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Abstract (100 words)

We have developed the assimilation scheme Local Ensemble Transform Kalman
Filter (LETKF) and interfaced with the present basin-wide operational ROMS set-up
( 1/12 degree horizontal resolution ) that assimilates in-situ temperature and salinity
from RAMA moorings, NIOT buoys and Argo floats. The system also assimilate
satellite track data of sea-surface temperature from AMSR-E. The speciality of this
assimilation system is that it comprises of ensembles that are initialized with
different model coefficients like diffusion parameters and the ensemble members
also respond to two different mixing schemes - K profile parameterization and
Mellor-Yamada. This aids in maintaining the spread of the ensemble intact - which
has always been a challenging task. We have also employed a localization radius of
~200 km, i.e., observations influence the prognostic state variables that fall within
this range. The assimilation system is also bestowed with better representative error
estimates - a method developed in-house along the likes of Etherton et al. The



ensemble members were forced with ensemble atmospheric fluxes provided by
National Centre for Medium Range Weather Forecast (NCMRWF). Assimilation
was performed every five day.

We show that the assimilated system simulates the ocean state better than the present
operational basin-wide ROMS. We validate it extensively against multiple
observations ranging from RAMA moorings to ADCP observations across both
dependent variables like temperature and salinity and independent variables like
sea-level anomaly and currents. We show that assimilation improves the overall
ocean state except at few isolated locations. It improves the correlation with respect
to observations and reduces the root-mean-squared error. We also show that
assimilation improves the estimation of mixed layer depth and 20 degree isotherm (
which are diagnostic variables) thereby proving that the subsurface conditions are
better simulated.
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Abstract

We have developed the assimilation scheme Local Ensemble Transform Kalman Filter (LETKF)
and interfaced with the present basin-wide operational ROMS set-up ( 1/12°horizontal resolution
) that assimilates in-situ temperature and salinity from RAMA moorings, NIOT buoys and Argo
floats. The system also assimilate satellite track data of sea-surface temperature from AMSRE.
The speciality of this assimilation system is that it comprises of ensembles that are initialized
with different model coefficients like diffusion parameters and the ensemble members also respond
to two different mixing schemes - K profile parameterization and Mellor-Yamada. This aids in
maintaining the spread of the ensemble intact - which has always been a challenging task. We
have also employed a localization radius of 200 km, i.e., observations influence the prognostic
state variables that fall within this range. The assimilation system is also bestowed with better
representative error estimates - a method developed in-house along the likes of Etherton et al
[8]. The ensemble members were forced with ensemble atmospheric fluxes provided by National
Centre for Medium Range Weather Forecast (NCMRWEF). Assimilation was performed every five
day.

We show that the assimilated system simulates the ocean state better than the present oper-
ational basin-wide ROMS. We validate it extensively against multiple observations ranging from
RAMA moorings to ADCP observations across both dependent variables like temperature and
salinity and independent variables like sea-level anomaly and currents. We show that assimilation
improves the overall ocean state except at few isolated locations. It improves the correlation with
respect to observations and reduces the root-mean-squared error. We also show that assimilation
improves the estimation of mixed layer depth and 20° isotherm ( which are diagnostic variables)

thereby proving that the subsurface conditions are better simulated.



Contents

Acknowledgements
Author Contribution
Abstract

1 The System

1.1 Introduction . . . . . . . . .
1.2 Model . . . .
1.3 Observation . . . . . . . . . ...
1.4 Data Assimilation - LETKF . . . . . . . ... ... .. ... ... .. ... ..

2 Sea Surface Temperature

2.1 Introduction . . . . ...
2.2 Comparison with AVHRR . . . . . . . ... ...
2.3 Comparison with RAMA moorings . . . . . . . . . . . ... ... ... .....
2.4 Comparison with NIOT Buoys . . . . . . . . .. ... .. ... ... ......
25 Conclusion . . . . . ..

3 Temperature

3.1 Introduction . . . . . ..
3.2 Comparison with RAMA moorings . . . . . . . . . .. ... ... ... .....
3.3 Comparison with NIOT Buoys . . . . . . . . .. ... .. ... ... ......
3.4 Comparison with Argo floats . . . . . . . . . . .. .. ... L.
35 Conclusion . . . . . ..

4 Salinity

4.1 Introduction . . . . . . . ..
4.2  Comparison with RAMA moorings . . . . . . . . . . . ... .. ... ......
4.3 Comparison with NIOT Buoys . . . . . . . . . . ... ... .. ... ......
4.4 Comparison with Argo floats . . . . . . . . . . . ...

0 O e w W

11
11
11
14
17
18

20
20
20
27
30
34



CONTENTS

45 Conclusion . . . . . . .

Mixed Layer Depth and 20 Degree Isotherm

5.1 Introduction . . . . . . .. . .
5.2 Comparison with RAMA moorings . . . . . . . . .. ... ...
5.3 Conclusion . . . . . .

Sea Level Anomaly

6.1 Introduction . . . . . . .. ...
6.2 Comparison with AVISO . . . . . .. .. ... ... ... ...
6.3 Conclusion . . . . . . . ...
Currents
7.1 Introduction . . . . . . . . ...
7.2 Comparison with OSCAR . . . . . . . ... ... ... ....
721 wucurrent . ...
7.22 vcurrent . ...
7.3  Comparison with ADCP . . . . . . . ... ... ... .....
731 DeepOcean . .. .. ... ... ... ... ...
7.3.2 Shallow Ocean . . . . . . . ... ... ... .. ....
7.4 Conclusion . . . . . . . ...

8 Discussion & Summary

References

49

51
51
51
56

58
o8
o8
60

62
62
62
62
66
68
68
77
79

81

86



1 The System

1.1 Introduction

Improving forecast of ocean state in the Indian Ocean has been a priority for Indian National Centre
for Ocean Information Services (INCOIS) from the day of its inception. This is necessary because
a good proportion of the population, roughly about a quarter, resides along the Indian coastline
and quite a few of them venture out into the sea for fishing and other activities. Any error in ocean
state forecast is likely to adversely affect them. The errors in the model forecasts tend to grow with
forward propagation of model due to various reasons like empirically derived parameterizations,
inaccurate fluxes and boundary conditions, inaccurate initial conditions, inherent inability to
resolve finer scales of motion due to grid resolution and partial knowledge of state parameters.
These errors tend to diverge the model state from reality thereby rendering the forecasts far from
being in sync with reality. There are multiple ways in which the forecast may be improved. One
of the approach is to implement a high resolution general circulation model that can resolve finer
length scales and hence simulate processes that were coarse-grained in low resolution models.
Under the project High-resolution Operational Ocean Forecast and reanalysis System (HOOFS),
these high-resolution ocean model setups provide 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 [1-4] is used as the general circulation model
for the HOOFS setups [5]. However it is still some distance away from reality. One of the
leading reason is the uncertainty in the initial condition. Periodically corrected initial condition
will likely restrain the model trajectory from diverging from the truth. The most prominent way
to periodically adjust the initial condition is through the technique of data assimilation (DA). DA
is a method that imbibes informations from both the model state and observation, statistically
churns them to reduce the cost function (errors) and spits out an initial condition (commonly
known as analysis) that is closer to the truth than either the input prior model state or the input
observation both in terms of uncertainty and root-mean-squared error. Since the knowledge
of truth is elusive, analyses are validated against observations that were not assimilated, i.e.,
independent observations.

Keeping all these requirements in mind, an advanced data assimilation system has been developed
in-house using Local Ensemble Transform Kalman Filter (LETKF) algorithm [6]. LETKF is
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interfaced (offline) with the ROMS model for Indian Ocean region to improve the accuracy of
the model forecast. Results from the LETKF framework for the ROMS is presented in this work.
It is to be acknowledged that the LETKF routine was developed originally by Penny et. al [7]
for Modular Ocean Model (MOM). ROMS has a different coordinate system than MOM and
we had to modify most of the code to suit for ROMS, keeping the template unaltered. The
in-situ temperature and salinity profiles and satellite observed sea surface temperature (SST) are
assimilated with a provision to assimilate sea-level anomaly (SLA) and sea surface salinity (SSS).
The improvements in state estimation of prognostic variables and some diagnostic variables using
the assimilation over an assimilation-free model estimate ( henceforth called FREE ROMS )
and over the present first day forecast of the operational model estimate ( henceforth called
O-ROMS ) are presented here. Representation error (RE), which occurs due to the deficiency of
the model to accurately project its state on to the observation space, is estimated using an high
resolution model simulation based on algorithm described in [8]. RE is included as a component
of observation error along with the instrument error to represent the uncertainty of observations.
It is to be noted that observations are not error-free and hence does not represent the truth. The
performance of our assimilation system improves once we include RE into the observation error
statistics.

In section 2, we describe the model set-up followed by a description of the observation that
went into the assimilation system in section 3. Finally at the end of this chapter, we briefly

describe the data assimilation scheme in section 4.

1.2 Model

The model used for the Indian Ocean is the Regional Ocean Modeling System (ROMS, version
3.7), developed by Rutgers University, New Jersey, USA. ROMS is a free surface, terrain following
general circulation model which solves a set of primitive equations in an orthogonal curvilinear
coordinate system [1-4]. The domain and bathymetry in the model domain for the IO-HOOFS
setup is shown in Fig.1.1. The domain 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 |I0-HOOFS,
henceforth termed as O-ROMS, is 1/12 °(approximately 9 km) and it has 40 sigma levels in the
vertical. A detailed description of I0-HOOFS setup is provided in [5]. The vertical stretching
parameters are chosen such that the vertical scales are finely resolved in the upper part of
the ocean. This is important because the baroclinic effects are most prominent in the upper
layers of the ocean and should be judiciously resolved. The lateral boundary in the east is
connected to the Pacific Ocean through the Indonesian throughflow while the southern boundary
is interfaced with the Southern Ocean. On the other hand, the northern and western boundaries
are guarded by coastlines and no-slip conditions are employed. The model exchanges information
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with the boundary every 5 days. The tracer and momentum fields are nudged to 10-day delayed
ocean reanalysis derived from the INCOIS-GODAS analysis [10]. It is to be noted that fast
moving barotropic waves that originates outside the stated 10 domain will not be captured at
the boundaries and remote effects due to these modes will be ignored leading to escalation
in errors in ocean state estimate. This may be significant at times - particularly during the
boreal winter when Madden-Julian Oscillation is known to generate strong wind stress anomalies
(and hence large barotropic fluctuations) close to the north-west coast of Australia. The model
uses, unless otherwise mentioned, the K-profile Parameterization (KPP) mixing scheme [11] to
parameterize the vertical mixing. Smagorinsky type bi-harmonic diffusion and viscosity schemes
[12] are chosen for horizontal mixing and a bulk parameterization scheme [13, 14] is chosen for the
computation of air-sea fluxes of heat. Atmospheric fields from high resolution ( N768L70 ) global
NCMRWEF unified model (NCUM), obtained from NCMRWF (http://www.ncmrwf.gov.in/t254-
model /t254_des.pdf), are used for forcing O-ROMS. On the other hand, an ensemble of 80 fluxes
obtained from GFS model (used in NCMRWF) was used to force the model in LETKF-ROMS. In
addition, the model is incorporated with the tidal forcing from TPX07.2 model in the southern
and western open boundaries. The model however does not account for river runoff. Instead,
the model states are relaxed to monthly climatology of sea-surface salinity [15, 16]. The chief
characteristics of the model configuration of O-ROMS and LETKF-ROMS is enumerated in the

table below:

Model | Resolution Atm Flux Initial Bound | Model Param-
Condi- Condi- | eters
tion tion
O- 9 km hori- | Hlgh  resolution | N.A INCOIS- | Diff.  Const=50
ROMS | zontal; 40 | NCUM flux GODAS. | m?s~!
vertical ¢ | (6-hourly). Visc  Const=300
levels m2s!
LETKF- | 9 km hori- | 80-member Perturbed INCOIS- | Same as O-
ROMS zontal; 40 | NCMRWF  en- | O-ROMS GODAS. | ROMS except a
vertical o | semble flux from | initial con- spread in diffu-
levels ensemble  GFS | dition  to sion & viscosity
model (6-hourly). | produce 80 constant and
ensembles. mixing  scheme
across ensembles.
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1.3 Observation
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FIGURE 1.1: Picture of the Indian Ocean domain along with the bathymetry. The location of in-situ
RAMA moorings, NIOT buoys and ADCPs are also pointed out.

We assimilate in-situ temperature and salinity profiles from observation networks that include
Argo and moored buoys within the Indian Ocean domain. We however discard assimilating
observations that are too close to the domain boundaries or too close to any landmass. We
also assimilate satellite track data of sea-surface temperature (SST) obtained from Advance
Microwave Scanning Radiometer for EOS (AMSR-E). However, since the data along the track
is very dense, we coarse-grain the data over a length-scale of 50 km before feeding it into the
assimilation system. This "super-obbing” is routinely done in many assimilation systems [17].
This avoids generation of unwanted subgrid scale processes and also consumes less memory during
the assimilation process. Even though our system ( LETKF) is capable of assimilating sea-surface
salinity (SSS) and sea-level anomaly (SLA), we did not assimilate these observations since SSS
is not available during the period of our interest and assimilating SLA will incur error due to
absence of long-term ensemble fluxes that would have enabled us in estimating the geoid from
the model. SLA assimilation is planned to be inducted into the system in near future.

In Fig 1.1, we show the location of fixed in-situ instruments that record temperature, salinity and
currents. In Fig 1.2 and Fig 1.3, the availability of temperature and salinity data from Research
Moored Array for African-Asian-Australian Monsoon Analysis and Prediction (RAMA) and NIOT
buoys are shown during the period of interest i.e., August 2016 - August 2017. In Fig. 1.5, the
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FIGURE 1.2: Availability of temperature data from
RAMA moorings (red) and NIOT buoys (blue) in the Indian
Ocean during August 2016 - September 2017.
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FIGURE 1.3:
RAMA moorings (green) and NIOT buoys (pink) in the In-
dian Ocean during August 2016 - September 2017.
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FiGURE 1.5: Daily pop-up of Argo floats in the
Indian Ocean - primarily in the Northern Indian Ocean - is
plotted which were used for validation. Daily pop-up were
segregated according to the location of their pop-ups - green
in Arabian Sea, red in Bay of Bengal and blue in Equatorial

Indian Ocean.
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location of daily pop-up of Argo floats is plotted in the Arabian Sea, Bay of Bengal and Indian
Ocean which were used later for validating the results. In Fig.1.4, we show a typical SST L2 level
track data ( after being coarse-grained ) that enters into the assimilation system. In Fig.1.6, we
plot the time series of normalized number of observations of temperature, salinity and SST that
is assimilated each day. The normalization is done with respect to the maximum of observation
that has been assimilated on any particular day during the period of our study. Typically around

10* observations were assimilated at each assimilation cycle.

| | | |
14 * A —
¢ Temp A e, AA a*a Aas A
0.8 | x Salt At faxa A A, ah, A 4% L
N + * * Ax A8 % a
0.6 | A SST + L
. . z‘t o ¢ * *

0.4 s [ IO R L S AP X I :‘ ¢ o . r
L3 ¥ *F * * + *, §é% LU ] *
02—, * wavgay . 23N R MO BT 0“00‘0t Y

o T T T T T * T
Auglé Octl6 Decl6 Febl7 Aprl7 Junl7 Augl?7

FIGURE 1.6: Normalized number of observations of temperature (red), salinity (blue) and SST (pink)
that were assimilated each day. The maximum number of SST observations were 10771 whereas for
temperature and salinity, the maximum numbers were 4564 and 4822 respectively.

1.4 Data Assimilation - LETKF

We employ Local Ensemble Transform Kalman Filter [6] as the data assimilation technique.
LETKEF has its origin to the Local Ensemble Kalman Filter (LEKF) [18] and the Ensemble Trans-
form Kalman Filter (ETKF) [19] and is an insightful amalgamation of these two techniques. The
major advantage of LETKEF is that it can produce analysis that is qualitatively similar to LEKF
whereas the efficiency is as good as ETKF thereby exploiting the virtues of both the systems.
Nevertheless, it is a variant of Ensemble Kalman Filter wherein the model error covariance is
approximated as a sample covariance derived from the ensemble members and whose rank is
roughly equal to the number of ensemble members (k) used in the study when the ensemble size
is large. For infinite number of ensemble members, this reduces exactly to model error covariance.
We have used 80 ensemble members and hence the rank of the model error covariance matrix is
79. The inaccuracy introduced due to this approximation is traded off with the sharp decrease in
computational resources and runtime. We prepare the initial ensemble from an ocean state de-
rived from the present operational ROMS. The ocean state is perturbed with a Gaussian random
number whose mean is zero and standard deviation derived from a set of 56 ensemble members
of ocean states obtained through an ensemble run of ROMS forced with NCEP ensemble fluxes.

The ensemble spread from the 56-ensemble run was along the growing modes of the model and
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hence was desirable. We employed the same spread into the present ensembles with a hope that
the ensembles, so generated, will not collapse in time. We also divide the ensembles into two
equal halves - one half uses KPP mixing scheme [11] while the other uses Mellor-Yamada mixing
scheme [20]. This is done to ensure that the advantages of both the mixing schemes can be
exploited. We also arbitrarily spread the value of coefficients like tracer diffusion constant and
horizontal viscosity coefficients about the value used in O-ROMS across the ensembles. This
division in mixing schemes and using a range of coefficients aids further in keeping the ensemble
spread intact [21, 22]. To further safeguard ensemble collapse, we inflate the ensembles after
each analysis by 10%. We keep the localization radius at 200 km i.e., observations can influence
the model prognostic variables that falls within a radius of roughly 200 km from the observation
location. This is important to ward off spurious correlations that might arise due to observa-
tions influencing model state at large distances. The multi-variate covariance error matrix allows
the observation of any particular sort to influence all the prognostic variables unless specifically
designed to restrict the influence. In Fig.1.7, we show a plot of innovation in SST, i.e., the
difference of analysis and background ocean state in SST, from our LETKF-ROMS system in an
arbitrary day that illustrates the effect of localization.

30°N

20°N

10°N

0° -

10°S -

20°S -

T T T T
30°E 60°E 70°E 80°E 90°E 100°E 110°E 120°E

FiGURE 1.7: Effect of localization. Innovation in SST on a typical day. The blue and red star
shows the location of observations of temperature and salinity respectively that went into the assimilation
system on that particular day. The plot shows that the observations influence only a region around it.

In many assimilation systems [7], a constant representation error (RE) is supplied to the obser-

vation error covariance. We however estimate RE following the method suggested by [8] wherein
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a high dimensional model is used to estimate the errors due to unresolved scales and processes
thereby introducing spatio-temporal variations in RE. The estimated RE is then added to the
instrumental error to get the observation error, the square of which are the diagonal elements of
the observation error covariance matrix. The off-diagonal elements are assumed to be zero, i.e.,
the observations do not influence each other. This is a reasonable approximation, particularly
for in-situ observations. However, it is to be noted that this approximation is questionable for
satellite observations. In spite of this, we include this approximation for SST due to lack of
definite method in estimating the off-diagonal elements and also to exploit the diagonal nature
of the matrix.

We assimilate observations every 5 days - which is similar to the assimilation frequency of many
operational systems [9]. The model runs unhindered for 5 days and is assimilated on the fifth
day. The advantage is that assimilation does not affect the ocean state frequently and allows
the ocean to respond to the fluxes unhindered. Unlike many other assimilation systems [10], we
do not accumulate all the observations over the time-window of 5 days and pass it on to be
assimilated on the 5 day. Instead, whatever observations are available on the 5 day is fed into
the assimilation system and the observations pertaining to the previous four days are ignored.
Ignoring the observations for four days amounts to loss of information. But the advantage is that
past observations do not influence the present state - particularly important for regions which are
dynamic. This is a trade-off. The time series of daily output of LETKF-ROMS thus comprises of
a sequence of background ocean state of four days followed by an analysis on the fifth day. This
modus operandi however might not be best suited while providing forecast because of the small
number of available real-time observations.

The performance of LETKF-ROMS s pitted against O-ROMS|5] and INCOIS-GODAS, a global
ocean data assimilation system[10]. The resolution of INCOIS-GODAS is much coarser compared
to O-ROMS or LETKF-ROMS. The horizontal resolution of INCOIS-GODAS is around 25 km in
the Equatorial region while the resolution coarsens to about 50 km close to the poles. INCOIS-
GODAS is forced with 6-hourly NCMRWF winds. In INCOIS-GODAS, SST is strongly relaxed
to Reynolds SST ( 5 day relaxation period ). Monthly climatological river run-off is included in
the set-up of INCOIS-GODAS unlike O-ROMS or LETKF-ROMS. Also SSS is not relaxed to any
climatology in INCOIS-GODAS unlike O-ROMS and LETKF-ROMS which has a 30 day relaxation
to WOA monthly climatology. More details about the configuration of INCOIS-GODAS is present
in [10].

In the next few chapters, we will present comparisons of LETKF-ROMS, O-ROMS and INCOIS-
GODAS with a variety of observation networks of various state variables like SST, temperature
and salinity, mixed layer depth and depth of 20° isotherm, SLA and currents.



2 Sea Surface Temperature

2.1 Introduction

We validate Sea Surface Temperature (SST) with respect to observations from multiple sources -
RAMA moorings, NIOT buoys and Advanced Very High Resolution Radiometer (AVHRR) satellite.
It is to be noted that ROMS does not relax its SST to any climatological field. This has the
advantage that SST obtained during analysis will likely not drift away during forecasting when
relaxation fields of SST (reanalysis) are unavailable. We will compare the quality of states
obtained from LETKF-ROMS with respect to INCOIS-GODAS and O-ROMS. There were no
data availability of O-ROMS during the month of May 2016. We emphasize that SST is not an
independent variable.

2.2 Comparison with AVHRR

We present here the comparison of the LETKF-ROMS and other unassimilated systems with
respect to gridded SST obtained from AVHRR during the period August 2016 - September 2017.
AVHRR provides daily SST over a resolution of about 25 km. The model states were projected
on to the observation state and compared.

LETKF-ROMS INCOIS-GODAS O-ROMS
1

o
20°N o8 .E
10°N E

0° 069

" 5
10°s o

20°s A 'o

40°E 60°E 80°E 100°E 40°E 60°E 80°E 100°E 40°E 60°E 80°E 100°E

FIGURE 2.1: Spatial plot of correlation with respect to AVHRR for (a) LETKF-ROMS, (b) INCOIS-GODAS
and (c) O-ROMS. Assimilation significantly increases the correlation at all places.
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FIGURE 2.2: Spatial plot of standard deviation for (a) AVHRR, (b) LETKF-ROMS, (c) INCOIS-GODAS and
(d) O-ROMS.
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FIGURE 2.3: Spatial plot of root-mean-squared error (rmse) with respect to AVHRR for (a) LETKF-ROMS,
(b) INCOIS-GODAS and (c) O-ROMS. Assimilation significantly brings down the rmse at all places.
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FIGURE 2.4: Spatial plot of bias with respect to AVHRR for (a) LETKF-ROMS, (b) INCOIS-GODAS and (c)
0O-ROMS. Assimilation significantly reduces the bias at all places except at the west coast of Kenya and Tanzania
and eastern Bay of Bengal.
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FIGURE 2.5: Temporal plot of (a) correlation, (b) standard deviation, (c) rmse and (d) bias from LETKF-
ROMS (red), INCOIS-GODAS(blue) and O-ROMS (black). Assimilation significantly improves the sea-surface

temperature of the Indian Ocean. The standard deviation of observation in (b) is shown in green.
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2.3 Comparison with RAMA moorings

We present here the comparison of SST obtained from LETKF-ROMS, INCOIS-GODAS and
O-ROMS with observations from RAMA moorings.

Standard Deviation

e

RAMA ON9OE
/@LETKF-ROMS
@INCOIS-GODAS
AO-ROMS

FIGURE 2.6: Taylor Diagram of SST from LETKF-
ROMS, INCOIS-GODAS and O-ROMS with respect to

RAMA mooring at 0° N & 90° E.
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FICGURE 2.8: Taylor Diagram of SST from
INCOIS-GODAS and O-ROMS
with respect to RAMA mooring at 0° N & 67° E.
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FIGURE 2.7: Taylor Diagram of SST from LETKF-

ROMS, INCOIS-GODAS and O-ROMS with respect to
RAMA mooring at 0° N & 80.5° E.
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FIGURE 2.9: Taylor Diagram of SST from
LETKF-ROMS, INCOIS-GODAS and O-ROMS
with respect to RAMA mooring at 12° N & 90°
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FI1GURE 2.10: Taylor Diagram of SST from FIGURE 2.11: Taylor Diagram of SST from
LETKF-ROMS, INCOIS-GODAS and O-ROMS LETKF-ROMS, INCOIS-GODAS and O-ROMS
with respect to RAMA mooring at 12° S & 67° with respect to RAMA mooring at 12° S & 80.5°
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FICGURE 2.12: Taylor Diagram of SST from FIGURE 2.13: Taylor Diagram of SST from
LETKF-ROMS, INCOIS-GODAS and O-ROMS LETKF-ROMS, INCOIS-GODAS and O-ROMS
with respect to RAMA mooring at 15° N & 90° with respect to RAMA mooring at 1.5° S & 67°
E. E.
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FIGURE 2.14: Taylor Diagram of SST from
LETKF-ROMS, INCOIS-GODAS and O-ROMS
with respect to RAMA mooring at 4° S & 80.5°
E.

FIGURE 2.15: Taylor Diagram of SST from
LETKF-ROMS, INCOIS-GODAS and O-ROMS
with respect to RAMA mooring at 5° S & 95° E.
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FICGURE 2.16: Taylor Diagram of SST from FIGURE 2.17: Taylor Diagram of SST from
LETKF-ROMS, INCOIS-GODAS and O-ROMS LETKF-ROMS, INCOIS-GODAS and O-ROMS
with respect to RAMA mooring at 8° N & 90° E.  with respect to RAMA mooring at 8° S & 55° E.
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FIGURE 2.18: Taylor diagram of SST from LETKF-ROMS, INCOIS-GODAS and O-ROMS with
respect to the RAMA Mooring located at 8° S & 95° E.

2.4 Comparison with NIOT Buoys

The performance of LETKF-ROMS is pitted against buoys deployed and maintained by National

Institute of Ocean Technology (NIOT). We call
Taylor diagrams in Fig.2.19 to Fig.2.22.
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F1GURE 2.19: Taylor diagram of SST for
the LETKF-ROMS, INCOIS-GODAS and O-
ROMS with respect to NIOT buoy located at
10.5° N and 94.04° E

it NIOT buoys for convenience. We plot their
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FIGURE 2.20: Taylor Diagram of SST from
the LETKF-ROMS, INCOIS-GODAS and O-ROMS
with respect to NIOT buoy at 17.85° N & 89.67°
E.
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F1cURE 2.21: Taylor diagram of SST for FIGURE 2.22: Taylor Diagram of SST from
the LETKF-ROMS, INCOIS-GODAS and O- the LETKF-ROMS, INCOIS-GODAS and O-ROMS
ROMS with respect to NIOT buoy located at with respect to NIOT buoy at 18.52° N & 67.49°
18.17° N and 89.65° E E.

2.5 Conclusion

We see that there is a notable improvement in ocean SST due to assimilation introduced through
LETKF in ROMS. There has been an overall decrease in global RMSE by 0.2-0.4°(Fig.2.3 &
Fig.2.5¢c), an improved spatial correlation with AVHRR SST (Fig.2.1) and an improved repre-
sentation of standard deviation throughout the domain (Fig.2.5b) with respect to O-ROMS. In
Fig.2.4, we see that the O-ROMS suffer from a large positive bias in the Indian Ocean south of
equator. This suggests that the NCUM radiation fluxes possibly suffer from biases. However,
LETKF manages to reduce the bias and perform better than O-ROMS in the southern part of
Indian Ocean. This may be because of the positive effects of assimilation or because of absence
of bias in the ensemble fluxes. But when ROMS is forced with an average of NCMRWF ensemble
fluxes, it produces bias not only in the Southern Indian Ocean but also in the Eastern Indian
Ocean (Fig.2.23) thereby confirming that the reduction in bias in LETKF-ROMS is a work of
assimilation. The large bias seen in equatorial Indian Ocean and Bay of Bengal in FREE-ROMS
is considerably reduced in LETKF-ROMS (Fig.2.23). Nevertheless, INCOIS-GODAS performs
best in simulating the SST in the Indian Ocean. It has the highest correlation (Fig.2.1) and least
rmse (Fig.2.3) with AVHRR SST. However, LETKF-ROMS looks like the best in reproducing the
observed standard deviation (Fig.2.2).

We have also compared the performance against 17 in-situ observations. Only those in-
situ observations were chosen that has relatively longer availability of data during the period
of our interest. When compared against in-situ observations, we find an improvement in the
statistics with respect to O-ROMS due to assimilation at all places except at four locations
- (0°N,67°FE), (12°S,67°FE), (1.5°S,67°F) and (18.52°N,67.49°F). It seems that apparently
there is an issue in the vicinity of 67°E longitude. The reason needs to be ascertained and fixed.
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FIGURE 2.23: Bias in SST in (a) LETKF-ROMS, (b) FREE-ROMS and (c) O-ROMS with respect
to AVHRR SST.

Overall, INCOIS-GODAS performs better in reproducing the SST. However, it is to be noted that
SST is strongly relaxed in INCOIS-GODAS.



3 Temperature

3.1 Introduction

We validate temperature profiles obtained from LETKF-ROMS with respect to observations from
multiple sources - RAMA moorings, NIOT buoys and Argo floats. There were no data availability
of O-ROMS during the month of May 2016.

3.2 Comparison with RAMA moorings

We present here the comparison of temperature from LETKF-ROMS, O-ROMS and INCOIS-
GODAS with respect to RAMA moorings during the period August 2016 - September 2017.

RAMA ON67E

OBSERVATION LETKF-ROMS INCOIS-GODAS O-ROMS
(e) Correlation _ (f) Std. Deviation (°C)

0.5 o 0.5

FIGURE 3.1: Time-depth section of temperature at 0°N,67°E from (a) RAMA, (b) LETKF-ROMS, (c)
INCOIS-GODAS and (d) O-ROMS. (e) Correlation of RAMA with LETKF-ROMS (red), INCOIS-GODAS (blue)
and O-ROMS (black). (f) Standard deviation of RAMA (green), LETKF-ROMS (red), INCOIS-GODAS (blue)
and O-ROMS (black). (g) RMSE with respect to RAMA for LETKF-ROMS (red), INCOIS-GODAS (blue) and
O-ROMS (black). (h) Bias of LETKF-ROMS (red), INCOIS-GODAS (blue) and O-ROMS (black) with respect
to RAMA. The white shades represent data unavailability.
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FIGURE 3.2: Time-depth section of temperature at 0°N,80.5°F from (a) RAMA, (b) LETKF-ROMS, (¢)
INCOIS-GODAS and (d) O-ROMS. (e) Correlation of RAMA with LETKF-ROMS (red), INCOIS-GODAS (blue)
and O-ROMS (black). (f) Standard deviation of RAMA (green), LETKF-ROMS (red), INCOIS-GODAS (blue)
and O-ROMS (black). (g) RMSE with respect to RAMA for LETKF-ROMS (red), INCOIS-GODAS (blue) and
O-ROMS (black). (h) Bias of LETKF-ROMS (red), INCOIS-GODAS (blue) and O-ROMS (black) with respect
to RAMA. The white shades represent data unavailability.

RAMA ON90OE
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FIGURE 3.3: Time-depth section of temperature at 0°N,90°E from (a) RAMA, (b) LETKF-ROMS, (c)
INCOIS-GODAS and (d) O-ROMS. (e) Correlation of RAMA with LETKF-ROMS (red), INCOIS-GODAS (blue)
and O-ROMS (black). (f) Standard deviation of RAMA (green), LETKF-ROMS (red), INCOIS-GODAS (blue)
and O-ROMS (black). (g) RMSE with respect to RAMA for LETKF-ROMS (red), INCOIS-GODAS (blue) and
0-ROMS (black). (h) Bias of LETKF-ROMS (red), INCOIS-GODAS (blue) and O-ROMS (black) with respect
to RAMA. The white shades represent data unavailability.
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FIGURE 3.4: Time-depth section of temperature at 1.5°S,67°E from (a) RAMA, (b) LETKF-ROMS, (¢)
INCOIS-GODAS and (d) O-ROMS. (e) Correlation of RAMA with LETKF-ROMS (red), INCOIS-GODAS (blue)
and O-ROMS (black). (f) Standard deviation of RAMA (green), LETKF-ROMS (red), INCOIS-GODAS (blue)
and O-ROMS (black). (g) RMSE with respect to RAMA for LETKF-ROMS (red), INCOIS-GODAS (blue) and
O-ROMS (black). (h) Bias of LETKF-ROMS (red), INCOIS-GODAS (blue) and O-ROMS (black) with respect
to RAMA. The white shades represent data unavailability.
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FIGURE 3.5: Time-depth section of temperature at 4°S,80.5°E from (a) RAMA, (b) LETKF-ROMS, (c)
INCOIS-GODAS and (d) O-ROMS. (e) Correlation of RAMA with LETKF-ROMS (red), INCOIS-GODAS (blue)
and O-ROMS (black). (f) Standard deviation of RAMA (green), LETKF-ROMS (red), INCOIS-GODAS (blue)
and O-ROMS (black). (g) RMSE with respect to RAMA for LETKF-ROMS (red), INCOIS-GODAS (blue) and
O-ROMS (black). (h) Bias of LETKF-ROMS (red), INCOIS-GODAS (blue) and O-ROMS (black) with respect
to RAMA.
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FIGURE 3.6: Time-depth section of temperature at 5°5,95°FE from (a) RAMA, (b) LETKF-ROMS, (¢)
INCOIS-GODAS and (d) O-ROMS. (e) Correlation of RAMA with LETKF-ROMS (red), INCOIS-GODAS (blue)
and O-ROMS (black). (f) Standard deviation of RAMA (green), LETKF-ROMS (red), INCOIS-GODAS (blue)
and O-ROMS (black). (g) RMSE with respect to RAMA for LETKF-ROMS (red), INCOIS-GODAS (blue) and
O-ROMS (black). (h) Bias of LETKF-ROMS (red), INCOIS-GODAS (blue) and O-ROMS (black) with respect
to RAMA. The white shades represent data unavailability.

RAMA 8N90OE
3) OBSERVATION

OBSERVATION LETKF-ROMS INCOIS-GODAS O-ROMS
(e) Correlation __ (f) Std. Peviation (°C)

o 0.5 10 1 2 3

(9) RMSE (°C) (h), Bias (°C)
1B 0| e _e - .0
10 | @7 - "
16 20 | & [
40 | .a
= 60 R -
14 E go e ee .
100 > .
12 %150 ¢ 4 . 133
9140 s & P
180 o« _ele .
250 &7 "Ce .
300 | o4 L
500 | oo e

FIGURE 3.7: Time-depth section of temperature at 8°N,90°F from (a) RAMA, (b) LETKF-ROMS, (c)
INCOIS-GODAS and (d) O-ROMS. (e) Correlation of RAMA with LETKF-ROMS (red), INCOIS-GODAS (blue)
and O-ROMS (black). (f) Standard deviation of RAMA (green), LETKF-ROMS (red), INCOIS-GODAS (blue)
and O-ROMS (black). (g) RMSE with respect to RAMA for LETKF-ROMS (red), INCOIS-GODAS (blue) and
O-ROMS (black). (h) Bias of LETKF-ROMS (red), INCOIS-GODAS (blue) and O-ROMS (black) with respect
to RAMA. The white shades represent data unavailability.
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