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INSAT-3DR is the latest geostationary satellite launched by the Indian Space Research Organization
(ISRO) as a continuation to the INSAT-3D, for enhanced meteorological observations. National Centre
for Medium Range Weather Forecasting (NCMRWF) receives INSAT-3DR Atmospheric Motion Vectors
(AMVs) through Global Telecommunication System (GTS) along with the AMVs from other satellites.
The INSAT-3DR AMVs are validated against the in-situ observations for a period of 3 months, May–July
2020. The validation results are compared with the AMVs from other satellites like INSAT-3D and
Meteosat-8 located over the same geographical area and found that the quality of INSAT-3DR AMVs is
comparable. After the successful validation, INSAT-3DR AMVs are assimilated in the NCMRWF Global
Forecast System (NGFS) for two cyclone cases, formed during May–June 2020 over the North Indian
Ocean. Four Observation System Experiments (OSEs) are designed, with the assimilation of individual
and combined AMVs from INSAT (3D and 3DR) and Meteosat-8, to see the impact of AMVs during the
cyclones Amphan formed over the Bay of Bengal and Nisarga formed over the Arabian Sea. In general,
assimilation of AMVs improved the simulation of both the cyclones Amphan and Nisarga formed during
May–June 2020. Introduction of INSAT AMVs slowed down the otherwise fast-moving cyclone Amphan
simulated due to the assimilation of Meteosat-8 AMVs. Both intensity and track of the cyclones Amphan
and Nisarga are better simulated when the AMVs from INSAT and Meteosat-8 are assimilated together.
Keywords. Atmospheric motion vectors; INSAT-3D; Meteosat-8; validation; assimilation.

1. Introduction
Atmospheric motion vectors (AMVs) with
enhanced temporal and spatial coverage have
become essential for numerical weather prediction
(NWP). The mass Beld can be used to derive wind
Beld in the extra-tropics; however, the same is not
suitable for the smaller-scale features in Tropics
(Horanyi et al. 2014). AMVs are derived by
tracking the cloud or water vapour target in consecutive images captured by a satellite; thus can be
classiBed as cloud motion vectors and water vapour

winds (Schmetz et al. 1993; Nieman et al. 1997;
Bedka et al. 2009).
Indian Space Research Organization (ISRO)
launched its Brst dedicated meteorological satellite,
Kalpana-1 positioned at 74°E, on 12 September
2002. After Kalpana-1, INSAT-3D, exclusively
designed for enhanced meteorological observations,
positioned at 82°E, was launched in July 2013.
INSAT-3D generates images of the earth in six
wavelength bands significant for meteorological
observations, viz., visible (0.52–0.72 lm), shortwave infrared (1.55–1.70 lm), middle infrared
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(3.80–4.00 lm), water vapour (6.50–7.00 lm) and
two bands in thermal infrared regions – TIR1
(10.2–11.2 lm) and TIR2 (11.5–12.5 lm). The
spatial resolution of visible (VIS) and shortwave
infrared (SWIR) is 1 km, 4 km for middle infrared
(MIR), TIR-1 and TIR-2, and 8 km for water
vapour (WV).
National Centre for Medium Range Weather
Forecasting (NCMRWF) started receiving AMVs
from the Indian geostationary satellite through the
Global Telecommunication System (GTS) since
2011 and regularly validating the same against
NWP background and in-situ observations (Das
Gupta and Rani 2013) and comparing with other
AMVs over the same geographical area (Rani and
Das Gupta 2013). These studies showed that the
quality of Kalpana-1 AMVs was not comparable
to Meteosat-7 and hence were not used in the
NCMRWF data assimilation system. However,
modiBcation in height assignment method and
quality control scheme for deriving AMVs contributed noticeable improvement in the quality of
INSAT-3D AMVs (Deb et al. 2014, 2016; Das
Gupta et al. 2015). The new height assignment
scheme for deriving AMVs of INSAT-3D is based
on the IR-window and H2O intercept method (Deb
et al. 2014). Detailed validation studies carried out
at NCMRWF (Das Gupta et al. 2015; Sharma et al.
2016) show that the quality of INSAT-3D AMVs is
comparable to Meteosat-7 over the Indian Ocean
region, and started assimilating in the NCMRWF
NWP models. ECMWF also monitors INSAT-3D
AMVs and reported that the quality is comparable
to other satellite AMVs over the Indian Ocean
(Salonen and Bormann 2015). Lean and Bormann
(2018) reported a closer agreement between
INSAT-3D AMVs and the model background when
the former was assimilated in the ECMWF
assimilation system; however, the INSAT-3D WV
winds produced a negative impact compared to the
neutral to the positive impact of the INSAT-3D IR
winds.
ISRO launched INSAT-3DR (at 74°E) on 8
September 2016 to provide the service continuity
to earlier Indian meteorological satellite missions,
with a similar conBguration as INSAT-3D.
NCMRWF started receiving the INSAT-3DR
AMVs through GTS. This paper describes the
validation of INSAT-3DR AMVs against in-situ
observations and compares them with that of
INSAT-3D and Meteosat-8 for a period of 3
months, May–July 2020. There were two tropical
cyclones formed over the North Indian Ocean
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during the study period, and the impact of INSAT
(3D and 3DR) AMVs on the simulation of these
cyclone characteristics is also addressed in this
study. There are many previous studies based on
the validation and assimilation of INSAT-3D and
3DR AMVs (Deb et al. 2016, 2020; Sankhala et al.
2019, 2020, 2021). All these previous studies
reported assimilation in a regional model. This
study is unique as it deals with the assimilation of
combined AMVs from INSAT-3D and 3DR satellites in a global assimilation and forecast system.
Section 2 describes various datasets used in this
study. Validation of AMVs is described in section
3, while the assimilation experiments to simulate
the cyclone features are briefed in section 4, and
the main Bndings from this study are listed in
section 5.

2. Data
Global meteorological observations, including surface, radio-sonde, pilot balloon, aircraft observations along with various satellite observations, viz.,
INSAT and Meteosat-8 AMVs are being received
at India Meteorological Department (IMD) via
GTS and the same are transferred to NCMRWF in
real-time. All AMV observations used in this study
along with in-situ observations, viz., radio-sonde,
pilot balloon, and aircraft winds used for validation
of AMVs are from the NCMRWF operational data
archive. Both INSAT-3D and INSAT-3DR AMVs
are generally available at 30-min intervals, with
INSAT-3D and INSAT-3DR starting at 00:00 and
00:15 UTCs, respectively. Thus together, INSAT3D and INSAT-3DR provide AMVs with a gap of
15 min and generate AMVs with better temporal
coverage (Deb et al. 2018, 2020).
Meteosat-8 was launched on 28 August 2002
and relocated to 41.5°E on 1 February 2017
to continue the Indian Ocean Data Coverage
(IODC) replacing the Meteosat-7. Meteosat-8 has
a Spinning Enhanced Visible and Infrared Imager
(SEVIRI) imaging radiometer, a 12-channel imager (four Visible and Near Infrared (VNIR)
channels, and eight IR channels) observing the
earth–atmosphere system. Out of the 12 channels
of SEVIRI, eight IR channels and three visible
channels provide measurements with 3 km resolution, whereas the high-resolution visible channel
provides measurements with a resolution of 1 km
at the subsatellite point. Meteosat-8 AMVs are
available at 45 min of each hour starting from
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Figure 1. Spatial coverage of AMVs from INSAT-3D/3DR
and Meteosat-8 satellites receiving at NCMRWF.
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00.45 UTC and thus receive IR and WV channels
AMVs 24 times a day, whereas winds from the
VIS channel are available only during daylight
time *18 times/day, between 01:45 and 18:45
UTC, with maximum winds reception at *10:45
UTC. The number of Meteosat-8 AMVs is more
(*10,000 for IR, *20,000 for WV and VIS) per
hour as compared to INSAT (3D and 3DR)
(*7000 for IR, *8000 for WV, and *800 for VIS).
This could be due to many reasons, the differences in
the (i) number of channels, (ii) image generation
interval, and (iii) channel resolution. Furthermore,
INSAT derived winds are sector-generated products
(approximately 20°–130°E, 50°S–50°N) unlike
the Meteosat-8 full disc product (20°W–100°E,
65°–65°N), adding to fewer INSAT AMVs than that
of Meteosat-8. Figure 1 shows the spatial coverage of
AMVs from the INSAT-3D/3DR and Meteosat-8
satellites.

Figure 2. Speed bias density plots for high-level IR winds from INSAT-3DR (upper panel, a, b, c), INSAT-3D (middle panel, d,
e, f), and Meteosat-8 (lower pannel, g, h, i) over the Northern Hemisphere, Tropics and Southern Hemisphere for a period of
3 months (May–July 2020).
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Table 1. INSAT-3D (INS-3D), INSAT-3DR (INS-3DR), and Meteosat-8 AMV collocation statistics computed against in-situ
winds for May, June, and July 2020.
Northern hemisphere
Satellite

Bias

High-level IR winds
INS-3DR
0.36
INS-3D
0.16
Meteosat-8
1.63
Mid-level IR winds
INS-3DR
1.06
INS-3D
0.93
Meteosat-8
0.34
Low-level IR winds
INS-3DR
0.14
INS-3D
0.31
Meteosat-8
0.18
WV winds
INS-3DR
0.68
INS-3D
0.64
Meteosat-8
1.28

Tropics

Southern hemisphere

RMSVD

Collocated
points

Bias

RMSVD

Collocated
points

6.28
6.26
7.13

38671
44283
22797

0.27
0.25
0.78

3.64
3.64
4.64

47240
45555
25276

4.74
4.77
5.98

6036
9419
7993

0.11
0.10
0.50

2.53
2.58
3.16

4.11
4.48
5.46

7550
7658
2041

0.74
0.67
0.31

6.41
6.57
7.57

76293
80661
90519

0.81
0.78
0.14

3. Validation of AMVs
AMVs from INSAT-3DR are validated against insitu winds from the Pilot balloon, radio-sonde and
aircraft for 3 months from May to July 2020. Validation of AMVs against in-situ winds has been
done based on the Coordination Group for Meteorological Satellites (CGMS) criteria (Tokuno
1998). The collocation of in-situ winds and AMVs
are considered only if (1) they are horizontally
within 150 km, vertically within 25 hPa, and
temporally within 30 min, and (2) collocated winds
are within a speed difference of 30 m/s and within a
direction difference of 60°.
Winds derived using IR window channels are
available throughout the troposphere, whereas the
WV winds are derived by computing the gradient
in water vapour present in the upper troposphere
using water vapour absorption band, and VIS
winds are derived by tracking the low-level cloud
movement using the VIS channel (Rani and Das
Gupta 2013). Thus, IR winds are classiBed as the
low-level winds (1000–700 hPa), middle-level
winds (700–400 hPa) and high-level winds
(400–100 hPa), WV winds are considered as highlevel winds (above 400 hPa) and VIS winds as lowlevel winds (below 700 hPa).
For validation, various statistical parameters
are computed separately for different latitudinal
regions, viz., Northern Hemisphere (20°–90°N),

RMSVD

Collocated
points

1.07
1.08
0.48

6.20
6.90
8.55

740
858
1709

1685
2100
1773

1.58
0.48
0.78

5.00
5.21
9.88

1096
1156
484

2.78
2.78
2.72

6318
6747
935

0.25
0.51
0.32

4.68
4.89
5.58

3927
3398
795

4.02
3.96
5.05

53149
54143
50309

1.13
0.81
1.17

6.77
6.85
9.31

3114
5006
4165

Bias

Tropics (20°N–20°S), and Southern Hemisphere
(20°–90°S) (Tokuno 1998; Das Gupta and Rani
2013). Statistical parameters such as mean observation speed, wind speed bias, vector difference
(VD) and root mean square vector difference
(RMSVD) are computed following Menzel (1996)
and Tokuno (1998) as:
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Observation speed ðOS Þ ¼ obsu 2 þ obsv 2 ð1Þ
Background speed ðBS Þ ¼

pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
bgu2 þ bgv 2

ð2Þ

Speed bias ¼ OS  BS

ð3Þ

Vector difference ðVD Þ
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
¼ ðobsu  bgu Þ2 þ ðobsv  bgv Þ2

ð4Þ

Root mean square vector difference ðRMSVDÞ
ﬃ
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
P
VD 2
¼
:
ð5Þ
N
In the above equations, N is the number of
collocated points, ‘obsu’ and ‘obsv’ are zonal and
meridional components of AMVs (ms1), ‘bgu’ and
‘bgv’ are zonal and meridional components of winds
(ms1) of the in-situ winds.
Speed bias density plots for INSAT and Meteosat-8 AMVs against the in-situ winds are generated
for 3 months, May–July 2020 by plotting the

COSMIC-2E1/
2E2/2E3/2E4/
2E5/2E6,
COSMIC-6,
FY-3C/3D,
TerraSAR-X,
TenDEM,
PAZ,
KOMPSAT-5,
METOP-A/B/C
AMSU-A (METOP-A/B, NOAA-18/19),
MHS (METOP-A/B, NOAA-19),
MT-SAPHIR, ATMS (SNPP),
IASI (METOP-A/B/C),
AIRS (AQUA), CrIS (SNPP, NOAA-20)
ASCAT,
SCATSAT
NOAA-18, 19,
METOP-A, B, C

INSAT-3D sounder
(till 8 May, 2020),
SEVIRI
(Meteosat-8/11),
GOES-16/17
(Imager&Sounder),
AHI (Himawari-8)

GPSRO
Polar
Polar

Geostationary

Radiances
Scatterometer
winds
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number of observed AMV speeds corresponding to
different in-situ wind speeds. These plots are used
to identify the biases associated with AMVs of
different speeds. Speed bias density plots are generated separately for three regions, viz., Northern
Hemisphere, Tropics, and Southern Hemisphere.
Figure 2 shows the speed bias density plots for
INSAT-3DR (top panel), INSAT-3D (middle
panel), and Meteosat-8 (lower panel) high-level IR
winds over the three latitudinal regions. Similar
Bgures are generated for middle and low-level IR
winds, and high-level WV winds, but not shown
here for brevity. Results of the validation of AMVs
from INSAT and Meteosat-8 against in-situ winds
over the Northern Hemisphere, Tropics, and
Southern Hemisphere from IR and WV channels
are summarized in table 1. The number of collocated winds is more for both INSAT-3D and 3DR
IR winds than the Meteosat-8 except for the IR
high level over the Southern Hemisphere. The
number of collocated WV winds is more for
Meteosat-8 than INSAT over the Northern
Hemisphere. Two water vapour channels in the
Meteosat-8 (SEVIRI) instead of one in the imager
of both INSAT-3D and 3DR could be the reason
for more WV winds in the case of Meteosat-8. Due
to the limited coverage of in-situ observations over
the Southern Hemisphere, the number of collocated observations is less compared to that over
the Northern Hemisphere and Tropics, as seen
from Bgure 2 and table 1. As seen from Bgure 2, the
observed wind speed (AMV) at high level matches
well with the in-situ wind speed for INSAT-3DR
and INSAT-3D over the Northern Hemisphere and
the Tropics, whereas INSAT AMVs are slightly
faster over the Southern Hemisphere. In contrast
to INSAT-3D and INSAT-3DR, Meteosat-8 AMVs
are slightly slower than the in-situ winds. RMSVD
of Meteosat-8 AMVs derived from IR channels is
slightly higher than that of INSAT-3D and
INSAT-3DR. Similar results are obtained for WV
winds as shown in table 1.

INSAT-3D, INSAT-3DR
Meteosat-8, 11,
Himawari-8,
GOES-16, 17

Geostationary

Satellite AMVs

4. Impact assessment experiments
Satellite observations

Conventional observations
Surface observations over land (SYNOP), SHIP, BUOY, pilot balloon, radio-sonde, wind proBler, DWR VAD winds, aircraft observations

Table 2. Meteorological observations used for assimilation.
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AMVs play an important role in deBning the initial position and the steering Cow of cyclones. In
this paper, an attempt has also been made to
assess the impact of the assimilation of INSAT (3D
and 3DR) AMVs on the simulation of two Tropical
cyclones formed over the North Indian Ocean, viz.,
Amphan over the Bay of Bengal (BOB) and
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Nisarga over the Arabian Sea during May–June
2020 through Observing System Experiments
(OSEs). Four sets of runs have been made using 6hourly intermittent NGFS 4D-VAR data assimilation at T574L64 (*25 km) resolution. 4D-Var is
a four-dimensional variational data assimilation
technique that performs a statistical interpolation
between observations and background in both
space and time and thus is capable of assimilating
more observations compared to other assimilation
techniques (Andersson and Thepaut 2008; Prasad
et al. 2011). Table 2 lists all the observations used
in this study. All four experiments have been carried out from 1 May to 4 June 2020. Analysis from
all the four runs are produced four times every day,
viz., 00, 06, 12 and 18 UTC with 3 hrs data
window and 10-day forecasts have been generated
at T1534L64 resolution (*12.5 km) (Hu et al.
2016; GSI User’s Guide Version 3.5), based on the
00 UTC initial condition of each day. The Brst set
is control run (CNTL), which assimilates all the
observations listed in table 2, except the AMVs
over the Indian Ocean region (INSAT-3D, INSAT3DR, and Meteosat-8). The other three experiments with the AMVs assimilated over the Indian
Ocean region are CNTL+ INSAT (3D and 3DR)
AMVs, CNTL+ Meteosat-8 AMVs, and CNTL+
both INSAT and Meteosat-8 AMVs, respectively,
named as EXP˙INS, EXP˙MET, and EXP˙
INSMET. Before assimilation of AMVs, proper thinning has been done (horizontal: 200 km, vertical:
100 hPa, and temporal: 3 hrs). Radiances from 13
channels (3–15) of INSAT-3D sounder in the range
14–4 lm and the water vapour absorption channels
from Meteosat-8 SEVIRI are assimilated in all the
experiments in addition to the speciBc AMVs.
Unlike the INSAT-3D sounder and SEVIRI, which
are operating in the infrared region, radiances from
all the six channels of the microwave instrument
SAPHIR onboard the Megha-tropique satellite are

assimilated in this study. Operational NGFS also
assimilates channel combinations based on their
importance in the NWP. Other radiances and
conventional observations assimilated in the OSEs
can be seen in table 2. Various physical parameterization schemes used in the model are listed in
table 3.
4.1 Tropical cyclone Amphan
The tropical cyclone ‘Amphan’ developed over the
BOB on 15 May 2020, intensiBed rapidly to a Very
Severe Cyclonic Storm (VSCS), and made landfall
at the West Bengal coast between 10 and 12 UTC
of 20 May 2020. The coverage plots of INSAT (3D
and 3DR) and Meteosat-8 low level AMVs (VIS
and IR) for 06 UTC assimilation cycle of 15 May
2020 received at NCMRWF, are shown in
Bgure 3(a and b). The coverages of INSAT and
Meteosat-8 AMVs assimilated in the system after
thinning and quality control are shown in Bgure 3(c
and d). AMVs from both INSAT and Meteosat-8
have captured the cyclonic circulation over the
south BOB associated with the low-pressure system. Figure 4 is similar to Bgure 3, but for the
upper level (300–200 hPa) AMVs received and
assimilated on 06 UTC of 15 May 2020. The
number of high-level AMVs received from Meteosat-8 is larger than the combined INSAT satellites
(Bgure 4a and b); however, the number of INSAT
(3D and 3DR) AMVs assimilated over the BOB is
more than that of Meteosat-8 (Bgure 4c and d) and
both AMVs clearly show the upper level anticyclonic steering Cow.
It is noticed from Bgures 3(a, b) and 4(a, b) that
the number of AMVs received from Meteosat-8 at
various altitudes is higher than the combined
number of AMVs received from INSAT-3D and
3DR. However, after the quality control and thinning process, a fewer number of Meteosat-8 AMVs

Table 3. Physical parameterization schemes used in NGFS model.
Physics
Planetary boundary
layer (PBL)
LW and SW radiation
Deep convection
Shallow convection
Land surface processes
Microphysics

Scheme
Eddy-diffusivity mass-Cux (EDMF) for strongly unstable PBL
Eddy-diffusivity counter-gradient (EDCG) parameterization for the
weakly unstable PBL
ModiBed Rapid Radiative Transfer Model (RRTMG)
ModiBed SAS scheme with scale and aerosol
Scale and aerosol aware mass Cuxes shallow convection
NOAH land surface model (LSM)
Ahao/carr/Sundqvist MODIS based land surface albedo
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Figure 3. Coverage of low level (900–700 hPa) AMVs received from (a) INSAT (3D and 3DR), (b) Meteosat-8, and assimilated
from (c) INSAT (3D and 3DR) and (d) Meteosat-8 on 06 UTC, 15 May 2020.

Figure 4. Similar to Bgure 3, but for the coverage of high level (300–200 hPa) AMVs on 06 UTC, 15 May 2020.
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are getting assimilated (Bgures 3d and 4d). This is
because the data assimilation system treats the
AMVs from individual satellites separately. In this
study, the OSEs are designed for INSAT AMVs
(3D and 3DR together) and Meteosat-8 AMVs.
Hence, even though we are getting less number of
AMVs from the individual INSAT satellites compared to the same from Meteosat-8, the combined
number of AMVs after quality control from the two
INSAT satellites is higher than the AMVs from
single Meteosat-8.
Figure 5 shows the differences in 850 hPa analysis winds between CNTL and the three AMV
experiments valid for 00 UTC of 10 May 2020, 5
days before the cyclone Amphan formed over the
BOB. The spatial coverage of AMVs assimilated
from INSAT (Bgure 5a) and Meteosat-8 (Bgure 5d)
are also shown. Figure 5(b) shows 850 hPa wind
and Mean Sea Level Pressure (MSLP) in hPa from
the CNTL run. Figure 5(c, e, and f) shows the
differences in the 850 hPa wind between the CNTL
run and the three experiments EXP˙INS,
EXP˙MET, and EXP˙INSMET with the MSLP
from the respective experiments in contours. The
shading shows the difference in MSLP from CNTL.
All four experiments show an indication of a
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circulation over the BOB in the analysis of 00 UTC
of 10 May 2020. The MSLP in the analyses of AMV
experiments is slightly higher than the CNTL.
Figure 6(a and d) shows the spatial coverage of
high-level (200 hPa) AMVs assimilated from
INSAT and Meteosat-8, respectively. The upper
level north-eastward Cow is seen in both Bgure 6(a
and d). The CNTL analysis also shows a northeastward wind steering Cow at high level
(Bgure 6b). The differences in the 200 hPa wind
analysis between CNTL and the three AMV
experiments valid for 00 UTC of 10 May 2020 are
shown in Bgure 6(c, e, and f). The north-eastward
propagation of upper-level winds is captured well
in all the experiments and is weaker in the AMV
experiments than the CNTL. This shows the
adjustment in the upper-level steering Cow due to
the assimilation of AMVs, irrespective of the
platform.
Figure 7 is similar to Bgure 5, but for the differences in the 850 hPa wind and the MSLP from
each experiment in the day-5 forecast based on 00
UTC of 10 May 2020 analysis. Day-5 forecast based
on this analysis produced a well-developed circulation in all four experiments, as seen in Bgure 7.
Assimilation of AMVs over the Indian Ocean

Figure 5. Number of low-level AMVs assimilated from (a) INSAT (3D and 3DR) and (d) Meteosat-8. 850 hPa wind and MSLP
analysis in the (b) CNTL and the differences (c) CNTL-EXP˙INS, (e) CNTL-EXP˙MET, and (f) CNTL-EXP˙INSMET valid
for 00 UTC 10 May 2020. (Contours in b, c, e and f are the MSLP from the respective experiments).
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Figure 6. Number of high-level AMVs assimilated from (a) INSAT (3D and 3DR) and (d) Meteosat-8. 200 hPa wind analysis in
the (b) CNTL and the differences, (c) CNTL-EXP˙INS, (e) CNTL-EXP˙MET and (f) CNTL-EXP˙INSMET valid for 00 UTC
10 May 2020.

produced a slightly stronger cyclone than the
CNTL (Bgure 7a). The difference in the location of
the cyclone in the three AMV experiments from the
CNTL can be seen in Bgure 7(b, c, and d); the
system is slightly slower than that in the CNTL.
Day-5 forecast produced a strong system when
assimilated the Meteosat-8 AMVs (Bgure 7c) than
the INSAT AMVs (Bgure 7b) and the combined
assimilation of both (Bgure 7d).
Figure 8 shows the differences in the 200 hPa
wind in the day-5 forecast between the CNTL and
the three AMV experiments based on 00 UTC of
10 May 2020 analysis. In the upper level, the predicted wind divergence over the BOB is stronger in
all three AMV experiments than in the CNTL.
Assimilation of Meteosat-8 AMVs produced more
divergence in the upper troposphere (Bgure 8b and
c). Assimilation of AMVs (individual and combined) over the Indian Ocean produced noticeable
changes in the lower and upper troposphere circulations associated with the cyclone Amphan.
Figure 9 shows the differences in the day-10
forecast of 850 hPa wind and MSLP between
CNTL and the AMV experiments based on 00
UTC of 10 May 2020 analysis valid for 20 May

2020. Assimilation of Meteosat-8 AMVs predicted
a faster-moving cyclone (Bgure 9c) than the AMVs
from INSAT alone (Bgure 9b) and combined
INSAT and Meteosat-8 AMVs (Bgure 9d). Assimilation of INSAT AMVs along with that from
Meteosat-8 slowed down the fast-moving cyclone
simulated when assimilated only the Meteosat-8
AMVs.
The impact of assimilating AMVs in the forecast
is evaluated by computing the forecast impact factor, which is the percentage of the normalized difference between the analysis and forecast valid for
the same time from the same experiment. Figure 10
shows the quantitative impact of assimilating
AMVs from day-1 to day-10 MSLP forecasts based
on the initial condition 00 UTC of 10 May 2020
from the four experiments. Different rows in
Bgure 10 show the impact factor in the MSLP
forecast from day-1 to day-10 for four experiments:
(a) CNTL, (b) EXP˙INS, (c) EXP˙MET, and
(d) EXP˙INSMET. Up to day-4 forecasts, all the
experiments show nearly the same differences
between the forecasts and the corresponding
analysis. The analysis and the valid forecast from
various experiments show explicit differences,
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Figure 7. Day-5 forecast of 850 hPa wind and MSLP in the (a) CNTL and the differences (b) CNTL-EXP˙INS, (c) CNTLEXP˙MET, and (d) CNTL-EXP˙INSMET based on the 00 UTC 10 May 2020 analysis. (Contours in a, b, c, and d are the MSLP
from the respective experiments).

Figure 8. Differences in the day-5 forecast of 200 hPa wind between the CNTL and (a) EXP˙INS, (b) EXP˙MET, and
(c) EXP˙INSMET based on 00 UTC 10 May 2020 analysis valid for 00 UTC 15 May 2020.

particularly over the cyclonic storm region since
day-5 forecast, and the magnitude of the differences
is increasing with forecast length as seen
from Bgure 10. Analysis from various experiments
shows a slow-moving cyclone compared to the valid

day-7 forecast from the same experiment, except for
the Meteosat-8 AMV assimilation experiment
(Bgure 10c7). In the subsequent forecasts also, the
CNTL, EXP˙INS, and EXP˙INSMET show a
parallel movement of the storm from the analysis
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Figure 9. Day-10 forecast of 850 hPa wind and MSLP in the (a) CNTL and the differences, (b) CNTL-EXP˙INS, (c) CNTLEXP˙MET, and (d) CNTL-EXP˙INSMET based on the 00 UTC 10 May 2020 analysis valid for 00 UTC of 20 May 2020.

Figure 10. Forecast impact (%) in the day-1 to day-10 MSLP forecast based on 00 UTC of 10 May 2020 analzed against the valid
analysis for (a) CNTL, (b) EXP˙INS (INSAT AMV assimilation), (c) EXP˙MET (Meteosat-8 AMV assimilation), and
(d) EXP˙INSMET (AMVs from INSATs and Meteosat-8).

and the corresponding forecasts (Bgure 10(a8–a10),
(b8–b10), and (d8–d10)). Assimilation of AMVs
from Meteosat-8 produced a fast-moving storm in

the analysis than the corresponding forecast as seen
from Bgure 10(c7–c10). Based on the 00 UTC of 10
May 2020 initial condition, the model was able to
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Figure 11. Comparison of the track of cyclone Amphan from the four experiments and observed track. (a) Simulated track and
the IMD observed best track and (b) the forecast errors in different lead times based on 00 UTC of 15 May 2020 analysis.

simulate the cyclone features 10 days in advance;
however, compared to the analysis there was a
mismatch in the location in all the experiments.
This shows the ability of the forecast model to carry
forward the memory of the cyclonic system in the
medium-range forecast, up to 10 days.
Figure 11(a) shows the simulated track of
cyclone Amphan based on 00 UTC of 15 May 2020
analysis and the IMD-observed best track. Initially, all the simulations showed nearly the same
location, but with lead time, AMV experiments
made the simulated track closer to the observation
than the CNTL. However, the assimilation of
AMVs, particularly the AMVs from Meteosat-8
(EXP˙MET) and the combined AMVs from both
INSATs and Meteosat-8 (EXP˙INSMET), simulated a faster-moving cyclone. The CNTL,
EXP˙MET, and EXP˙INSMET showed an early
landfall compared to the observation, while the
EXP˙INS simulated the landfall closer to the
observation, but with a considerable difference in
the location. The track error in different lead times
from the four experiments based on the initial
condition of the 00 UTC of 15 May 2020 is shown
in Bgure 11(b). Assimilation of INSAT AMVs, both
individual and combination with Meteosat-8
reduced the track error in the day-1 forecast. The
track error in the day-2 forecast from CNTL,
EXP˙INS, and EXP˙MET are almost the same;
however, EXP˙INSMET shows minimum track
error compared to the observation. Assimilation of
INSAT AMVs improved the track with higher lead
time.
The simulated minimum MSLP and the maximum sustained wind from the four experiments
are also compared with the observation.

Figure 12(a) shows the differences between the
IMD observed minimum MSLP and the simulation
with forecast lead time based on the 00 UTC of 15
May 2020. Except in the day-1 forecast, the simulated minimum MSLP is higher than the observation, and the assimilation of AMVs reduced the
differences in the minimum MSLP. The forecast
error in MSLP is minimum when assimilated only
INSAT AMVs and the combined AMVs from
INSAT and Meteosat-8, up to day-4 as seen in
Bgure 12(a). The maximum sustained wind speed
from the four experiments and the observation is
shown in Bgure 12(b). All the experiments simulated higher maximum wind speed as the observed;
however, the assimilation of Meteosat-8 AMVs
simulated the maximum sustained wind closer to
the observed in day-1 forecast whereas the maximum sustained wind simulated from INSAT AMVs
is closer to observed in day-3 forecast. However,
all AMV experiments simulated similar values of
maximum sustained winds in the day-4 forecast.
4.2 Tropical cyclone Nisarga
A low pressure area formed over the southeast and
adjoining east-central Arabian Sea and Lakshadweep on 31 May 2020 was intensiBed into the
cyclonic storm Nisarga by noon of 2 June 2020. The
system gradually recurved north-eastwards and
intensiBed into a severe cyclonic storm in the
morning hours of 3 June 2020. Nisarga crossed the
Maharashtra coast as a Severe Cyclonic Storm
(SCS) between 07 and 09 UTC of 3 June 2020.
The coverage plots of INSAT (3D and 3DR) and
Meteosat-8 high-level AMVs for 12 UTC assimilation cycle on 31 May 2020 received at NCMRWF
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Figure 12. Comparison of the simulated intensity of the cyclone Amphan with observation (a) differences between the observed
minimum MSLP and the simulation from four experiments and (b) the maximum observed wind speed and the simulations based
on 00 UTC of 15 May 2020 analysis.

Figure 13. Coverage of high level (300–200 hPa) AMVs on 12 UTC, 31 May 2020 (a) INSAT (3D and 3DR), (b) Meteosat-8
received at NCMRWF, (c) INSAT (3D and 3DR), and (d) Meteosat-8 assimilated after thinning and QC.

is shown in Bgure 13(a and b). The upper level
divergence associated with the low-pressure system
over the Arabian Sea is clearly seen in the AMVs.
Figure 13(c and d) shows the number of AMVs
from the INSAT and Meteosat-8 assimilated after

the quality control. The number of AMVs assimilated from the INSAT systems is higher than that
from the single Meteosat-8 system.
Figure 14 shows the differences in 850 hPa
analysis winds between CNTL and the three AMV
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Figure 14. Number of low-level AMVs assimilated from (a) INSAT (3D and 3DR) and (d) Meteosat-8. 850 hPa wind and MSLP
analysis in the (b) CNTL and the differences (c) CNTL-EXP˙INS, (e) CNTL-EXP˙MET, and (f) CNTL-EXP˙INSMET valid
for 00 UTC 27 May 2020 (Contours in b, c, e and f are the MSLP from the respective experiments).

experiments valid for 00 UTC of 27 May 2020. The
spatial plot of the AMVs assimilated from INSAT
and Meteosat-8 during the assimilation cycle 00
UTC of 27 May 2020 are shown in Bgure 14(a and
d). Figure 14(b) shows 850 hPa wind and MSLP in
hPa from the CNTL run. Figure 14(c, e, and f) are
the differences in the 850 hPa wind between the
CNTL run and the three experiments EXP˙INS,
EXP˙MET, and EXP˙INSMET with the MSLP
from the respective experiments in contours. The
shading shows the difference in MSLP from CNTL.
The CNTL shows a low pressure system around
70°E (Bgure 14b), while the assimilation of
INSAT AMVs slightly overestimated the MSLP
(Bgure 14c). The introduction of Meteosat-8 AMVs
(individual and along with INSAT AMVs) simulated a lower MSLP than the CNTL (Bgure 14e and
f). Assimilation of both the AMVs produced a
robust system in the analysis than the individual
AMVs, as shown in Bgure 14(f).
Figure 15 shows the differences in day-7 forecast
of 850 hPa wind and MSLP between CNTL and the
AMV experiments based on 00 UTC of 27 May
2020 analysis valid for 03 June 2020. Strong

circulation associated with the SCS Nisarga is
predicted in the AMV runs; however, the position
of cyclone simulated from the EXP˙MET is
slightly south of Maharashtra coast (Bgure 15c)
than the assimilation of INSAT AMVs (Bgure 15b).
Assimilation of AMVs from both INSAT and
Meteosat-8 simulated a stronger cyclone
(Bgure 15d) than the EXP˙INS (Bgure 15b) and
EXP˙MET (Bgure 15c). The system was absent in
the day-7 forecast from CNTL (Bgure 15a).
Figure 16 is the differences in the 200 hPa wind in
the day-7 forecast between the CNTL and the three
AMV experiments based on 00 UTC of 27 May 2020
analysis. Steering and recurving of cyclone system
towards the north-eastward direction in the upper
troposphere is well predicted in day-7 in all the
experiments; however, the assimilation of INSAT
AMVs, produced a strong upper level divergence
(Bgure 16a and c) compared to the CNTL and the
EXP˙MET8 (Bgure 16b). Combined assimilation of
the AMVs from INSAT and Meteosat-8 produced a
strong steering Cow (Bgure 16c).
The impact of assimilating AMVs in the forecast
during the cyclone Nisarga is assessed based on the
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Figure 15. Day-7 forecast of 850 hPa wind and MSLP in the (a) CNTL and the differences (b) CNTL-EXP˙INS, (c) CNTLEXP˙MET, and (d) CNTL-EXP˙INSMET based on the 00 UTC 27 May 2020 analysis valid for 00 UTC of 03 June 2020.

Figure 16. Differences in the day-7 forecast of 200 hPa wind between the CNTL and (a) EXP˙INS, (b) EXP˙MET, and
(c) EXP˙INSMET based on 00 UTC 27 May 2020 analysis valid for 00 UTC 03 June 2020.

forecast impact factor similar to that for the
cyclone Amphan (Bgure 10). The life span of Nisarga cyclone was shorter than Amphan, and hence
the forecast impact factor is estimated till day-7.
Figure 17 shows the quantitative impact of assimilating AMVs in day-1 to day-7 MSLP forecasts

based on the initial condition 00 UTC of 27 May
2020 from CNTL and three AMV experiments. The
Brst row in Bgure 17(a1–a7) represents the impact
factor in the MSLP day-1 to day-7 forecast for
CNTL. Second row depicts impact factor in MSLP
forecast from day-1 to day-7 (Bgure 17(b1–b7)) for
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Figure 17. Similar to Bgure 10, but the forecast impact (%) in the day-1 to day-7 MSLP forecast based on 00 UTC of 27 May 2020
analyzed against the valid analysis for (a) CNTL, (b) EXP˙INS (INSAT AMV assimilation), (c) EXP˙MET (Meteosat-8 AMV
assimilation), and (d) EXP˙INSMET (AMVs from INSATs and Meteosat-8).

Figure 18. Comparison of the track of the cyclone Nisarga. (a) Simulated tracks and the IMD observed best track and (b) the
track errors in different lead times based on 00 UTC of 01 June 2020 analysis.

EXP˙INS, third row (Bgure 17(c1–c7)) for
EXP˙MET and fourth row (Bgure 17(d1–d7)) for
EXP˙INSMET. In this case also, the differences
between the analysis and the corresponding forecasts from various experiments are nearly the same
up to day-4 as seen in Bgure 17. The difference
between forecast and analysis is increased from
day-5 onwards during the development and
strengthening of the cyclone Nisarga over the
Arabian Sea. The CNTL and the assimilation of
AMVs predicted similar movement of the cyclone
in day-5 and day-6 forecasts. However, the assimilation of Meteosat-8 drags the movement of

cyclone more towards the south in the day-7 forecast than the other three experiments.
Figure 18(a) shows the simulated track of
cyclone Nisarga based on 00 UTC of 01 June 2020
analysis and the IMD-observed best track. It is
noticed that assimilation of INSAT AMVs, individual and along with Meteosat-8, simulated the
track of Nisarga closer to the observation, particularly in the longer lead time. All the experiments
indicated a landfall northwest of actual observation; however, the assimilation of INSAT AMVs
improved the track compared to the CNTL and
EXP˙MET8. Figure 18(b) shows the track error

J. Earth Syst. Sci. (2021)130:235

Page 17 of 19 235

Figure 19. Comparison of the simulated intensity of the cyclone Nisarga with observation (a) differences between the observed
minimum MSLP and the simulation from four experiments and (b) the maximum observed wind speed and the simulations based
on 00 UTC of 01 June 2020 analysis.

Figure 20. Average track error in the analysis and different forecast lead times for the cyclones (a) Amphan and (b) Nisarga.

estimated from different runs, against the IMD
observed best track, based on the 00 UTC of 01
June 2020 initial condition. Analysis from the
EXP˙INS shows minimum track error compared to
the other three experiments. Assimilation of AMVs
over the Indian Ocean improved the simulated
track of the cyclone Nisarga on day-2, while in the
longer lead time, assimilation of INSAT AMVs
(alone and together with Meteosat-8) improved the
track error as seen in Bgure 18(b).
The intensity of the cyclone Nisarga simulated
from the four experiments is compared with the
IMD observations. Figure 19(a) shows the differences between the IMD observed minimum MSLP
and the simulations with forecast lead time based
on the 00 UTC of 01 June 2020 analysis. Assimilation of Meteosat-8 AMVs, EXP˙MET produced
a less intense system in the analysis than the
observation, while the three other experiments
show a stronger system than the observed.
Assimilation of INSAT-AMVs (EXP˙INS and
EXP˙INSMET) simulated an MSLP closer to the
observed with forecast lead time than in the CNTL
and EXP˙MET8. The simulated MSLP is closer to

the observed assimilation of AMVs from INSAT
(EXP˙INS), and the assimilation of AMVs from
Meteosat-8 (EXP˙MET8) simulated a weaker
system than the observed through day-1 to day-3.
Figure 19(b) compares the maximum sustained
wind simulated from the four experiments and the
IMD observation. All four experiments simulated
an intense cyclone than the observed; however, the
simulated maximum sustained wind is closer to the
observation when assimilated the INSAT-AMVs
(EXP˙INS and EXP˙INSMET), since day-1
forecast.
4.3 Average track error during the cyclones
Amphan and Nisarga
The average track error in different lead times
based on various initial conditions is also estimated
from the four runs, considering the life span of both
the cyclones, Amphan and Nisarga, and compared
with the corresponding IMD observed best track
values. Figure 20(a and b) shows the track errors of
the cyclone Amphan and Nisarga estimated from
the four runs with forecast lead time. It is clear
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from Bgure 20(a and b) that assimilation of AMVs
reduced the track error in the analysis and forecasts. In the case of Amphan, EXP˙INS and
EXP˙INSMET produced the minimum track
errors compared to the CNTL and EXP˙MET.
While in the case of Nisarga, along with EXP˙INS,
EXP˙INSMET, EXP˙MET also simulated the
minimum track error; however, in both the cyclone
cases, the best result is seen when assimilated the
AMVs from both INSAT and Meteosat-8.
5. Conclusions
INSAT-3DR AMVs are validated against in-situ
observations for the period of 3 months, May–July
2020 and found that the quality of these AMVs
is comparable with those from INSAT-3D and
Meteosat-8 over the same geographical areas and
at different atmospheric levels. The impact of
AMVs in the simulation of two cyclones, Amphan
formed over the Bay of Bengal and Nisarga formed
over the Arabian Sea during May–June 2020, are
studied through OSEs. OSEs show that the
assimilation of AMVs improved the simulated
intensity and track of the cyclones. Assimilation of
INSAT AMVs (individual and along with Meteosat-8 AMVs) during the cyclone Amphan improved
the cyclone characteristics, while the assimilation
of only Meteosat-8 AMVs simulated a fast-moving
cyclone. In the case of Nisarga, both the individual
and combined assimilation of AMVs from INSAT
and Meteosat-8 improved the cyclone simulation.
The average track error estimated in the analysis
and different forecast lead time during the entire
period of each cyclone shows that the combined
assimilation of AMVs from INSAT and Meteosat-8
simulated minimum track error.
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