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ABSTRACT
In this study, the effect of assimilating Himawari-8 (HIMA-8) atmospheric motion vectors (AMVs) on
forecast errors in East Asia is evaluated using observation system experiments based on the Weather Research and Forecasting Model and three-dimensional variational data assimilation system. The experimental
period is from 1 August to 30 September 2015, during which both HIMA-8 and Multifunctional Transport
Satellite-2 (MTSAT-2) AMVs exist. The energy-norm forecast error based on the analysis of each experiment
as reference was reduced more by replacing MTSAT-2 AMVs with HIMA-8 AMVs than by adding HIMA-8
AMVs to the MTSAT-2 AMVs. When the HIMA-8 AMVs replaced or were added to MTSAT-2 AMVs, the
observation impact was reduced, which implies the analysis–forecast system was improved by assimilating
HIMA-8 AMVs. The root-mean-square error (RMSE) of the 500-hPa geopotential height forecasts based on
the analysis of each experiment decreases more effectively when the region lacking in upper-air wind observations is reduced by assimilating both MTSAT-2 and HIMA-8 AMVs. When the upper-air radiosonde
(SOUND) observations are used as reference, assimilating more HIMA-8 AMVs decreases the forecast error.
Based on various measures, the assimilation of HIMA-8 AMVs has a positive effect on the reduction of
forecast errors. The effects on the energy-norm forecast error and the RMSE based on SOUND observations
are greater when HIMA-8 AMVs replaced MTSAT-2 AMVs. However, the effects on the RMSE of the
500-hPa geopotential height forecasts are greater when both HIMA-8 and MTSAT-2 AMVs were assimilated,
which implies potential benefits of assimilating AMVs from several satellites for forecasts over East Asia
depending on the choice of measurement.

1. Introduction
The future state of the atmosphere can be predicted
by integrating the numerical weather prediction (NWP)
model forward in time, from a chosen initial state.
During this process, the uncertainty associated with the
initial condition is one of the factors leading to the
forecast error (Rabier et al. 1996; Kim et al. 2004). Many
studies have been performed to quantify the effect of
initial conditions on the improvement of the forecast
accuracy (Langland et al. 1999; Baker and Daley 2000;
Fourrie et al. 2002; Kim and Jung 2006; Kim et al. 2008;
Kim and Jung 2009a,b; Kim et al. 2013; Martinet et al.
2014). The analysis state, considered closest to the true
state, is used as the initial condition for the NWP model.
Denotes content that is immediately available upon publication as open access.
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During data assimilation (DA), the analysis state is produced by minimizing the sum of each error associated
with the background state of the atmosphere and observations, weighted by the presumed error of the model
background and the observation, respectively. The optimal observation system can contribute to the production
of more exact initial conditions and the improvement
of the forecast accuracy. Therefore, it is necessary to
quantitatively analyze the impact of each observation to
design the observation system appropriately.
Observation system experiments (OSEs) and the
forecast sensitivity to observations (FSOs) have been
used to diagnose the observation impact on forecasts
(Kim et al. 2017). The OSE is a method used to perform DA with observation systems and analyze the effect of selected components of observation systems
on forecasts (Langland et al. 1999; Cardinali et al. 2003;
Buizza et al. 2007; Kelly et al. 2007; Jung et al. 2010,
2012). The observation system can be modified by
excluding particular components of the system or
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introducing new, novel components to the system. In
OSEs, the impact of observations can be measured by
differences between the control forecast based on an
observation system and forecasts based on modified
observation systems. Because the observation systems
for OSEs differ from the control experiment (or from
one another) (Gelaro and Zhu 2009), the correlations
between the observations change for every experiment.
In addition, the computational costs of OSEs are high
because independent experiments have to be performed
for each modified observation system. However, in
contrast to the adjoint-based observation-impact technique, the observation impact can be analyzed in OSEs
for long-term forecasts representing a nonlinearly
developing atmospheric state because the adjoint model
is not used. Using the adjoint of the NWP model and
DA system, the FSO independently analyzes the impact
of each observation on the forecast error reduction
(Baker and Daley 2000; Kim and Kim 2014, 2017). The
observation impact can be estimated by calculating
the adjoint integration once; hence, the computational
costs decrease and each observation impact is calculated in an identical system (Tremolet 2007; Gelaro and
Zhu 2009). However, the FSO is mostly valid from 1 to
3 days because of the tangent linear assumptions, which
makes it inappropriate to apply for long-term forecasts
(Cardinali 2009).
Atmospheric motion vectors (AMVs) are observation
data included in the observation system of the operational NWP centers (Velden et al. 2005; Wu et al. 2015).
The AMVs are produced by tracking the movement of
clouds and water vapor in successive satellite images
(Schmetz et al. 1993; Velden et al. 1997). In particular,
the AMVs produced by using geostationary satellite
images (geoAMVs), which have relatively high temporal resolution, are useful for mesoscale atmospheric flow
identification (Wang et al. 2006; Wu et al. 2014). The
AMVs can sample the ocean region, which is typically
less well sampled than the land region, and provide
wind information for times when it is difficult to obtain
aircraft observations as a result of severe weather conditions, such as tropical cyclones (Langland et al. 1999).
Many studies have been carried out using both techniques across several NWP centers that have evaluated
AMV data (Tomassini et al. 1999; Wang et al. 2006;
Zapotocny et al. 2008; Kieu et al. 2012; Le Marshall et al.
2013; Gelaro et al. 2010; Jung et al. 2013; Kim et al.
2017). These studies confirm the importance of the data
in a variety of situations, particularly around areas
lacking conventional wind data and in the forecasting of
tropical cyclones.
Several operational NWP centers have started or
are planning to use the weather products from the
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next-generation geostationary orbit satellite fleet {e.g.,
Himawari-8, Geostationary Korea Multipurpose Satellite-2A
[GEO-KOMPSAT-2A (GK-2A)], GOES-16, Fengyun-4
(FY-4), and Meteosat Third Generation (MTG) series};
the quality of the products from geostationary satellites
is expected to improve. The Himawari-8 (HIMA-8) was
launched first by the Japan Meteorological Agency
(JMA) among the next-generation geostationary orbit
satellites. The HIMA-8 data have replaced Multifunctional Transport Satellite-2 (MTSAT-2) data since
0200 UTC 7 July 2015, and have been used in operational NWP centers worldwide. The new imager sensor,
the Advanced Himawari Imager (AHI), is installed
on HIMA-8 (Hidehiko et al. 2015). Compared with 5
[1 visible (VIS); 1 water vapor (WV); 3 infrared (IR)]
observation channels of the MTSAT-2 imager sensor,
the number of observation channels of AHI increased
to 16 (3 VIS; 3 WV; 10 IR). The AMVs in HIMA-8 are
derived from 5 (1 VIS; 3 WV; 1 IR) observation channels, which has two more WV channels compared with
3 (1 VIS; 1 WV; 1 IR) observation channels in MTSAT-2.
The spatial resolution of HIMA-8 was improved to
0.5–1 km for VIS and to 1–2 km for IR from 1 km for VIS
and 4 km for IR in the MTSAT-2; the temporal resolution observing the full disk is 10 min, compared to approximately 30 min for the MTSAT-2 and GOES-15.
Because of the spatially and temporally higher resolution of the data of HIMA-8 and the advanced derivation algorithm for AMVs in HIMA-8 compared
with MTSAT-2, the number of HIMA-8 AMVs is
greater than that of MTSAT-2 AMVs (Lean et al. 2016).
Yamashita (2016) evaluated the effect of replacing
MTSAT-2 AMVs with HIMA-8 AMVs for 2015 summer forecasts with the JMA Global Spectral Model
(GSM) four-dimensional variational (4DVAR) DA
system and showed that the forecast error of the
500-hPa geopotential height decreases during the
whole experimental period but that the assimilation of
HIMA-8 AMVs does not affect the track forecast error of
Typhoon Noul (1506) until the 18-h forecast and that
of Typhoon Dolphin (1507) for all forecast times. Ma
et al. (2017) analyzed the impact of the assimilation of
HIMA-8 AMVs and clear-sky radiance using the
Global Data Assimilation System (GDAS) and the
Global Forecast System (GFS) of the National Centers
for Environmental Prediction (NCEP) and showed a
neutral to slight positive impact on analysis and forecast accuracy. To maximize the effect of assimilating
HIMA-8 AMVs on the regional forecasts, additional
studies on the observation impact of AMVs are needed
using various NWP models and high-impact weather
cases. In addition, the effect of assimilating AMVs
of several satellites simultaneously produced by
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Himawari and the next-generation geostationary orbit
satellites over East Asia (e.g., GK-2A in Korea and the
FY series in China) needs to be diagnosed for better use
of those AMV data in the forecasts over the region. The
results of this study would be a pathway to use a more
appropriate observation system for the forecasts over
East Asia.
In this study, OSEs with the WRF regional model and
three-dimensional variational (3DVAR) DA system are
performed to quantitatively diagnose the fully nonlinear
effect of assimilating HIMA-8 AMV data on forecasts
over East Asia, and the observation impacts are evaluated using various measures (i.e., energy-based nonlinear forecast error, RMSE of geopotential height
forecast, and RMSE of forecasts with respect to upperair radiosonde observations) for the period from
0000 UTC 1 August to 1800 UTC 30 September 2015.
By comparing the effect of assimilating HIMA-8 and
MTSAT-2 AMVs on forecasts over East Asia, the
characteristics of the AMVs are analyzed and a way to
use the AMVs to improve the forecast accuracy over
East Asia is suggested. Section 2 presents the method of
calculating the observation impact, model, DA, observations, and experimental settings. The results are presented in section 3, and section 4 consists of a summary
and a discussion.

2. Methodology
a. Observation impact by forecast error reduction
The forecast error is defined using the dry energy
norm (Cardinali 2009):
e 5 (xf 2 xt )T C(xf 2 xt ) ,

(1)

where xf and xt are the forecast and true state of
the atmosphere, respectively, and C is the dry energy
weighting matrix in diagonal form. The analysis of each
experiment is used as the true state (or reference state).
Equation (1) is calculated in model space as (Xiao et al.
2008; Jung et al. 2013; Kim et al. 2017)
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where x, y, and s are the horizontal and vertical grids;
u0 , y 0 , u0 , and p0 are the forecast error of the horizontal
wind components, potential temperature, and pressure,
respectively; and g, N, u, r, and cs are the acceleration of
gravity, Brunt–Väisälä frequency, potential temperature, density, and speed of sound, respectively.
To calculate the effect of assimilating the observations
on forecasts, the difference between the error (ea ) of the

forecast integrated from the analysis (xfa ) and the error
(eb ) of the forecast integrated from the background
(i.e., 6-h forecast from the prior analysis) (xfb ) is used
and defined as forecast error reduction (FER). Both
ea and eb are expressed in dry energy, as shown in
Eqs. (3) and (4), respectively; and the FER is expressed
as shown in Eq. (5):
T

ea 5 (xfa 2 xt ) C(xfa 2 xt ) ,
T

eb 5 (xfb 2 xt ) C(xfb 2 xt ) ,
FER 5 De 5 ea 2 eb .

(3)
(4)
(5)

If the analysis of each experiment is used as the true
state, the FER in Eq. (5) implies the impact of the observations because the difference of two forecast errors
(i.e., ea and eb ) is due to observations assimilated for
the analysis. For this reason, FER is generally referred
to as observation impact (OI). The OI is expected to be
negative because eb is generally greater than ea when a
DA effect exists.

b. Model and data assimilation
The WRF-ARW, version 3.8, system (Skamarock
et al. 2008) developed by the National Center for Atmospheric Research (NCAR) was used. The model
domain comprises 430 3 295 horizontal grid points with
18-km resolution, centered on 288N and 1328E (Fig. 1),
and has 61 vertical levels with an upper limit of 10 hPa.
The parameterization schemes used are the Kain–
Fritsch scheme (Kain 2004) for cumulus parameterization; the WRF single-moment 6-class scheme (Hong
and Lim 2006) for microphysics parameterization; the
Dudhia scheme (Dudhia 1989) and the Rapid Radiative
Transfer Model (RRTM) scheme (Mlawer et al. 1997)
for shortwave and longwave radiation parameterization,
respectively; the Yonsei University (YSU) scheme
(Hong et al. 2006) for planetary boundary layer parameterization; and the Noah land surface model (Chen
and Dudhia 2001) for land surface parameterization.
The NCEP Final Analysis (NCEP FNL) with 18 3 18
horizontal resolution produced from the GDAS is used
for boundary conditions.
The 3DVAR of the WRF data assimilation system
(WRFDA), version 3.8 (Barker et al. 2004, 2012), was
used for assimilating observations. To use the background error covariance (BEC) that reflects the characteristics of the atmosphere during the experimental
period, the BEC was produced using the differences
between 12- and 24-h forecasts for the period from
1 August to 30 September 2015, based on the National
Meteorological Center (NMC) method (Parrish and
Derber 1992). The 63-h assimilation window was used,
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FIG. 1. Experimental domain and the distribution of SOUND
observations used. The locations of the SOUND observations used
for both assimilation and verification (open circles and filled triangles, respectively) in section 3b(1) and those used for assimilation (open circles) and independent verification (filled triangles) in
section 3b(2).

but the 61.5-h assimilation window was applied only
for AMVs. Since the MTSAT-2 AMVs are within the
61.5-h assimilation window at every analysis time, the
HIMA-8 AMVs within the same window are used for
fair comparison.

c. Observations
The observations used include conventional observations assimilated into the NCEP GDAS in Prepared
Binary Universal Form for the Representation of Meteorological Data (PREPBUFR) format and Advanced
Microwave Sounding Unit-A (AMSU-A) radiance data
that are not included in PREPBUFR (Table 1). To assimilate the AMSU-A radiance data in WRFDA, a
90-km thinning resolution and variational bias correction were applied. The MTSAT-2 AMVs are already
included in the conventional observation data. The
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hourly HIMA-8 AMVs are distributed in BUFR format
by the JMA through the Global Telecommunications
System (GTS). To minimize the spatial correlations
between high-density AMVs, a 20-km thinning resolution was applied for both HIMA-8 and MTSAT-2
AMVs (Jung et al. 2013; Lin et al. 2015; Cordoba et al.
2017). The 20-km thinning was applied to the AMVs
such that there is only one wind every 20 km but it could
be from different satellites. The low-level (below
700 hPa) AMVs over land were not used following the
blacklist of JMA (Yamashita 2016).
The quality index (QI) of MTSAT-2 AMVs was provided by PREPBUFR and that of HIMA-8 AMVs was
provided by JMA. The forecast-independent QI was
used for both MTSAT-2 and HIMA-8 AMVs. The average ratio of HIMA-8 AMVs (MTSAT-2 AMVs) with
QI greater than 94 to those with QI greater than 70 is
58.5% (63.6%). Lean et al. (2016) showed that the rootmean-square vector difference (RMSVD) of HIMA-8
AMVs is smaller than that of MTSAT-2 AMVs. Figure 2
shows the RMSVD values of HIMA-8 AMVs for the
forecast-independent and forecast-dependent QI in
the model domain of this study for the period from
0000 UTC 1 September to 1800 UTC 30 September
2015. The 6-h forecasts from the WRF analysis–forecast
system were used to calculate the RMSVD at 0000,
0600, 1200, and 1800 UTC. Lean et al. (2016) showed
that the RMSVD of HIMA-8 AMVs does not show a
trend for improvement, as the forecast-independent
QI value increases for VIS and IR channels using the
ECMWF model. Similar to Lean et al. (2016), the
RMSVD of HIMA-8 AMVs tends to increase (decrease) as the forecast-independent (dependent) QI
value increases using the WRF model in the East Asia
model domain (Fig. 2). The lower thresholds for the
forecast-independent QI and the forecast-dependent
QI are 70 and 75, respectively (Fig. 2), which implies

TABLE 1. Details of the observations used: U, V, T, P, Q, TB, and TPW denote zonal wind, meridional wind, temperature, surface pressure,
specific humidity, brightness temperature, and total precipitable water, respectively.
Observations

Descriptions

Variables

AMSU-A
GeoAMV
METAR
GPSPW
BUOY
SYNOP
SHIPS
QSCAT
AIREP
PILOT
PROFILER
SOUND

Brightness temperature data from Advanced Microwave Sounding Unit-A (channels 5–9)
Conventional atmospheric motion vector data from geostationary satellite
Aviation routine weather report from automatic weather station (AWS)
Precipitable water vapor from global positioning system (GPS)
Surface synoptic observation from buoy
Surface synoptic observation from land station
Surface synoptic observation from ship
Sea surface wind from QuikSCAT
Upper-air wind and temperature from aircraft
Upper-air wind profile from pilot balloon or radiosonde
Upper-air wind profile from profiler
Upper-air observation from radiosonde

TB
U, V
U, V, T, P, Q
TPW
U, V, T, P, Q
U, V, T, P, Q
U, V, T, P, Q
U, V
U, V, T
U, V
U, V
U, V, T, Q
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FIG. 3. The average number of AMV data in the Northern
Hemisphere included in the observation window (61.5 h) at the
analysis time (0000, 0600, 1200, and 1800 UTC) with pressure levels
of 100 hPa for 2 months (0000 UTC 1 Aug 2015–1800 UTC 30 Sep
2015): (a) QI $ 70 and (b) QI $ 94.

FIG. 2. The relationship between the RMSVD and (a) the
forecast-independent QI and (b) the forecast-dependent QI of
HIMA-8 AMVs.

that using AMV data above these thresholds means
using all the data.
The observation error covariance for MTSAT-2
AMVs used in this study is approximately 5 m s21.
Shimoji (2017) mentioned that the RMSVD for AMVs
from the infrared channel of HIMA-8 is approximately
3.86–5.77 m s21. Moreover, Météo-France uses approximately 3.6 m s21 as the observation error covariance
for HIMA-8 AMVs (https://nwpsaf.eu/monitoring/amv/
amvusage/mfmodel.html). Considering these references, the wind observation error of HIMA-8 AMVs
is approximately assigned as 3.8 m s21.
Figure 3 shows the vertical distribution of timeaveraged Northern Hemisphere AMVs that are produced from two satellites and used in 3DVAR for
the experimental period. There are no AMVs above
100 hPa for both HIMA-8 and MTSAT-2. The HIMA-8
AMVs cover the layers lacking in upper-air wind

observations in the middle and lower troposphere and
increase the upper-air wind observation data. The
number of AMVs in the midlayer increases by adding
WV observation channels to extract AMVs in HIMA-8.
The number of MTSAT-2 AMVs is greater than that of
HIMA-8 AMVs, only for the layer from 800 to 900 hPa.
Figure 4 shows horizontal and vertical distributions
of AMVs at 0000 UTC 20 August 2015. The HIMA-8
AMVs (QI $ 70) exist at all three layers in the experimental domain and have the smallest region lacking
in upper-air wind observations (Fig. 4a), whereas the
MTSAT-2 AMVs (QI $ 70) exist mainly in the upper
layer and have some regions lacking in upper-air wind
observations (Fig. 4c). Compared with the number of
MTSAT-2 AMVs (QI $ 70), there are 2.4 times more
HIMA-8 AMVs (QI $ 70) in the upper layer (100–
400 hPa), 11 times more in the midlayer (400–700 hPa),
and 3.1 times more in the lower layer (700–1000 hPa)
at 0000 UTC 20 August 2015. In addition, the number
of HIMA-8 AMVs (QI $ 94; Fig. 4b) is 1.6 times greater
in the lower and upper layers and 4.8 times greater in
the midlayer than that of the MTSAT-2 AMVs (QI $
70). The difference in the number of AMVs with respect
to altitude apparently appears around the Typhoons

Unauthenticated | Downloaded 01/09/23 06:02 AM UTC

1742

JOURNAL OF ATMOSPHERIC AND OCEANIC TECHNOLOGY

VOLUME 35

d. Experimental setting
The analysis–forecast cycling experiments were performed using the WRF and WRFDA 3DVAR for
the period from 0000 UTC August 1 to 1800 UTC
30 September 2015. Assimilating observations and producing analysis were performed every 6 h, and the model
was run for 30 h starting with the analysis initialized at
0000, 0600, 1200, and 1800 UTC. The spinup time was
the first week of the experimental period and was excluded from the verification of the results.
In all experiments, the observation systems commonly
include the AMSU-A radiances and all conventional
observations in PREPBUFR format, except for the
MTSAT-2 AMVs. Table 2 represents the AMV observation selection for experiments. In Exp1 (i.e., control
experiment), the MTSAT-2 AMVs are additionally assimilated with the commonly assimilated observations.
In Exp2, the MTSAT-2 AMVs in Exp1 are replaced
by the HIMA-8 AMVs (QI $ 70) to verify the effect of
replacing the MTSAT-2 AMVs with the HIMA-8
AMVs on the forecast errors. The Exp3 is the same as
Exp2 but only the HIMA-8 AMVs with a QI above 94
are assimilated to verify the impact of HIMA-8 AMVs
depending on the QI. Here, the forecast-independent
QI threshold above 94 is used because the number of
HIMA-8 AMVs with a QI above 94 is approximately
similar to that of MTSAT-2 AMVs with a QI above 70,
on average for all layers during the experimental period.
In addition, Exp4 and Exp5, in which MTSAT-2 AMVs
are added to the observation systems of Exp2 and Exp3,
respectively, are performed to verify the effect of assimilating the AMVs of two satellites simultaneously.

3. Results
a. Verification with respect to the analysis of
each experiment
1) FORECAST ERROR
FIG. 4. The horizontal and vertical distributions of AMV data
(blue: 100–400 hPa, green: 400–700 hPa, red: 700–1000 hPa) at
0000 UTC 20 Aug 2015, for (a) HIMA-8 (QI $ 70), (b) HIMA-8
(QI $ 94), and (c) MTSAT-2 (QI $ 70).

Goni (1515) and Atsani (1516) near 208N, and the region
lacking in upper-air wind observations around typhoons
decreases by replacing MTSAT-2 AMVs with HIMA-8
AMVs (Fig. 4). During the experimental period, compared with the number of MTSAT-2 AMVs (QI $ 70),
there are 2.3 times more HIMA-8 AMVs (QI $ 70) in
the upper layer (100–400 hPa), 8.1 times more in the
midlayer (400–700 hPa), and 2 times more in the lower
layer (700–1000 hPa) on average.

The time- and domain-averaged 24-h forecast errors
along the analysis trajectory (ea ) and those along the
background trajectory (eb ) are calculated in energy units
(Table 3; Fig. 5a). Both ea and eb are calculated based
on the analysis of each experiment as reference.
In each experiment, ea is always smaller than eb because the error of the initial state is reduced through the
DA process. Except for Exp5, the averaged forecast
errors in Exp1 for both total energy and four terms associated with zonal wind, meridional wind, temperature,
and surface pressure (U, V, T, and P, respectively; not
shown) on the right-hand side of Eq. (2) are mostly
greater than those of the other experiments, which
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TABLE 2. GeoAMV observation selection for experiments; QI
denotes the quality index of AMV data. In addition to AMV data,
all experiments commonly assimilate all conventional observations
and AMSU-A radiances.
Experiment name

GeoAMV used for assimilation

Exp1
Exp2
Exp3
Exp4

MTSAT-2 AMVs (QI $ 70)
HIMA-8 AMVs (QI $ 70)
HIMA-8 AMVs (QI $ 94)
MTSAT-2 AMVs (QI $ 70) 1 HIMA-8
AMVs (QI $ 70)
MTSAT-2 AMVs (QI $ 70) 1 HIMA-8
AMVs (QI $ 94)

Exp5

implies that assimilating HIMA-8 AMVs generally
contributes more to reducing the forecast error. The
U term presents the largest forecast error, followed by
the V term; the T term has the smallest error and the
forecast error of the P term (not shown) accounts for
only 0.3% of the total energy-norm forecast error. The
total energy-norm forecast error and each forecast error
of the U, V, and T terms show similar tendencies between the experiments, which implies that the improvement of the wind fields as a result of assimilated
AMVs leads to the improvement of the temperature
fields through BEC, as discussed in Kim et al. (2017).
As a result, the forecast error of T is generally reduced in
the experiments in which the forecast error of U and V is
reduced.
In terms of the total energy-norm forecast error in
Exp2–5 compared with that of Exp1, eb was reduced by
1.97%, 1.63%, 2.21%, and 20.48%, respectively, and ea
was reduced by 1.02%, 0.8%, 0.74%, and 22.04%, respectively. The greatest error reduction is obtained in
Exp2, followed by Exp3. The differences of the averaged ea and eb between the experiments are verified by
the paired t test using the statistical significance using

repeated measured analysis of variance (RM ANOVA;
Gueorguieva and Krystal 2004). The significance at
both 90% and 95% confidence levels is used. If a 95%
confidence level is not satisfied, then 90% is used.
Compared with Exp1, eb of Exp2 and Exp4 are significantly statistically different at a 99% confidence level
and that of Exp3 is significantly statistically different at
a 90% confidence level. Compared with Exp1, both ea
and eb of Exp2 and Exp3 are reduced, which indicates
that the HIMA-8 AMVs reduce the forecast error.
Compared to all HIMA-8 AMVs (QI $ 70), the high
QI HIMA-8 AMVs (QI $ 94) reduce the forecast error
less, since the RMSVD of HIMA8 AMVs tends to increase as the forecast-independent QI value increases
as shown in Fig. 2a. In Exp4 in which MTSAT-2 AMVs
(QI $ 70) and HIMA-8 AMVs (QI $ 70) are assimilated
together, the forecast error was reduced similar to that
in Exp2. The forecast error in Exp5 was greater than
that in Exp1, which implies that the forecast error increases as only high QI HIMA-8 AMVs (QI $ 94) are
added to the observation system including MTSAT-2
AMVs. In addition, compared to Exp3 in which the
high QI HIMA-8 AMVs (QI $ 94) replace MTSAT-2
AMVs, the forecast error further increases when high
QI HIMA-8 AMVs and MTSAT-2 AMVs are assimilated simultaneously (Exp5). Therefore, the forecast
error is reduced by assimilating all HIMA-8 AMVs
without applying any QI threshold, which implies the
selective assimilation of HIMA-8 AMVs based on the
forecast-independent QI threshold is not beneficial in
reducing the forecast error.
The time series of the total energy-norm forecast error
during the experimental period shows that the variability and magnitude of the forecast error (not shown)
are mostly similar to the time- and domain-averaged
forecast error shown in Table 3. The standard deviations

TABLE 3. The average forecast error for the forecast integrated from the analysis and that integrated from the background for each
experiment, and the OI based on the analysis of the experiment. The numbers in parentheses denote the standard deviation.
Forecast error

Variable

Exp1

Exp2

Exp3

Exp4

Exp5

5

All
U
V
T
All
U
V
T

935.80 (166.95)
327.19
309.56
296.25
1207.30 (218.51)
423.41
399.90
380.06

926.20 (167.44)
324.20
310.27
288.90
1183.45 (218.28)
414.74
394.34
370.43

928.28 (164.16)
323.50
310.68
291.28
1187.59 (217.67)
413.75
396.05
373.87

928.80 (162.04)
326.66
308.02
291.46
1180.52 (208.29)
414.58
388.91
373.32

954.91 (170.64)
334.85
319.93
297.32
1213.07 (218.08)
424.61
404.12
380.46

ea (10 )

eb (105)

OI
ea 2 eb (105)

All
U
V
T

2271.50
296.23
290.35
283.81

2257.26
290.54
284.07
281.53

2259.32
290.25
285.37
282.60

2251.73
287.92
280.89
281.86

2258.17
289.77
284.19
283.14
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FIG. 5. (a) The averaged total energy-norm forecast error (solid line: Exp1–3; dotted line: Exp4 and Exp5) based
on the analysis of the experiment for the forecast integrated from the background (red) and that integrated from the
analysis (blue) for each experiment. (b) OI based on the analysis of the experiment for each experiment in the
energy norm (solid line: Exp1–3; dotted line: Exp4 and Exp5).

of forecast errors in Exp2–4 (Exp5) are smaller (slightly
greater) than that in Exp1 (Table 3). The smaller forecast errors in Exp2–4 than Exp1 and the comparable
standard deviations of forecast errors in Exp1–4 imply
that the forecast error ranges of Exp2–4 are smaller than
those of Exp1, which confirms that the effect of assimilating HIMA-8 AMVs is consistent during the experimental period except Exp5.

2) OBSERVATION IMPACT
The OIs in energy units for each experiment are
shown in Table 3 and Fig. 5b. The OI is the largest
in Exp1 (2271.50 3 105 J Kg21), followed by Exp3
with 2259.32 3 105 J Kg21, which is 4.4% smaller than
Exp1. The OIs in Exp2, Exp4, and Exp5 are 4.9%–7.2%
smaller than the OI in Exp1. The OI differences among
Exp1–5 are not statistically significant based on the
RM ANOVA with 90% confidence. Although the OIs
of specific variables show similar trends, the decreasing
rate of the OIs varies depending on variables (e.g., approximately 5.5%–10.4% for U and V, 0.7%–2.7% for
T). The eb and ea for T reduced similarly, whereas eb
reduced more than ea for U and V, which is also shown in
Kim et al. (2017). The OI based on each experiment’s
analysis implies the effect of observations assimilated
during the analysis process on reducing the 24-h forecast

error; hence, the larger difference between eb and ea
generally implies a larger OI. In contrast, Kim et al.
(2017) showed that, if cycling DA is effective, then both
ea and eb are reduced as a result of the improved analysis–
forecast system and the OI may decrease as eb is further reduced than ea . Therefore, ea , eb , and the OIs
in Exp2–4 are reduced compared with those in Exp1
because the effect of assimilating HIMA-8 AMVs is
accumulated during the cycling process and improves
the analysis–forecast systems. Among Exp2–4, the OIs
in Exp2 and Exp3 are similar (i.e., not significantly
different at a 90% confidence level) and greater than
those in Exp4, which implies that, for the experiments
assimilating HIMA-8 AMVs, the OI tend to be greater
when replacing MTSAT-2 AMVs with HIMA-8 AMVs
than assimilating the AMVs from two satellites
together.

3) RMSE OF THE 500-HPA GEOPOTENTIAL
HEIGHT FORECAST

The time- and domain-averaged RMSE for the
500-hPa geopotential height forecast based on the
analysis of each experiment as reference is shown in
Fig. 6a. The RMSE of the 500-hPa geopotential height
forecast is evaluated because it is associated with typhoon forecasts over East Asia (Kim et al. 2017).
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FIG. 6. (a) The average RMSE based on the analysis of the experiment for the 500-hPa
geopotential height forecast of each experiment, and (b) time series of the average RMSE for
the 500-hPa geopotential height forecast for Exp1–3.

In all experiments, the RMSE increases as the forecast
time increases and the RMSEs of Exp2–5 are always
smaller than that of Exp1. The RMSE differences between Exp1 and the other experiments are statistically
significant with 99% confidence. The reduction rate of
the RMSE is approximately 5.4% in Exp2, 7% in Exp4,
4% in Exp3, and 3.7% in Exp5, compared with that in
Exp1. Thus, the RMSEs in Exp2 and Exp4 with HIMA-8
AMVs of QI $ 70 are smaller than those in Exp3 and
Exp5 with HIMA-8 AMVs of QI $ 94, which reaffirms
the results in section 3a(1).
Figure 6b represents the time series of the domainaveraged RMSE of the 500-hPa geopotential height
forecast for the whole experimental period. The average
value and fluctuation range of the RMSE is smaller at
0000 and 1200 UTC than at 0600 and 1800 UTC. The
magnitude and variation of the RMSE is the largest for

the period from 15 to 24 August, when the Typhoons
Goni (1515) and Atsani (1516) are generated and dissipated simultaneously. There was no typhoon case in
the domain from 26 August to 5 September, when the
magnitude and variation of the RMSE are the smallest.

b. Verification with respect to observations
1) RMSE OF THE FORECAST WITH RESPECT TO
SOUND OBSERVATIONS USED FOR THE
ASSIMILATION

The vertically averaged RMSEs of the 6- and 24-h
forecasts in each experiment are analyzed for U, V, and
T based on upper-air radiosonde (SOUND) observations assimilated in the model (Fig. 7). The locations of
the SOUND observations used for both assimilation and
verification are shown in Fig. 1. The RMSEs of Exp2–5

Unauthenticated | Downloaded 01/09/23 06:02 AM UTC

1746

JOURNAL OF ATMOSPHERIC AND OCEANIC TECHNOLOGY

are smaller than those of Exp1, which is more noticeable
in the 6-h forecast than in the 24-h forecast and in U and
V than in T. As the forecast time increases, the RMSEs
of the experiments increase with a similar magnitude
because the impact of assimilating AMVs decreases
along the forecast trajectory as the forecast time increases. The RMSE differences between the 24-h T
forecasts are very small (i.e., on the order of 1023) because T is indirectly improved by assimilating the
AMVs. The RMSE of the 24-h forecast for U is larger
than that of V.
The RMSEs of the 6-h forecasts for U, V, and T in
Exp2–5 are statistically significantly different compared
with those in Exp1 at a 99% confidence level. The
RMSEs of the 24-h forecasts for U in Exp2 and Exp4
and T in Exp2 are statistically significantly different at
a 95% confidence level compared with those in Exp1,
whereas those for V in Exp1–5 are not statistically significantly different at a 90% confidence level. The
RMSEs of the 6-h forecasts for U between Exp2 and
Exp3–5 and between Exp4 and Exp5, V between Exp2
and Exp3 (or Exp5) and between Exp4 and Exp5, and
T between Exp2 and Exp4 (or Exp5) are statistically
significantly different at a 95% confidence level. The
RMSEs of the 24-h forecasts for U, V, and T between
Exp2 and Exp5, those for U between Exp2 and Exp3,
and those for V between Exp3 and Exp5 are statistically
significantly different at a 95% confidence level.
The forecast accuracy of U and V in Exp2 is the
largest; the RMSEs of the 6- and 24-h forecasts in Exp2
are reduced by 2.87% and 1.07% for U, 2.83% and
0.55% for V, and 1.40% and 0.51% for T, respectively,
compared with those in Exp1. The RMSEs of 6- and 24-h
forecasts in Exp3 is greater than those in Exp2, except
the RMSEs of the 24-h forecasts for V, which are greater
in Exp2 than in Exp3. The RMSEs of the 6- and 24-h
forecasts for U and V in Exp4 are smaller than those in
Exp5. This means that the forecast errors in Exp3 and
Exp5 are generally greater than those in Exp2 and
Exp4, respectively. Assimilating AMVs with a QI above
70 (Exp2) is more effective for the reduction of the
RMSE than assimilating AMVs with a QI above 94
(Exp3), which is the same as the result based on the
analysis of each experiment as referenced in section 3a(1).
In addition, the RMSE of Exp2 is smaller than that of
Exp4, which is also similar to the result in section 3a(1),
which reaffirms that replacing MTSAT-2 AMVs with
HIMA-8 AMVs affects the reduction of the forecast error
more compared with assimilating the AMVs from both
satellites together.
For the vertical profile of RMSEs of the 6-h forecasts
in each experiment (Figs. 8a–c) based on SOUND observations used in DA, the RMSEs of Exp2–5 are
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smaller than the RMSE of Exp1, and the RMSEs of
Exp2 and Exp4 are generally smaller than those of other
experiments, which is noticeable above the midtroposphere. The smaller RMSEs in Exp2 and Exp4 compared to other experiments above the midtroposphere
are related to the vertically varying AMV distributions
shown in Figs. 3 and 4, which are associated with the
spatially and temporally higher data numbers of HIMA-8
AMVs above the midtroposphere and the improved
derivation algorithm for HIMA-8 AMVs.

2) RMSE OF THE FORECAST WITH RESPECT TO
SOUND OBSERVATIONS THAT ARE NOT USED
IN ASSIMILATION

To evaluate the impact of HIMA-8 AMVs based on
SOUND observations that are not assimilated, the
OSEs are performed without SOUND observations
from eight observation sites and the experiments are
named Exp1-1, Exp2-1, Exp3-1, Exp4-1, and Exp5-1.
The SOUND observations that are not used in the
DA are presented as triangles in Fig. 1, which are evenly
distributed in the domain.
The vertically averaged RMSEs for U, V, and T based
on the independent SOUND observations are marked
as open triangles in Fig. 7. As the forecast time increases,
the RMSEs of the experiments increase for U, V, and
T and become relatively similar. The RMSEs based on
the assimilated and not assimilated SOUND observations have similar trends, except the RMSEs for U that
were reduced more in Exp3 and Exp5 than in Exp2 and
Exp4. The RMSEs based on independent SOUND observations are generally greater than those based on
assimilated SOUND observations, except the RMSEs
of 6- and 24-h T forecasts. The smaller RMSEs of 6- and
24-h T forecasts based on independent SOUND observations may be caused by the indirect improvement of
T when assimilating the AMVs. The RMSEs in Exp2
and Exp4 generally decrease compared with Exp1,
with the smallest RMSE in Exp2. The RMSEs of the
6- and 24-h forecasts in Exp2 are reduced by 6.49% and
4.21% for U and 6.48% and 2.69% for V, respectively,
compared with those of Exp1, which is a greater RMSE
reduction compared with that based on the assimilated
SOUND observations in section 3b(1). The RMSEs of
the 6-h forecast for U, V, and T in Exp2–5 are statistically significantly different from those in Exp1 at a 95%
confidence level, whereas the RMSEs of the 24-h
forecast for U in Exp5 and V and T in Exp2–5 (except
U in Exp2–4) are not statistically significantly different
from those in Exp1 at a 90% confidence level. Unlike
the vertical profile of RMSEs of the 6-h forecasts
in each experiment based on SOUND observations
used in DA (Figs. 8a–c), the RMSEs of Exp2 and Exp3
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FIG. 7. The average RMSE for wind (U, V) and temperature (T) forecasts verified by SOUND observations (0000 and 1200 UTC) used in data assimilation (open circles) and not used in data assimilation
(open triangles): (a),(c),(e) 6-h forecast and (b),(d),(f) 24-h forecast.
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FIG. 8. The vertical profile of RMSE for wind (U, V) and temperature (T) 6-h forecasts verified by SOUND observations (0000 and
1200 UTC) (a)–(c) used in data assimilation and (d)–(f) not used in data assimilation.

based on independent SOUND observations are smaller
than those of other experiments, especially above the
midtroposphere (Figs. 8d–f).

c. Additional experiments using the
forecast-dependent QI
The RMSVD of HIMA-8 AMVs tends to decrease as
the forecast-dependent QI value increases (Fig. 2b),
which implies the agreement between the WRF Model

and the JMA model that is used to deduce the forecastdependent QI value. Thus, when the HIMA-8 AMVs
with the high forecast-dependent QI ($90) are included
in the observation system, the energy-norm forecast
error is further reduced compared to when all HIMA-8
AMVs (forecast-dependent QI $ 75 or forecastindependent QI $ 70) are assimilated (Exp2 or Exp4
when using the forecast-independent QI) (not shown).
In addition, when the HIMA-8 AMVs with the high
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forecast-dependent QI ($90) replace MTSAT-2 AMVs,
the energy-norm forecast error is reduced the greatest
(not shown). Here, the forecast-dependent QI threshold
of 90 is used because the number of HIMA-8 AMVs
with QI $ 90 is approximately similar to that of
MTSAT-2 AMVs with QI $ 75.
In contrast, when all HIMA-8 AMVs with the
forecast-dependent QI ($75) are assimilated, the
RMSEs of the 500-hPa geopotential height forecast
and those of the forecast with respect to SOUND observations are greatly reduced (not shown), which is
different from the results for the energy-norm forecast
error. The differences in the results based on the energynorm forecast error and the RMSE of the 500-hPa
geopotential height forecast is caused by the differences in the vertical layers considered (total layers for
total energy norm and 500 hPa for geopotential height)
and different variables used to deduce the total energy
and geopotential height. Compared with the energynorm forecast error and associated OI, the RMSE of
the geopotential height forecast tends to be smaller
when assimilating more AMVs from two satellites than
assimilating a small number of high forecast-dependent
QI HIMA-8 AMVs. The energy-norm forecast error
and OI are more closely associated with the quality of
assimilated wind data (i.e., AMVs) in terms of the
forecast-dependent QI, whereas the RMSE of the geopotential height seems to be associated with the number
of AMVs assimilated because the geopotential height
is indirectly constrained by AMVs.
Interestingly, the RMSEs of the 500-hPa geopotential height forecast and those of the forecast
with respect to SOUND observations are greatly
reduced when all HIMA-8 AMVs are assimilated,
which does not require the classification of AMV data
depending on the forecast-independent or forecastdependent QIs.

4. Summary and discussion
In this study, the effect of HIMA-8 AMVs on the
forecast error over East Asia is evaluated using OSEs
with the WRF and WRFDA 3DVAR system. The experimental period is 1 August–30 September 2015,
during which AMVs produced by both MTSAT-2 and
HIMA-8 satellites exist. The HIMA-8 produces higherquality and a larger number of AMVs than MTSAT-2.
Especially in the midlayer (400–700 hPa), in terms of
raw data, the number of the HIMA-8 AMVs is 8.1 times
greater than that of the MTSAT-2 AMVs on average
during the experimental period. The control experiment
(i.e., Exp1) assimilates conventional observations,
AMSU-A, and MTSAT-2 AMVs.
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The impact of HIMA-8 AMVs is evaluated by calculating the energy-norm forecast error based on the
analysis of each experiment. The reduction of the forecast error is greater in the experiment in which HIMA-8
AMVs are assimilated compared with the experiment
in which MTSAT-2 AMVs are assimilated. When replacing MTSAT-2 AMVs with HIMA-8 AMVs rather
than adding HIMA-8 AMVs to the existing MTSAT-2
AMVs, the 24- and 30-h energy-norm forecast errors are
reduced by 1.02% and 1.97%, respectively, compared
with those in the control experiment, with a statistical
significance at the 99% confidence level in eb . Therefore,
based on the analysis of each experiment as reference,
assimilating only HIMA-8 AMVs (QI $ 70) contributes
the most to the reduction of the energy-norm forecast
errors integrated from both analysis and background.
The observation impact (i.e., the difference between the
forecast errors integrated from both analysis and background) of assimilating only HIMA-8 AMVs is greater
than that of adding HIMA-8 AMVs to the MTSAT-2
AMVs, but applying a threshold on the forecastindependent QI of HIMA-8 AMVs does not statistically significantly affect the observation impact at a 90%
confidence level if MTSAT-2 AMVs are replaced with
HIMA-8 AMVs. In addition, compared to the observation impact of the control experiment, the observation impacts of other experiments are reduced as the
analysis–forecast system is improved by consistently
assimilating HIMA-8 AMVs.
In terms of the RMSE of the 500-hPa geopotential
height forecast based on the analysis of each experiment, the RMSE decreases more effectively when
assimilating all AMVs from MTSAT-2 and HIMA-8,
different from the energy-norm forecast error. Therefore, based on the analysis of each experiment as
reference, the effect of HIMA-8 AMVs on the energynorm forecast error and the RMSE of the 500-hPa geopotential height forecast varies depending the number
of the assimilated AMVs. The energy-norm forecast
error is more dependent on the direct assimilation of
wind data, while the RMSE of the 500-hPa geopotential
height is more dependent on the number of AMVs because the wind data indirectly constrain the geopotential
height field. If either assimilated or not-assimilated
SOUND observations are used as reference state, the
RMSEs of the 6- and 24-h forecasts are smallest when
more HIMA-8 AMVs (QI $ 70) are assimilated.
The high forecast-independent QI values do not seem
to indicate high-quality data; thus, the selective assimilation of HIMA-8 AMVs based on the forecastindependent QI threshold is not beneficial in reducing
the forecast error in any measurements. The forecastdependent QI values could be used to select the HIMA-8
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AMVs in reducing the energy-norm forecast error but
not the RMSE of the 500-hPa geopotential height
forecast or the RMSE with respect to the SOUND
observations.
In terms of several verifications, replacing MTSAT-2
AMVs with HIMA-8 AMVs has a positive effect on the
forecast improvement over East Asia. The effect of
HIMA-8 AMVs varies depending on the reference state
used to calculate the forecast error and RMSE. A larger
number of HIMA-8 AMVs is more effective when the
analysis of each experiment is used as reference for
calculating the energy-norm forecast error and when the
SOUND observations are used as reference. Assimilating both MTSAT-2 and HIMA-8 AMVs is more
effective in reducing the RMSE of the 500-hPa geopotential height forecast when the analysis of each experiment is used as reference. Thus, the assimilation of
AMVs from several satellites (e.g., Himawari, GK-2A,
FY, etc.) simultaneously over East Asia may have benefits to constrain the 500-hPa geopotential height over
East Asia.
The results of this study provide guidance for the use
of HIMA-8 AMVs to improve NWP over East Asia. The
effect of AMVs produced by the next-generation geostationary orbit satellite [Geostationary Korea Multipurpose Satellite-2A (GK-2A)] in Korea can also be
roughly diagnosed before its launch because GK-2A
has an observation area similar to that of HIMA-8.
Designing the optimal observation system including
GK-2A and HIMA-8 AMVs to improve NWP over East
Asia is potential future work to be addressed in a
further study.
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