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Observing System Experiments (OSEs) were conducted to analyze the impact of assimilation of
Megha-Tropique’s (MT) Sounder for Probing Vertical ProBles of Humidity (SAPHIR) radiances on the
simulation of tracks and intensity of three tropical cyclones (Kyant, Vardah, and Maarutha) formed over
the Bay of Bengal during 2016–2017 North Indian Ocean cyclone period. National Centre for Medium
Range Weather Forecast (NCMRWF) UniBed Model (NCUM) Hybrid-4DVAR assimilation and forecast
system was used for the OSEs. Assimilation of SAPHIR radiances produced an improvement of 9% and
12%, respectively, in the cyclones’ central sea level pressure (CSLP) and the maximum sustained wind
(MSW), while an improvement of 38% was seen in the cyclone tracks within the forecast lead time of 120
hrs. Initial assessment shows that the improvement in the cyclone intensity is due to the assimilation of
the unique surface peaking channel of SAPHIR (channel-6), whereas the improvement in the cyclone
track is due to the assimilation remaining Bve channels of SAPHIR. Thus, the assimilation of SAPHIR
radiances in the NCUM system showed improvement in both intensity and track of the cyclones over the
Bay of Bengal; however, more cyclone cases over different ocean basins have to be analyzed to make a
robust conclusion. This study speciBes the importance of similar microwave humidity instruments in the
same frequency range for the detailed exploration of cyclone track and structure.
Keywords. SAPHIR; hybrid-4DVAR; data assimilation; tropical cyclone.

1. Introduction
Tropical cyclone (TC) forecasts over the North
Indian Ocean are increasingly dependent on the
Numerical Weather Prediction (NWP) models in
recent years. The numerical forecasts of TCs in
most ocean basins have improved considerably in

the last few decades, attributed mainly to an
increase in model resolution and better representation of convection and microphysics (Gentry and
Lackmann 2010) in addition to improvements in
observing system and data assimilation methods.
The simulation of TC’s tracks is highly sensitive
to initial conditions (Singh and Mandal 2014;
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Greeshma et al. 2015), small perturbations in the
initial conditions can lead to large errors in forecasted tracks. The importance of better representation of humidity proBle in the initial conditions
for TC forecasts has been addressed in several
studies (Chu et al. 2008; Wu et al. 2012). These
studies showed that the TCs intensify rapidly in
the presence of higher environmental humidity,
thus a potential predictor for rapid intensiBcation.
Similarly, higher diabatic heating in the outer rainbands of TCs in a relatively humid environment is
shown to enhance the spatial extent of cyclones
(Wang 2009).
Inadequate representation of humidity in the
initial state can cause uncertainties in the forecast.
By improving the moisture Beld in the analysis,
improvement in the track and intensity forecast of
TCs can be expected (Fabry and Sun 2010).
Radiosondes, which are the most reliable sources of
atmospheric moistures, are primarily available in
continental regions. Satellite observations provide
reasonable estimates of atmospheric humidity
information. EAorts on the assimilation of satellite
radiances (including humidity information) and
retrievals from instruments sensitive to atmospheric
humidity have a rich heritage. The positive impact of
the assimilation of Infrared Atmospheric Sounding
Interferometer (IASI) observations on forecasting
track and minimum sea-level pressure (MSLP) has
been reported by Xu et al. (2013). Reale et al. (2009)
have shown improvement in track prediction due to
the assimilation of Atmospheric Infrared Sounder
(AIRS) radiance and temperature retrievals.
Unlike the satellite observations in infrared
wavelengths, which are highly contaminated by
clouds and precipitation, microwave-based retrievals provide important humidity information in
all-sky conditions except for optically thick or
precipitating clouds. Several microwave-based
satellite instruments provide measurements of
atmospheric humidity soundings, including
Advanced Microwave Sounding Unit-B (AMSUB), now replaced by Microwave Humidity Sounder
(MHS); Special Sensor Microwave Imager/Sounder
(SSMI/S); Advanced Technology Microwave
Sounder (ATMS); Advanced Microwave Scanning
Radiometer (AMSR); etc. Liu et al. (2012) reported improvement in the ambient Belds along with
tracks and intensity due to the assimilation of
AMSU radiances. In the sensitivity studies,
Greeshma et al. (2015) showed that assimilation of
AMSU radiances improved the structural features
of eight Bay of Bengal (BOB) cyclones.
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Sounder for Probing Vertical ProBles of
Humidity (SAPHIR) onboard Megha-Tropiques
(MT) satellite is a six-channel microwave humidity
sounder. The MT orbit is unique with an orbital
inclination of 208 compared to the equatorial plane
and a relatively high orbit of 867 km altitude. This
allows the satellite to have a high temporal sampling of 2–5 overpasses per day over a given location over the Tropics. One of the unique
characteristics of SAPHIR is its lowest peaking
channel (channel-6, S6) compared to other microwave instruments operating in the same frequency
range. Rani et al. (2015) reported the positive
impact of SAPHIR on the assimilation of hyperspectral radiance. Rani et al. (2016a) showed that
the 183.31±11 GHz channel (S6) extends the vertical coverage of SAPHIR, relative to ATMS and
MHS and modiBes the imager driven humidity
increments compared to other microwave sounders. Improvement in moisture analyses and forecasts due to the assimilation of SAPHIR radiance
with the Weather Research and Forecast (WRF)
model is reported by Singh et al. (2013). Ingestion
of SAPHIR radiance in the Meteo-France global
model ARPEGE resulted in systematic improvements in the humidity distribution (Chambon et al.
2015). A positive impact in the prediction of relative humidity is also seen by assimilating cloud
clear SAPHIR radiance into GFS (Global Forecast
System) assimilation system used at National
Centre for Medium Range Weather Forecasting
(NCMRWF) (Singh et al. 2015). Potential for
all-sky simulation of the SAPHIR radiance is reported by Madhulata et al. (2017). Compared to similar
instruments like MHS and ATMS, the assimilation of
SAPHIR radiance shows considerable improvements
in the forecast of moisture, temperature, and winds
(Kumar et al. 2018). Doherty et al. (2018) reported
that SAPHIR oAers improved performance over
similar instruments, and further improvement when
assimilated in conjunction with observations from
the microwave imager AMSR-2.
However, few studies are available so far on the
impact of assimilation of SAPHIR on the TC simulation. Dhanya et al. (2016) reported substantial
improvement in track forecast of TCs Thane and
Phailin, but deterioration for short-lived TC Nilam.
Similarly, Singh and Prasad (2017) found mostly positive but marginal improvement in TC Helen and Lehar
forecasts due to the assimilation of SAPHIR radiances.
Both Dhanya et al. (2016) and Singh and Prasad (2017)
investigated the impact of SAPHIR radiances in the
3D-variational assimilation framework.
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In this study, an attempt has been made to
analyze the impact of SAPHIR data assimilation
on the simulation of TCs over the BoB in the
NCUM hybrid-4DVAR framework in which
Cow-dependent ensemble covariances are added to
the traditional incremental 4DVar using linear and
adjoint models. Observing System Experiments
(OSEs) are designed to analyze the impact of
SAPHIR radiances on the simulation of three TCs,
viz., Kyant, Vardah and Maarutha formed over the
BOB during 2016–2017. Since the intensity of the
cyclone is highly inCuenced by the lower to
mid-tropospheric humidity (Wang 2009; Wu et al.
2012), separate experiments were carried out to see
the impact of the SAPHIR lower peaking channel
(S6) during the TC Vardah. A brief description of
the TCs selected in this study is provided in section 2. Section 3 describes the characteristics of
SAPHIR instrument followed by the description of
the data assimilation and forecasting system in
section 4. The design of the OSEs is briefed in
section 5. The main Bndings from the study and
the discussions are included in section 6, followed
by conclusions in section 7.
2. Selected tropical cyclones
Three significant TCs formed over the BOB during
the North Indian Ocean Cyclone period of
2016–2017 are selected in this study. They are: (1)
Kyant (21–28 October 2016), (2) Vardah (6–19
December 2016), and (3) Maarutha (15–17 April
2017). Table 1 describes the characteristics of these
cyclones. Further details are available in the bulletin of Regional Specialized Meteorological Centre
(RSMC) Tropical Cyclones, New Delhi (http://
www.rsmcnewdelhi.imd.gov.in).

orbit. Centered around 183.31 GHz, the SAPHIR
instrument in the MT satellite operates in six
narrow water vapour absorption bands with a
horizontal resolution of 10 km at nadir. The water
vapour absorption line centered around 183.31
GHz is high enough to proBle the atmospheric
humidity from the surface to 12 km. To get the
information from the surface to the top of the
atmosphere, the SAPHIR is designed with large
bandwidth (183.31 ± 11 GHz) without adding a
speciBc window channel. SAPHIR instrument
details are provided in table 2.
Satellite radiances are bias corrected before
using in the assimilation systems. In order to
monitor the biases in the observations, measured
satellite radiances are compared with their equivalents computed from a short-term forecasts or
analysis estimate of the atmospheric state using a
radiative transfer (RT) model. Many assumptions
are made in this type of bias correction. It is
assumed that observed satellite radiances are free
from calibration errors, the radiative transfer
model is accurate, and the short-term forecast
provided by NWP model is free from systematic
errors. However, these assumptions are not always
valid. Biases vary with time (both diurnal and
seasonal), geography or air mass, scan position of
satellite instrument, and the position of the satellite around its orbit (Bell et al. 2008; Lu et al. 2011;
Doherty et al. 2015; Rani et al. 2015, 2016b).
Details of the SAPHIR radiances bias correction is
available in Rani et al. (2015, 2016b) and showed
applying bias correction shifted the mean of the
innovation (Observation–Background) distribution of SAPHIR radiances towards zero, ensuring
the eAectiveness of bias correction.

4. Data assimilation and forecast system
3. SAPHIR instrument
Satellites, in the low inclination orbits, like MT
provide valuable information on humidity over the
Tropics compared to those in the sun-synchronized

The NCMRWF UniBed Model (NCUM) is an
adapted version of the UM system of the UK Met
ODce. The main components of the NCUM
assimilation and forecast system are the

Table 1. Details of tropical cyclones considered in the study.
Cyclone

Period

Landfall

Kyant

21–27 October, 2016

Vardah

7–13 December, 2016

Dissipated over west
central Bay of Bengal
Chennai, Tamil Nadu

Maarutha

15–17 April, 2017

Sandoway, Myanmar

Category

MSW (m/sec)

CSLP (hPa)

Cyclonic storm

23.6

988

Very severe cyclonic
storm
Cyclonic storm

36.1

975

20.8

996
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Table 2. SpeciBcations of the SAPHIR sensor.
Channel
S1
S2
S3
S4
S5
S6

Central
frequency
183.31
183.31
183.31
183.31
183.31
183.31

±
±
±
±
±
±

0.20
1.10
2.80
4.20
6.20
11.0

Bandwidth
(MHz)

Polarization

200
350
500
700
1200
2000

H
H
H
H
H
H

observation processing system (OPS), a hybrid
four-dimensional variational assimilation system
(Hybrid-4DVAR), surface analysis preparation
(SURF), and the forecast model (UM). The OPS
does processing and quality control of observation
and produce the required inputs for the Hybrid4DVAR assimilation system. The NCUM Hybrid4DVAR assimilation system uses Cow-dependent
day-to-day varying forecast error covariances from
the NCMRWF’s 44 members Ensemble Prediction
System (EPS) along with the climatological
covariances using linear and adjoint models (Lorenc 2003). The operational EPS at NCMRWF is
called as NCMRWF Ensemble Prediction System
(NEPS, Sarkar et al. 2016). The NEPS has a horizontal resolution of approximately 33 km and 70
vertical levels and 45 ensemble members (44 perturbations and one control). The Ensemble
Transform Kalmon Filter system (ETKF) provides
the initial conditions for NEPS members, and
generates global perturbations for wind, temperature, humidity and pressure Belds. Six hourly
intermittent assimilation cycles centered on 00, 06,
12 and 18 UTCs are produced routinely using
NCUM assimilation system. Further details of the
NCUM data assimilation system can be found in
George et al. (2016) and Kumar et al. (2018). Different types of observations assimilated in the
simulation of TCs along with SAPHIR observations are listed in table 3.
SURF is the surface data assimilation system,
which produces surface analysis (snow, SST, seaice and soil moisture) for initializing the model
surface conditions. The NCUM Land Data Assimilation System (LDAS) uses a 3D-Var assimilation
system to produce an accurate screen level analysis
of temperature and humidity increments in every
assimilation cycles. A soil moisture analysis is
produced using an Extended Kalman Filter (EKF)
based land data assimilation system (de Rosnay
et al. 2013). A key component of the EKF is the

Pressure levels
(hPa)
*250–100
*400–250
*550–400
*700–550
*850–700
*1000–850

calculation of the Jacobians of the observation
operator. The Jacobians are estimated using forecasts of the land surface model JULES (Joint UK
Land Environment Simulator) with perturbed initial conditions. Further details are available in
Lodh et al. (2016).
The forecast model used in this study is UM
version 10.2. The NCUM has non-hydrostatic
deep atmosphere equations with semi-implicit,
semi-Lagrangian numerical schemes. The model
includes a comprehensive set of parameterization
schemes for surface, boundary layer, convection,
radiation, etc. The model has latitude–longitude
horizontal grid with Arakawa C staggering and
terrain-following hybrid height vertical coordinate
with Charney–Phillip staggering. The horizontal
resolution of the NCUM global model used in this
study is 17 km and has 70 vertical levels (N768
L70) from the surface to 80 km height. More details
of the NCUM forecast model system can be found
in Rajagopal et al. (2012) and Rakhi et al. (2016).
The schematic diagram of the complete NCUM
assimilation system is given in Bgure 1. The details
of the model conBguration used in the present
study are given in table 4.

5. Design of observing system experiments
(OSEs)
Two sets of experiments for the OSEs are carried
out: the control run (CNTL) in which all the
observations listed in table 3 are assimilated and
the data denial experiment (EXPT) in which all
the observations except SAPHIR are assimilated.
Four data assimilation cycles covering 24 hrs
(centered on 00, 06, 12 and 18 UTCs) were run
before the start of the simulations of both CNTL
and EXPT experiments for all three selected TCs.
Thus, two initial conditions for each TC, one with
SAPHIR observations and the other without, were
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Table 3. Observations used in the OSEs.
Type of observation
AIRCRAFT
AIRS
AMSR-2
ASCAT
ATMS
ATOVS
BUOY

CrIS
MWHS
GOES
GPSRO
Ground GPS
IASI
SAPHIR
Satellite winds
SEVIRI
SHIP
SSMIS
SYNOP + METAR
+AWS
TEMP + DROP +
PILOT+WINPRO
+ VAD Winds

Description

Assimilated variables

Upper-air wind and temperature from aircraft
Atmospheric infrared sounder of AQUA satellite
Advanced microwave scanning radiometer 2 onboard
GCOM-W satellite
Advanced scatterometer in Metop A and B
Advanced technology microwave sounder in NPP satellite
AMSU-A, AMSU-B/MHS from NOAA-18 and 19, Metop-A and B
Surface synoptic observation over oceans from buoy

Cross-track infrared sensor in NPP satellite
Microwave humidity sounder onboard FY-3C
Cloud clear imager radiance from GOES E and W
Global positioning system radio occultation
Ground based GPS observations
Infrared atmospheric sounding interferometer from Metop A and B
SAPHIR microwave radiance onboard Megha-Tropique satellite
Atmospheric motion vectors from various geostationary and
polar orbiting satellites
Spinning enhanced visible and infrared imager instrument in
METEOSAT 9 and 10
Surface synoptic observation from ship
Special Sensor Microwave Imager/Sounder onboard Defense
Meteorological Satellite Program (DMSP-F17)
Surface synoptic observation from land
Radiosonde observations, upper-air wind proBle from a pilot
balloons and wind proBles, VAD wind observation from
RADARSs

Wind and temperature
Brightness temperature
Brightness temperature
Wind
Brightness temperature
Brightness temperature
Sea level pressure, wind,
temperature and
humidity
Brightness temperature
Brightness temperature
Brightness temperature
Bending angle
Zenith total delay
Brightness temperature
Brightness temperature
Winds
Brightness temperature
Sea level pressure, wind,
temperature and humidity
Brightness temperature
Sea level pressure, wind,
temperature and humidity
Pressure, wind, temperature
and humidity

Figure 1. Schematic diagram of the NCUM data assimilation and forecast system.

obtained. The assimilation window starts 24 hrs
before the Brst reported time of the depression
stage of the storm for TCs Kyant and Maarutha.
Since Vardah was the long-lasted TC; the initial
assimilation cycle was chosen to be within 5 days of
its landfall. Hence, initial conditions were selected

at 00 UTC of 21 October 2016 (Kyant), 18 UTC of
7 December 2016 (Vardah), and 00 UTC of 15
April 2017 (Maarutha).
Figure 2 shows the SAPHIR coverage plot over
India and the surrounding oceanic regions (shown
is the brightness temperature from channel-6)
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during the selected four assimilation cycles of
above three cyclones. First column in Bgure 2 is
the SAPHIR passes during the cyclone Kyant.
Figure 2(a–d) shows the passes during 06, 12 and
18 UTCs of 20 October 2016 and 00 UTC of 21
October 2016. It is noted that no SAPHIR pass
over the Indian Ocean region during the 18 UTC
of 20 October 2016 and 00 UTC of 21 October
2016. Five-day forecasts of cyclone Kyant was
prepared from the 00 UTC of 21 October 2016
initial condition. Second column in Bgure 2 is
similar to the Brst column, but the SAPHIR passes during the four assimilation cycles of cyclone
Vardah. Figure 2(e–h) shows the SAPHIR passes
during 00, 06, 12 and 18 UTCs of 7 December
2016. It is noted that during 00 and 18 UTCs of 7
December 2016, there was no SAPHIR pass over
the cyclone Vardah. The initial condition for the
Table 4. The NCUM model conBguration.
Model version
Resolution
Grid
Model levels
Forecast length
Time step
Radiation time step

10.2
17 km
1536 9 1152
70
120 hrs
7.5 min
1 hr

day-5 forecast for cyclone Vardah is prepared
based on the 18 UTC of 7 December 2016. The
last column in Bgure 2 shows the SAPHIR passes
during the four assimilation cycles of cyclone
Maarutha. Figure 2(i–l) shows the SAPHIR passes during 06, 12 and 18 UTCs of 14 April 2017
and 00 UTC of 15 April 2017. During the assimilation cycles of cyclone Maarutha, only during
the 12 UTC of 14 April 2017, there was no
SAPHIR pass over the cyclone region. Five-day
forecasts of cyclone Maarutha was prepared based
on the initial condition from the 00 UTC of 15
April 2017.
The channel 6 (S6) of SAPHIR is distinct from
other similar instruments. Rani et al. (2016a)
showed that the weighting function of 183.31 ± 11
GHz channel (S6) extends the vertical coverage of
SAPHIR, relative to other similar microwave
instruments and thus provides an additional ‘clean’
183 GHz sounding channel which has only very
weak sensitivity to surface emission. To investigate
the impact of SAPHIR S6 on the simulation of
TCs, another OSE is conducted for TC Vardah
only.
The simulated tracks have been estimated using
National Centre for Environmental Prediction’s
(NCEP) vortex tracker (Marchok 2002) and the
tracks are compared with the India Meteorological

Figure 2. SAPHIR passes over India and surrounding oceanic regions during the selected four assimilation cycles of the cyclones
Kyant (a–d), Vardah (e–h) and Maarutha (i–l).
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Department’s (IMD) best track dataset (Mohapatra et al. 2012). The track errors are estimated as
direct positional errors (DPE in km) and intensity
errors are estimated as root mean square errors
(RMSE) of maximum sustained winds (MSW in
m/s) and central sea level pressure (CSLP in hPa).
The biases in each of these forecasted parameters
are estimated as the difference between the IMD
observed value and the corresponding simulated
value (IMD observation  Model simulation). To
Bnd the impact of assimilating SAPHIR radiance
on the simulated tracks and intensity of TCs, the
percentage reduction in RMSE of each parameter
is computed as normalized impact (NI):
NI ¼

RMSEEXPT  RMSECNTL
 100:
RMSECNTL

ð1Þ

A positive/negative value of NI suggests the
RMSE in the EXPT is higher/lower than that in
the CNTL, and hence a positive/negative value of
NI indicates the positive/negative impact of
SAPHIR radiances assimilation in the simulation
of cyclones selected in this study. All metrics are
averaged over 24 hrs-time period. Five-day track
and intensity errors are reported for TC Vardah
and Kyant, whereas two-day errors are reported for
TC Maarutha because of its short lifespan.

6. Results
6.1 OSEs with all SAPHIR channels
Figure 3 shows the difference in the analysis
increment of speciBc humidity (g/kg) at the lowest
model level between CNTL and EXPT for the
three cyclones. Figure 3(a–c), respectively, represents the difference in the analysis increments of
speciBc humidity for Kyant valid at 00 UTC of 21
October 2016, Vardah valid at 18 UTC of 7
December 2016 and Maarutha valid at 00 UTC of
15 April 2017, the assimilation cycle from which
the 5-day forecasts were computed. It is noticed
from Bgure 3, that except for Maarutha (Bgure 3c),
assimilation of SAPHIR radiances produced a
moist model atmosphere, positive difference in the
analysis increment. As mentioned above, since
Maarutha was a short-lived cyclone, even if there
was SAPHIR pass over the cyclone area (Bgure 2l)
during the assimilation cycle of 00 UTC of 15 April
2017, the data impact was not seen in the analysis.
This can be due to the presence of the cyclone
characteristics in the ambient Cow and hence the

Figure 3. Differences in the speciBc humidity increments
(g/kg) in the lowest model level between CNTL and EXPT
for (a) Kyant (20161021T00), (b) Vardah (20161207T18),
(c) Maarutha (20170415T00) (negative differences are shown
as dashed contours).

data assimilation did not make noticeable changes
to the background. For Kyant (Bgure 3a) and
Vardah (Bgure 3b), though there was no explicit
SAPHIR passes over the cyclone area (Bgure 2d
and h), the information assimilated in the previous
cycles and hence in the background Belds produced
a moist environment for further enhancement of
the cyclone.
Figure 4(a) shows the spatial distribution of sea
level pressure (SLP) and the 10-m winds in the
CNTL and Bgure 4(b) shows the difference in SLP
and 10-m wind speed between CNTL and EXPT
for Vardah valid at 18 UTC of 7 December 2016.
The observed position of the cyclone (IMD best
position) is marked as a circle with extended arms,
while TC position estimated from simulations are
shown in a solid circle (EXPT) and circle with a
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Figure 4. Spatial distribution of (a) sea level pressure (hPa, contour), 10 m winds (m/s, vectors) from CNTL, and (b) the
difference between CNTL and EXPT for the cyclone Vardah at 18.00 UTC of 7 December 2016. MSLP differences are shaded over
± 1 hPa with dashed lines surrounding negative values. The IMD cyclone position is indicated by a circle with extended arms,
while the cyclone position estimated from simulations are shown with a circle (EXPT) and circle with a central dot (CNTL).

central dot (CNTL). The difference in the SLP
between CNTL and EXPT over the cyclone area is
negative (Bgure 4b) and this indicates SAPHIR
assimilation produced a comparatively lower pressure. Also it can be seen that the vector wind difference is also large, leading to the strong winds
due to the assimilation of SAPHIR radiances.
From Bgure 4(a and b), it is also seen that in both
experiments, the simulated initial position of the
TC is different from the observed one. Similar
differences in the simulated initial position of other
two cyclones were also noticed, but not shown here
for brevity. Though the assimilation of SAPHIR
radiances produced moist and stormy atmosphere
conducive for cyclone, the difference in the simulated initial position of the cyclone from the IMD
best position could contribute to the error in the
simulated cyclone tracks.
6.1.1 Track and intensity errors
The track and intensity of the TCs are estimated in
terms of DPE and RMSEs of both MSW and
CSLP. These values are calculated for both CNTL
and EXPT and the impact of SAPHIR radiance
assimilation is estimated through NI.
Figure 5 shows the simulated tracks from CNTL
and EXPT, along with the best tracks from the
IMD. Figure 5(a) is the tracks simulated from
CNTL and EXPT along with the IMD best track
for cyclone Kyant, and Bgure 5(b and c) are the
same for the cyclones Vardah and Maarutha. The
initial locations of all the storms in the analysis

differ from the IMD observed locations. However,
further 6-hrly location, track, and directions were
simulated considerably well by NCUM. The simulation of TC Kyant is particularly noticeable
(Bgure 5a). The Kyant started as a depression on
21st September 2016 and headed fast towards the
northeast in the next couple of days. It slowly
moved northward on day-3 before steering fast
eastward on day-4 and 5. Both CNTL and EXPT
simulated all these features including sharp
re-curving on day-3. We notice that the predicted
tracks up to day-3 for TC Kyant and Vardah and
day-1 for Maarutha were similar in both CNTL and
EXPT. For the case of cyclones, Kyant and Vardah
(Bgure 5a and b), the CNTL was close to the IMD
best track beyond day-3, while for Maarutha
(Bgure 5c), during land fall CNTL become closer to
IMD best track.
The 24-hrly averaged errors in track positions for
all the cyclones for both experiments are shown in
Bgure 6(a) and the RMSE of CSLP and MSW are
presented in Bgure 6(b and c), respectively. The
6-hrly errors (not shown) are also analyzed and do
not give any qualitative different interpretations as
24-hrly averaged errors. For all three TCs, an
experiment in which SAPHIR radiance is included,
i.e., CNTL, has better track forecasts compared to
EXPT. A larger error (83–150 km) is observed in
forecasted tracks in day-1 simulations of both CNTL
and EXPT. The track errors generally increase with
subsequent forecast days. The track errors from
both experiments are close to each other up to day-3
and begin to show differences beyond day-3.

J. Earth Syst. Sci. (2020)129:209

Figure 5. Simulated trajectories of tropical cyclones
(a) Kyant, (b) Vardah, and (c) Maarutha. IMD best tracks
are shown in grey, black lines show track forecasts for CNTL
(solid line) and EXPT (dashed line). The simulations are
initialized at: 00 UTC, 21st Oct 2016 (Kyant); 18 UTC, 7th
Dec 2016 (Vardah); and 00 UTC, 15th April 2017 (Maarutha).

The model simulates much stronger storms
against the IMD observations. This is noticed in
both CNTL and EXPT mean errors (not shown).
For all the TCs, the error in CSLP suggests an
overestimation of storm intensiBcation in all forecast days. The MSW errors also indicated the
model’s tendency to simulate stronger winds than
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Figure 6. Daily averaged (a) track errors (DPE), (b) RMSE
of CSLP, and (c) RMSE of MSW, for Maarutha (9), Vardah
(diamond), Kyant (triangle). CNTL (EXPT) is shown in black
(blue). The composite values over all cyclones are shown in
black (CNTL) and grey (EXPT) lines. Track errors are shown
until the landfall (5 days for Vardah and 2 days for Maarutha)
and 5 days for Kyant till depression stage. Solid lines depict
composites of errors over all three cyclones.

observations. Interestingly, a sharp decrease in
RMSE of MSW (Bgure 6c) is observed on the day-2
forecast for all the TCs. Beyond day-2, an increase
in intensity errors is noticed except for the case of a
day-5 error for TC Kyant. This is coherent with a
sharp reduction in 24-hr averaged day-5 track error
for Kyant (Bgure 5a). The RMSE of both CSLP
and MSW is similar in both CNTL and EXPT.
This suggests that SAPHIR humidity observations
have a marginal impact on winds and pressure
Belds near the TC’s core area.
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Table 5. Composite 24-hrly averaged DPE (km) and RMSE of MSW (m/s) and CSLP
(hPa).
Forecast
days
1
2
3
4
5

DPE
(CNTL)

DPE
(EXPT)

MSW
(CNTL)

MSW
(EXPT)

CSLP
(CNTL)

CSLP
(EXPT)

120.0
156.0
163.7
233.4
198.0

119.8
159.1
158.2
262.0
273.8

7.0
2.6
6.6
9.3
9.0

7.0
2.9
6.9
10.1
9.2

1.4
1.7
4.7
9.0
11.8

1.8
1.7
5.1
8.9
11.8

Table 6. Composite normalized impact (NI).
Forecast
days
1
2
3
4
5

Impact in
track (%)

Impact in
CSLP (%)

Impact in
MSW (%)

2.4
2.0
3.4
12.2
38.3

28.3
1.3
9.0
1.9
0.7

0.6
12.7
4.8
8.8
2.8

The 24 hrs averaged composites of DPE, and
RMSE of CSLP and MSW for all three TCs are
tabulated in table 5. The average DPE in day-1 is
slightly higher in the CNTL compared to EXPT;
however, day-2 onwards the average DPE
decreased in the CNTL throughout the forecast
length as seen from table 5. This can be attributed
to the retained memory of the model due to the
assimilation of SAPHIR radiances. Similar to DPE,
the RMSE in the MSW was also same for both the
experiments in day-1, while the CNTL showed a
slight improvement in the subsequent forecast days
as seen from table 5. Unlike DPE and the RMSE in
the MSW, the RMSE in the CSLP was less in the
CNTL in day-1 forecast, whereas for the subsequent forecasts the RMSE in the CSLP remains
almost same in both CNTL and EXPT. The 24-hrs
averaged composites of NI of DPE, and RMSE of
CSLP and MSW are tabulated in table 6. It can be
seen from table 6 that SAPHIR assimilation produced improvements of 2.4%, 2.0%, 12.2% and
38.3%, respectively, in the cyclone tracks in day-1,
day-2, day-4 and day-5; however, a deterioration in
the predicted track (3.4%) due to the assimilation of SAPHIR radiances is noticed in day-3
forecast. The impact SAPHIR assimilation in the
CSLP was higher (28.3%) in the day-1 forecast, but
the impact was negative in day-2 and day-4 forecasts as seen from table 6. Unlike the NI in track
and CSLP, the NI in MSW showed positive impact
of SAPHIR throughout the forecast length compared to the EXPT. Thus the DPE, CSLP, MSW,

and cyclone track were improved due to the
assimilation of SAPHIR radiances.
6.2 Channel-6 OSE
The channel S6 of SAPHIR is unique compared to
other similar instruments and it peaks lower than
the lowest peaking channel of MHS (Rani et al.
2016a). A separate OSE was conducted to assess
the impact of S6, if any, on the track and intensity
of the TCs. Hereafter, this OSE is read as S6EXPT. In this experiment along with other
observations, only S6 of SAPHIR was assimilated
in the case of TC Vardah. Similar to the other two
OSEs, CNTL and EXPT, four data assimilation
cycles are performed to produce the analysis valid
at 18 UTC of 7 December 2016, and from this
initial condition 5-day forecasts were prepared.
6.2.1 Track and intensity errors
The errors in track positions at different forecast
lead times for TC Vardah are shown in Bgure 7(a).
The initial track errors for all the experiments
(CNTL, EXPT, S6-EXPT) are about 150 km. The
track errors are around 200 km by day-3 in all
experiments and increased sharply beyond day-3,
particularly for channel-6. Day-4 and day-5 track
errors are as high as 390.93 and 563.92 km,
respectively, in S6-EXPT. It can be noticed that
S6-EXPT track errors are larger than both CNTL

Page 11 of 13 209

J. Earth Syst. Sci. (2020)129:209

on day-2 and increased thereafter. Minimum
RMSEs of CSLP and MSW of around 2 hPa and
2.5 m/s, respectively, are found in all experiments
on day-2. Maximum RMSEs of about 9 m/s and
14 hPa in MSW and CSLP, respectively, are
observed in S6-EXPT in day-5 forecast, which are
smaller than other experiments. Interestingly in
S6-EXPT, the RMSE in both CSLP and MSW
reduced due to the assimilation of S6 radiances
alone compared to the CNTL, where all the
SAPHIR channels are assimilated. This can be
attributed to the better representation of lower
humidity in the S6-EXPT as compared to the
combined vertical proBle of humidity provided by
all the SAPHIR channels.

7. Conclusions

Figure 7. Daily averaged (a) track errors (DPE) (b) RMSE of
CSLP and (c) RMSE of MSW for CNTL (black circle), EXPT
(grey cross) and S6-EXPT (light grey triangles) for cyclone
Vardah.

and EXPT and indicate deterioration of track
forecasts due to the assimilation of S6 alone.
The intensity errors are presented as RMSE of
CSLP and MSW Bgure 7(b and c), respectively. In
all the three experiments, intensity errors reduced

OSEs were designed to investigate the impact of
SAPHIR radiance assimilation in the simulation
of track and intensity of three selected cyclones
(Kyant, Vardah and Maarutha) formed over the
BoB during 2016–2017 using the NCUM Hybrid4DVAR data assimilation and forecast system,
which uses the day-to-day error covariances from
the NCMRWF Ensemble Prediction System.
Assimilation of all the SAPHIR channel radiances
produced improvement in the track, and intensity
of the simulated cyclones with respect to the IMD
observed best track. An average reduction of up
to 9% and 12% RMSE in the CSLP and MSW,
respectively, and 38% in DPE for the TCs are
achieved within a forecast lead time of 120 hrs
due to the assimilation of SAPHIR radiances.
Since the channel-6 of SAPHIR, which peaks in
the lower altitudes, is unique compared to similar
instruments, a separate OSE which assimilated
only the channel-6 radiances from SAPHIR along
with other observations was carried out only for
cyclone Vardah. Initial assessment shows that
the SAPHIR channel-6 assimilation improves the
intensity of TC simulation, while deteriorate the
track simulation compared to the assimilation of
all SAPHIR channels. In general, SAPHIR
assimilation improved the track and intensity
simulation of TCs. More case studies should be
carried out to conBrm the impact of SAPHIR
channel-6 in the TC intensity prediction. This
study brought out the importance of similar
microwave humidity instruments in the same
frequency range for the detailed exploration of
cyclone track and structure.
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