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Sample output from the Search
and Rescue Aid Tool (SARAT) shows
the observed trajectory (green line
with black dots) of a surface drifter
in the Indian Ocean superimposed
on SARAT’s predicted search region
with derived probability using the
drifter’s initial position.
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ccurate forecasts of specific oceanographic
parameters such as currents, temperature, and
salinity in the surface and subsurface ocean,
tides, and wind waves are essential for planning most
maritime activities and securing the lives and livelihoods of millions of people who venture into and
onto the oceans. Recognizing this, particularly for the
waters around India, the Ministry of Earth Sciences,
Government of India, entrusted the Indian National Centre for Ocean Information Services (INCOIS) to
design and develop a High-Resolution Operational
Ocean Forecast and Reanalysis System (HOOFS)—the
operational ocean forecast system of India.
A good understanding of the circulation of the
Indian Ocean in general, and coastal waters around
India in particular, is a prerequisite for designing and
developing a forecast system for the Indian Ocean.
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Indian Ocean tides, for example, are responsible for a substantial fraction of the variability
observed in currents and sea level in the coastal regions. Tidal currents over wide continental
shelves in the northern Bay of Bengal and off
the west coast of India have comparable magnitudes and are sometimes stronger than the subtidal currents, suggesting their importance in
the ocean dynamics of this region. Apart from
tides, the presence of coastally trapped waves
is an important feature observed along the Indian coasts, causing significant variability in the
currents and sea level on the continental shelf.
Designing forecast systems such as HOOFS
for regional waters, particularly for the coastal
oceans, poses several challenges due to various factors, including the complex bathymetry
and coastline, interaction of the coastal circulation with local and remote forcing, and the
availability of suitable atmospheric forcing
fields.

Design of HOOFS

The important products of HOOFS are the
analysis and forecasts of ocean general
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Maps of domain
and bathymetry of
the different model
configurations.
(a) IO-HOOFS, (b)
NIO-HOOFS, and
(c) INCOIS-GODAS.
Red stippled box
in (b) represents
the domain off the
west coast of India,
WC-HOOFS, and
the blue stippled
box represents the
HOOFS domain for
the Bay of Bengal,
BB-HOOFS.

circulation parameters, which are prepared
on a daily basis. The main motivation for setting up the high-resolution operational ocean
forecast for the coastal waters around India
was requests from the user community, especially fishermen, the Coast Guard, Navy, and
the maritime industries. The feedback from
these users on the usefulness of the products
provided by INCOIS, as well as their suggestions to improve these services, are directly
collected. INCOIS also organizes regular user
interaction meetings with the help of nongovernmental organizations working among the
fishing communities to better communicate
with the end users.
Major components of HOOFS are (i) a suite
of numerical ocean models configured for the
Indian Ocean and the coastal waters using
the Regional Ocean Modeling System, and (ii)
data assimilation based on a local ensemble
transform Kalman filter that assimilates in
situ and satellite observations in the Regional
Ocean Modeling System (ROMS). Apart from
the routine forecasts of key oceanographic
parameters, a few important applications such
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as (i) the Potential Fishing Zone (PFZ) forecasting system and (ii) a Search and Rescue Aid
Tool were also developed as part of the HOOFS
project.
Regional Analysis of Indian Ocean (RAIN)
is an ensemble-based ocean data assimilation system, in which ocean observations
are assimilated to the Indian Ocean configuration of HOOFS, IO-HOOFS, using a localized ensemble transform Kalman filter assimilation scheme. In RAIN, the IO-HOOFS
configuration is forced every 6 h with 80
ensemble fluxes estimated from the atmospheric model GFS. The physical parameters
like tracer diffusion coefficients and viscosity coefficients slightly vary across the ensemble members. The mixing parameterization schemes also vary across the ensemble
members.
Argo profiling floats are the primary
source of in situ observations that get assimilated to IO-HOOFS in RAIN to produce
the regional ocean analysis. In addition,
satellite-based Advanced Very High Resolution Radiometer (AVHRR) sea surface temperature (SST) (level 2) data from NOAA-18,
NOAA-19, MetOp-A, and MetOp-B are assimilated in RAIN.
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Verification of ocean analysis and
forecasts

Trajectories of Argo
and other drifters
in the tropical
Indian Ocean for
the period from
November 2018 to
October 2019. Also
shown are from
which expendable
bathythermograph/
expendable
conductivity–
temperature–depth
(XBT/XCTD)
observations are
available for ocean
reanalysis, and
where coastal and
equatorial acoustic
Doppler current
profilers (ADCP) are
moored. The color
legend explains the
platform types.

Seventeen acoustic Doppler current profiler
moorings at about 100- and 1,000-m depths,
respectively, have provided observations that
can be used for verification on the continental shelf and slope at various locations along
the Indian coastal regions since 2008. Based
on comparison with observations, RAIN has
a very high skill (correlation coefficient = 0.8)
in simulating the currents in the deep ocean.
The northern Indian Ocean configuration of
HOOFS (NIO-HOOFS) performed similarly,
simulating the observed variability in the
alongshore currents off both the east and west
coasts of India with good accuracy. Further,
NIO-HOOFS demonstrates very good skill in
predicting the thermal structure of the deep
and coastal ocean, even with 5-day lead
time. The correlations between the observed
and the predicted temperature are very high
(0.7–0.9) and the RMSEs are less than 1°C in
the top 50 m of the ocean at most of the buoy
locations.
Compared to RAIN/IO-HOOFS or other global ocean analysis systems such as the Global
Ocean Data Assimilation System (GODAS), the
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variability in the circulation and temperature,
both in surface and subsurface coastal waters,
are better simulated in NIO-HOOFS. In addition, some recent studies demonstrated that
the HOOFS model configuration has very good
skill in simulating the variability associated
with tides and coastally trapped waves on the
shelf regions.

Applications

In addition to the routine forecasts of ocean
general circulation parameters, INCOIS also
provides value-added services based on the
HOOFS forecasts. The Search and Rescue
Aid Tool (SARAT) and PFZ forecast system
(3-day lead time) are examples of such
products.
To assist the Indian Coast Guard, which
is the nodal agency to carry out search and
rescue missions to locate missing/stranded
objects/persons in the sea, a SARAT has been
set up by INCOIS. Forecasts of ocean currents from HOOFS and surface wind from the
National Centre for Medium Range Weather
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Examples of
forecast products
generated from NIOHOOFS (1200 IST
20 Mar 2020) from
the Earth System
Science Organization
(ESSO)-INCOIS
website.

Forecasting (NCMRWF) Unified Model (NCUM)
are used in SARAT to estimate the drift of
objects from their last known positions.
However, this information may not be available in many cases. To address this operational difficulty, an approximate last-known
position and time are chosen, and an ensemble
of scenarios are simulated by randomly scattering a number of identical objects around
the last known position or over the suspected
area.

The way forward

There are many regional operational ocean
forecasting systems worldwide (see www.
g o d a e - o c e a nv i e w.o r g / s ci e n c e /o c e a n
-forecasting-systems/ for a complete list).
However, there are only 8–10 global-toregional ocean forecasting systems that are
similar to HOOFS in terms of multiple nested
models. The HOOFS configuration has significantly higher spatial resolution in the northern Indian Ocean compared to other global/
regional systems, and the ocean models are
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specifically tuned to the coastal waters of
South Asian countries, taking the region’s
unique circulation features into account.
Apart from the data available through the
Global Telecommunication System (GTS),
data from the moored buoys deployed and
maintained by the National Institute of Ocean
Technology (NIOT) are also assimilated into
IO-HOOFS.
While the usefulness of HOOFS in generating analysis and forecasts in the Indian Ocean
has been discussed, a number of improvements are needed. For example, in the present configuration of HOOFS, lateral boundary conditions for the NIO-HOOFS are being
extracted from IO-HOOFS in an offline mode,
which can introduce errors. It also causes
operational inconvenience as the boundary
conditions are extracted using third-party
software. To overcome this, there are plans
to nest the two configurations online, a technique that has already been tested by ROMS
developers. Another drawback of the present
system is that sea level anomaly data are not
assimilated in GODAS as well as in RAIN. It is
expected that the ocean analysis, particularly ocean currents, will improve with the assimilation of sea level anomaly data. It is also
important to incorporate a biogeochemical
modeling module in NIO-HOOFS and assimilate biogeochemical parameters in IO-HOOFS
so that PFZ forecasts can be generated from
the same integrated system that is used to
generate the forecasts of ocean general circulation features. Further, as most users of
INCOIS operational forecasts have strong interests in the waters near the coasts, setting
up a sea shelf forecast system to provide accurate forecasts in this region is being planned.
The assimilation of data on surface currents,
measured by high-frequency radars installed
along the east coast of India in this sea shelf
model, is expected to improve the accuracy of
coastal forecasts.
Finally, the large influx of freshwater from
the nearby rivers to the Bay of Bengal, particularly to the head of the bay, poses a major challenge in the modeling of ocean circulation in this
region due to the nonavailability of these data in
real time. The availability of satellite-based estimates of river discharge data holds promise for
addressing this problem and hence, INCOIS is
now exploring the possibility of obtaining similar data on a near-real-time basis.
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METADATA
BAMS: What would you like readers to learn from
this article?
P. A. Francis (Ministry of Earth Sciences): The main
intention of this article is to introduce the newly
developed High-Resolution Operational Ocean
Forecast and Reanalysis System, which is aimed
at providing operational forecasts and analysis of
general circulation features to the public/industry/
government agencies/academia. A unique way to
reach out to the users of operational services directly
and through nongovernmental organizations is one
of the reasons for the success of operational ocean
services of the Indian National Centre for Ocean
Information Services (INCOIS).
BAMS: How did you become interested in the topic
of this article?
PAF: Accurate forecasts of specific oceanographic
parameters, such as currents, temperature, and
salinity in the surface and subsurface ocean, tides,
and wind waves, are essential for planning most
maritime activities and securing the lives and livelihoods of millions of people who venture into and
onto the oceans. The configuration of the numerical models at INCOIS is providing quite reliable simulations of ocean circulation. This motivated us to
use it for operational forecasts as well. Since INCOIS
has the mandate and infrastructure to provide
operational oceanographic services, we decided to
converge our efforts in ocean modeling, ocean observation, and data assimilation toward developing
an operational ocean forecast system.
BAMS: What surprised you the most about the
work you document in this article?
PAF: Development of an operational ocean forecast
and reanalysis system is a massive job involving several researchers and technicians across the country.
The successful implementation of such a system
prompted us to write this article.
BAMS: What was the biggest challenge you encountered while doing this work?
PAF: The biggest challenge in setting up the operational ocean forecast system is the configuration
of numerical ocean models suitable for the applications it is to be used for and the development of
the data assimilation system.
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