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An updated real-time Experimental Platform of Marine Environment Forecasting system
for the North Indian Ocean, called EPMEF-NIO, is introduced in this study. The main
changes of the updated system include the following: 1) aside from the eastern Indian
Ocean (EIO), the western Indian Ocean (WIO) is added to the regions for weather, surge,
and wave forecasts, and the horizontal resolutions for the two-domain weather forecast
are increased from 24 and 8 km to 18 and 6 km; 2) a three-domain-nested wave forecast
is added to the system with spatial resolutions of 1/3°, 1/12°, and 1/36° for the Indo-
Pacific, EIO andWIO, and Sri Lanka and northern Arabian Sea regions, respectively; 3) the
length of forecast time is increased from 72 to 120 h. The assessment based on
substantial observations shows that the performance of the EPMEF-NIO in weather,
wave, and storm surge forecasts is promising and robust, with comparable (or even
better) forecast skills for typhoons and waves to some other official agencies or reanalysis.
This is mainly attributed to some spectacular techniques employed in the system including
the simplified scale-selective data assimilation scheme and the sophisticated dealing with
the swell from southern Indian Ocean. Therefore, the EPMEF_NIO can provide a valuable
information of the marine environment forecasts in the North Indian Ocean region.

Keywords: North Indian Ocean, weather forecast, wave forecast, storm surge, data assimilation, swell
HIGHLIGHTS

• An updated real-time forecasting system for marine environments in the North Indian Ocean
(EPMEF_NIO) is introduced.

• Validated by the substantial observations, the performance of the updated EPMEF-NIO in
weather and wave forecasts is promising and robust.

• The simplified Scale-Selective Data Assimilation scheme and the sophisticated dealing with the
swell from southern Indian Ocean improve the forecast.
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INTRODUCTION

A tropical cyclone (TC) is an area of low pressure that develops
over tropical or subtropical ocean. TC is one of the most
destructive natural disasters in the world (Alam et al., 2003).
Although the TC number of 4–5 per year in the North Indian
Ocean (NIO) only accounts for 5% of the total in the global
ocean, the impact of TCs is much higher than that in other basins
(Dube et al., 1997; Frank and Ritchie, 1999; Singh, 2010;
Takahashi, 2011; Paliwal and Patwardhan, 2013; Mohapatra
et al., 2014; Rajasekhar et al., 2014; Wahiduzzaman et al.,
2020). The coastal regions of NIO are affected by TCs during
pre-monsoon (April and May) and post-monsoon (October to
December) seasons, causing storm surges, extreme waves, heavy
rains, and strong winds. The annual frequency of TCs over the
Bay of Bengal (BOB) and Arabian Sea (AS) has a ratio of 4:1
(Singh et al., 2001; Singh and Singh, 2007). Therefore, the
frequency and severity of extreme waves and surges are found
to be higher in the eastern NIO compared to its western region.
These extreme waves and surges are formed as extremely serious
hazards along the east coast of India, Bangladesh, Myanmar, and
Sri Lanka in the BOB (Webster, 2008; Wahiduzzaman et al.,
2017; Wahiduzzaman and Yeasmin, 2019a; Wahiduzzaman and
Yeasmin, 2019b).

To date, the major atmospheric and marine environment
forecasting agencies are using atmospheric and oceanic
numerical models to produce numerical forecasting products
for TCs, waves, and storm surges. Although the TC track forecast
has been steadily improving for decades, which is attributed to
improved numerical technology, advanced data assimilation
algorithms, new observation systems, improved physical
parameterization, and increased computing resources, large
uncertainties still exist when the forecast period is longer than
48 h. The TC forecast involves several key feature predictions
including the track, intensity, associated extreme waves, storm
surges, and rainfall (Chaudhuri and De Sarkar, 2008). Since
damage and the property lost depend to a large extent on the
track and intensity of TCs, predicting these two characteristics is
considered to be the most important (Emanuel, 2003; Elsner
et al., 2008).

Since 2010, the South China Sea Institute of Oceanology,
Chinese Academy of Sciences has carried out the Eastern Indian
Ocean Scientific cruises from March to May of every year. In
response to the needs of safety in navigation and scientific
activities, we developed the Marine Environment Forecasting
Experimental Platform for the Eastern Indian Ocean
(EPMEF_EIO) based on the “Experimental Platform of Marine
Environment Forecasting for the South China Sea,” which
started its operation from the autumn of 2010 (Peng et al.,
2015; Li et al., 2018). From the spring of 2018, EPMEF_EIO had
been replaced by a new version called EPMEF_NIO (EPMEF for
NIO), which is running automatically 4 times a day. The main
changes of the new version include the following: 1) aside from
the eastern Indian Ocean (EIO), the western Indian Ocean
(WIO) is added to the regions for weather, surge, and wave
forecasts, and the horizontal resolutions for the two nesting
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domains of weather forecast are increased from 24 and 8 km to
18 and 6 km, respectively; 2) a three-domain-nested wave
forecast is added to the system with spatial resolutions of 1/3°,
1/12°, and 1/36° for the outer (the Indo-Pacific regions), middle
(the EIO and WIO regions), and inner (the Sri Lanka and
northern AS regions) domains, respectively; 3) the length of
forecast time is increased from 72 to 120 h. To assess the
performance of this new forecast system, a validation against
available observations and a set of sensitivity experiments
investigating the effect of simplified scale-selective data
assimilation (SSDA) scheme and swell from the southern
Indian Ocean are conducted in this study.

The rest of this paper is organized as follows. In Section 2, the
description of the EPMEF_NIO and the data used for validation
in this study are briefly introduced. Section 3 presents the results
of validations for wind, TC track, intensity, ocean wave, and
storm surge forecasts. Section 4 shows the results of sensitivity
experiments for including the simplified SSDA scheme and swell
from the southern Indian Ocean. Conclusions are given in
Section 5.
A BRIEF DESCRIPTION OF EPMEF_IO
AND THE VALIDATION DATA

A Brief Description of EPMEF_NIO
EPMEF-NIO includes two main forecast regions, i.e., the eastern
and western NIO (EIO/WIO, Figure 1). The atmospheric model
is based on the Weather Research and Forecasting Model (WRF)
of Version 3.9, which uses the nesting technology to achieve the
“dynamic downscaling” (Lo et al., 2008; Skamarock et al., 2008;
Zhang et al., 2009). The initial and boundary conditions are from
the National Centers for Environmental Prediction 6-hourly
Global Forecast System (NCEP-GFS) with a resolution of 1° ×
1° released by the National Oceanic and Atmospheric
Administration (NOAA). The sea surface temperature (SST)
used in WRF is based on the daily real-time global sea surface
temperature (RTG_SST) analysis data provided by the National
Centers for Environmental Prediction/Marine Modeling and
Analysis Branch (NCEP/MMAB). The horizontal resolutions
for the outer (d01) and inner (d02) domains of WRF for both
EIO and WIO are 18 and 6 km (Figure 1), providing 120 h
weather forecasting results for the EIO/WIO and Sri Lanka/
northern AS regions, respectively. Both domains have 32 vertical
levels. The Ferrier microphysics scheme (Ferrier et al., 2002), the
Kain–Fritsch cumulus scheme (Kain and Fritsch, 1990; Kain and
Fritsch, 1993), the Yonsei University planetary boundary layer
scheme (Hong et al., 2006), and the Dudhia shortwave (Dudhia,
1989) and rapid radiative transfer model (RRTM) longwave
(Mlawer et al., 1997) radiation schemes are used for all domains.

A simplified version of the SSDA scheme has been added to
the atmospheric model. The SSDA scheme has been proved to be
effective in improving the typhoon track forecasting skills in the
South China Sea through reducing the forecast errors of a large-
scale wind field (Peng et al., 2010; Lai et al., 2014; Peng et al.,
May 2022 | Volume 9 | Article 907087
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2015; Zhu et al., 2020). Unlike the original SSDA scheme of Peng
et al. (2010), which needs to separate the wind fields of the global
and regional models into large- and small-scale components
using a digital filter, the simplified version of the SSDA scheme
just extracts the steering flows from global and regional models,
respectively. The steering flow of regional model is then replaced
with that of the global model, while the small-scale information
of the regional model is retained. The formula is as follows:

Wr
new = Wr

old −Wr
steering flows +Wg

steering flows (1)

where Wr
old(W

r
new) is the regional model wind field before (after)

the implementation of the simplified SSDA scheme and
Wr

steering flows(W
g
steering flows) is the steering flows of the regional

model (global model NCEP-GFS). The simplified SSDA scheme
is implemented every 24 h during the integration, adjusting the
steering flow of the regional model to that of the global
model periodically.

The 2002 version of the Princeton Ocean Model (POM) is used
for the storm surge forecast (Blumberg and Mellor, 1987; Mellor,
2004), which is forced by the 10 m wind field and sea surface
pressure field provided by the outer domain of WRF (WRF_D01).
The tidal harmonic constants from the Oregon State University
Tidal Prediction Software (OTPS) are used to generate the tidal
boundary (Egbert and Erofeeva, 2002). The 120 h storm surge
forecast covers the EIO region (E75°-100°, S2° -N24° with a
resolution of 1/12°) and the WIO region (E38°-75°, S3°-N28°
with a resolution of 1/12°), which provides the open boundary
conditions for the regions around Sri Lanka (E77°-E83°, N3°-N11°
with a resolution of 1/36°) and the northern AS region (NAS, E59°-
E65.5°, N20°-N26° with a resolution of 1/36°), respectively. The
WAVEWATCH III model version 5.16 is used for the ocean wave
forecast, which was developed at the US National Centers for
Frontiers in Marine Science | www.frontiersin.org 3
Environmental Prediction (NOAA/NCEP) in the spirit of the third-
generation wave model “WAve Modeling” (WAM) model (Komen
et al., 1994; Tolman et al., 2016). The model domains for ocean
wave are also divided into the EIO and WIO parts, but the
simulation area is larger than the storm surge model (Figure 2).
There are three nesting domains in the wave model. The outer
domain for the Indo-Pacific region (E20°-E162°, S61°-N44°,
WW3_D01) with a resolution of 1/3° is driven by the forecasted
winds from the NCEP-GFS, providing open boundary information
for both the EIO and WIO domains. The 120 h ocean wave
forecasts for EIO and WIO (WW3_D02) cover the regions of
E75°-100°, S15°-N24°, E38°-76°, and S15°-N28° with a resolution of
1/12°, nested with sub-domains around Sri Lanka (E77°-E84°, N5°-
N12°) and the NAS (E58°-E67°, N20°-N27°), with a resolution of 1/
36° (Figure 2). The gridded bathymetric data used for the wave and
storm surge models are the General Bathymetric Chart of the
Oceans (GEBCO) dataset at 30 arc-second intervals (www.gebco.
net). The outputs of wave and surge model at 1 h interval include
the water level, surge, surface tidal currents, significant wave height
(SWH), mean wave length (LMN), mean wave period (TMN), and
mean wave direction (DIRMN). It should be noted that in the new
version of EPMEF_NIO, the impact of swell from the southern
Indian Ocean on the wave forecast has been taken into account
through the boundary information from the Indo-Pacific regional
model (WW3_D01).

The EPMEF_NIO is operationally run 4 times a day,
providing 5-day real-time forecasts of atmospheric and oceanic
variables for the NIO. All the processes, including the data
downloading and pre-processing of the model input data, the
post-processing of the model output data, figure plotting, and
web-page displaying, are operated automatically (Figure 3). The
forecasting results can be accessed online every day through the
website http://epanf.scsio.ac.cn/yindu_sel.html.
A B

FIGURE 1 | Domains of the atmospheric model for the (A) eastern Indian Ocean (EIO) and (B) western Indian Ocean (WIO). The star and triangle are the locations of
buoy observation and tide-gauge station Chittagong, respectively.
May 2022 | Volume 9 | Article 907087
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FIGURE 2 | Nesting domains of the ocean wave model for the EIO and WIO.
FIGURE 3 | Flowchart of EPMEF-NIO. The National Centers for Environmental Prediction 6-hourly Global Forecast System (NCEP-GFS) from the National Oceanic
and Atmospheric Administration (NOAA) and Oregon State University Tidal Prediction Software (OTPS) provide the global atmospheric and tidal information at the
boundaries of EPMEF-NIO.
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The Data Used for Validation
Four types of data were used to validate the forecasting results
from EPMEF_NIO, including the TC Best track data from
International Best Track Archive for Climate Stewardship
(IBTrACS, https://www.ncei.noaa.gov/access/metadata/landing-
page/bin/iso?id=gov.noaa.ncdc:C01552), the buoy data from the
China–Sri Lanka Joint Science and Education Center (CSL-
CER), China–France oceanography satellite (CFOSAT) data,
and fifth-generation reanalysis data (ERA5) from the European
Centre for Medium-Range Weather Forecasts (ECMWF;
Hersbach et al., 2020). These data are mainly used for the
validation of TC track and intensity, sea surface wind, and SWH.

The CSL-CER put a set of air–sea interface multi-parameter
observation buoys in the Indian Ocean equatorial region (80°E,
2.5°N, 3,980 m depth, Figure 1A), which provided the
observations of sea surface wind fields for nearly a month from
April 27 to May 25, 2019. Moreover, simultaneous observations
of global high-resolution wind and wave fields were obtained by
the CFOSAT from 2018. The CFOSAT carries two radar
instruments, including a wind scatterometer (SCAT) developed
by the National Space Science Center (NSSC) of the Chinese
Academy of Sciences and a wave spectrometer (Surface Wave
Investigation and Monitoring, SWIM) provided by CNES (Xu
et al., 2019; Hauser et al., 2020; Liu et al., 2020). The ERA5, which
had been proven reliable with a substantial improvement
compared to the ERA-Interim (Belmonte Rivas and Stofelen,
2019; Bruno et al., 2020), was adopted to compare with the
forecasting results from the EPMEF_NIO. ERA5 is provided at
hourly intervals and in horizontal resolutions of 0.25° for
atmospheric variables and 0.5° for ocean surface waves
(Hersbach et al., 2020).

We used the mean absolute bias (MAB) and the root mean
squared error (RMSE) to quantify model forecasting skills with
respect to buoy, CFOSAT, and the best track data:

MAB =
1
No

N

i=1
hm
i − ho

ij jð Þ (2)

and

RMSE =
1
N

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
o
N

i=1
hm
i − ho

ið Þ2
s

(3)

where N is the total number of observations, hm
i is the value of

model output, and ho
i is the value of observations.

Design of Sensitivity Experiments
Two sensitivity experiments, denoted as NOSSDA_WRF and
NOBC_WW3, were carried out to investigate the effect of the
simplified SSDA scheme on the TC track/intensity forecast and
the impact of swell propagating from the boundaries on the wave
forecast of the EIO and WIO, respectively. For comparison, we
took the forecasting results from EPMEF_NIO during the period
of August 2019 to August 2020 as a benchmark, denoted as CTRL
(see Table 1). NOSSDA_WRF has the same model configuration,
initial and boundary conditions as the atmospheric modelWRF of
Frontiers in Marine Science | www.frontiersin.org 5
EPMEF_NIO except that the simplified SSDA scheme is not
included. NOBC_WW3 has the same model configuration,
forcing and initial conditions as the wave model WW3 of
EPMEF_NIO except that the boundary information regarding
the swell propagating from the southern Indian Ocean is excluded.

VALIDATION OF THE FORECASTS FROM
THE UPDATED EPMEF-NIO

Wind Forecast
We first validated the EPMEF_NIO sea surface wind forecast by
comparing the output of the WRF inner domain model
(WRF_D02) with the buoy observations from the CSL-CER.
Figure 4 shows a comparison of 10 m wind speed between
reanalysis/forecasts and observations for 0–24, 25–48, and 49–72
h, respectively. Comparedwith the RMSE of ERA5 (~1.75m/s), the
EPMEF_NIOhas smallerRMSEs ofwind speedwith 1.44, 1.55, and
1.66 m/s for 0–24, 25–48, and 49–72 h forecast, respectively. In
addition, the correlation coefficient between the EPMEF_NIO
forecasts and observations is as high as 0.7, which is comparable
to that between the ERA5 and observations. Therefore, the high-
resolution weather forecast is reliable for the equatorial region.

Since only 1-month buoy observations near the equator are
available, the above validation results cannot fully represent the
forecasting skills of the EPMEF_NIO in different seasons or
different regions in the NIO. Therefore, we further compare the
EPMEF_NIO forecasting results with the substantial CFOSAT
wind data, which are available from August 2019 to August 2020
and has 662,754 observed points over the ocean. As shown in
Figure 5, RMSEs for 0–24, 25–48, 49–72, 73–96, and 97–120 h in
the EIO region are 1.69, 1.85, 1.91, 1.99, and 2.05 m/s, respectively,
while the correlation coefficients are 0.8, 0.77, 0.75, 0.73, and 0.71,
respectively. It can be also seen that the RMSEs do not increase
significantly with the increase of the forecasting length. Specifically,
the RMSE and correlation coefficient for 0–24 h forecast in the EIO
are similar to those of the ERA5 reanalysis. For a 97–120 h forecast,
RMSE is only slightly (approximately 0.5 m/s) higher than that of
ERA5.Similar results areobtained for the forecasts in theWIO,with
slightly larger RMSEs but a slightly higher correlation coefficient
(Figure 6). These results indicate that the EPMEF_NIO has a good
skill for a wind forecast.

Tropical Cyclone Track and
Intensity Forecast
There are a certain number of TCs in the EIO every year, posing
a danger to the lives and property in the surrounding countries.
We therefore validated the track forecast of 8 TCs (named as
TABLE 1 | The design of sensitivity experiments.

Experiment name With SSDA in
wind forecast

With open-boundary
information in wave forecast

CTRL Yes Yes
NOSSDA_WRF No -
NOBC_WW3 - No
May 20
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A B

DC

FIGURE 4 | Scatter plot of 10 m wind from buoy observations (shown in Figure 1, unit: m s-1) and (A) reanalysis ERA5, (B) 0–24 h, (C) 25–48 h, and (D) 49–72 h
forecasts of WRF-D02 in the EIO (see Figure 1A). R is the correlation coefficient, and RMSE is the root mean square error.
A B

D E F

C

FIGURE 5 | Scatter plot of 10 m wind from observations of CFOSAT (unit: m s-1) and (A) reanalysis of ERA5, (B) 0–24 h, (C) 25–48 h, (D) 49–72 h, (E) 73–96 h,
and (F) 97–120 h forecasts of WRF-D01 in the EIO (see Figure 1A). R is the correlation coefficient, and RMSE is the root mean square error.
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DAYE, TITLI, GAJA, PHETHAI, FANI, MATMO, AMPHAM,
and NIVAR) in the EIO during 2018–2020. The track errors
shown in Table 2 for the 25–48, 49–72, 73–96, and 97–120 h
forecasts are 107.2, 141.9, 242.1, and 320.2 km, respectively.
These track errors are significantly smaller than those of NCEP-
GFS. The mean track errors for 0–24 and 25–48 h forecasts (83.1
and 107.2 km, respectively) are also smaller than those (95 and
140 km, respectively) of the Consortium for Small-scale
Modelling (COSMO) proposed by Paul and Subrahamanyam
(2021). In addition, the TC intensity forecasting skills in terms of
the RMSE (or MAB) of the minimum sea-level pressure (MSLP)
and maximum wind speed (MWS) for CTRL are much better
than those for the NCEP-GFS, as shown in Table 2. Therefore,
the EPMEF_NIO has a good skill for the TC track forecast in
the NIO. This could be attributed to the following two factors: 1)
the higher resolution than that of GFS is used and 2) a simplified
SSDA scheme for adjusting the large-scale steering flow is
implemented in the region model.

Significant Wave Height Forecast
Substantial observations from the CFOSAT with 42,587 points
were used to validate the forecast of the SWH. The validation
T
c

F

0
2
4
7
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results for the EIO andWIO are shown inFigure 7. In the region of
EIO (WIO), the RMSEs of forecasted SWH are between 0.33 and
0.41 m (0.27 and 0.37). In particular, the RMSEs of 24 h SWH
forecast are comparable to (or even smaller than) that of ERA5 for
the region of EIO (WIO). Moreover, the correlation coefficients of
SWH between the forecast and observations are between 0.87 and
0.9 (0.94 and 0.97) for the region of EIO (WIO), which is only
slightly smaller than that of the reanalysis. It should be noted that
the reanalysis has a tendency tounderestimate the SWHsat ahigher
wave condition (SWHs > 2 m), while the forecasted SWHs with a
large value are comparable to the observations for both regions of
the EIO and WIO. In addition, using the observed data from
several in situ buoys, previous studies have shown that the RMSE
of simulated or forecasted SWHs in the BOB region is
approximately 0.3 m (Sabique et al., 2012; Sirisha et al., 2017).
The intercomparison of operational wave forecasting systems
against in situ observations in the NIO further shows the RMSEs
of SWH are between 0.25 and 0.55 for the 0–5 days forecast (report
shown in https://confluence.ecmwf.int/download/attachments/
116958920/LCWFV_swh_report_12_autumn2020.pdf?version=
1&modificationDate=1608106182061&api=v2). Therefore, the
wave forecasting results of EMPEF_NIO are reliable.

Storm Surge Forecast
Wehavevalidated thewater-level simulationof theold versionof the
system in 2018 (Li et al., 2018). For the validation of new version, we
focused on the storm surge forecast in the EIO.We used the hourly
water-level observations of the tide-gauge station Chittagong in the
northern BOB to validate the tide and storm surge forecast. The
hourly observation data are obtained from the University of Hawaii
Sea Level Center (UHSLC, http://uhslc.soest.hawaii.edu). As shown
inFigure 8, the forecastedwater-level has a high correlationwith the
A B

D E F

C

FIGURE 6 | Scatter plot of 10 m wind from observations of CFOSAT (unit: m s-1) and (A) reanalysis of ERA5, (B) 0–24 h, (C) 25–48 h, (D) 49–72 h, (E) 73–96 h, and (F)
97–120 h forecasts of WRF-D01 in the WIO (see Figure 1B). R is the correlation coefficient, and RMSE is the root mean square error.
ABLE 2 | The mean TC forecast track errors (unit: km) for the 8 tropical
yclones in the North Indian Ocean (NIO) during 2018–2020.

orecast time NCEP-GFS NOSSDA CTRL (with SSDA)

–24 h 82.1 83.1 83.1
5–48 h 123.2 113.2 107.2
9–72 h 160.3 172.6 141.9
3–96 h 262.4 281.2 242.1

97–120 h 334 351.9 320.2
May 2022 | Volume 9 | Article 907087
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observations with a correlation coefficient of 0.993. The RMSEs of
the water-level during the period of TCs FANI (2019) and
AMPHAM (2020) are 0.168 and 0.165 m, respectively, which
accounts for approximately 8.7% of the relative errors. In addition,
the forecasted storm surge of FANI and AMPHAM can reproduce
the surge peaks and variations of the two storms. Therefore, the
system can provide a reliable storm surge forecast in the NIO.
RESULTS OF SENSITIVITY EXPERIMENTS

Improvement of Tropical Cyclone Track
and Intensity Forecast by the Simplified
Scale-Selective Data Assimilation Scheme
Tables 2, 3 show the error statistics for TC track and intensity
forecast. As shown from Table 2, the errors of TC track forecasts
Frontiers in Marine Science | www.frontiersin.org 8
for all forecasting periods are reduced with the inclusion of
simplified SSDA. For the 72 h forecasts, the error reduction
reaches 20%. It should be noted that the SSDA scheme is
implemented every 24 h in the forecasting system, therefore,
the 24 h forecasting results for NOSSDA and SSDA are exactly
the same. Figure 9 further shows the track forecasts for the
sensitivity experiments. It can be seen that the forecasted tracks
by NOSSDA_WRF obviously deviate from the best tracks, and
when the simplified SSDA is included in the model, the
forecasted tracks are much closer to the best tracks. Such
improvements in the TC track forecast are attributed to a
better representation of large-scale steering flow in the regional
model when the SSDA is included (Peng et al., 2010; Lai et al.,
2014). Figure 10 shows the MSLP and MWS of the TCs during
2018–2020. In most cases, the NCEP-GFS underestimates the
MSLP and MWS of the TCs due to the relatively coarse
A B

D E F

G IH

J K L

C

FIGURE 7 | Scatter plot of significant wave height (SWH) from observations of CFOSAT (unit: m) and (A, G) reanalysis of ERA5, (B, H) 0–24 h, (C, I) 25–48 h,
(D, J) 49–72 h, (E, K) 73–96 h, and (F, L) 97–120 h forecasts of (A–F) WW3-D02_2 in the EIO and (G–L) WW3-D02_1 in the WIO (see Figure 2). R is the
correlation coefficient, and RMSE is the root mean square error.
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resolution of 1°×1°. For the weaker TCs (i.e., DAYEI and
NIVAR), the NOSSDA_WRF with higher resolution
overestimates the MSLP and MWS, and such overestimation is
reduced when the simplified SSDA is included (CTRL). For
strong or super TCs (i.e., TITLI, FANI, MATMO, and
AMPHAN), the NOSSDA_WRF underestimates the MSLP and
MWS, and similar results are obtained when the simplified SSDA
Frontiers in Marine Science | www.frontiersin.org 9
is included (CTRL). As shown in Table 3, the TC intensity
forecasting skills in terms of RMSE (or MAB) of MSLP and
MWS for CTRL are comparable to (or even slightly better than)
those for NOSSDA_WRF. Therefore, the simplified SSDA
scheme can effectively improve the TC track forecast in the
NIO region while maintaining the advantages of TC intensity
forecast in the high-resolution regional model.
A B

DC

FIGURE 8 | The time series of observed and modeled water level and storm surge at the Chittagong station (shown in Figure 1A) during the period of tropical
cyclones FANI (2019) and AMPHAN (2020).
TABLE 3 | The RMSE and MAB of the minimum sea-level pressure (MSLP, unit: hPa) and maximum wind speed (MWS, unit: knots) for the 8 tropical cyclones in the
NIO during 2018–2020.

Forecast time RMSE of MSLP MAB of MSLP

NCEP-GFS NOSSDA CTRL (with SSDA) NCEP-GFS NOSSDA CTRL (with SSDA)

0–24 13.9 9.3 9.3 12.4 2.7 2.7
25–48 23.4 18.1 15.3 20.2 -5.1 0.7
49–72 26.8 17.0 15.3 28.7 -2.0 7.2
73–96 24.1 13.1 14.3 33.2 6.2 7.7
97–120 16.9 8.8 5.9 29.4 6.1 -5.3

RMSE of MWS MAB of MWS

Forecast time NCEP-GFS NOSSDA CTRL (with SSDA) NCEP-GFS NOSSDA CTRL (with SSDA)
0–24 14.7 12.7 12.7 -11.5 -3.8 -3.8
25–48 23.7 21.4 19.8 -17.9 0.4 -5.4
49–72 28.6 20.9 21.9 -29.5 -7.8 -15.8
73–96 24.6 20.5 21.4 -32.6 -20.6 -19.1
97–120 16.1 15.4 8.5 -27.5 -22.6 -8.5
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Impact of Swell From the Southern Indian
Ocean on the Significant Wave Height
Forecast in the Eastern Indian Ocean and
Western Indian Ocean
Figure 11 shows the comparison between NOBC_WW3 and the
CFOSAT observations. By comparing Figures 11A–C with
Figures 7B, D, F, we can see that the model significantly
underestimates the SWH in the EIO when the swell from the
boundary is not included, with the RMSE of the SWH forecast
increasing by 0.4 m or 100% and the correlation coefficient
dropping from nearly 0.9 to approximately 0.65. The mean
SWHs in the EIO in January, April, July, and October are
shown in Figure 12. It can be seen that the SWH in the EIO
significantly decreases when the swell information is excluded
(NOBC_WW3) in the boundary throughout the year. In
particular, in April when it is during the transition of
monsoon, local wind-induced waves are weak and the swell
propagating from the boundary dominates the wave height in
most regions of the EIO. As a result, the SWH from
NOBC_WW3 drops more than 70% in most regions of the
EIO in April. In the WIO, the impact of swell propagating from
the boundary on the SWH forecast is not as significant as that in
the EIO. As shown in Figures 11D–F, 7H, J, L, only a slight
increase (less than 0.08 m or 10%) of RMSE and nearly the same
correlation coefficient are found when the swell information
from the boundary is excluded, as compared to those of CTRL.
Similar to that in the EIO, the impact of swell from boundaries
Frontiers in Marine Science | www.frontiersin.org 10
on the SWH forecast in the WIO seasonally varies (Figure 12).
The largest impact occurs in April due to the dominating role of
the swell propagating from the boundary during the transition of
monsoon (Figures 12J, N), while a very minor impact is found in
January and July (Figures 12I, K, M, O). These results are
consistent with those from Sabique et al. (2012) that the swells
represent a significant portion of wave heights in the NIO and
have more influence on the BOB than on the AS. However, since
the interaction between the swells and wind waves is considered
in the equatorial Indian Ocean and NIO in our study, the impact
of the swell propagated from the southern Indian Ocean on the
wave height is not as significant as that shown in Sabique et al.
(2012), especially in the WIO region. It implies that the
interaction between the swells and wind waves could suppress
the influence of swell from the southern Indian Ocean. The
above results indicate that, although the extent to which the
impact of the swell propagating from the boundary on the SWH
forecast is quite different in the EIO and the WIO, it is necessary
to have a global or large-domain regional model to provide the
boundary information of swell propagating from the southern
Indian Ocean for an accurate SWH forecast in the NIO.
CONCLUSION

An updated real-time forecasting system for marine environments
in the North Indian Ocean (called EPMEF-NIO) as well as its
performance has been introduced in this study. The main changes
A B

DC

FIGURE 9 | The TC tracks forecasted by GFS, NOSSDA_WRF, and CTRL (with SSDA), as well as the IBTrACS best track for (A) TITLI, (B) PHETHAI, (C) AMPHAN,
and (D) NIVAR.
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of the updated system include the following: 1) the WIO is added
to the regions for weather, surge and wave forecasts, and the
horizontal resolution of the outer/inner domain for weather
forecast is increased from 24 km/8 km to 18 km/6 km; 2) a
three-domain-nested wave forecast is added to the system with
spatial resolutions of 1/3°, 1/12°, and 1/36° for the Indo-Pacific
region, the eastern and WIO regions, and the Sri Lanka and
northern AS regions, respectively; 3) the length of forecast time is
increased from 72 to 120 h. Since the spring of 2018, the system
has been stably operating 4 times a day. A validation of the
forecasting results against the observations indicates that

1. With higher model resolution than the ERA5 reanalysis, the
updated EPMEF-NIO can produce a more accurate wind
Frontiers in Marine Science | www.frontiersin.org 11
forecast than the ERA5 reanalysis in the equatorial region.
Further validation against the substantial satellite wind data
from the CFOSAT (with 662,754 observed points) shows that
both the RMSE and correlation coefficient for 0–24 h wind
forecast are comparable to those of the ERA5 reanalysis, and
the RMSE for the 120 h wind forecast increases less than 20%
in both the EIO and the WIO.

2. The simplified SSDA scheme adopted in the updated
EPMEF-NIO can effectively improve the TC track
forecasting skill in the NIO by adjusting the large-scale
wind field of the high-resolution regional model to that of
the low-resolution NCEP-GFS, while maintaining the small-
scale features in the high-resolution regional model that are
important for TC intensity forecast.
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FIGURE 10 | The minimum sea-level pressure (SLP, unit: hPa; panels A–H) and maximum wind speed (MWS, unit: knots; panels i-p) forecasted by GFS,
NOSSDA_WRF, and CTRL (with SSDA), and obtained from IBTrACS Best track data for (A, I) DAYE, (B, J) TITLI, (C, K) GAJA, (D, L) PHETHAI, (E, M) FANI, (F, N)
MATMO, (G, O) AMPHAN, and (H, P) NIVAR during 2018–2020.
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FIGURE 11 | Scatter plot of significant wave height (SWH) from observations from CFOSAT (unit: m) and (A, D) 0–24 h, (B, E) 49–72 h, and (C, F) 97–120 h
forecasts without swell propagating from boundary (NOBC_WW3) for the (A–C) EIO and (D–F) WIO. R is the correlation coefficient, and RMSE is the root mean
square error.
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FIGURE 12 | The mean significant wave height (SWH, unit: m) of the (A–H) EIO and (I–P) WIO in (A, E, I, M) January, (B, F, J, N) April, (C, G, K, O) July, and
(D, H, L, P) October from (A–D, I–L) CTRL and (E–H, M–P) NOBC_WW3.
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3. A validation against the substantial wave observations from
the CFOSAT (with 42,587 observed points) shows that the 0–
24 h SWH forecast is comparable to the ERA5 reanalysis, and
the correlation coefficient for the 120 h forecast is as high as over
0.87 in both EIO and WIO. Results of sensitivity experiments
further show that the swell propagating from the southern
Indian Ocean has significant impact on the wave forecast in
the EIO throughout the year, while it mainly affects the wave
forecast in WIO in the seasons of monsoon transition.

The EPMEF_NIO can not only provide valuable reference for
the relevant marine and meteorological forecasting agencies in
countries around the NIO but also provide some practical clues
for the improvement of the TC forecasting skill in the region. On
the other hand, the EPMEF_NIO is still developing and
improving. In the future, a regional air–sea coupling system
will replace the current one-way coupling version. Moreover, a
data assimilation system for temperature and salinity will be
included in the EPMEF_NIO.
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