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ABSTRACT

Intensity forecasting is one of the most challenging aspects of tropical cyclone (TC) forecasting. This work examines
the impact of assimilating high-resolution all-sky infrared radiance observations from geostationary satellite GOES-13 on
the convection-permitting initialization and prediction of Hurricane Joaquin (2015) with an ensemble Kalman filter (EnKF)
based on the Weather Research and Forecasting (WRF) model. Given that almost all operational global and regional
models struggled to capture Hurricane Joaquin (2015)’s intensity, this study examines the potential in improving Joaquin’s
prediction when assimilating all-sky infrared radiances from GOES-13’s water vapor channel. It is demonstrated that, after
a few 3-hour cycles assimilating all-sky radiance, the WRF model was able to forecast reasonably well Joaquin’s intensity,
including its rapid intensification (RI). The improvement was largely due to a more realistic initial hurricane structure with
a stronger, warmer, and more compact inner-core. Ensemble forecasts were used to further explore the important physical
mechanisms driving the hurricane’s RI. Results showed that the RI forecasts were greatly impacted by the initial inner-core
vortex structure.
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Article Highlights:

¢ Assimilating GOES-13 all-sky radiance data by a convection-permitting EnKF greatly improved the intensity forecast of
Hurricane Joaquin (2015).

* More realistic inner-core structures were captured with all-sky radiance data and greatly associated with the intensity
prediction.

* The practical predictability of Joaquin’s intensity was improved significantly when infrared radiance data were
assimilated.

» This paper is a contribution to the special topic on Key Dyna-
mic and Thermodynamic Processes and Prediction of Typhoon 1., Introduction

(KPPT). , .

* Corresponding author: Lei ZHU It is well known that tropical cyclone (TC) track forecast-
Email: zhulei @nuist.edu.cn ing has greatly improved; however, intensity forecast errors
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improvements had occurred from the 1970s to the early
2000s (Cangialosi et al., 2020). The improvement in track
forecasting is possibly due to the fact that hurricane motion
is mainly controlled by large-scale environmental features,
such as steering flow (Chan and Gray, 1982), which have
been well forecasted by current operational numerical mod-
els. The difficulties of intensity forecasting may come from
insufficient model resolution, incomplete understanding
and/or inaccurate representation of physical processes, poor
initialization of the initial vortex structure due to inadequate
inner-core observations and/or ineffective data assimilation
algorithms, and the inherently more limited predictability
(Zhang and Sippel, 2009; Emanuel and Zhang, 2016, 2017).
Recent studies have shown that TC intensity forecasts can
be significantly improved when high-resolution inner-core
observations are assimilated (Zhang et al., 2009, 2011;
Weng and Zhang, 2012; Zhu et al., 2016).

Weather radars and satellites are the only currently avail-
able high-resolution observation platforms that are able to rou-
tinely observe inner-core structures of TCs. Radar observa-
tions, either airborne or ground-based, have their limitations.
Airborne radar observations are available routinely only for
some of the TCs over the Atlantic Basin. Ground-based
radars are not able to cover the open ocean. However, geosta-
tionary satellites are located over a fixed location at a high
altitude (around 35 786 km), thus, they can observe a broad
area at a high temporal resolution and continuously monitor
TCs.

Efforts have been made in using geostationary satellite
radiances to improve TC intensity forecasts. Most previous
studies have focused on the impact of clear-sky radiance
observations on TC forecasts (Stengel et al., 2009; Qin et al.,
2013; Kazumori, 2014; Zou et al., 2015; Yang et al., 2017).
Since clear-sky radiance observations do not cover convective
areas, especially TC inner-core regions, their impacts on
improving TC intensity forecasts are rather limited (Yang et
al., 2017). All-sky radiance observations cover clear-sky
areas as well as cloudy and rainy areas of the TC inner-core
regions. However, efficiently assimilating all-sky radiance
is still challenging (e.g., Geer and Bauer, 2011; Okamoto et
al., 2014; Otkin and Potthast, 2019). The satellite observations
over the cloudy or rainy areas often have large errors and
uncertainties. For example, large representative errors are
likely to be caused by unavoidable uncertainties in the fore-
cast system and/or nonlinear observation operator (such as
the radiative transfer model), particularly in the areas with
strong moist processes. Most recently, studies have shown
that new-generation geostationary satellite observations
under all-sky conditions are able to improve predictions of
mesoscale convective systems (MCSs) and TCs, although
the predictions are still far from perfect (Okamoto, 2017;
Minamide and Zhang, 2018; Zhang et al., 2019, 2021a,
2021b; Minamide et al., 2020). The cloudy-affected radiance
observations are able to obtain the vertical and horizontal
structures of the moisture field and cloud conditions, which
is one of the most important factors for the accurate prediction
of MCSs and TCs. Additional details on the progress and
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challenges of all-sky satellite radiance assimilation in the
data assimilation (DA) research community and at operational
forecast centers have been summarized in Li et al. (2022),
Li et al. (2016), and Geer et al. (2018).

The potential benefit of assimilating real-world last-gen-
eration geostationary satellite (e.g., GEOS-13/14 in Amer-
ica, FY2 series in China) infrared radiance data under all-
sky conditions for TC intensity forecasting has not been
explored. GOES-13 was the operational GOES-East from
April 2010 to December 2017. It covers the eastern side of
the continental United States, the Gulf of Mexico, and part
of the Atlantic Ocean, and was able to provide continuous,
high-resolution observations for TCs over those areas. More-
over, how the practical predictability of tropical cyclone inten-
sity can be improved with infrared radiance data, even from
the previous-generation geostationary satellite GOES-13,
has not been examined.

This work aims to answer the abovementioned questions
by assimilating real-world all-sky infrared radiances from
GOES-13’s water vapor channel for the analysis and predic-
tion of Hurricane Joaquin (2015), especially for intensity fore-
casting. Hurricane Joaquin (2015) was chosen in this study
because almost all the operational forecasts exhibited enor-
mous errors not only on intensity but also on track. Nystrom
et al. (2018) explored sources of the forecast errors through
an ensemble forecast initialized with the PSU WRF-EnKF
real-time analysis and a series of sensitivity experiments.
They found that the dominant source of track errors was in
the region between 600 km and 900 km from the TC center,
while the intensity errors were from the region within 300 km
from the TC center.

Section 2 describes the methodology used in this study,
including the data assimilation and forecast system, the obser-
vations, and the experimental designs. Section 3 examines
the detailed impacts of infrared radiance data assimilation
on the analyses and forecasts of TC intensity and structure.
A summary and conclusions are provided in section 4.

2. Methodology

2.1. The forecast model and data assimilation system

A convection-permitting data assimilation and forecast
system was used in this study. It was initially designed as a
regional-scale WRF-EnKF system (Meng and Zhang, 2008)
and further developed for quasi real-time hurricane prediction
at PSU (Zhang et al., 2011). The Advanced Research WRF
(ARW) model version 3.7.1 (Skamarock et al., 2008) was
employed with three two-way nested domains. The outermost
domain (DO01) had 379 (lon.) x 244 (lat.) horizontal grid
points with a 27-km grid spacing. The intermediate domain
(D02) had 298 x 298 horizontal grid points with a 9-km grid
spacing. The innermost domain (D03) had 298 x 298 horizon-
tal grid points with a 3-km grid spacing. All the domains
had 43 vertical layers with a model top at 10 hPa. The initial
and boundary conditions were provided by the National Cen-
ters for Environmental Prediction (NCEP) Global Forecast
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System (GFS) operational analysis (available online at
https://www.ncdc.noaa.gov/data-access/model-data/model-
datasets/global-forcast-system-gfs). The model configura-
tions and physics were set similar to those in Weng and
Zhang (2016), with the Grell-Devenyi cumulus scheme
(Grell and Dévényi, 2002, only used in DO1), Yonsei State
University (YSU) planetary boundary layer scheme (Noh et
al., 2003), Monin-Obukhov surface layer scheme, thermal dif-
fusion land surface scheme, and WRF single-moment six-
class microphysics with graupel scheme (Hong et al., 2004).
The Community Radiative Transfer Model (CRTM, Weng,
2007), which was developed for rapidly calculating satellite-
based radiance observations, was utilized as satellite observa-
tion operator in the data assimilation system. Due to the
inevitable errors in the imperfect model and real-case applica-
tions, we used relaxation to prior perturbation (RTPP;
Zhang et al., 2004) for covariance relaxation with a coefficient
of 0.9. The successive covariance localization (SCL, Zhang
et al., 2009) method was also used in this study to assimilate
dense infrared radiance observations using varying degrees
of data thinning over different domains.

Since the global model often captures large-scale environ-
mental systems (e.g., steering flow) better than regional mod-
els, only model variables within 600 km from the best-track
TC center were updated during data assimilations, while the
variables beyond 600 km were directly provided by GFS
data. Specifically, the region within 300 km from the TC cen-
ter fully used the ensemble posterior, while the region
between 300 km and 600 km from the TC center were
updated using a weighted combination of GFS and posterior.
The weight combination linearly increased from zero at the
radius of 300 km to one at 600 km.

2.2. Experimental setup and assimilated observations

A 60-member ensemble was initiated by randomly sam-
pling the background error covariance default in the WRF
three-dimensional variational data assimilation system
(3DVar, Barker et al., 2004) at 0000 UTC 28 September
2015. The ensemble was integrated for 12 h to 1200 UTC
28 September to obtain a flow-dependent background error
covariance. Two experiments named RAD and NoRAD
were carried out in order to examine the forecast performance
from assimilating the GOES-13 all-sky infrared radiances.
In the NoRAD experiment, only the conventional observa-
tions in the Global Telecommunication System (GTS) and
TC position and intensity information (HPI) from National
Hurricane Center (NHC) best track were assimilated (GTS +
HPI). Except from the data assimilated in the NoRAD experi-
ment, the RAD experiment also assimilated the GOES-13
all-sky infrared radiance observations (GTS + HPI + GOES-
13). Data assimilation was performed from 1200 UTC 28
September to 1200 UTC 4 October 2015 at a 3-h interval.
Although other studies such as Honda et al. (2018) have sug-
gested that a shorter assimilation interval for all-sky
infrared radiances might be beneficial for TC analysis and pre-
diction, the 3-h interval is sufficient for this study as
revealed by the results in the next section. Deterministic fore-
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casts of 144 h were initialized every 6 h from the ensemble
posterior mean. In order to explore how the satellite data is
able to improve the practical predictability and the relation-
ship between the initial structure and the forecast intensity,
ensemble forecasts were performed and initiated at 1200
UTC 29 September for both experiments. Also, due to compu-
tational limitations, only 39-h ensemble forecasts were run.
Moreover, in order to differentiate the impacts of the all-sky
radiance observations from the clear-sky ones, another sensi-
tivity experiment (clrRAD) was carried out, in which the
experimental setup was the same as the RAD experiment
except that it assimilated the clear-sky GOES-13 (GTS +
HPI + clear-sky GOES-13). Also considering the limited com-
putational and storage resources, the cycled data assimilation
in the cIrRAD experiment was performed every 3 h from
1200 UTC 28 September to 0000 UTC 1 October 2015, and
72-h deterministic forecasts were run every 6 h with the
ensemble posterior mean. Most of the analyses in this study
are focused on the RAD and NoRAD experiments, except
for the deterministic forecast statistics and the radiance com-
parisons (Figs. 1-3).

The satellite radiance data assimilated in the RAD experi-
ment were the upper tropospheric water vapor channel (chan-
nel 3) infrared radiances from GOES-13 under all-sky condi-
tions over the domains of D02 and D03 (available online at
https://www.avl.class.noaa.gov/saa/products/search?data
type_family=GVAR_IMG). Channel 3 was chosen because
it gave the minimum analysis root-mean-square error
(RMSE) throughout all the assimilation cycles among all
the infrared channels according to our sensitivity experiment
results (Fig. 3a). The total number of radiance observations
from channel 3 over D02 and D03 is around 50 000 for a
given time. In this study, one third of the observations (over
15 000) over the D02 (including D03) region were selected
randomly for data thinning. These observations had a horizon-
tal resolution of ~12 km, which is similar to that from
Zhang et al. (2016). The observation error was set to 5.0 K,
which includes both instrumental and representativeness
errors. To limit erroneous analysis increments for the
cloudy or rainy-area radiance data, we adopted the adaptive
observation error inflation (AOEI) method proposed in
Zhang et al. (2016). The process to extract the clear-sky radi-
ance data was the same as in Minamide and Zhang (2018)
and was originally proposed by Harnisch et al. (2016).

3. Results and discussions

3.1. Deterministic forecasts of TC track and intensity

Overall, the differences in the track forecasts among the
RAD, clrRAD, and NoRAD experiments were not signifi-
cant, as revealed by the track forecast errors for different
forecast lead times (Figs. 1a, d). The deterministic track fore-
casts initiated from the EnKF posterior mean in the three
experiments behaved rather poorly in the first several days
(Fig. 1a) in comparison to the NHC best track. These poor
performances were similar to the operational forecasts (not
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clrRAD (green) experiments from the first to the last data assimilation cycle. The solid and dashed lines are for channel 3

(CH3) and channel 4 (CH4), respectively.

shown), though the RAD experiment had smoother, more
well-behaved forecast tracks than the NoRAD experiment,
likely because many NoRAD forecasts for the first several
days failed to intensify (Figs. 1b, ¢), making their centers diffi-
cult to track.

The poor track forecast in the RAD experiment, even
with the cycled satellite data and the GTS data, was
attributed to the nature of the assimilated observations in
this study. The GOES-13 infrared radiance observations can
only observe the cloud-top information, and no other informa-
tion beneath the cloud can be obtained. However, the large-
scale thermodynamic information (e.g., temperature and
geopotential heights) was quite important for the track fore-
cast in this case (Wang et al., 2017, Nystrom et al., 2018).

Unlike the comparable track forecasts among the three
experiments, large differences were observed in the determin-
istic intensity forecasts from early on. The RAD experiment,
whoseinitial conditions (ICs) assimilated all-sky infrared radi-
ances, showed significantly improved intensity forecasts
(Figs. 1b, c). The intensity evolution was successfully cap-
tured even when the radiance data was only assimilated for
five cycles (12 hours). As the all-sky infrared radiance assimi-
lation continued, the intensity forecasts became progressively
closer to the best track estimate. Meanwhile, the deterministic
forecasts in the NoRAD experiment continued to be much
weaker than observed TCs and failed to capture the RI pro-
cess. RI is defined as an increase in maximum sustained
winds of a TC of at least 30 knots in a 24-hour period
(Kaplan and DeMaria, 2003). Although the forecasts with
the NoRAD posteriors after 30 September could capture the
intensifying process to some extent, the intensifying process
from the model was still much weaker compared to the best
track. More specifically, of the 11 deterministic forecasts
initiated with the posterior mean from the first DA time to
0000 UTC 1 October (almost at the end of the RI process),
nine were able to capture the RI process in the RAD experi-
ment, while only two captured RI in both the NoRAD and clr-
RAD experiments (Fig. 1b). This result demonstrates the

remarkable impacts of assimilating high resolution all-sky
radiance observations on TC intensity prediction, particularly
on RI forecasts for Hurricane Joaquin (2015). Moreover, the
intensity forecasts in the clrRAD experiment had similar per-
formances to those in the NoORAD experiment, which further
demonstrates the impacts of the cloud-affected infrared radi-
ance observations on TC intensity prediction.

The improvement in TC intensity forecasting achieved
by assimilating all-sky radiance observations is shown more
clearly by the mean absolute errors (MAESs) of the intensity
forecasts averaged over all forecast leading times (Figs. le,
f). The intensity MAEs in the RAD experiment, in terms of
both maximum surface wind speed (Vmax) and minimum
Sea Level Pressure (Pmin), stayed much smaller at all lead
times than those in the NoRAD experiment. The MAEs of
Vmax and Pmin in the RAD experiment were around
7 m s~ and 10 hPa, respectively, which were more than 50%
smaller than those in the NoRAD experiment for most fore-
cast lead times. This magnitude in error reduction for this par-
ticular hurricane was comparable to that obtained by assimilat-
ing airborne radar observations in Zhang and Weng (2015)
with the same model configurations. The largest improve-
ments in TC intensity forecasts were obtained at 48-96-h
lead times (Fig. 1e). Though the NoRAD experiment also cap-
tured the RI process after 0000 UTC 1 October, the predicted
intensities were still much weaker than the best track and
those in the RAD experiment.

3.2. Comparisons in observation space

In order to understand where the significant improve-
ments in the intensity forecasts come from, the impacts of
assimilating all-sky radiance observations on TC structures
were further examined. This section presents the comparisons
of the analyses of infrared radiances of the water vapor chan-
nels (channel 3 and channel 4) with the observations and the
corresponding RMSE and bias during the whole data assimila-
tion cycles.

Figure 2 shows the comparisons between the simulated
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brightness temperatures (BTs) of channel 3 in the RAD, clr-
RAD, and NoRAD experiments and the observations. At
1200 UTC 29 September (the 5th cycle, or 12 hours since
the first cycle), the EnKF posterior mean in the RAD experi-
ment captured the general structure of Joaquin over the
inner-core region (Fig. 2a), although it was still much
weaker in comparison to the observed TC (higher BTs in
the RAD experiment compared with the observations). In
the clrRAD and NoRAD experiments, at the same time, the
convective structures were very disorganized (Figs. 2b, c).
The deterministic forecast initiated with the RAD posterior
at this time captured the RI process (Figs. 1b, c), which was
possibly due to the better TC structure in the initial field, par-
ticularly over the inner-core area (see section 3.3). In con-
trast, the deterministic forecasts initiated with both the
NoRAD and clrRAD posterior at this time failed to inten-
sify. The relationship between the inner-core structure and
the intensity forecast will be discussed in section 3.3.

With more data assimilation cycles, the structures of
Joaquin in the RAD posteriors were much closer to the obser-
vations in both the inner core and outer environment of the
TC (Figs. 2e, h, i, ). The pattern of the radiances in the
RAD analyses exhibited a clear hurricane structure. The
increasingly better deterministic intensity forecasts were
achieved with the increasingly more realistic simulated struc-
tures of Joaquin in the initial fields (Figs. 1b, c). The TC struc-
tures still had not been depicted well in both the cIrRAD
and NoRAD experiments (Figs. 2f, g, j, k), with only some
disorganized convective systems having been simulated
around the observed TC center area. In addition to the general
TC structures, some small-scale convective clouds outside
the inner core area (e.g., west of the TC, around 74°W in
Figs. 2i and 2I) were considerably improved in the RAD
experiment compared to observations, unlike in the NoRAD
and clrRAD experiments (Figs. 2j, k). In addition to the struc-
tures, the RAD experiment’s SLP and TC center match rea-
sonably well with the best-track observations, while the
SLP in the NoRAD experiment was still too weak. A compari-
son between the simulated BTs of GOES-13 channel 4,
which were not assimilated in the experiments, and the obser-
vations was also performed (figure not shown). Joaquin’s
inner-core structure and its evolution were captured well, con-
sistent with those for channel 3 (Fig. 2). It should be noted
that the simulated BTs in channel 4 over this domain were
much lower than those in the observations, particularly over
the clear-sky region. Potential reasons for this are model
errors in CRTM and surface emissivity uncertainties, both
of which need to be further explored and improved in the
future.

In order to quantify the impacts of assimilating all-sky
infrared radiance data, the RMSEs and bias of the radiances
were calculated for all three experiments over D03 at each
data assimilation cycle (Fig. 3). Compared with the NoRAD
and clrRAD experiments, the RAD experiment showed
much smaller RMSEs at almost every cycle (Fig. 3a), espe-
cially before 3 September for channel 3 and 2 September
for channel 4. This is because the ICs in the RAD experiment
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were much closer to the observations than those in the
NoRAD and clrRAD experiments, including more realistic
hurricane structures. Moreover, the bias in channel 3 was
remarkably reduced with radiance data assimilation through-
out all the data assimilation times (Fig. 3b), while the reduc-
tion of bias is smaller for channel 4. The RMSEs and bias of
radiances were progressively reduced, which was consistent
with the increasingly improved intensity forecasts. The
largest error reductions in the RAD experiment, compared
with the NoRAD and cIrRAD experiments, in both the
RMSE:s and bias were achieved during the first several days,
especially during the RI period from 1200 UTC 29 Septem-
ber to 0000 UTC 2 October, which suggests that the all-sky
infrared radiance data are beneficial for forecasting the RI
evolution of a hurricane. Consistent with the aforementioned
results, the RMSEs and bias for channel 4 were overall
much larger than those for channel 3, but the magnitudes of
the RMSEs and bias in the RAD experiment were greatly
reduced when the infrared radiance data was assimilated for
both channel 3 and channel 4.

Nevertheless, comparisons of the simulated radiances
from the analysis versus the GOES-13 observations suggest
that, despite the reduction of bias compared to the NoRAD
experiment and improvements in the initial structure and sub-
sequent intensity forecasts, the current assimilation of all-
sky radiances from GOES-13 is still far from perfect. Future
research is necessary to fully unveil the potential of all-sky
radiances from geostationary satellites, as well as those
from microwave sensors on board polar-orbiting satellites
(e.g., Zhang et al., 2021a).

3.3. Improvements in the TC structures

Previous studies have shown that intensity forecast
errors mostly come from the IC errors in position, intensity,
and moisture conditions over the TC inner-core area
(Emanuel and Zhang, 2017; Nystrom et al., 2018). In this sub-
section, we will discuss how the all-sky radiance data assimi-
lation modified the initial dynamical and thermodynamical
structures of Hurricane Joaquin.

Figure 4 shows the increments and EnKF posterior for
850-hPa horizontal wind and potential temperature, respec-
tively, in the RAD and NoRAD experiments. Large wind
increments were concentrated over the observed hurricane
center, and big temperature increments were spread over the
cloudy-sky or convective area in the RAD experiment (Figs.
4a—c). The EnKF analysis of the RAD experiment produced
a clear asymmetric cyclonic pattern around the observed cen-
ter of Joaquin with the largest increments appearing to the
east, which resulted in a much stronger horizontal wind circu-
lation compared to other experiments (Figs. 4g—i). Corre-
spondingly, there was an overall increase (decrease) of poten-
tial temperature inside (just outside) the inner-core area. On
the contrary, much smaller wind increments and some large
temperature increments concentrated near the TC center
were apparent in the NoRAD analyses (Figs. 4d—f). As a con-
sequence, a strong inner-core circulation was simulated in
the RAD experiment, while a much weaker inner-core circula-
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TC center.

tion was simulated in the NoORAD experiment (Figs. 4g—i vs.
Figs. 4j-1). At the same time, much lower SLP was also
simulated in the RAD experiment with the infrared radiance
observations being assimilated, which was consistent with
the best track.

Vertical cross sections of the analyzed horizontal wind
speed and potential temperature across the simulated TC cen-
ter are shown in Fig. 5. Joaquin’s structure was changed sig-
nificantly with the assimilation of all-sky infrared radiances,

which was seen in the vertical cross sections through the simu-
lated TC center. With infrared radiance observations being
continuously assimilated into the ICs, stronger, more com-
pact, deeper, and warmer inner-core structures were captured
in the inner-core region. Asymmetric wind structures
appeared, especially in the low levels (Figs. Sa—c). Without
the infrared radiance data, even with much more cycled DA,
analyzed TC structures in the NoRAD experiment were still
too weak, and no clear warm inner core could be found over
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the TC center (Figs. 5d—f). The RAD experiment’s TC had
a smaller radius of maximum winds (RMW) and a deeper
warm core. A stronger thermal gradient in the eyewall
region is consistent with stronger tangential winds, suggesting
that the ensemble-based covariance estimate is congruent
with the underlying TC dynamics. To further show how the
structures of Joaquin were changed with the use of the
infrared radiance data, the azimuthally averaged storm-rela-
tive structures of radial wind, tangential wind, and perturba-
tion temperature of the RAD and NoRAD experiments were
examined next to see the evolutions of Joaquin’s dynamical
and thermodynamical structures.

Figure 6 shows the azimuthally averaged storm-relative
radial and tangential winds. With the radiance data having
been assimilated, the tangential wind speeds in the low levels
were increased to 16 m s7! with the RMW near 150 km
(Fig. 6a), while the speeds were weaker and the RMW was
larger in the NoRAD analyses (Fig. 6d). With the additional
6-h and 12-h cycled data assimilation, the tangential wind
speeds were extensively intensified, reaching 30 m s~!, and
the RMW was narrowed to around 50 km near the surface
(Fig. 6¢). However, without radiance data having been assimi-
lated, the wind speeds and RMW in the later times remained
similar to those at 1200 UTC 29 September in the NoRAD
experiment (Figs. 6d—f). Overall, with radiance data having
been assimilated, a stronger primary circulation was captured
in the RAD experiment (Figs. 6a—c). For the secondary circu-
lation, the low-level inflow and middle/upper-level outflow

formed and strengthened in the RAD experiment, while for
the NoRAD experiment, the inflow and outflow during
almost the whole simulation period were much weaker
(Figs. 6g-1).

A warm-core structure is one of the most distinguishing
features of a TC. Azimuthally averaged perturbation tempera-
ture is usually used to describe TC warm-core structure
(Stern and Nolan, 2012; Stern and Zhang, 2016). Figure 7
shows the radius—height cross section of azimuthally aver-
aged storm-relative perturbation temperature for both the
RAD and the NoRAD analyses. The temperature perturbation
was calculated as the difference from the environmental tem-
perature, defined as the mean temperature at each vertical
level between 600 km and 800 km from the TC center. In
the RAD experiment, the warm-core structures developed
rapidly in the assimilation cycles (Figs. 7a—c). The warm-
core structure was associated with a distinct maximum pertur-
bation temperature, indicating that assimilating infrared radi-
ance data strengthened the warm-core structure -either
through direct analysis increments or through favorable condi-
tions for the subsequent short-term forecast before the next
EnKF cycle. A distinct compact, strong, and deep warm-
core structure of hurricane Joaquin was established in the pos-
terior (Figs. 7a—c), which is consistent with the finding of pre-
vious studies (Hawkins and Imbembo, 1976; Durden, 2013)
that a maximum inner-core perturbation temperature center
occurred between 250-300 hPa. Furthermore, a secondary
maximum center was captured near 850 hPa after the all-
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sky infrared radiance data were continuously assimilated
into the ICs (Figs. 7b, c¢). This is also consistent with previous
observational and numerical simulation studies, although
the exact vertical levels were not the same (Stern and Nolan,
2009, 2012). Figures 6-7 show that the flow-dependent
ensemble-based covariances can update the inner-core vortex
structure in a dynamically consistent manner. When only con-
ventional observations were assimilated in the NoRAD experi-
ment, the typical warm-core structure of Joaquin was unable
to be depicted even under many DA cycles (Figs. 7g-1), and
the secondary center never occurred.

3.4. Ensemble forecasts and sensitivity analyses

In addition to deterministic forecasts initiated from the

EnKF mean analyses, 60-member ensemble forecasts were
initialized from the ensemble analyses at 1200 UTC 29
September of the RAD and NoRAD experiments in order to
see how the intensity practical predictability could be
improved with the infrared radiance data, even with the previ-
ous-generation geostationary satellite GOES-13.

Figure 8 shows the simulated intensity evolution for
both Pmin and Vmax in the two ensemble forecasts. In the
NoRAD experiment, all the 60-member intensity forecasts
failed to capture the RI process, in terms of both Pmin and
Vmax, even for some initially strong members (Figs. 8c, d).
On the contrary, a lot of RAD experiment members were
able to successfully predict the RI process, even though the
rate of the intensification was somehow weaker among
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some of the members (Figs. 8a, b). Moreover, the intensity To explore the different reasons for the uncertainty in
forecast spread increased significantly in the RAD experiment  the intensity forecasts between the two ensemble forecasts
compared with the NoRAD experiment (Fig. 8). with and without infrared radiance data having been assimi-
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lated into the ICs, we examined the storm-relative correlations
between several variables in the ICs of the ensemble forecasts
and the Pmin at 39 h (end of the ensemble forecasts; Fig. 9).
The strongest, statistically significant negative correlations
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Fig. 9. Ensemble storm-relative radius—height correlations of
initial (a) perturbation temperature, (b) radial wind speed, and
(c) tangential wind speed to the minimum central pressure at
39 h. Stippling denotes regions where the statistical
significance exceeds the 99% confidence interval, and dashed
line in (c) denotes the RMW.
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between the anomaly perturbation temperature and Pmin at
39 h occur at the height of 4-11 km and within 200 km
from the storm center (Fig. 9a). This indicates that a
stronger warm-core structure is beneficial to capturing the
RI process, consistent with the findings of previous studies
(e.g., Chen and Zhang, 2013; Stern and Zhang, 2016). Large
positive correlations between the initial radial wind and the
forecasted intensity occurred in the low levels (< 1 km)
inside 300 km from the TC center (Fig. 9b), which indicates
that stronger initial low-level inflow was closely related
with the RI process (a stronger forecasted TC). Correspond-
ingly, there was a negative correlation between the upper-
level radial wind and forecasted Pmin, which means that
stronger initial outflow is beneficial for a stronger forecasted
TC (Fig. 9b). Lastly, the strongest and most significant nega-
tive correlations between the initial tangential wind speed
and the forecasted Pmin were found around 150 km from
the simulated TC center (Fig. 9c), which indicated that
stronger primary circulation near the RMW area was
closely related with the forecasted lower Pmin (stronger inten-
sity).

With the larger uncertainty in the initial TC structure in
the analyses in the RAD experiment, how the forecasted TC
structure evolved was further examined. Figure 10 shows
the RAD experiment’s 60-member ensemble mean and
ensemble standard deviation of the variables at forecast
hours 24 and 36, respectively. At 24 h in the ensemble fore-
cast, the ensemble mean maximum tangential wind speed
reached 20 m s~! with standard deviation exceeding 8 m s!
and RMW near 50 km at 1 km height (Fig. 10c), which
means that strong simulated inner-core structures were cap-
tured among the analyses. For the secondary circulation in
terms of the radial wind, the ensemble mean of the low-
level inflow was over 6 m s! within the lowest 1 km
beyond 50 km from the TC center and upper-level outflow
was in excess of 8 m s! near the height of 15 km, with
standard deviations of 2.0 m s~! and 2.5 m s, respectively
(Fig. 10b). Moreover, the maximum ensemble mean
anomaly perturbation temperature was around 4 K at 10-km
height with a standard deviation around 1.5 K, and the sec-
ondary center was also found at around 4 km (Fig. 10a). By
forecast hour 36, the magnitudes of all the variables for both
ensemble mean and standard deviation were getting larger
(Figs. 10d-f), which further demonstrates that much
stronger warm-core structures were captured with a more
uncertain vortex structure in the analysis.

Overall, with the radiance data having been assimilated
into the ICs, much stronger and warmer inner-core TC struc-
tures were simulated in the forecast among the ensemble
members, which was associated with the more successful RI
process prediction for both the deterministic and ensemble
forecasts. Complementary to previous investigations, it is
demonstrated that assimilation of satellite infrared radiance
observations is helpful to better capture the initial inner-core
structure and intensity and to subsequently improve the
deterministic and ensemble analyses and forecasts of the
hurricane’s structure and intensity.
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4. Conclusions and discussions

This study examined the impact of assimilating high-reso-
lution all-sky infrared radiance observations from water
vapor channel 3 of geostationary satellite GOES-13 on the
analysis and prediction of Hurricane Joaquin (2015), particu-
larly on the intensity and inner-core structures, using an
ensemble Kalman filter (EnKF) data assimilation and forecast
system.

The results demonstrate that significant improvements
on TC intensity forecasts were obtained by assimilating all-
sky infrared radiance data for several cycles. The improve-
ments in TC intensity forecasts were potentially due to the
changes in TC structures in the ICs. Stronger, warmer, more
compact, and thus, likely closer to the actual hurricane’s
inner core, dynamic and thermodynamic structures were cap-
tured with the assimilation of infrared radiance data.

The results suggest the potential of a decades-long
future 4-dimensional reanalysis of Atlantic hurricanes over
the GOES-13 era, which could likely extend even further
back with older GOES satellites, as no other dataset is so con-
tinuous with such unimpeded coverage and spatiotemporal
resolution. The results show that the last-generation geosta-
tionary satellites can help to rebuild the TC reanalysis
dataset, which is urgently needed for the big data era since
advanced Al methods are being used to improve TC fore-
casts, especially for intensity. This study indicates clear
promise in improving hurricane prediction by assimilating
the new generation of geostationary satellites. Multiple stud-
ies have shown the potential benefits to TC prediction from
such satellites, including Himawari-8/9 (Japan), GOES-16/
17 (America), and FY-4A/B (China), which provide observa-

tions with much higher spatiotemporal resolution and are
equipped with more channels for monitoring ongoing convec-
tive activity than previous generation satellites (e.g., Cintineo
et al., 2016; Honda et al., 2018; Zhang et al., 2018).

Although the assimilation of all-sky infrared radiances
greatly improved the intensity forecast of Hurricane Joaquin,
the intensity and structure simulations were still far from per-
fect. There are many issues that need to be further explored
to fully unveil the potential of all-sky radiance observations
from geostationary satellites, such as the quality control of
the radiance observations, data thinning, data selection, and
the localization in both the horizontal and vertical directions,
to name a few. How to reasonably account for model errors
and separate them from systematic biases in the NWP and
radiative transfer models in the ensemble-based data assimila-
tion method is also still unclear. In this study, we only
focused on the impact of upper-tropospheric infrared radiance
observations. Impacts of observations from other channels
need to be further examined. Besides, the potential of assimi-
lating all-sky radiances from geostationary satellites in
improving TC intensity forecasting also needs to be further
explored in combination with assimilating observations
from microwave sensors on board polar-orbiting satellites
(e.g., Zhang et al., 2021a).

Acknowledgements. LeiZHU is supported by the Natural Sci-
ence Foundation of China (Grant No. 41905096). Zhiyong MENG
is supported by the Natural Science Foundation of China (Grant
Nos. 42030604, 41875051, and 41425018). The authors thank
Yunji ZHANG (PSU) and Robert G. NYSTROM (NCAR) for
their valuable comments on the earlier version of this manuscript.
The simulations were performed on the Stampede supercomputer



NOVEMBER 2022

of the Texas Advanced Computing Center (TACC). All data are
freely available from sources indicated in the text. The authors are
grateful to the Editor and the three anonymous reviewers for their
valuable comments and suggestions on this manuscript.

REFERENCES

Barker, D. M., W. Huang, Y.-R. Guo, A. J. Bourgeois, and Q. N.
Xiao, 2004: A three-dimensional variational data assimilation
system for MMS: Implementation and initial results. Mon.
Wea. Rev., 132, 897-914, https://doi.org/10.1175/1520-0493
(2004)132<0897:ATVDAS>2.0.CO:;2.

Cangialosi, J. P., E. Blake, M. DeMaria, A. Penny, A. Latto, E.
Rappaport, and V. Tallapragada, 2020: Recent progress in
tropical cyclone intensity forecasting at the national hurricane
center. Wea. Forecasting, 35(5), 1913—-1922, https://doi.org/
10.1175/WAF-D-20-0059.1.

Chan, J. C. L., and W. M. Gray, 1982: Tropical cyclone movement
and surrounding flow relationships. Mon. Wea. Rev., 110,
1354-1374, https://doi.org/10.1175/1520-0493(1982)110<1
354:.TCMASF>2.0.CO;2.

Chen, H., and D.-L. Zhang, 2013: On the rapid intensification of
Hurricane Wilma (2005). Part II: Convective bursts and the
upper-level warm core. J. Atmos. Sci., 70, 146—162, https://
doi.org/10.1175/JAS-D-12-062.1.

Cintineo, R. M., J. A. Otkin, T. A. Jones, S. Koch, and D. J. Sten-
srud, 2016: Assimilation of synthetic GOES-R ABI infrared
brightness temperatures and WSR-88D radar observations in
a high-resolution OSSE. Mon. Wea. Rev., 144(9),
3159-3180, https://doi.org/10.1175/MWR-D-15-0366.1.

Durden, S. L., 2013: Observed tropical cyclone eye thermal
anomaly profiles extending above 300 hPa. Mon. Wea. Rev.,
141, 4256-4268, https://doi.org/10.1175/MWR-D-13-00
021.1.

Emanuel, K., and F. Q. Zhang, 2016: On the predictability and
error sources of tropical cyclone intensity forecasts. J. Atmos.
Sci., 73(9), 3739-3747, https://doi.org/10.1175/JAS-D-16-
0100.1.

Emanuel, K., and F. Q. Zhang, 2017: The role of inner-core mois-
ture in tropical cyclone predictability and practical forecast
skill. J. Atmos. Sci., 74(7), 2315-2324, https://doi.org/10.
1175/JAS-D-17-0008.1.

Geer, A. J., and P. Bauer, 2011: Observation errors in all-sky data
assimilation. Quart. J. Roy. Meteor. Soc., 137, 2024-2037,
https://doi.org/10.1002/qj.830.

Geer, A. J., and Coauthors, 2018: All-sky satellite data assimilation
at operational weather forecasting centres. Quart. J. Roy.
Meteor. Soc., 144(713), 1191-1217, https://doi.org/10.1002/
qj.3202.

Grell, G. A, and D. Dévényi, 2002: A generalized approach to
parameterizing convection combining ensemble and data
assimilation techniques. Geophys. Res. Lett., 29, 1693, https:
//doi.org/10.1029/2002GL015311.

Harnisch, F., M. Weissmann, and A. Periéﬁez, 2016: Error model
for the assimilation of cloud-affected infrared satellite observa-
tions in an ensemble data assimilation system. Quart. J. Roy.
Meteor. Soc., 142, 1797-1808, https://doi.org/10.1002/qj.
2776.

Hawkins, H. F., and S. M. Imbembo, 1976: The structure of a
small, intense hurricane-Inez 1966. Mon. Wea. Rev., 104,
418-442, https://doi.org/10.1175/1520-0493(1976)104

ZHU ET AL.

1871

<0418:TSOASI>2.0.CO:;2.

Honda, T., and Coauthors, 2018: Assimilating all-sky Himawari-
8§ satellite infrared radiances: A case of Typhoon Soudelor
(2015). Mon. Wea. Rev., 146, 213-229, https://doi.org/10.
1175/MWR-D-16-0357.1.

Hong, S. Y., J. Dudhia, and S.-H. Chen, 2004: A revised
approach to ice microphysical processes for the bulk parame-
terization of clouds and precipitation. Mon. Wea. Rev., 132,
103-120, https://doi.org/10.1175/1520-0493(2004)132<010
3:ARATIM>2.0.CO;2.

Kaplan, J., and M. DeMaria, 2003: Large-scale characteristics of
rapidly intensifying tropical cyclones in the North Atlantic
basin. Wea. Forecasting, 18(6), 1093—1108, https://doi.org/
10.1175/1520-0434(2003)018<1093:LCORIT>2.0.CO;2.

Kazumori, M., 2014: Satellite radiance assimilation in the JMA
operational mesoscale 4DV AR system. Mon. Wea. Rev., 142,
1361-1381, https://doi.org/10.1175/MWR-D-13-00135.1.

Li, J.,P. Wang, H. Han, J. L. Li, and J. Zheng, 2016: On the assimi-
lation of satellite sounder data in cloudy skies in numerical
weather prediction models. Journal of Meteorological
Research, 30(2), 169-182, https://doi.org/10.1007/s13351-
016-5114-2.

Li, J., A. J. Geer, K. Okamoto, J. A. Otkin, Z. Q. Liu, W. Han,
and P. Wang, 2022: Satellite all-sky infrared radiance assimila-
tion: Recent progress and future perspectives. Adv. Atmos.
Sci., 39, 9-21, https://doi.org/10.1007/s00376-021-1088-9.

Meng, Z. Y., and F. Q. Zhang, 2008: Tests of an ensemble
Kalman filter for mesoscale and regional-scale data assimila-
tion. Part III: Comparison with 3DVAR in a real-data case
study. Mon. Wea. Rev., 136(2), 522-540, https://doi.org/10.
1175/2007TMWR2106.1.

Minamide, M., and F. Q. Zhang, 2018: Assimilation of all-sky
infrared radiances from Himawari-8 and impacts of moisture
and hydrometer initialization on convection-permitting tropi-
cal cyclone prediction. Mon. Wea. Rev., 146(10),
3241-3258, https://doi.org/10.1175/MWR-D-17-0367.1.

Minamide, M., F. Q. Zhang, and E. E. Clothiaux, 2020: Nonlinear
forecast error growth of rapidly intensifying hurricane Har-
vey (2017) examined through convection-permitting ensem-
ble assimilation of GOES-16 all-sky radiances. J. Ammos.
Sci., 77(12), 4277-4296, https://doi.org/10.1175/JAS-D-19-
0279.1.

Noh, Y., W. G. Cheon, S. Y. Hong, and S. Raasch, 2003: Improve-
ment of the K-profile model for the planetary boundary
layer based on large eddy simulation data. Bound.-Layer Mete-
orol., 107, 401-427, https://doi.org/10.1023/A:1022146
015946.

Nystrom, R. G., F. Q. Zhang, E. B. Munsell, S. A. Braun, J. A. Sip-
pel, Y. H. Weng, and K. Emanuel, 2018: Predictability and
dynamics of Hurricane Joaquin (2015) explored through con-
vection-permitting ensemble sensitivity experiments. J.
Atmos. Sci., 75, 401-424, https://doi.org/10.1175/JAS-D-17-
0137.1.

Okamoto, K., 2017: Evaluation of IR radiance simulation for all-
sky assimilation of Himawari-8/AHI in a mesoscale NWP sys-
tem. Quart. J. Roy. Meteor. Soc., 143(704), 1517-1527,
https://doi.org/10.1002/qj.3022.

Okamoto, K., A. P. McNally, and W. Bell, 2014: Progress
towards the assimilation of all-sky infrared radiances: An eval-
uation of cloud effects. Quart. J. Roy. Meteor. Soc., 140,
1603—-1614, https://doi.org/10.1002/qj.2242.

Otkin, J. A., and R. Potthast, 2019: Assimilation of all-sky


https://doi.org/10.1175/1520-0493(2004)132%3C0897:ATVDAS%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2004)132%3C0897:ATVDAS%3E2.0.CO;2
https://doi.org/10.1175/WAF-D-20-0059.1
https://doi.org/10.1175/WAF-D-20-0059.1
https://doi.org/10.1175/1520-0493(1982)110%3C1354:TCMASF%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1982)110%3C1354:TCMASF%3E2.0.CO;2
https://doi.org/10.1175/JAS-D-12-062.1
https://doi.org/10.1175/JAS-D-12-062.1
https://doi.org/10.1175/MWR-D-15-0366.1
https://doi.org/10.1175/MWR-D-13-00021.1
https://doi.org/10.1175/MWR-D-13-00021.1
https://doi.org/10.1175/JAS-D-16-0100.1
https://doi.org/10.1175/JAS-D-16-0100.1
https://doi.org/10.1175/JAS-D-17-0008.1
https://doi.org/10.1175/JAS-D-17-0008.1
https://doi.org/10.1002/qj.830
https://doi.org/10.1002/qj.3202
https://doi.org/10.1002/qj.3202
https://doi.org/10.1029/2002GL015311
https://doi.org/10.1029/2002GL015311
https://doi.org/10.1002/qj.2776
https://doi.org/10.1002/qj.2776
https://doi.org/10.1175/1520-0493(1976)104%3C0418:TSOASI%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1976)104%3C0418:TSOASI%3E2.0.CO;2
https://doi.org/10.1175/MWR-D-16-0357.1
https://doi.org/10.1175/MWR-D-16-0357.1
https://doi.org/10.1175/1520-0493(2004)132%3C0103:ARATIM%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2004)132%3C0103:ARATIM%3E2.0.CO;2
https://doi.org/10.1175/1520-0434(2003)018%3C1093:LCORIT%3E2.0.CO;2
https://doi.org/10.1175/1520-0434(2003)018%3C1093:LCORIT%3E2.0.CO;2
https://doi.org/10.1175/MWR-D-13-00135.1
https://doi.org/10.1007/s13351-016-5114-2
https://doi.org/10.1007/s13351-016-5114-2
https://doi.org/10.1007/s00376-021-1088-9
https://doi.org/10.1175/2007MWR2106.1
https://doi.org/10.1175/2007MWR2106.1
https://doi.org/10.1175/MWR-D-17-0367.1
https://doi.org/10.1175/JAS-D-19-0279.1
https://doi.org/10.1175/JAS-D-19-0279.1
https://doi.org/10.1023/A:1022146015946
https://doi.org/10.1023/A:1022146015946
https://doi.org/10.1175/JAS-D-17-0137.1
https://doi.org/10.1175/JAS-D-17-0137.1
https://doi.org/10.1002/qj.3022
https://doi.org/10.1002/qj.2242
https://doi.org/10.1175/1520-0493(2004)132%3C0897:ATVDAS%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2004)132%3C0897:ATVDAS%3E2.0.CO;2
https://doi.org/10.1175/WAF-D-20-0059.1
https://doi.org/10.1175/WAF-D-20-0059.1
https://doi.org/10.1175/1520-0493(1982)110%3C1354:TCMASF%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1982)110%3C1354:TCMASF%3E2.0.CO;2
https://doi.org/10.1175/JAS-D-12-062.1
https://doi.org/10.1175/JAS-D-12-062.1
https://doi.org/10.1175/MWR-D-15-0366.1
https://doi.org/10.1175/MWR-D-13-00021.1
https://doi.org/10.1175/MWR-D-13-00021.1
https://doi.org/10.1175/JAS-D-16-0100.1
https://doi.org/10.1175/JAS-D-16-0100.1
https://doi.org/10.1175/JAS-D-17-0008.1
https://doi.org/10.1175/JAS-D-17-0008.1
https://doi.org/10.1002/qj.830
https://doi.org/10.1002/qj.3202
https://doi.org/10.1002/qj.3202
https://doi.org/10.1029/2002GL015311
https://doi.org/10.1029/2002GL015311
https://doi.org/10.1002/qj.2776
https://doi.org/10.1002/qj.2776
https://doi.org/10.1175/1520-0493(1976)104%3C0418:TSOASI%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(1976)104%3C0418:TSOASI%3E2.0.CO;2
https://doi.org/10.1175/MWR-D-16-0357.1
https://doi.org/10.1175/MWR-D-16-0357.1
https://doi.org/10.1175/1520-0493(2004)132%3C0103:ARATIM%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2004)132%3C0103:ARATIM%3E2.0.CO;2
https://doi.org/10.1175/1520-0434(2003)018%3C1093:LCORIT%3E2.0.CO;2
https://doi.org/10.1175/1520-0434(2003)018%3C1093:LCORIT%3E2.0.CO;2
https://doi.org/10.1175/MWR-D-13-00135.1
https://doi.org/10.1007/s13351-016-5114-2
https://doi.org/10.1007/s13351-016-5114-2
https://doi.org/10.1007/s00376-021-1088-9
https://doi.org/10.1175/2007MWR2106.1
https://doi.org/10.1175/2007MWR2106.1
https://doi.org/10.1175/MWR-D-17-0367.1
https://doi.org/10.1175/JAS-D-19-0279.1
https://doi.org/10.1175/JAS-D-19-0279.1
https://doi.org/10.1023/A:1022146015946
https://doi.org/10.1023/A:1022146015946
https://doi.org/10.1175/JAS-D-17-0137.1
https://doi.org/10.1175/JAS-D-17-0137.1
https://doi.org/10.1002/qj.3022
https://doi.org/10.1002/qj.2242

1872

SEVIRI infrared brightness temperatures in a regional-scale
ensemble data assimilation system. Mon. Wea. Rev., 147(12),
4481-45009, https://doi.org/10.1175/MWR-D-19-0133.1.

Qin,Z. K., X. L. Zou, and F. Z. Weng, 2013: Evaluating added ben-
efits of assimilating GOES imager radiance data in GSI for
coastal QPFs. Mon. Wea. Rev., 141, 75-92, https://doi.org/
10.1175/MWR-D-12-00079.1.

Skamarock, W. C., and Coauthors, 2008: A description of the
Advanced Research WRF version 3. NCAR Tech. Note
NCAR/TN-475+STR, 113 pp, https://doi.org/10.5065/
D68S4MVH.

Stengel, M., P. Undén, M. Lindskog, P. Dahlgren, N. Gustafsson,
and R. Bennartz, 2009: Assimilation of SEVIRI infrared radi-
ances with HIRLAM 4D-Var. Quart. J. Roy. Meteor. Soc.,
135(645), 2100-21009, https://doi.org/10.1002/qj.501.

Stern, D. P., and D. S. Nolan, 2009: Reexamining the vertical struc-
ture of tangential winds in tropical cyclones: Observations
and theory. J. Afmos. Sci., 66, 3579-3600, https://doi.org/10.
1175/2009JAS2916.1.

Stern, D. P, and D. S. Nolan, 2012: On the height of the warm
core in tropical cyclones. J. Atmos. Sci., 69, 1657-1680,
https://doi.org/10.1175/JAS-D-11-010.1.

Stern, D. P., and F. Q. Zhang, 2016: The warm-core structure of
Hurricane Earl (2010). J. Atmos. Sci., 73, 3305-3328, https:/
/doi.org/10.1175/JAS-D-15-0328.1.

Wang, P, J. Li, Z. Li, A. H. N. Lim, J. Li, T. J. Schmit, and M. D.
Goldberg, 2017: The impact of Cross-track Infrared Sounder
(CrIS) cloud-cleared radiances on Hurricane Joaquin (2015)
and Matthew (2016) forecasts. J. Geophys. Res., 122,
13 201-13 218, https://doi.org/10.1002/2017JD027515.

Weng, F. Z.,2007: Advances in radiative transfer modeling in sup-
port of satellite data assimilation. J. Atmos. Sci., 64(11),
3799-3807, https://doi.org/10.1175/2007JAS2112.1.

Weng, Y. H,, and F. Q. Zhang, 2012: Assimilating airborne
Doppler radar observations with an ensemble Kalman filter
for convection-permitting hurricane initialization and predic-
tion: Katrina (2005). Mon. Wea. Rev., 140, 841-859, https://
doi.org/10.1175/201 1IMWR3602.1.

Weng, Y. H., and F. Q. Zhang, 2016: Advances in convection-per-
mitting tropical cyclone analysis and prediction through
EnKF assimilation of reconnaissance aircraft observations. J.
Meteor. Soc. Japan, 94, 345-358, https://doi.org/10.2151/
jmsj.2016-018.

Yang, C., Z. Q. Liu, F. Gao, P. P. Childs, and J. Z. Min, 2017:
Impact of assimilating GOES imager clear-sky radiance
with arapid refresh assimilation system for convection-permit-
ting forecast over Mexico. J. Geophys. Res., 122,
54772-5490, https://doi.org/10.1002/2016JD026436.

Zhang, F. Q., C. Snyder, and J. Z. Sun, 2004: Impacts of initial esti-
mate and observation availability on convective-scale data
assimilation with an ensemble Kalman filter. Mon. Wea.
Rev., 132, 1238-1253, https://doi.org/10.1175/1520-0493
(2004)132<1238:I0IEA0>2.0.CO;2.

Zhang, F. Q., and J. A. Sippel, 2009: Effects of moist convection

TC INTENSITY AND ALL-SKY INFRARED RADIANCE DATA

VOLUME 39

on hurricane predictability. J. Atmos. Sci., 66(7), 1944-1961,
https://doi.org/10.1175/2009JAS2824.1.

Zhang, F. Q.,and Y. H. Weng, 2015: Predicting hurricane intensity
and associated hazards: A five-year real-time forecast experi-
ment with assimilation of airborne Doppler radar observa-
tions. Bull. Amer. Meteor. Soc., 96(1), 25-33, https://doi.org
/10.1175/BAMS-D-13-00231.1.

Zhang, F. Q., Y. H. Weng, J. A. Sippel, Z. Y. Meng, and C. H.
Bishop, 2009: Cloud-resolving hurricane initialization and pre-
diction through assimilation of Doppler radar observations
with an ensemble Kalman filter. Mon. Wea. Rev., 137,
2105-2125, https://doi.org/10.1175/2009MWR2645.1.

Zhang, F. Q., Y. H. Weng, J. F. Gamache, and F. D. Marks, 2011:
Performance of convection-permitting hurricane initialization
and prediction during 2008-2010 with ensemble data assi-
milation of inner-core airborne Doppler radar observations.
Geophys. Res. Lett., 38, L15810, https://doi.org/10.1029/
2011GL048469.

Zhang, F. Q., M. Minamide, and E. E. Clothiaux, 2016: Potential
impacts of assimilating all-sky infrared satellite radiances
from GOES-R on convection-permitting analysis and predic-
tion of tropical cyclones. Geophys. Res. Lett., 43,
2954-2963, https://doi.org/10.1002/2016GL068468.

Zhang, F. Q., M. Minamide, R. G. Nystrom, X. C. Chen, S. J. Lin,
and L. M. Harris, 2019: Improving Harvey forecasts with
next-generation weather satellites: Advanced hurricane analy-
sis and prediction with assimilation of GOES-R all-sky radi-
ances. Bull. Amer. Meteor. Soc., 100(7), 1217-1222, https://
doi.org/10.1175/BAMS-D-18-0149.1.

Zhang, Y. J., and Coauthors, 2021a: Ensemble-based assimilation
of satellite all-sky microwave radiances improves intensity
and rainfall predictions for Hurricane Harvey (2017). Geo-
phys. Res. Lett., 48, ¢2021GL096410, https://doi.org/10.
1029/2021GL096410.

Zhang, Y. J., D. J. Stensrud, and E. E. Clothiaux, 2021b: Benefits
of the advanced baseline imager (ABI) for ensemble-based
analysis and prediction of severe thunderstorms. Mon. Wea.
Rev., 149, 313-332, https://doi.org/10.1175/MWR-D-20-
0254.1.

Zhang, Y. J., F. Q. Zhang, and D. J. Stensrud, 2018: Assimilating
all-sky infrared radiances from GOES-16 ABI using an ensem-
ble Kalman filter for convection-allowing severe thunder-
storms prediction. Mon. Wea. Rev., 146, 3363-3381, https://
doi.org/10.1175/MWR-D-18-0062.1.

Zhu, L., and Coauthors, 2016: Prediction and predictability of
high-impact western pacific landfalling tropical cyclone
Vicente (2012) through convection-permitting ensemble
assimilation of Doppler radar velocity. Mon. Wea. Rev., 144,
21-43, https://doi.org/10.1175/MWR-D-14-00403.1.

Zou. X., Z. K. Qin, and Y. Zheng, 2015: Improved tropical storm
forecasts with GOES-13/15 imager radiance assimilation
and asymmetric vortex initialization in HWRF. Mon. Wea.
Rev., 143, 2485-2505, https://doi.org/10.1175/MWR-D-14-
00223.1.


https://doi.org/10.1175/MWR-D-19-0133.1
https://doi.org/10.1175/MWR-D-12-00079.1
https://doi.org/10.1175/MWR-D-12-00079.1
http://dx.doi.org/10.5065/D68S4MVH
http://dx.doi.org/10.5065/D68S4MVH
https://doi.org/10.1002/qj.501
https://doi.org/10.1175/2009JAS2916.1
https://doi.org/10.1175/2009JAS2916.1
https://doi.org/10.1175/JAS-D-11-010.1
https://doi.org/10.1175/JAS-D-15-0328.1
https://doi.org/10.1175/JAS-D-15-0328.1
http://dx.doi.org/10.1002/2017JD027515
https://doi.org/10.1175/2007JAS2112.1
https://doi.org/10.1175/2011MWR3602.1
https://doi.org/10.1175/2011MWR3602.1
https://doi.org/10.2151/jmsj.2016-018
https://doi.org/10.2151/jmsj.2016-018
https://doi.org/10.1002/2016JD026436
https://doi.org/10.1175/1520-0493(2004)132%3C1238:IOIEAO%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2004)132%3C1238:IOIEAO%3E2.0.CO;2
https://doi.org/10.1175/2009JAS2824.1
https://doi.org/10.1175/BAMS-D-13-00231.1
https://doi.org/10.1175/BAMS-D-13-00231.1
https://doi.org/10.1175/2009MWR2645.1
https://doi.org/10.1029/2011GL048469
https://doi.org/10.1029/2011GL048469
https://doi.org/10.1002/2016GL068468
https://doi.org/10.1175/BAMS-D-18-0149.1
https://doi.org/10.1175/BAMS-D-18-0149.1
https://doi.org/10.1029/2021GL096410
https://doi.org/10.1029/2021GL096410
https://doi.org/10.1175/MWR-D-20-0254.1
https://doi.org/10.1175/MWR-D-20-0254.1
https://doi.org/10.1175/MWR-D-18-0062.1
https://doi.org/10.1175/MWR-D-18-0062.1
https://doi.org/10.1175/MWR-D-14-00403.1
https://doi.org/10.1175/MWR-D-14-00223.1
https://doi.org/10.1175/MWR-D-14-00223.1
https://doi.org/10.1175/MWR-D-19-0133.1
https://doi.org/10.1175/MWR-D-12-00079.1
https://doi.org/10.1175/MWR-D-12-00079.1
http://dx.doi.org/10.5065/D68S4MVH
http://dx.doi.org/10.5065/D68S4MVH
https://doi.org/10.1002/qj.501
https://doi.org/10.1175/2009JAS2916.1
https://doi.org/10.1175/2009JAS2916.1
https://doi.org/10.1175/JAS-D-11-010.1
https://doi.org/10.1175/JAS-D-15-0328.1
https://doi.org/10.1175/JAS-D-15-0328.1
http://dx.doi.org/10.1002/2017JD027515
https://doi.org/10.1175/2007JAS2112.1
https://doi.org/10.1175/2011MWR3602.1
https://doi.org/10.1175/2011MWR3602.1
https://doi.org/10.2151/jmsj.2016-018
https://doi.org/10.2151/jmsj.2016-018
https://doi.org/10.1002/2016JD026436
https://doi.org/10.1175/1520-0493(2004)132%3C1238:IOIEAO%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2004)132%3C1238:IOIEAO%3E2.0.CO;2
https://doi.org/10.1175/2009JAS2824.1
https://doi.org/10.1175/BAMS-D-13-00231.1
https://doi.org/10.1175/BAMS-D-13-00231.1
https://doi.org/10.1175/2009MWR2645.1
https://doi.org/10.1029/2011GL048469
https://doi.org/10.1029/2011GL048469
https://doi.org/10.1002/2016GL068468
https://doi.org/10.1175/BAMS-D-18-0149.1
https://doi.org/10.1175/BAMS-D-18-0149.1
https://doi.org/10.1029/2021GL096410
https://doi.org/10.1029/2021GL096410
https://doi.org/10.1175/MWR-D-20-0254.1
https://doi.org/10.1175/MWR-D-20-0254.1
https://doi.org/10.1175/MWR-D-18-0062.1
https://doi.org/10.1175/MWR-D-18-0062.1
https://doi.org/10.1175/MWR-D-14-00403.1
https://doi.org/10.1175/MWR-D-14-00223.1
https://doi.org/10.1175/MWR-D-14-00223.1
https://doi.org/10.1175/MWR-D-19-0133.1
https://doi.org/10.1175/MWR-D-12-00079.1
https://doi.org/10.1175/MWR-D-12-00079.1
http://dx.doi.org/10.5065/D68S4MVH
http://dx.doi.org/10.5065/D68S4MVH
https://doi.org/10.1002/qj.501
https://doi.org/10.1175/2009JAS2916.1
https://doi.org/10.1175/2009JAS2916.1
https://doi.org/10.1175/JAS-D-11-010.1
https://doi.org/10.1175/JAS-D-15-0328.1
https://doi.org/10.1175/JAS-D-15-0328.1
http://dx.doi.org/10.1002/2017JD027515
https://doi.org/10.1175/2007JAS2112.1
https://doi.org/10.1175/2011MWR3602.1
https://doi.org/10.1175/2011MWR3602.1
https://doi.org/10.2151/jmsj.2016-018
https://doi.org/10.2151/jmsj.2016-018
https://doi.org/10.1002/2016JD026436
https://doi.org/10.1175/1520-0493(2004)132%3C1238:IOIEAO%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2004)132%3C1238:IOIEAO%3E2.0.CO;2
https://doi.org/10.1175/2009JAS2824.1
https://doi.org/10.1175/BAMS-D-13-00231.1
https://doi.org/10.1175/BAMS-D-13-00231.1
https://doi.org/10.1175/2009MWR2645.1
https://doi.org/10.1029/2011GL048469
https://doi.org/10.1029/2011GL048469
https://doi.org/10.1002/2016GL068468
https://doi.org/10.1175/BAMS-D-18-0149.1
https://doi.org/10.1175/BAMS-D-18-0149.1
https://doi.org/10.1029/2021GL096410
https://doi.org/10.1029/2021GL096410
https://doi.org/10.1175/MWR-D-20-0254.1
https://doi.org/10.1175/MWR-D-20-0254.1
https://doi.org/10.1175/MWR-D-18-0062.1
https://doi.org/10.1175/MWR-D-18-0062.1
https://doi.org/10.1175/MWR-D-14-00403.1
https://doi.org/10.1175/MWR-D-14-00223.1
https://doi.org/10.1175/MWR-D-14-00223.1
https://doi.org/10.1175/MWR-D-19-0133.1
https://doi.org/10.1175/MWR-D-12-00079.1
https://doi.org/10.1175/MWR-D-12-00079.1
http://dx.doi.org/10.5065/D68S4MVH
http://dx.doi.org/10.5065/D68S4MVH
https://doi.org/10.1002/qj.501
https://doi.org/10.1175/2009JAS2916.1
https://doi.org/10.1175/2009JAS2916.1
https://doi.org/10.1175/JAS-D-11-010.1
https://doi.org/10.1175/JAS-D-15-0328.1
https://doi.org/10.1175/JAS-D-15-0328.1
http://dx.doi.org/10.1002/2017JD027515
https://doi.org/10.1175/2007JAS2112.1
https://doi.org/10.1175/2011MWR3602.1
https://doi.org/10.1175/2011MWR3602.1
https://doi.org/10.2151/jmsj.2016-018
https://doi.org/10.2151/jmsj.2016-018
https://doi.org/10.1002/2016JD026436
https://doi.org/10.1175/1520-0493(2004)132%3C1238:IOIEAO%3E2.0.CO;2
https://doi.org/10.1175/1520-0493(2004)132%3C1238:IOIEAO%3E2.0.CO;2
https://doi.org/10.1175/2009JAS2824.1
https://doi.org/10.1175/BAMS-D-13-00231.1
https://doi.org/10.1175/BAMS-D-13-00231.1
https://doi.org/10.1175/2009MWR2645.1
https://doi.org/10.1029/2011GL048469
https://doi.org/10.1029/2011GL048469
https://doi.org/10.1002/2016GL068468
https://doi.org/10.1175/BAMS-D-18-0149.1
https://doi.org/10.1175/BAMS-D-18-0149.1
https://doi.org/10.1029/2021GL096410
https://doi.org/10.1029/2021GL096410
https://doi.org/10.1175/MWR-D-20-0254.1
https://doi.org/10.1175/MWR-D-20-0254.1
https://doi.org/10.1175/MWR-D-18-0062.1
https://doi.org/10.1175/MWR-D-18-0062.1
https://doi.org/10.1175/MWR-D-14-00403.1
https://doi.org/10.1175/MWR-D-14-00223.1
https://doi.org/10.1175/MWR-D-14-00223.1

	1 Introduction
	2 Methodology
	2.1 The forecast model and data assimilation system
	2.2 Experimental setup and assimilated observations

	3 Results and discussions
	3.1 Deterministic forecasts of TC track and intensity
	3.2 Comparisons in observation space
	3.3 Improvements in the TC structures
	3.4 Ensemble forecasts and sensitivity analyses

	4 Conclusions and discussions

