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ABSTRACT. Tropical Cyclones that occur over the North Indian Ocean (NIO) are warm cored, highly devastating
and short-lived compared to other oceanic basins. Numerical prediction of these cyclones is mainly an initial value
problem. Accuracy of the initial position largely depends on forecasting model, density & quality of observations and
data assimilation scheme. State of the art numerical modeling systems are able to predict the genesis of most cyclonic
systems reasonably well, but often, they fail to maintain the correct position and intensity. Satellite observations play an
important role in cyclone prediction as they also cover data sparse open ocean. Often intensity and structural
characteristics of these systems need to be inferred from the remotely sensed data. Satellite observations are increasingly
being used to better initialize the tropical cyclones' location and intensity in the NWP systems. This study highlights
India's efforts in the reception and assimilation of satellite and various other observations from different sources. The
impacts of these observations are studied by carrying out Observing System Experiment (OSE) and through Forecast
Sensitivity Observation Impact (FSOI) studies. Some of the recent OSEs on Tropical Cyclones over the NIO and a list of
more beneficial observations through FSOI are presented in this paper.

Keywords — OSE, FSOI, Tropical cyclone.

provide new meteorological information, most of which

Advancement of science and technology leads to a
revolution in the procurement of weather related
observations, especially through the sensors onboard
varied satellite platforms. Conventional observations with
poor spatial and temporal resolution and uneven
distribution over the globe have made satellite
observations crucial for Numerical Weather Prediction
(NWP). Various instruments and sensors onboard the
Geostationary and Low Earth orbiting (LEO) spacecraft

are received and processed at the respective satellite
operating centers. Some of the satellites can directly
broadcast the information to various ground receiving
stations while passing over that area. Most of the global
NWP centers have special arrangements with satellite data
providers to receive the satellite data on a near real time
basis for its use in the NWP systems.

In the recent past, India has made special
efforts to increase the volume of its meteorological and
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Fig. 1. Meteorological Observation Reception System at NCMRWF

oceanographic satellite data reception by making
arrangements to receive these data directly from the
satellite data providers. These arrangements complement
the conventional reception of data through GTS (Global
Telecommunication System) from RTH (Regional
Telecommunication Hub) in New Delhi. The data from

NOAA (National Oceanographic and Atmospheric
Administration), CMA (China Meteorological
Administration) and KMA (Korea Meteorological

Administration) are being received from their respective
data access servers PDA, FY4 and GKS5, respectively,
using internet protocols. Data from the EUMETSAT
(European  Organisation for the Exploitation of
Meteorological Satellites) is being received from its
terrestrial broadcast using the connectivity between NKN
of India and NERN of Europe. The establishment of
EUMETCast  reception  system, primary data
dissemination mechanism of EUMETSAT, at NCMRWF
(National Centre for Medium Range Weather Forecasting)
became possible due to the signing of an MoU between
India  Meteorological  Department (IMD)  and
EUMETSAT. Further, to enhance the timely availability
of various LEO satellite data, India has joined the WMQO’s
(World Meteorological Organization) DBNET, which
uses GTS connectivity for data transfer. With these
arrangements, satellite data reception for NWP in India
has increased manifold. The data reception system at
NCMRWEF is depicted in Fig. 1.

Observations are required to be monitored both for
their quantity and quality. A robust data monitoring

mechanism is in place at NCMRWF and various reports
generated by  this  system is  hosted at
https://www.ncmrwf.gov.in/t574-model/obs monitor  at
six hourly intervals (0000, 0600, 1200 and 1800 UTC).
Whenever NCMRWEF receives new types observations
such as scatteometer winds, INSAT AMV’s, etc., new
monitoring and validation mechanism for that dataset has
been developed and implemented without delay (for
example, Das Gupta and Rani, 2013). The impact of
various satellite observations on the forecast skill needs to
be studied with respect to the NWP model before its
operational use. Traditionally the impact of observations
on the forecast skill has been estimated through Observing
System Experiments (OSEs). But in the recent past, a new
adjoint-based observation sensitivity technique, called
Forecast Sensitivity to Observation Impact (FSOI), has
been developed and employed (Zhu and Gelaro, 2008;
Cardinali and Buizza, 2004; Langland and Baker, 2004;
Baker and Daley, 2000; Kumat ef al., 2018). OSE is the
common technique used to evaluate the newly available
dataset (Peng et al., 1996; Barbieri et al., 2017; James
et al., 2017; Ballarotta et al., 2020; Chen et al., 2020;
Lupu et al., 2012; Randriamampianina et al., 2019). OSE
involves a minimum of two sets of simulations using the
assimilation-forecast system. The first, known as the
‘control’ run, use the baseline set of observations. The
second one, called the ‘experiment’ run, is conducted by
adding or denying a specific observation or set of
observations. The presence or absence of a dataset is the
only difference between the two simulations. The
corresponding impact due to this addition or denial of
observation is measured by comparing various statistical
scores. The positive or negative impact obtained due to
the addition or denial of a particular dataset can be
attributed to the improvement or deterioration of initial
conditions, respectively, so obtained from the assimilation
system. Lupu et al. (2012) reported that the denial of
certain observation types from the assimilation system
influenced the effective weight of the remaining
observations assimilated into the system. These results
were illustrated through OSE using DFS (degree of
freedom for signal) based methodology.

In FSOI, the observation's contribution to the
forecast is measured by evaluating the observation impact
with respect to a scalar function that represents the short-
range forecast error. In general, it can be used to estimate
the sensitivity measure with respect to any parameter of
importance in the assimilation system. There are specific
basic differences between the FSOI approach and the
OSE. Unlike the OSE where the initial conditions get
modified, the adjoint-based FSOI technique does not
involve the comparison of two sets of simulation, one of
which has data added or denied. It measures the
observation impact on a specific forecast metric,
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TABLE 1

Observations operationally used in the Data Assimilation systems at NCMRWF

Satellite Observations

Conventional Satellite Winds (AMV) Satellite Radiances GPSRO
Observations ScattwefO(rineter GEO LEO LEO
GEO LEO nds - -
IR IR (HyS) MW Bending Angle
Surface: INSAT-3D NOAA-15 ASCAT INSAT-3D IASI AMSU-A COSMIC-1
Land SYNOP (MetOp-A) Imager (MetOp-A) (MetOp-A)
(TAC&BUFR)  p\foteosat-8  NOAA-18 ASCAT SEVIRI IASI AMSU-A GRAS-A
(MetOp-B) (Meteosat-8) (MetOp-B) (MetOp-B)
SHIP Meteosat-11  NOAA-19 Scatsat SEVIRI AIRS AMSU-A GRAS-B
(TAC & BUFR) (Meteosat-11) (AQUA) (NOAA-18)
HIMAWARI MetOp-A Windsat AHI Crls AMSU-A TanDEM-X
BUOY, (Coriolis)  (MAWARLS) ~ (SNPP) (NOAA-19)
TC BOGUS
GOES-16 MetOp-B INSAT-3D/3DR CrlS MHS TerraSAR-X
Sounder (NOAA-20) (MetOp-A)
Profiles: PILOT,
TEMP (RS/RW- GOES-17 AQUA MHS FY-3C
Both TAC & (MetOp-B)
BUFR)
TERRA MHS COSMIC-2
(NOAA-19)
Wind Profiler,
Drop Sonde SNPP MT-SAPHIR
NOAA-20 ATMS (SNPP)
%WS VAD SSMIS
inds (DMSP-F17)
. . AMSR-2
Aircraft: (GCOM-W1)
AMDAR, AIREP
FY-3C
GMI (GPM)
ATMS
(NOAA-20)

considering a full set of observations assimilated
into the system. It quantifies the impact by computing
the contribution to the reduction in forecast error by
each of the observations present in the system. OSE
instead quantifies the impact due to change in the
observation set on various forecast metrics. FSOI
technique can have either an adjoint or ensemble
based approach. @At NCMRWF, an adjoint-
based FSOI approach is operational, which requires
adjoint operators for both the tangent linear model.
Use of tangent linear assumption and the adjoint
model for backward propagation of forecast error
information limits the validity of the impact diagnostic for
24 hours of forecast. On the contrary, OSE’s can
qualitatively and quantitatively measure even long-range
forecast impact.

In India, NCMRWF is the leading modelling and
Data Assimilation Centre. It routinely uses two different
Global Data Assimilation and Forecasting (GDAF)
systems; based on NCEP GFS and “Unified Model (UM)
Partnership” (hereafter referred to as NCMRWF Unified
Model, NCUM) frameworks. As described above, with
the reception of new satellite data, many OSE (Prasad
et al., 2013; Rani et al., 2014; Routray et al., 2016; Johny
et al., 2019) and FSOI (Kumar et al., 2018) experiments
were conducted to study the impact of observations on the
skill of the model forecasts. Based on OSE, the
observations showing a neutral or beneficial impact on
forecast quality have been included in the assimilation
system. Once the new observation is validated and tested
through OSE, their impact is monitored through FSOI on
a routine basis.
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Figs. 2(a&b). Observations assimilated per day in (a) global and (b) regional domains at NCMRWF in 2018, 2019 and 2020
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Fig. 3. Pie-Chart of the data volume and type of observations assimilated in the NCMRWEF assimilation systems
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Satellite observations from multiple sensors and
varied forms have increased as seen from Figs. 2(a&b)
except for few satellite platforms. The figure depicts the
variations in the type and number of observations for the
last three consecutive years assimilated in global
[Fig. 2(a)] and regional [Fig. 2(b)] models. Compared to
the conventional, satellite observation leads, in type and
number, in the observations assimilated per day.
Observations, especially from different satellite platforms,
are increasing in number with time, as shown in
Figs. 2(a&b). Contrary to most, there is a noticeable
decrease in TEMP & AIRCRAFT observations in 2020
over the Indian region [Fig. 2(b)].

Table 1 lists the various observations that are being
presently assimilated operationally at NCMRWEF. GSI 4D-
EnVar system at NCMRWF uses nearly the same set of
observations used in the Hybrid 4D-Var data assimilation
system of NCUM except for the INSAT-3D imager and
microwave radiances from sensors onboard FY-3C. With
the inclusion of new data sets, the volume of satellite data
that are assimilated has increased many folds. It
constitutes more than 90% of the total observations that
are assimilated (Fig. 3). The impact of a few new
observations on tropical cyclone forecasting over the north
Indian Ocean (NIO) is discussed in this paper.

Section 2 provides a brief account of the national and
international status of OSEs with satellite data, where few
of the works on tropical cyclones over the NIO are
highlighted. Section 3 explains the cyclogenesis in GDAS
(Global Data Assimilation System) and section 4 provides
a short note on FSOI based on NCUM.

2. National and international status on OSE with
satellite data

2.1. Satellite radiances

The majority of satellite observations assimilated in
the NWP models are in the form of radiances (or
brightness temperature). Initially, satellite derived
geophysical parameters (like temperature, humidity,
precipitation rate, etc.) were only assimilated in the data
assimilation systems. With  advancements in data
assimilation techniques, direct assimilation of satellite
radiances is now operational in all leading NWP centers.
One of the first OSEs conducted by Hayden (1973),
assimilated temperature measurements derived from
radiance data from Satellite Infrared Spectrometer (SIRS)
onboard NIMBUS-4 using 4-dimensional assimilation
technique. His experiment confirmed the possibility of
real data getting assimilated into the NWP model and
subsequent improvement of the analysis. Atkins and Jones
(1975) evaluated the temperature profile from Satellite

Infrared Spectrometer (SIRS) and found a modest
improvement in the forecast. Manobianco et al. (1994)
tested the impact of satellite derived precipitation rates on
extratropical cyclone simulation and reported a profound
impact on the low-level vertical motions, in addition to the
frontal positions and mean sea level pressure minima.
Dutta et al. (2013) examined the precipitation rate from
SSM/T sensor onboard the DMSP satellites through OSE
and found improvement in the forecast over the Tropics
and Indian regions. Barbieri et al. (2017) reported
lowering of geopotential anomaly correlation and
increases in wind root mean square error (RMSE) when
denied satellite radiances, GPSRO and radiosonde data in
the Global 3DVar assimilation system. Dutta et al. (2016)
assimilated surface sensitive infrared radiances from
AIRS and IASI over land and using OSE showed
significant positive impact beyond day-2 forecast over the
Northern Hemisphere extra-tropics. Reale, et al. (2018)
used a combination of OSE and adjoint methodologies to
evaluate adaptive thinning methodology through AIRS
radiance assimilation and showed improvement in the
global skill of NWP model forecast and tropical cyclone
representation. Bohra et al. (1998) and Prasad et al.
(1999) studied the impact of NOAA-TOVS temperature
profile data on the GDAF system. They showed the
requirement for the direct radiance assimilation for
enhancing the positive impact of satellite profile data.
Further, Prasad et al. (2003) showed the impact of INSAT
CMV (Cloud Motion Vector Wind) when reassigning
their height using NWP first guess. Impact of IASI, CrIS
and AIRS hyperspectral radiances in the NCMRWF NWP
systems were reported by Sharma et al. (2016); Srinivas
et al. (2016) and Mallick et al. (2016) through OSEs. The
impact of the radiances from microwave humidity and
temperature channels through OSEs and FSOI were
reported by Rani er al. (2016 a&b) and Kumar et al.
(2018). Similarly, the impact of the infrared radiances
from Indian geostationary satellites in the NCUM 4D-
VAR assimilation and forecast system were reported by
Rani et al. (2016c and 2019). James et al. (2017), using
GSI Hybrid Ensemble-Variational Data Assimilation with
Hourly Update Rapid Refresh Model, did OSE’s during
three seasons and found GOES cloud observations have a
major positive impact. In addition to the operational
agencies' daily weather forecasts, forecasting of severe
weather events like cyclones, thunderstorms, western
disturbance, etc., are of utmost importance and priority.
These severe weather events responsible for the mass
destruction of life and property require accurate forecasts.
Data used for the assimilation are also tested on their
ability to improve the forecast of severe weather events.
Peng et al. (1996) assimilated the rainfall rates retrieved
from SSM/I and showed a reduction in the 48-hr forecast
position error of cyclones. Deb et al. (2010) showed
improvement in initial position errors and track forecasts
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of tropical cyclones due to the assimilation of Kalpana-1
derived water vapor winds. Routray et al. (2016 a)
reported improvements in cyclone track along with
intensity and landfall position over the Bay of Bengal on
assimilating the satellite radiances in the Weather
Research and Forecasting (WRF) - 3DVar system.
Simulation of NIO cyclones, viz., Phailin, Helen, Lehar
and Madi formed during 2013, using radiative transfer
models and their comparison with observations was
reported in Rani and Prasad (2014). Rani ef al. (2016)
analyzed the structure of warm-core of the cyclone Phailin
(8-14 October, 2013) formed over the NIO using the
brightness temperatures from various channels of INSAT-
3D sounder and reported multiple maxima with a strong
primary maximum in the middle level (600-500 hPa) and
the secondary maximum in the upper level (300-250 hPa),
unlike the conventional belief suggested warm core
existence at 250 hPa. Routray ez al. (2016b) demonstrated
the impact of hyperspectral radiances on the simulation of
Tropical cyclones using regional models. Impact of
ASCAT scatterometer winds from MetOp - A and B
satellites on the simulation of cyclones in the 4D-VAR
frameworks was reported by Srinivas ef al. (2016).

2.2. Scatterometer wind and AMVs

Satellite wind measurements are obtained from
scatterometer instruments onboard the satellite and AMV
(Atmospheric Motion Vector). AMV’s enrich the wind
information with good aerial coverage in troposphere,
especially over the Oceans and higher latitudes. Kumar
et al. (2017) assimilated INSAT-3D derived AMV’s using
WRF models and reported improvements in temperature,
wind speed and moisture analyses and forecasts over
South Africa, Australia and Indian Ocean region. Deb
et al. (2011) also reported improvements in initial position
errors and track forecasts of tropical cyclone, Aila, due to
Kalpana-1 derived AMVs' assimilation. Scatterometer
measures ocean surface winds and this information is very
crucial for the estimation of surface fluxes. The benefits of
scatterometer winds are mostly highlighted over the
Southern Hemisphere (Yu et al., 1984). Improvement in
forecast skill (de Haan et al., 2013) and reduction in the
RMSE of background winds (Laloyaux et al., 2016) were
observed on assimilating scatterometer winds from
various instruments. Assimilation of wind vectors from
Indian scatterometers near the cyclone position at the
analysis time has been found to improve the track
forecast (Prasad et al., 2013; Johny et al., 2019 and
Bushair et al., 2019).

3.  Genesis of tropical cyclone

Prasad et al. (2013) demonstrated the performance of
NWP with GDAS in the prediction of TCs formed over

the NIO. They highlighted the tropical cyclone relocation
technique's requirement to correct the initial errors in the
model first guess. Even a 1% error at the initial model
integration time may lead to error growth by 10% in
72 hours and growth thereafter is linear. So, it is very
important to provide the best estimate of the storm
position (latitude, longitude) at the initial time prior to the
data assimilation. This information is provided in the form
of an ASCII file called - “TC-VITALS,” which contains
records of the cyclones occurring all over the globe during
that particular assimilation window. These records contain
information related to tropical cyclones in a particular
format that includes the cyclone centre position (latitude,
longitude), intensity (maximum wind, minimum central
sea level pressure), structure (radius of maximum wind of
four quadrants at 34, 50, 64 knots) and speed and
movement of cyclone system (storm speed and direction)
in a single line valid for one particular hour. These files
for all global cyclones are generated in house at
NCMRWEF using the tropical cyclone bulletins received
through GTS from various global RSMC/cyclone centers
(Srinivas et al., 2020). Further, the information in the file
regarding cyclones over the NIO region is updated with
IMD's information. A detailed evaluation of track and
intensity prediction of NCUM for a large number of
Tropical Cyclones formed over the NIO is presented in
Routray et al. (2019).

The present study is focused on the TCs of the recent
decade (2011-2020). During this period, 40 cyclones
formed over the NIO basin. To evaluate the initial position
of the TCs, five parameters, u- and v- components of
wind, mean sea level pressure, vorticity and geopotential
height, are considered. The direct position error (DPE) is
evaluated with respect to the best-fit track observation of
IMD and is presented in Fig. 4(a). The initial position
error for TCs during 2011-2020 is found to be within
50 km for 21 cases and less than 100 km for all other
cases except 5 Bay of Bengal (BoB) TCs (NILAM,
VIYARU, VARDAH, DAYE and BULBUL). The mean
initial genesis error for TCs during the same period is
shown in Fig. 4(b). The mean Direct Positional Error
(DPE) for the individual years is less than 100 km. In
recent years, significant improvement in GDAS analysis
has lowered the DPE to consistently less than 50 km. TC
relocation procedures were introduced in GDAS in 2018.
Fig. 4(c) demonstrates the mean relocation statistics for
the recent 12 cyclonic storms during 2018-2020. It
includes the mean relocation of the position of individual
TCs throughout their life period. Except for few cyclones
(Pethai, an Pawan, etc.) where the track error remains
higher even after TC relocation, in majority of cases, not
only the initial position of the cyclones but also its
position in the first guess got improved, with an accuracy
of mean error of around 46 km.
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(a)  GDAS Genesis (T = 2.5) Statistics (km) for Recent TCs over North
Indian Ocean (2011-2020)
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Figs. 4(a-c). GDAS cyclogensis showing (a) Track error (km) for TC’s during (2011-2020), (b) Mean

position error (km) for TC’s during (2011-2020) and (c) Mean relocation ststistics (km)

for TC’s during (2018-2020)

4. Forecast Sensitivity to Observation Impact

(FSOI)

An adjoint-based FSOI method is used to study each
observation's forecast impact in the NCUM system for the
last few years. A detailed account of the observation
impact on NCUM 24 hr forecast, with special focus on
satellite microwave humidity observations, during
October-November, 2016 and June-August, 2017, was

reported in Kumar et al. (2018). Considering the cyclonic
season of NIO, this FSOI study focuses on the post-
monsoon months of October and November 2019. As the
study was carried out for a reasonably longer period, the
results are applicable to the cyclonic disturbances during
that period. The impact of the observation on the forecast
per day is expressed in energy norms (in units J/kg) and
the observations assimilated per day are discussed here.
Observations from different platforms over the Global,
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Tropics (30° S-30° N) and Indian region (0°-40° N &
65°-105° E) are presented in Figs. (5-7). Percentage
values given in the figure against the histograms are
representative of the respective region. Large negative
“impact” values (impact per observation) indicate a more
beneficial impact of the observation on the 24 hr forecast.
It should be noted that the impact per day shown in
Figs. 5-7 are representative of October and November
2019. The values might change during other months or
seasons of the year.

Satellite radiances with the highest observation count
[Fig. 5(b)] show major impact [Fig. 5(a)] in Global
(51.7%) domain and over the Tropics (56.1%) compared

to other observations. Contrary to other two regions,
Indian region with lesser conventional observation per day
(14.5%) compared to radiance (78.0%), interestingly show
higher impact per day (51.8%) for conventional
observations. The scatterometer winds with least
observation count show lowest impact over all the three
regions. Satellite-derived winds (SATWIND) though
lower than radio occultation (GPSRO) observations over
the Tropics, have higher impact. OSE’s have shown that
scatterometer winds are crucial and plays a vital role in
simulating the early stage of cyclogenesis (Johny et al.,
2019). During the stage of depression and deep
depression, the assimilation of scatterometer wind
improves the system's intensity and location.
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Figs. 7(a&b). (a) Impact of observation per day (J/kg) and (b) Number of observation per day over Global, Tropics and India Region for
satellites over Low Earth Orbit (LEO) and Geosynchronous Equatorial Orbit (GEO). Percentages are representative of respective
regions. ON2019 indicate the months of October & November of 2019

FSOI of AMVs at various tropospheric levels, [lower
(1000-700 hPa), middle (700-400 hPa) and high
(> 400 hPa)] are presented in Figs. 6(a&b). AMVs in all
three levels show highest impact globally [Fig. 6(a)] with
the highest observation count per day [Fig. 6(b)]. Over
global domain, tropical and Indian regions, highest impact
of AMV is seen on the upper tropospheric level. AMV’s
show least impact over the middle level for all three
regions.

FSOI for LEO and GEO satellite observations are
presented in Figs. 7(a&b). Many instruments in LEO
satellites provide higher observation count than single or
two instruments onboard GEO satellites [Fig. 7(b)]. This
is observed over all the three regions, which can be
inferred from the observation assimilated per day.

5.  Summary

This article provides a summarized review of the
importance of satellite data in NWP. With the up-
gradation of computing resources and advancement of
NWP models and data assimilation techniques,
assimilation of satellite data has increased over time, in
both number and type. NCMRWF made impetus effort
and succeeded in receiving global satellite observations
directly from the satellite data providers. Satellite
observations like radiances, satellite derived winds (viz.,
AMYV, HLOS), scatterometer winds and radio occultation
(RO) measurement are the high impact data used in the
NWP systems. Various assimilation techniques are being
used to exploit and make the best use of available data.
Forecasts with very high temporal and spatial precision

are needed for severe weather events (like cyclones,
thunderstorms, etc.) impacting life and property. The
genesis of tropical cyclone is also discussed along with the
importance of tropical cyclone relocation technique. With
the assimilation of satellite data, the cyclone forecasting
has improved in terms of intensity, track and landfall
position.

Any observation, conventional or non-conventional,
needs critical validation and evaluation before its
inclusion in the operational assimilation and forecasting
system. Apart from the routine validation of satellite
observations against in sifu observations, OSE and FSOI
are the two techniques currently employed in India to
evaluate the impact of observation on the forecast for any
observation type. This paper highlights the evaluation of
observation impact on forecast studies, especially on the
tropical cyclone forecast, through OSE and FSOI
techniques since both complement each other.
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ATMS - Advanced Technology Microwave Sounder

ATOVS - Advanced TIROS Operational Vertical Sounder

BUFR - Binary Universal Form

CMA - China Meteorological Administration
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CrlS - Cross-track Infrared Sounder

DWR - Doppler Weather Radar

EUMETSAT - European Organisation for the Exploitation of Meteorological Satellites

FSOI - Forecast Sensitivity Observation Impact
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GEO - Geosynchronous Equatorial Orbit

GMI - GPM Microwave Imager

GNSS - Global Navigation Satellite System

GOES - Geostationary Operational Environmental Satellite
GPM - Global Precipitation Measurement

GPSRO - Global Positioning System Radio Occultation
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GTS - Global Telecommunication System
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IMA - Japan Meteorological Agency
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MHS - Microwave Humidity Sounder

NCMRWF - National Centre for Medium Range Weather Forecasting
NIO - North Indian Ocean

NRSC - National Remote Sensing Centre

NOAA - National Oceanographic and Atmospheric Administration
NWP - Numerical Weather Prediction
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SATMET - Satellite Meteorology

SATWIND - Satellite Derived Wind
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TEMP - Temperature Observation
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TOVS - TIROS-N Operational Vertical Sounder
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WMO - World Meteorological Organization



