulated by BB-HOOFS with the
satellite based observations is not showing any significant improvement in the correlation
coefficients compared to the simulations by 10-HOOFS. However, it is found that the RMSE
and bias in SLA and SST simulations by BB-HOOFS is relatively less compared to the

simulations by 10-HOOFS.
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