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Abstract: Different from the aircraft TC reconnaissance flight missions before, a tropical cyclone (TC)
field campaign project with a Doppler radar equipped on an airship that could hang over on the top of
a TC (about 20 km) has been recently carried out in China. To understand the impact of airship-borne
radar radial wind observations in TC forecasting, this work conducted quick observation simulation
system experiments (QuickOSSE) by assimilating simulated airship-borne Doppler radar radial winds
with an Ensemble Kalman Filter (EnKF) algorithm. The results show that airship-borne radial winds
assimilation reproduces the forecasted track and minimum sea level pressure of the nature run. The
forecast of dynamic and thermodynamic TC structures, such as tangential wind, secondary circulation,
and warm core, are also improved. In addition, two determining factors, the radar depression angle
(D-ang) and the distance from the airship to the TC center (DIS), are found to primarily affect the
forecast of the TC track and intensity, respectively. Benefiting from a larger horizontal coverage,
observations under a smaller D-ang improved the track more significantly. Meanwhile, the intensity
forecast error with a DIS around the radius of the maximum wind is the smallest among several
sensitive experiments, which may because the peak-velocity winds representing the TC’s intensity
could be observed by radar. The results are expected to help establish an observational strategy for
upcoming airship flight missions in practice.

Keywords: tropical cyclone; airship-borne doppler radar; data assimilation; observation simulation
system experiments (OSSE)

1. Introduction

Compared to the markedly improved forecast skills of the track of tropical cyclones
(TCs) over recent decades, forecasting the intensity of TCs remains a challenge for which the
improvement rate in the western North Pacific is only 1-2% yr‘l [1]. One major reason for
this could be due to the factors/processes related to TC intensity and structure changes be-
ing complex and numerous. For instance, the initial wind profile [2], eyewall contraction [3],
vertical wind shear [4], boundary layer processes [5], and microphysics processes [6] have
been shown to affect TC development. These complicated processes, along with their
interactions, bring large nonlinearity into the development of TC, resulting in an increasing
demand for an accurate initial condition in numerical weather prediction (NWP).

The precise initial condition of TC generally comes from a proper vortex initialization
or data assimilation. In vortex initialization, an empirically [7-9] or dynamically initial-
ized [10] vortex whose intensity is comparable to the real-time report is inserted into the
model background. Although great improvement [11,12] has been achieved by vortex
initialization, the deficiency in real observed information restrains its further development.
On the other hand, based on data assimilation, numerous types of observations have proven
to be useful in enhancing the forecast skill of TC, including dropsondes [13-15], satellite
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infrared radiance [16,17], microwave radiance [18,19], and many kinds of satellite-derived
products [20,21]. The Hurricane Weather Research and Forecasting (HWRF) Model, which
couples ocean model and assimilates multiple satellite [22,23] and radar observations [24],
is operationally running to forecast the TCs in the Atlantic Ocean. Moreover, its excellent
performance on TC track and intensity forecast [25] partly comes from an accurate initial
condition after data assimilation.

Among the various types of observations, Doppler radar has greatly contributed
to the forecast of TC, as it detects intricate wind and cloud microphysics structures in
TCs’ inner-core region. Many studies have illustrated the positive impact of assimilating
ground-based radar observations to determine the track [26,27], intensity [28-30], and
rainfall of landfalling TCs [24,31,32]. However, the detection range of the coastal radar is
too limited to observe TCs in the open ocean. In 1976, NOAA started an operational aircraft
observation campaign for TCs in the Atlantic Ocean using customized P-3 aircraft and
observed 134 TCs till 2006 [33]. A C-band Doppler radar was equipped in the tail of P-3
aircraft to detect wind and cloud information in the rear space of the TC. The effectiveness
of the airborne radar radial wind to track, intensity, and structure has been evaluated via
both single cases [34] and multiple cases [35]. Based on these findings, the PSU WRF-
EnKF system was developed to forecast the TCs in the Atlantic Ocean with operational
applications. The mean absolute error is 15-43% lower than the official forecast from NHC
for lead times of at least 24 h [36].

Several airplane observation experiments for TCs in the north Pacific Ocean have
also been conducted. The U.S. Department of Defense has performed routine aircraft
reconnaissance into TCs in the Northwest Pacific for more than 40 years, starting in the last
century. The aircraft observations are not only used to estimate the real-time TC position
and intensity [37] but also to understand the climate character of the wind structure of
the TC [38] and the variability in the intensity and eye size of the TC [39]. However, due
to funding limitations, this operational flight project was terminated in 1987. In 2002,
an operational aircraft field campaign was conducted by Taiwan, namely, Dropsonde
Observation for Typhoon Surveillance near the Taiwan Region (DOTSTAR), in which
35 TCs with 45 DOTSTAR surveillance cases were carried out from 2003 to 2009. It was
found that the mean 1- to 5-day track forecast error was reduced by 10-20% with dropsonde
data assimilated in the NCEP system [40]. The Hong Kong Observatory (HKO) conducted
a flight observation experiment for TC Nida (2016). The wind, temperature, humidity, and
pressure observations collected by the in-flight measurement significantly improved the
precise TC wind structure [31].

TC airplane observation experiments in the North Pacific have been rarely conducted
after 2012, and the precise wind in TCs’ inner core was rarely observed in the previous
project. Recently, China carried out a field campaign project on TCs in the North Pacific.
The observing platform was an airship that hung over on the top (~20 km) of a TC and was
equipped with a Doppler radar and multiple dropsondes. Based on the better detection of
the structure of TC inner-core, the project aimed to support a study on the mechanisms of
TC development, as well as enhance the accuracy of TC forecast. However, the associated
equipment and instrument are still in design and preparation, and the real observation has
not been collected so far. An observation simulation system experiment (OSSE) is used to
evaluate the impact of data from a new observational platform, instrument, or new assimila-
tion technique in the NWP before a real observational field study is conducted [41,42]. Many
new kinds of observations, including satellite radio occultations [43] and radiance [44],
radar observation [41,45], and dropsoude from new aircraft platforms [46] are simulated
from a “ture” state (refer to nature run) and asimilated via an OSSE framework before
its real observing program is conducted [47]. Contrary to a full OSSE, whose nature run
is a long period model simulation distinct from reality, a QuickOSSE is frequently used
a for a specific high-impact weather event, in which a short-term, high resolution forecast
serves as the nature run [43,48]. Here, this study adopts the QuickOSSE approach to reveal
the possible impact of the airship-borne Doppler radar radial wind on forecasts of the
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track, intensity, and structure of TCs. Multiple experiments with different radar-observed
coverages are further performed and analyzed to provide a useful reference for designing
the future airship observing strategy.

The rest of the paper is organized as follows. The details of the model configuration,
experimental design, and case description are introduced in Section 2. In Section 3, the
impact of assimilating airship-borne radar radial winds to forecast the track, intensity, and
structure of TC Molave is analyzed. The forecast sensitivity to the airship-borne radar
depression angle (D-ang) and the distance from the airship to the TC center (DIS) are
further analyzed in Section 4. A summary and discussion are provided in Section 5.

2. Method
2.1. Model and Data Assimilation Configuration

The forecast model used is the Weather Research and Forecasting model (i.e., WREF-
ARW) as in an advanced research version of 3.8.1. The initial and boundary conditions
were derived from NCEP final analyses (FNL) at 1° x 1° with a 6-h interval. The detailed
model configuration is listed in Table 1.

Table 1. Description of model configuration for the nature run, EnKF, and noDA experiment.

Nature Run EnKF/noDA

Vertical levels 50, top at 10 hPa 43, top at 50 hPa

Grid nesting Three two-way nested domains (d01/d02/d03)
Horizontal resolution 18 km/6 km/2 km 40.5km/13.5km/4.5 km

Domain grid size 311 x 251,271 x 271, and 211 x 211 120 x 100, 151 x 151, and 169 x 169
Planetary boundary layer Yonsei University (YSU) scheme [49]

Longwave radiation Rapid radiative transfer model (TTRM) longwave radiation physics scheme [50]
Shortwave radiation Dudhia shortwave radiation physics scheme [51]

Microphysics WREF single-moment six-class microphysics (WSM6) scheme [52]

Cumulus Kain-Fritsch cumulus scheme [53].

Data assimilation is performed with a multiscale data assimilation and application
system based on Ensemble Kalman Filter (EnKF). Several works in the literature [31,32]
have demonstrated its great performance in forecasting landfalling TC through assimilation
of ground-based radar radial winds. The experiment process is shown in Figure 1. Fol-
lowing many previous studies [28,32,34,54-56], the dynamic balanced initial perturbations
were first generated with the WRFDA-3DVAR program under “cv3” background error
covariance setting, and then injected into NCEP FNL to generate 60 ensemble members
at 00:00 UTC on 26 October 2020. The averaged standard deviations over all domain
grids for pressure, horizontal wind components, potential temperature, and water vapor
mixing ratio are about 0.4 hPa, 1. S71, 0.7 K, and 0.75 g kg, respectively, which are
consistent with many prior studies [32,54]. The same measurement is also performed to
obtain lateral boundary condition perturbations for each ensemble member. A short-range
ensemble forecast (~6 h) was carried out to develop flow-dependent background error
covariance structures relevant to the scale at which the EnKF is performed. The simulated
airship-borne radial velocity data from the nature run are assimilated at 06:00 UTC 26,
October 2020. This is the same as Feng, Duan, Wan, Hu, and Pu [32], as 20% and 80% of the
total radar data are randomly selected and assimilated in d02 and d03 with a localization
radius of 450 and 150 km, respectively. After assimilation, a 42-h deterministic forecast is
initiated with the ensemble mean of the updated members. The observation operator of
airship-borne radar radial wind in EnKF is introduced in Section 3.1.
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Figure 1. Schematic flowchart for the nature run, EnKF, and noDA experiments. The three blue paral-
lel arrows represent ensemble spin-up before the DA cycles. The red arrows show the assimilation of
simulated radar observation at 06:00 UTC on 26 October 2020. The blue arrows present forecasts with
the ensemble mean of EnKF or FNL initial condition (noDA experiment).

2.2. Nature Run

The nature run is the forecast of Typhoon Regional Assimilation and Predication
System (T-RAPS) that started at 00:00 UTC on 26 October 2020. T-RAPS [31] is a quasi-
operational TC prediction system developed by the Chinese Academy of Meteorological
Sciences, which consists of a TC dynamic initialization (DI) scheme [10] and WRF-ARW
model. The DI approach spins up the axisymmetric component of the TC vortex using 6-h
cycle runs that start 6 h before the forecast/simulation (i.e., 18:00 UTC on 25 October 2020).
The DI procedure is stopped when the TC intensity is comparable with the observation,
and the vortex after DI is utilized as the initial condition to warm-start the model. Many
prior studies [31,57,58] have demonstrated the competitive performance of T-RPAS on
modeling of TC’s track, intensity, and structure. More detailed descriptions of the DI
scheme can be found in Cha and Wang [10], Wang et al. [59], and Liu, Wang, Xu, and
Duan [11]. In addition to the nature run, two experiments are performed with and without
simulated radar radial winds assimilated, named EnKF and noDA, respectively. The model
configuration of nature run, EnKF, and noDA experiment are listed in Table 1. To consider
the influence of model error in the QuickOSSE, the model setting of the nature run is
artificially different from that of the EnKF/noDA experiment. The following modifications
are made to produce a realistic nature run with enough model deviations to amount to
a respectable model error [60]:

(1) The horizontal resolution of the nature run (2 km) is nearly half that in the EnKF/noDA
experiment (4.5 km);

(2) The model top altitude, number of vertical levels, and sigma value of each model
level in terrain-following coordinates differ between the twin experiments;

(3) The initial and boundary condition of the nature run comes from the NCEP GFS
forecast (with a 0.5" x 0.5 resolution) that started at 18:00 UTC on 25 October 2020,
whereas the NCEP FNL (with a 1” x 1° resolution) is adopted in the EnKF/noDA
experiment, and its initial time is 6 h later than the nature run;
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(4) Two vortex-following inner domains (d02/d03) are implemented in the nature run
throughout the simulation period. The inner domains of the EnKF/noDA experiment
remain static during the ensemble spin-up period and move with TC in the 42-h
deterministic forecast.

2.3. Case Description

In this study, TC Molave (2020) is used as the case to illustrate the impact of airship-
borne Doppler radial winds. TC Molave was generated in the western Pacific Ocean at
00:00 UTC on 23 October 2020 and then moved eastward through the Philippine Islands.
After entering the South China Sea on October 26, Molave experienced a rapid intensifica-
tion (RI) period, with peak intensity reaching 48 m/s (940 hPa), and finally made landfall
off the coast of Vietnam at 08:00 UTC on 28 October 2020. The losses caused by Molave
reached up to 115 deaths and more than USD 742 million in property damage. The best
track and the simulation of the TC track and minimum sea-level pressure (minSLP) in
the nature run are shown in Figure 2. It is shown that both track and intensity of nature
run are comparable to the CMA best track and nature run successfully simulate the RI
period with a similar RI rate, although the intensity is slightly stronger. In the following
parts, the nature run is treated as the truth to illustrate the potential benefit of assimilating
airship-borne Doppler winds.
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Figure 2. The track (a) and intensity (b) of nature run (solid line) and CMA best track (dashed line)
for TC Molave.
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3. Impacts of the Simulated Observations
3.1. Simulation of the Airship-Borne Doppler Wind Observations

The simulated airship flies on top of the TC at an altitude of 20 km above the sea
surface, following the design height of the airship in a real flight mission. In the experiment
mentioned in this section, the airship is set at 50 km east of the TC center horizontally
(13.37°N, 19.89°E). The flight speed of the airship is about 30 km/h, and it only moved
about 300 m within the time required for the radar to complete a 360-azimuth scan (less
than 1 min). Therefore, the simulated radar observation is considered a snapshot of the
wind field of the nature run at 06:00 UTC on 26 October 2020. According to the parameters
of the NOAA P-3 air-borne radar, the maximum detection distance of the radar was set to
75 km, with a radial resolution of 150 m and an azimuthal resolution of 1 degree [61]. Radar
bins along each ray are individually created according to the latitude/longitude of the
airship, the azimuth, and the elevation of the ray, as well as the distance from the radar. The
Doppler radial wind observations are then estimated by interpolating the wind components
of the nature run to each radar bin location by the forward operator, as shown below [61]:

V; = usingcos + vcos@cosd + (w — vr)sind 1)

where V; is the simulated Doppler radial speed, and u, v, and w refer to the zonal, merid-
ional, and vertical wind speed, respectively. ¢ and 6 represent the azimuth and angle
of depression (D-ang) of the radar beam relative to the ground. Large raindrops (with a
diameter of around 5 mm) have terminal velocities (vr) of approximately 10 m/s [62]. This
results in an inaccuracy of approximately 5 m/s in the region with high rainfall intensity
(such as a TC eyewall or rainband) when the D-ang is only 30 degrees. Under the special
toward-ground scanning method of the airship-borne radar, the influence of precipitation
particles will become increasingly strong along with the enlargement in the D-ang. Hence,
the effect of the terminal velocity of falling precipitation particles should be considered
during the simulation of the radial winds [63]. Following the parameter scheme in the
variational Doppler radar analysis system (VDRAS) [64], the mass-weighted hydrometeor
terminal velocity (vr) is calculated by

Vr = 54aq) ' )

7

The formula for calculating the correction factor « is as follows:

0.4
_(Po 3
* (p) ©)

where 7 is the pressure at the base state and py is the ground surface pressure. The same
observation operator (Equation (1)) was developed in the EnKF assimilation system to
absorb simulated radar observations.

Similar to the OSSE setup in Maldonado et al. [65], the additive random noise, normally
distributed with a mean of 0 m/s and a variance of 1 m/s, is applied to simulate the
instrument error. The diagonal component of the observation error covariance matrix
is simulated since observation errors are considered uncorrelated. Because the spatial
resolution of the radar observation is much higher than that of the model grid, a data-
thinning strategy is implemented to avoid large correlations among the raw data and
reduce the calculation cost [31,66]. Following Weng and Zhang [33], the airship-borne
Doppler winds in a small region (referes as a bin) are averaged to generate the finally
assimilated Super-Observation (SO) that matches the model grid density. The averaging
bin is confined within 4 km in the radial direction and 5deg in the azimuthal direction.

The schematic diagram of airship-borne Doppler radar observation space is shown
in Figure 3a. According to the maximum detection distance of the radar (75 km) and the
flying height of the airship (20 km), the horizontal (R) and vertical (H) detection ranges
are determined once the D-ang is given. Figure 3b shows the simulated radar radial wind
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field with a D-ang of 30 degrees and the airship posited 50 km from the center of the TC. In
this condition, the horizontal (R) and vertical (H) observation range is 55 km and 20 km,
respectively, and the east side and the eye of the TC can be observed. An evident cyclonic
wind field is captured in the radar radial wind observations. The strong winds (more than
40 m/s) near the radius of maximum wind (RMW) in the lower layer are also involved.

14°N

13°45'N —|

13°30'N —

13°15'N —

13°N —

119°30'E 119°45'E 120°E 120°15'E

50 -40 -30 -20 -10 0 10 20 30 40 50 (ms!

Figure 3. (a) Schematic diagram of airship-borne Doppler radar observation space. 6, L, H, and R
denote the radar depression angle (D-ang), radar maximum detection distance, vertical detection
range, and horizontal detection range, respectively. (b) The simulated radial winds of TC Molave in
nature run when D-ang equals 30° and distance of the airship from the TC center equals 75 km.

3.2. Impacts on TC Track and Intensity

In comparison with the nature run, the simulation after assimilating the airship-borne
Doppler radar radial wind fairly reproduces the track and intensity of the TC (Figure 4).
The track error of EnKF is generally less than 100 km during the 42-h simulation. Given
that the complete wind field of TC eye and eyewall was captured in the radar observation,
the initial position of the TC center of EnKF is closer to the nature run, with a position error
reduced by 40 km compared to noDA. Due to the west-northward migration of the initial
TC location, the TC track of the EnKF experiment reaches further north than that in the
noDA experiment. Meanwhile, corresponding to the length scale of localization of 450 km
in domain 02, the assimilation increment could cover the area of 1000 km and impact the
steering flow of the TC. Hence, the TC track forecast is improved to a certain degree, similar
to many previous works on ground-based or airborne radar data assimilation [33,54,55].
As for the intensity of the TC, significant improvements are found after assimilating the
airship-borne radar radial winds. The minimum sea-level pressure (MinSLP, Figure 4b)
agreed well with the nature run during the simulation period, becoming 8-16 hPa closer
to the nature run than that in the noDA. The maximum surface wind speed (MaxWSP,
Figure 4c) was enhanced by 5-10 m/s over the noDA during most of the simulation. Similar
to some literature associated with Doppler radar data assimilation [32,33], the MinSLP and
MaxWSP are not consistent with the best track or nature run simultaneously, which may
be related to the model error. Although the MaxWSP was between 3 and 48 m/s and did
not show a significant enhancement trend, the MinSLP decreased significantly during the
model integration, and the value and the occurrence time of the lowest MinSLP are highly
consistent with the nature run. It is noted that regardless of whether the airship-borne
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minimum sea-level pressure(hPa)

radar observation was assimilated, the increasing/decreasing trend of both MinSLP and
MaxWSP did not change during the model’s integration. This indicates that the evolution
of the TC intensity, along with time for this individual case, is determined more by the
physical process of the model itself instead of the difference in the initial intensity, although
it can affect the magnitude of the intensity in the following integration process.
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Figure 4. The (a) track, (b) minimum sea-level pressure, and (c) maximum surface wind forecast of
TC Molave in EnKF (red curve), noDA (blue curve), and nature run (black curve).

3.3. Impacts on TC Structure

Besides improving the forecasted track and intensity of TC, the data assimilation also
had a significant impact on its wind and thermal structure in the forecast. The results of 3 h
and 18 h of model integration (09:00 UTC and 18:00 UTC on 26 October 2020) were selected
to reflect the influence of data assimilation on the early and late stages of TC simulation. As
shown in Figure 5, the vortex circulation in noDA is much weaker than in the nature run
at both the early and late stages. After data assimilation, the 50 m/s maximum tangential
wind is below 3 km in the vortex of EnKF (Figure 5c¢,f) for both stages, which is enhanced
by 10 to 15 m/s compared to noDA (Figure 5b,e). In addition to the notable increases in the
wind speed maxima near the surface, the tangential winds in the middle and upper levels
(4-12 km) of the TC were also significantly enhanced (around 5 m/s) after assimilation, and
the 25 m/s isobars stretched further upward by about 2 km during the entire simulation
period. Unlike the tangential wind, the secondary circulation of the TC is not significantly
intensified at the early stage of the simulation (09:00 UTC on 26 October 2020); after the
18-h dynamic adjustment, the enhanced tangential wind drives the increase in the low-level
inflow and high-level outflow of the TC (both increase by 5 m/s compared to noDA), which
is close to the structure in the nature run. Additionally, consistent with the nature run,
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Figure 5. Azimuthal averaged tangential wind speed (shaded) and radial wind of TC Molave in
nature run (left column), noDA (middle column), and EnKF (right column) at 09:00 UTC (a—c) and
18:00 UTC (d—f) on 26 October 2020.

For the warm core structure directly related to the storm’s intensity [67-69], the
assimilation of airship-borne radar data also brings a substantial contribution. Similar to
the measurement of previous studies [67,70], the warm core here is represented by the
potential temperature anomaly concerning the reference environmental temperature profile
that averaged 300-750 km from the TC center. Compatible with a stronger circulation, the
EnKEF (Figure 6¢,f) shows a stronger warm core in the eye region. Compared with noDA
(Figure 6b,e), the spatial range of temperature perturbation over 8 K after assimilation is
notably larger (Figure 6¢,f). Additionally, the maximum anomaly reaches 12 K, similar
to the nature run (Figure 6a,d). In total, the assimilation of airship-borne Doppler radar
observations showed a distinct impact on TC dynamic and thermal structure and could
build a strengthened TC vortex.



Remote Sens. 2023, 15, 191

10 0of 18

Pressure (hpa)

Pressure (hpa)

100
200
300
400
500
600
700
800
900

100

5 5
Q Q
£ £
@ @
o o
3 3
7] 17
w o0
[ [
e <
o o

1000
100 g

120

160 200 240

Pressure (hpa)
Pressure (hpa)

2 Ry
S S T
P |

0 30 60 90 120 150

6 4 -2 0 2 4 6 8 10 12 (K

Figure 6. The vertical cross-section of potential temperature anomaly (see text for the description) in
nature run (the left column), noDA (the middle column), and EnKF (the right column) at 09:00 UTC
(a—c) and 18:00 UTC (d-f) on 26 October 2020.

4. Sensitivity Analysis to Storm-Relative Distance and Radar Depression Angle

Apart from validating the possible impact of a new type of observation or observing
platform, QuickOSSE could provide helpful suggestions in designing an observation
strategy for real TC flight. Two factors, the distance from the airship to the TC center (DIS)
and the radar depression angle (D-ang), could be essential to airship-borne radar radial
winds and their assimilation’s impact on the forecast of TC. This section attempts to reveal
the influence of these two factors on airship-borne radar radial winds and TC forecasts.

4.1. Simulated Observations under Various Conditions

As shown in Figure 7, D-ang determines the horizontal distance detected by the
airship radar. When the radar D-ang equals 60°, 40°, 20°, and 10°, the corresponding
horizontal detection radius ranges (R of Table 2) are about 12 km, 24 km, 55 km, and
72 km, respectively. When the D-ang is too large, the radar beam is too close to the vertical
direction, which severely reduces the horizontal range of the radar detection. When the
D-ang is too small (e.g., 10°), the vertical depth of the radar scanning volume is only 13 km
due to the restriction of the maximum detection distance of the radar (75 km), despite the
horizontal range of the radar detection being able to reach further than 70 km. Under such
a setting with a small D-ang, the low-level area would be a blind spot for the airship-borne
radar (Figure 8a). For other D-angs, the radar observations are uniformly distributed in the
vertical direction from the bottom ocean surface to the flight level. Because the detection
range of radar (L of Table 2) is restricted by the airship flight height at a large D-ang, the
total number of radar observations varies with the D-ang. The smaller the D-ang, the larger
the quantity of the SO.
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Figure 7. The simulated radar radial wind observations under different angles of depression
(D-angs) and different distances from the airship to the TC center (DISs). (a—-d) D-ang = 60°,
(e-h) D-ang = 40°, (i-1) D-ang = 20°, (m—p) D-ang = 10°; (a,e,i,m) DIS = 75 km, (b,f,j,n) DIS = 50 km,
(c,j k,0) DIS = 25 km, (d,h,1,p) DIS = 0 km.

Table 2. The detection range (L), horizontal scanning radius (R), vertical scanning depth (H), and
total radar SO number in various radar D-ang settings.

D-ang (6) L (km) R (km) H (km) Total SO
Number
60° 231 115 200 431
40° 311 238 200 575
20° 58.4 54.8 200 1079

10° 75.0 73.9 13.0 1367
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Figure 8. (a) The number of the simulated Doppler radar radial winds under various radar D-ang
configurations. The box plot of the simulated radar radial winds when DIS equals (b) 0 km, (c) 25 km,
(d) 50 km, (e) 75 km.

The DIS, D-ang, and the size of the TC affect not only the detection range of the airship-
borne radar but also the character of radar radial winds. If the airship is located right above
the TC center (i.e., the DIS is equal to 0), the radar beam direction is roughly perpendicular
to the direction of the TC tangential wind circulation so that only the TC secondary circula-
tion component and the easterly and south-easterly airflow at high altitudes above the TC
can be detected. Due to the inflow and outflow usually being much weaker than the primary
cyclonic circulation of the TC, the radar observations are generally small, with a maximum
value of little more than 20 m/s (Figure 8b). When there is a certain distance between the
airship and the TC’s center, more tangential wind components of the TC can be observed by
radar, resulting in a much higher maximum speed of the radial wind (Figure 8c-e). Under
a certain DIS, the maximum radar wind may be larger if the D-ang is smaller, resulting in a
larger scanning region. In addition, the size of the TC can affect the statistics of the radial
winds jointly with the DIS and D-ang. For example, the radius of the maximum wind speed
(RMW) of Molave is about 60 km, and the averaged tangential wind in the circular area
50-80 km from the TC’s center exceeds 50 m/s. The location of the maximum wind speed ra-
dius of the TC can be observed either when DIS is almost equal to the RMW (50 km or 75 km)
with a D-ang of 20 degrees or when DIS is slightly larger than the RMW (i.e., 75 km) with
a relatively large D-ang (e.g., 40 degrees, Figure 7e,i j). Under the above conditions, a wind
speed of 50 m/s can be observed by the airship-borne Doppler radar (Figure 8d,e).

4.2. Sensitivity Analysis

To better evaluate the assimilation impact of airship-borne radar radial winds under
the impacts of DIS and D-ang, sixteen experiments with different DISs (i.e., 0, 25, 50, and
75 km) and D-angs (10°, 20°, 40°, and 60°) are performed in this section. Figure 9 shows
the track forecast of the sensitivity experiments. The initial position of TC in noDA is to the
south, resulting in a southerly track bias in the following simulation. After data assimilation,
given the apparent positive-negative radial winds gap in the radar observations in all
sixteen conditions, the initial location of the TC’s center in each experiment was moved
northerly to some degree. Additionally, it caused an evident improvement in the first
12 h forecast of the TC in all sixteen experiments. Except for the initial location error,
the environment steering flow affects the TC track, especially for the track forecasts for
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a longer time. Beyond the first 12 h, many cases with shorter radar observation coverage
stayed the same as noDA. Comparing three sets of tracks, the smaller the D-ang, the smaller
the track forecast, especially in the 13-42-h simulation period. This result suggests the
importance of the observation coverage for the long-time track forecast of a TC. If the
observation coverage is too limited, the adjustment of the environment steering flow after
assimilation seems insufficient to drive the track of the TC differently from the noDA after
a 12-h simulation. Moreover, due to the deficiency of middle and low-level winds when
the D-ang equals 10°, the track improvement is less than that with a D-ang of 20°.

(a) D-ang=60°

16°N — nature  —— DIS=0km —— DIS=50km
—— noDA —— DIS=25km —— DIS=75km
15°N
°
14°N L
13°N

mean error: 49.9km 40.3km 36.7km 46.9km 33.5km
110°E 112°E 114°E 116°E 118°E

(b) D-ang=40°
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14°N- A
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110°E 112°E 114°E 116°E 118°E

Figure 9. The track forecast of assimilating airship-borne radar observations under a D-ang of (a) 60°,
(b) 40°, (c) 20°, and (d) 10°. The track forecasts under various DISs are shown in different colors. The
mean track error during simulating period of each experiment is noted in the figure with the color
corresponding to the track line.
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Different from track prediction, whose performance is related to D-ang, the intensity
forecasts were primarily influenced by DIS. As a result, the minSLP forecast curves were
plotted in four panels with different DISs in Figure 10 (the maxWSP is similar to minSLP,
so the figure is omitted). The results indicated that the radar observations with a certain
DIS are crucial to intensify the TC vortex, and the initial intensity of TC is a key factor in
the following forecast of TC intensity. If the airship hovers near the TC center (i.e., the DIS
equals 0 or 25 km), the initial minSLP of TC remains unchanged or slightly higher than
noDA, and a similar performance on the intensity forecast can be seen in the following
period, regardless of the D-ang. When the airship flies 75 km from the TC center, the
TC initial intensity can be enhanced by at least 10 hPa in an experiment with a D-ang of
60°, 40°, and 20°, and the forecast error can be reduced sharply. If the observations at the
low level are not used in the assimilation, the initial errors for the intensity are similar to
the noDA, resulting in a limited forecast improvement after assimilation. According to
these results, the observations in the TC inner-core region, particularly for the winds near
RMW at the low level, are crucial to generate an initial vortex with a lower minSLP. With
a stronger initial TC, the intensity forecast error for all 42 h can be significantly reduced.
This result is consistent with Emanuel and Zhang [71], who demonstrated that the intensity
error growth in the first few days is approximately determined by the initial intensity error.

(a) DIS=0km {b) DIS=25km
e —— nature —— D-ang=60° —— D-ang=20° - —— nature —— D-ang=60° —— D-ang=20°
—— noDA —— D-ang=40° —— D-ang=10° —— noDA —— D-ang=40° —— D-ang=10°

minimum sea-level pressure(hPa)
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Figure 10. The minimum sea-level pressure of TC forecast when DIS equals (a) 0, (b) 25 km,
(c) 50 km, and (d) 75 km. The intensity forecast under various D-angs is shown by different colors.
The mean absolute intensity error during simulating period of each experiment is noted in the figure
with the corresponding color.

5. Summary and Discussion

In this study, the impact of airship-borne Doppler radar radial winds in the forecast
of the tropical cyclone (TC) Molave (2020) is examined via a quick observation system
simulation experiment (QuickOSSE), in which the radar radial wind observations are
simulated based on the wind field of a nature run and then assimilated through the
ensemble Kalman filter (EnKF). It is found that assimilating airship-borne Doppler radar
radial wind can significantly improve the track and intensity forecast of Molave under an
airship-borne radar depression angle (D-ang) of 20° and a distance from the airship to the
TC center (DIS) of 50 km. The initial location error of the TC center, initial MinSLP, and
MaxWSP error can be reduced by 40 km, 9 hPa, and 5 m/s, respectively, compared with
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the experiment with no data assimilated (noDA). This resulted in a better initial condition
of the TC vortex and steering flow, and the track forecast in EnKF migrated to the north
of the track in noDA, matching well with the nature run. The forecast of MinSLP in EnKF
reproduced the RI phase of the nature run, with a nearly 940 hPa peak intensity.

The assimilation of airship-borne Doppler radar also changed the structure of the TC in
terms of the circulation and temperature field. After 18 h of model integration, the primary
and the secondary circulation of TC were enhanced by 23% and 50% through dynamic
model integration, respectively. The enhanced updraft near the TC eyewall connected
the inflow and outflow, establishing a strong TC secondary circulation in EnKF. On the
temperature field, the increasing similarity between the EnKF and the nature run was found
in both the increase in the maximum temperature anomaly concerning the environment
and the vertical stretch of temperature anomaly larger than 8 K.

In addition, D-ang and DIS affected the observation characteristics and the forecasted
TC. D-ang determined the horizontal and vertical range of the radar observation, and
the radar with a smaller D-ang gave a larger horizontal scanning coverage. If the D-ang
was larger than 40°, an airship-borne radar observation only covered a narrow circle
region with a radius of less than 25 km. However, if the D-ang were too small (e.g.,
equal to 10°), the region within 7 km above the ocean would be a blind spot due to
the detection range limitation of the radar beam. Meanwhile, the DIS determined the
maximum Doppler wind speed. An appropriate DIS about RMW enables the involvement
of heavy wind observations near RMW, which enlarges the spread of the wind speeds in
one scanning volume.

Assimilating radar observations with various DIS/D-ang combinations creates
a significant difference in the TC track and intensity forecast. The TC initial positions
in all experiments with observations assimilated moved northward near the nature run.
This resulted in a larger horizontal coverage in a smaller D-ang condition; the track forecast
improved significantly compared to that with a large D-ang. While the intensity forecast
was primarily correlated with the DIS selection, assimilating observations with a small DIS
(e.g., 0 and 25 km) showed no improvement in intensity forecasts, which may stem from
a lack of large winds of TC tangential circulation that represented the TC intensity. In other
words, the observations near the TC’s RMW may be the key to improving the TC intensity
forecast. Similar to the study of TC predictability [58], the intensity forecast error of the TC
Molave was found to be closely related to its initial error.

To summarize, our results suggest that proper assimilation of airship-borne Doppler
radar radial winds can improve the forecast of TC from different perspectives, ranging from
the track and intensity to the structure. The sensitivity analysis showed that assimilating
radar observations under a DIS near the RMW and a small (i.e., 20°) D-ang improved
the forecast of the TC most significantly. This preliminary result examines the impact of
airship-borne radar radial winds in the track and intensity forecast of TCs and is expected
to provide a useful reference to the observing strategy of practical airship flight missions.
Admittedly, although D-ang significantly affects TC analysis and forecast as investigated in
this study, for real airship-borne radar manufacturing, a radar with multiple D-angs, is the
best choice if possible. It should be mentioned that the above results were obtained from
a single TC case and are by no means sufficient, and the OSSE system is not fully validated.
Moreover, the detection sensitivity of airship-borne radar was not considered. More
experiments with various TCs and more realistic observations considering the scattering
characteristic of the frequency band of the radar should be performed.
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