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Filling the Gap of Wind Observations Inside Tropical Cyclones
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Astronomy, University of Leicester, Leicester, UK, *National Center for Earth Observation, Leicester, UK, “Department of
Meteorology, University of Reading, Reading, UK

Abstract The WIVERN (WInd VElocity Radar Nephoscope) mission, currently under the Phase-0 of the
ESA Earth Explorer program, promises to provide new insight in the coupling between winds and microphysics
by globally observing, for the first time, vertical profiles of horizontal winds in cloudy areas. The objective of
this work is to explore the potential of the WIVERN conically scanning Doppler 94 GHz radar for filling the
wind observation gap inside tropical cyclones (TCs). To this aim, realistic WIVERN notional observations

of TCs are produced by combining the CloudSat 94 GHz radar reflectivity observations from 2007 to 2009
with ECMWEF co-located winds. Despite the short wavelength of the radar (3 mm), which causes strong
attenuation in presence of large amount of liquid hydrometeors, the system can profile most of the TCs,
particularly the cloudy areas above the freezing level and the precipitating stratiform regions. The statistical
analysis of the results shows that, (a) because of its lower sensitivity, a nadir pointing WIVERN would detect
75% of the clouds observed by CloudSat (45% of winds with 3 m s~! accuracy, in comparison to CloudSat
sampling of clouds), (b) but thanks to its scanning capability, WIVERN would actually provide 53 times

more observations of clouds than CloudSat in TCs (30 times more observations of horizontal winds), (c) this
corresponds to about 350 (200) million observations of clouds (accurate winds) every year. Such observations
could be used to shed light on the physical processes underpinning the evolution of TCs and in data assimilation
in order to improve numerical weather prediction.

Plain Language Summary Despite their huge impact on tropical weather, tropical cyclones are still
not fully understood with uncertainties in the predictions of their evolution and trajectory. In order to provide
more detailed observations of tropical cyclones, a ground-breaking spaceborne observing system hosting a
conically scanning Doppler high frequency radar that could provide information both on in-cloud winds and
cloud mass contents is proposed. Despite the fact that the observations from such radar are strongly attenuated
in presence of heavy rain, the system can sample most of the tropical cyclones, particularly the cloudy areas
above the freezing level and the precipitating stratiform regions. Our notional study, based on the climatology
of tropical cyclones collected during 3 years by a spaceborne nadir pointing non-Doppler radar, demonstrates
that the newly proposed satellite would provide hundred millions observations of clouds and accurate winds in
tropical cyclones every year. Such observations could be used to improve our understanding of the processes
underpinning the evolution of tropical cyclones and hence, their forecast.

1. Introduction

Tropical cyclones (TCs) are the most iconic weather system. They play a paramount role in the Earth's radi-
ation budget and in the water cycle by transporting heat and moisture from the tropics to the mid-latitudes
(Emanuel, 2001; Scoccimarro et al., 2011) and by releasing huge quantities of latent heat (Emanuel, 2003). But
most importantly, they are among the most devastating of natural disasters causing widespread destruction due to
strong wind and excessive amounts of rainfall when making landfall (Klotzbach et al., 2018).

There is still no widespread consensus on the understanding and prediction of the genesis of TCs (Emanuel, 2003).
Several studies have found that environmental vertical wind shear (usually defined between 200 and 850 hPa)
is the main driver for the formation, intensification, and dissipation of TCs because of its capability of causing
kinematic and thermodynamic asymmetries (Schenkel et al., 2020; Thatcher & Pu, 2011; Wadler et al., 2022)
but intertwined complex multiscale processes generally govern TC intensity change (Judt & Chen, 2016). The
understanding of the dynamical and thermodynamical structure, of the cloud microphysics and its evolution
during TC's life cycle is still a matter of active research and is crucial to improve forecasts (R. Rogers et al., 2013).
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Another challenge with TCs is to predict their frequency and intensity response in a changing climate. This
has been the subject of considerable investigation, often with conflicting results (Emanuel, 2021; Knutson
et al.,, 2010). One of the factors explaining such inconsistencies is the differences in model physics (Walsh
et al., 2016). Indeed, even with high resolution forecast models, biases in the physics were found to be respon-
sible for a degradation of the forecasts of strong TCs when assimilating observations (Tong et al., 2018). To be
confident in the predictions about the frequency of TCs in a future climate, it is important that the models are
physically based and not empirically tuned.

Airborne radar observations have been used to understand mesoscale and convective-scale processes (e.g.,
convective bursts, downdrafts near the warm core, vortex Rossby waves, eyewall asymmetries) associated with
the cyclone intensity change (R. F. Rogers et al., 2016; Guimond et al., 2020; Didlake et al., 2017; Wadler
et al., 2018). Many observations and numerical experiments suggest the positive impact of assimilating wind
observations, and in particular radar Doppler velocity observations, on forecasting TC track, structure, intensity
and rainfall prediction (J. E. George & Gray, 1976; Bucci et al., 2021; Feng et al., 2023, and references therein).
For example, Tong et al. (2018) highlight the benefit of assimilating aircraft reconnaissance observations in
improving TCs track and intensity forecasts. However, many TCs are too far out over the ocean to be reached with
current manned aircraft and reconnaissance flight missions are primarily conducted for potentially landfalling
storms, or they require long-duration unmanned aircraft such as the Global Hawk (Sippel et al., 2014). Progress
is still hampered by the lack of high-resolution observations of the spatio-temporal evolution of the TC vertical
structure of winds and clouds, especially over the oceans.

Satellite observations of winds can fill this gap. For example, recent studies have tested the impact of assimi-
lating atmospheric motion vectors (AMVs) (Wu et al., 2014; C. Velden et al., 2017) or surface winds derived
from ocean surface layer (Cui et al., 2019; Leidner et al., 2018). One limitation of such observations is that
they are representative of a specific height, which can even be uncertain in the case of AMVs (C. S. Velden &
Bedka, 2009; Cordoba et al., 2017). In 2018, the European Space Agency (ESA) launched the first spaceborne
Doppler lidar (Aeolus) (Stoffelen et al., 2005) for measuring line-of-sight winds over an atmospheric column.
This mission has been a fantastic success demonstrated by the operational follow-on mission called Aeolus-2
which should be launched within a decade (Wernham et al., 2021). It was shown that the assimilation of Aeolus
observations generally improved forecasts of several numerical weather prediction models (NWP) (G. George
et al., 2021; Rennie et al., 2021; Laroche & St-James, 2022). This includes positive impact in the forecast of
TC intensity and size (Marinescu et al., 2022), despite Aeolus measurements being made in clear air and thin
clouds, and mostly coming from upper troposphere and lower stratosphere. However, it is well known that the
tropospheric winds have a crucial role in steering TC tracks (J. E. George & Gray, 1976) and that assimilation of
inner core—where most of the rain bands are present—winds is particularly useful for improving forecasts (Feng
etal., 2023; Tong et al., 2018). Thus, because of the lack of penetration capability of lidar inside cloudy and rainy
systems, this will remain an observation gap even in the Aeolus2 era.

The WIVERN (WInd VElocity Radar Nephoscope) mission (www.wivern.polito.it Illingworth et al., 2018;
Battaglia et al., 2022), currently in Phase-0 within the ESA Earth Explorer program, promises to complement the
Aeolus measurements, with a concept similar to the Radar Wind Sounder proposed by Moore et al. (1996) or the
DYCECT mission proposed by Lemaitre and Viltard (2013). For the first time, it would provide global obser-
vations of vertical profiles of winds in cloudy and rainy areas thanks to a conically scanning W-band (94 GHz)
radar with polarization diversity capability. The objective of the mission is to extend the lead time of predictions
of high-impact weather, including TCs and mid-latitude windstorms, and to improve short and medium-range
weather forecasts by feeding, at a global scale, the Doppler measurements together with profiles of radar reflec-
tivity and km-scale 94 GHz brightness temperatures into NWP models. It will provide global coverage about once
a day with 500 m vertical and 10 km resolution with an accuracy of 2 m s~!. Such data can be assimilated into
NWP models to improve the forecasting of the future track and intensity of TCs.

It is expected that the WIVERN 94 GHz radar will suffer from attenuation and multiple scattering effects in
the presence of heavy rain and large amounts of ice contents (Battaglia et al., 2010; Matrosov et al., 2008;
Protat et al., 2019). In addition, the reduced WIVERN radar sensitivity compared to W-band non-scanning
radars like the nadir-looking CloudSat and EarthCARE cloud profiling radars (Illingworth et al., 2015; Tanelli
et al., 2008) will lower its cloud detection capabilities. The scope of this paper is to evaluate the importance of
these detrimental effects and to assess the potential of the WIVERN mission to “see” inside TCs and provide
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Table 1 simultaneous information about horizontal winds and cloud microphysics.

Specifics Currently Envisaged for the Polarization Diversity Doppler Radar Following Battaglia et al. (2018), this work exploits the multi-year CloudSat

of the WIVERN Mission

94 GHz radar observations of TCs (Tourville et al., 2015) in combination

Spacecraft height, H

sat
Spacecraft velocity, v,

Incidence angle, 6,

Radar frequency

500 km with ECMWEF reanalysis in order to simulate WIVERN-like W-band Doppler

D . observations.
J ms~

41.6° Section 2 describes the methodology for simulating WIVERN observations
94.05 GHz starting from the CloudSat Tropical Cyclone Product; a statistical analysis on
the expected performances from the radar is reported in Section 3, including

Pulse length 7 33 ps ’ i - A

. the budget of wind measurements error in Section 3.4. Conclusions are drawn
Antenna beamwidth, 0, , 0.071° . .

in Section 4.

Antenna angular velocity, Q, 12 rpm
Footprint speed 500 km s~
Tt ol e HorV 2. Simulating WIVERN Measurements From Existing
Time separation between H and V pulses, T}, 20 ps Observations

Single pulse sensitivity

H-V Pair Repetition Frequency

Number of H-V Pairs per 1 km integration length 8

—15dBZ The specifics of the WIVERN radar are listed in Table 1. It is a 94 GHz
4 kHz conically scanning radar with a large antenna (about 3 m) and an off-zenith
viewing angle of about 42°, chosen to sample a significant component of

horizontal winds, and as a compromise between maximal coverage and mini-
mal range (the latter allowing to maximize the signal-to-noise ratio). As the
antenna spins around at 12 rpm, it covers an 800-km wide swath and will
make multiple observations of winds in every tropical cyclone about once a day (Illingworth et al., 2018). Thanks
to its fast conical rotation speed (footprint moving at about 500 km s~!), WIVERN will sample weather features
with a much better sampling rate than a non-scanning radar (e.g., 66 times larger than CloudSat radar whose foot-
print moves at 7.6 km s~!). Assuming that the typical radius of TCs is 1000 km, it is possible to show that in a pure
geometrical sense, the WIVERN sampling of TCs will be about 70 times better than CloudSat (see Appendix A).
The objective of this work is to assess the effect of the WIVERN radar sensitivity on this number.

The WIVERN radar will collect 2D curtains of reflectivity in the horizontal (H) and vertical polarizations (V),
and Doppler velocities (Fabry, 2015), with 500 m vertical resolution inside the hurricane from all possible direc-
tions. Like for Aeolus, WIVERN line-of-sight (LoS) winds are foreseen to be assimilated in NWP models, but
with the clear advantage of measuring winds in every direction (while Aeolus measured only zonal winds). It will
also be possible to reconstruct horizontal wind vectors within a ~200 km band around mid-scan on both sides of
the satellite path, where two nearly orthogonal LoS observations are available (see the WIVERN scanning pattern
shown in Figure 1. However, the number of samples of such product will be strongly reduced and it will be more
effective to directly assimilate LoS winds.

2.1. Simulation Inputs: CloudSat Reflectivity Curtains and ECMWF Winds

In order to simulate WIVERN measurements, the best proxies are provided by the CloudSat 94 GHz
nadir-looking Cloud Profiling Radar (CPR) (Tanelli et al., 2009), together with winds from the ECMWF
model. CloudSat has successfully collected data for more than 15 years and provided global observations
of the cloud vertical structure of TCs with high resolution. The ECMWF model winds are on the average
unbiased (0.2 m s~!) but statistical comparisons with Aeolus observations show that individual winds have
a random error standard deviation of about 3 m s~! (Rennie et al., 2021). A major limitation of the ECMWF
winds is their coarse resolution which smooths out the variations. For example, Houchi et al. (2010) showed
that the model can underestimate the wind shear by 10 times in comparison to high resolution radiosonde wind
profiles. Hence, it should be noted that the ECWMF winds may not be fully representative of the actual wind
shears.

Tourville et al. (2015) combined these two datasets leading to a collection of more than 10 million TC profiles
of reflectivity and horizontal winds. Following the idea of Battaglia et al. (2018), WIVERN slant-looking reflec-
tivity observations can be reconstructed from CloudSat nadir-looking radar observations of TCs, and WIVERN
Doppler velocities can be simulated from ECMWF winds.
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Figure 1. Visible image from the AQUA MODIS satellite of the Choi-Wan typhoon on 15 September 2009 between 03:51:38 and 03:54:37 with the CloudSat
trajectory (red line) and the simulated scanning pattern of the conically scanning WIVERN radar as if it were observing the typhoon eye in side-view (blue line, 23
rotations, 115 s). The insets on the right show details of the region swept by the 3-dB footprints close to side views and to forward/backward views.

2.2. Simulation Procedure

The details about the simulation methodology are given in Appendix B. In this section, we describe only the
new features of the simulator which have been added in this study in comparison to Battaglia et al. (2018). Here,
the non-uniform-beam-filling (NUBF) and wind shear (WS) effects are largely discussed because some of the
new features allow to take them into account in a better way. However, these effects have a minor impact on
the Doppler velocity precision, and the final accuracy of WIVERN measurements will be mainly driven by the
Doppler estimation (see discussion later in Section 3.4).

1. Instead of discarding entire CloudSat profiles where strong attenuation makes the ocean surface invisible

and hence, prevents the application of the surface reference technique (Meneghini et al., 2000), an iterative
attenuation correction (Hitschfeld & Bordan, 1954) is applied down to the level where a 10 dB cumulative
attenuation is reached. This preserves the original structure of the 2D reflectivity field and ensures realistic
reflectivity gradients necessary for the correction of NUBF and WS effects.

. The procedure described in the first item allows the inclusion of all surfaces and not only the ocean surfaces

where a CloudSat path integrated estimate is possible via the surface reference technique (Meneghini
et al., 2000). As a result, the entire CloudSat orbits can now be mapped into WIVERN observations.

. In addition to the simulation of WIVERN observations in the forward direction, the option to simulate

WIVERN Doppler velocity in the side direction has been added. This allows to simulate the two extreme
configurations where the satellite velocity has a maximum (forward) and minimum (side) contribution to
NUBF error. In the forward view, the slant geometry of WIVERN is reconstructed from several successive
CloudSat profiles, and the resulting vertical reflectivity gradients are used for NUBF and WS corrections.
In the side view, the reflectivity is assumed to be horizontally homogeneous along the pointing direction,
and the variability of the CloudSat reflectivity field allows to compute realistic horizontal gradients, which
are the relevant gradients for the correction of NUBF error in this pointing direction. Another advantage of
simulating WIVERN along the forward and side directions is that it provides more representative statistics
of winds, with the forward view dominated by meridional winds and the side view dominated by zonal
winds.
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Figure 2. (a) CloudSat reflectivity curtain from the segment of granule 17,996 corresponding to the overpass of the typhoon
Choi-Wan on the 15 Sep 2009, (b) corresponding ECMWF wind in the direction across the CloudSat track (at 41° incidence
angle), (c) path integrated attenuation retrieved by 2C-RAIN-PROFILE product or with the Hitschfeld and Bordan (1954)
technique when the surface is not visible.

2.3. Example of the Typhoon Choi-Wan

The methodology is demonstrated in a case study: the typhoon Choi-Wan, a category 5-equivalent super typhoon
that developed over the Western Pacific in September 2009. Despite its intensity, no casualties were reported
because its trajectory remained far from major inhabited land, only passing close to the Northern Mariana Islands.
On 11 September 2009, a tropical depression formed 1,100 km to the east of Guam and rapidly intensified into
a TC. The intensification persisted through the following days until September 15, when Choi-Wan attained its
peak intensity, with sustained winds peaking at 260 km hr~!. The typhoon remained very powerful until Septem-
ber 17 and weakened rapidly after September 19 to the East of Japan. Its high impact on ocean temperature,
salinity and CO2 partial pressure was studied in Bond et al. (2011). On September 15, the A-train satellites made
an overpass just north of the eye at the center of the storm, as shown by MODIS satellite visible observations
(Figure 1) and the CloudSat Cloud Profiling Radar reflectivity curtain (Figure 2a).

Figure 2 shows the CloudSat radar reflectivity observations (Figure 2a), the cross-track ECMWF winds
(Figure 2b) and the cumulative two-way attenuation (Figure 2c) derived from the CloudSat 2C-RAIN-PROFILE
product (Haynes et al., 2009). The whole curtain is over the Pacific ocean as highlighted by the strong surface
return. The radar reflectivity captures the vertical cross-section of the storm with its cloud structure. Most distinc-
tive is the eye, which is completely clear down to sea level with thick clouds on either side of the eye towering
in the inner eyewall region above 15 km. The transition between frozen and liquid precipitation is outlined by
the radar bright band, which is consistently around the freezing level at 5 km height. Below the freezing level,
liquid precipitation tends to attenuate the CPR signal, especially in the presence of moderate/heavy precipita-
tion. In regions of strong attenuation where the surface return disappears (like for the profiles corresponding
to the along-track distance between 1000 and 1200 km corresponding to the eye wall and the rain bands), the
2C-RAIN-PROFILE algorithm does not converge and the cumulative attenuation profile is retrieved down to
10 dB via the Hitschfeld and Bordan (1954) technique. All the segments of the profiles below such attenuation
level (shaded region in Figure 2a) are excluded from the WIVERN reconstruction since they are deemed to be
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Figure 3. Simulated 1 km WIVERN (a) reflectivity curtain, (b) side-view Doppler velocity, and (c) expected Doppler
velocity accuracy. The thin black lines in panels (a) and (b) show the contour of WIVERN detection threshold at 1 km
resolution (—20 dBZ) and the orange line in panel (c) shows the contour of a Doppler velocity accuracy of 2 m s~!. The black
dash vertical line indicates the position of the profile illustrated in Figure 11.

adversely affected by vigorous convection, strong attenuation and multiple scattering. In the next section, we want
to illustrate the simulation of WIVERN Doppler velocity in the side direction. Hence, cross-track LoS winds are
displayed in Figure 2b. They roughly correspond to the zonal winds reduced by a factor sin8, = 0.66, with the
typical wind direction inversion when going through the eye of the typhoon as expected from cyclonic circulation.

2.4. Simulation of WIVERN Observations of the Typhoon Choi-Wan

In Figure 1, the 800-km wide ground track of the WIVERN antenna boresight is illustrated on top of the MODIS
visible image of Choi-Wan for 23 rotations. Note that the scanning pattern of the radar footprints (an ellipse with
minor and major axis equal to 0.75 and 1 km, respectively) will provide an 8% coverage of the swath with gaps
of the order of 20 km between successive footprints behind the satellite track (forward/backward views inset in
Figure 1). On the contrary, there will be continuous coverage along the satellite direction at the swath edges (side
view inset in Figure 1). The CloudSat reflectivity curtain of Figure 2a can be used for simulating the WIVERN
observations in side view. This could indeed be the reconstructed curtain observed by WIVERN in the case its
ground track was 400 km West of the CloudSat track, like in Figure 1.

The WIVERN observations simulated in side view at 1 km integration are shown in Figure 3. Most of the reflec-
tivity features seen by the CloudSat radar are visible in WIVERN measurements. Because of the low number of
independent pulses (8) and given its single pulse sensitivity of —15 dBZ, the reflectivity equivalent noise floor at
1 km will be —20 dBZ, hence the WIVERN radar will have a slightly reduced sensitivity compared to CloudSat
(e.g., some of the high clouds below —20 dBZ in Figure 2 will not be detected by WIVERN). Note that recent
industrial studies indicate that a better sensitivity of the WIVERN radar might be possible. In order to evaluate
the effect of an improved sensitivity, several realistic values of reflectivity equivalent noise floor will be used in
the simulations and the respective results will be presented in Section 3. Like for CloudSat, strong attenuation
would be encountered in the heavy precipitation parts below the freezing level; this is why such regions have
been whitened. Nevertheless, plenty of observations would be possible above the freezing level (i.e., roughly
between 5 and 15 km height) both in the inner and outer core of the TC. Besides, the surface returns appear much

TRIDON ET AL.

6 of 21

85UB017 SUOWWIOD 318D 3(qedlidde aup Ag peusenob ake ssone VO ‘88N JOS3|n1 104 AXelq1 8UIUO A8]IM UO (SUORIPUOD-PUE-SWLBY IO A8 1M AReiq1jeul|uo//:Sdiy) SUORIPUOD PUe S | 8L} 89S *[7202/20/T0] uo Ariqi auliuo 4| 1l eueI4000 Aq 660£00V3E20Z/620T OT/10p/W0d" A8 | Areiqjeut|uo'sqndnBey/sdny Wwoiy papeojumod ‘TT ‘€202 ‘¥B0SEEET



Aru g
AUV
ADVANCING EARTH

AND SPACE SCIENCES

Earth and Space Science 10.1029/2023EA003099

(@) Z[dBZ]

400 600 800 1000 1200
Along-track distance [km]

400 600 800 1000 1200
Along-track distance [km]

400 600 800 1000 1200 1400
Along-track distance [km]

Figure 4. Same as Figure 3 but with 10 km averaging distance.

weaker compared to the CloudSat observations, a clear advantage over CloudSat for sampling low precipitating
clouds. This is due to the significant reduction in the normalized backscattering cross sections of water surfaces
when moving from nadir to 42° incidence angle (Battaglia et al., 2017).

According to the well established Doppler theory, the estimation of Doppler velocity improves with signal-to-noise
ratio (SNR) and number of samples (i.e., with integration length). For the WIVERN specifics, the accuracy of
LoS Doppler velocities measurements is expected to be better than 3 m s~! for SNR >0 dB (for details, see
Section 3.4.1 and Figure 10). At high SNR, the WIVERN LoS Doppler velocities measurements are expected

1 -1 at 10 km resolution.

to come with a maximum accuracy of about 1.1 m s~! at 1 km resolution and 0.4 m s
Of course, the resulting mean wind accuracy cannot be as good and will depend on the SNR distribution of
the observed clouds. Other sources of errors such as NUBF and WS are discussed in Section 3.4. As noted in
Section 2.2, it will be shown that these effects have a minor impact on Doppler velocity accuracy compared to

the Doppler estimation (Figure 11).

The LoS Doppler velocities depicted in Figure 3b show increased noisiness when moving toward low SNRs. The
accuracy of Doppler velocity shown in Figure 3c takes into account the SNR of the reflectivity measurements.
For a spaceborne radar, the effect of range on SNR level is marginal within the sampling window, and hence, a
threshold on SNR is a simple and efficient way to flag the quality of Doppler measurements. When SNR >0 (i.e.,
Z > —15 dBZ), the simulated Doppler velocity well reproduces the ECMWF fields with vast regions expected
to have errors lower than 2 m s~! (orange contour in Figure 3c). On the contrary, when SNR < 0, the Doppler
velocity measurements become random numbers within the Nyquist interval (—40 to +40 m s~! for T},,, = 20 ps).
Additionally, in order to avoid issues with partial beam filling (e.g., in case of strongly reflective clouds with
sharp edges), cloud edges will also need to be flagged. In all the typhoon regions above the freezing level and
away from cloud edges, the wind estimates have a reasonable accuracy, demonstrating the great potential of
WIVERN observations in characterizing simultaneously the microphysical and dynamical structure of TCs at
sub-freezing temperatures.

In order to improve cloud detection and wind accuracy, WIVERN observations can be averaged over a longer
integration length. An example with a 10 km averaging distance is shown in Figure 4. While Figure 4 shows
fewer details than Figure 3, low reflective clouds are better detected (the area delimited by the detection threshold

TRIDON ET AL.

7of 21

85UB017 SUOWWIOD 318D 3(qedlidde aup Ag peusenob ake ssone VO ‘88N JOS3|n1 104 AXelq1 8UIUO A8]IM UO (SUORIPUOD-PUE-SWLBY IO A8 1M AReiq1jeul|uo//:Sdiy) SUORIPUOD PUe S | 8L} 89S *[7202/20/T0] uo Ariqi auliuo 4| 1l eueI4000 Aq 660£00V3E20Z/620T OT/10p/W0d" A8 | Areiqjeut|uo'sqndnBey/sdny Wwoiy papeojumod ‘TT ‘€202 ‘¥B0SEEET



A7oN |
MN\\JI
ADVANCING EARTH
AND SPACE SCIENCES

Earth and Space Science 10.1029/2023EA003099

TC locations Max wind [km/h] contour gets wider in Figure 4a). Furthermore, the improved sensitivity leads
— - 200

to more accurate Doppler velocity measurements and the regions where
errors lower than 2 m s~! are expected are clearly more extended. While aver-

150 aging along the track is generally considered useful for reducing the noise
error, it can be detrimental when averaging over distances where reflectivity
100 and winds are not uniform either because of intensity or direction, for exam-
ple, in regions with strong wind shears, or in the proximity of convective
50 cores. In order to evaluate the effect of averaging, several averaging distances
have been used in the simulations and the respective results are presented in
0 Section 3.
Figure 5. Location and maximum wind speed of all the tropical cyclones
listed in the 2D-TC dataset for the years 2007, 2008, and 2009. 3. Statistical Analysis

3.1. The CloudSat TC Data Set

The CloudSat TC dataset includes CloudSat CPR intercepts of TCs within

1,000 km of the storm center for the period between 2 June 2006 till 31
December 2013 for a total of 10.6 million radar profiles (more than 170,000 within 100 km) (Tourville
et al., 2015). The years 2007, 2008, and 2009 have been analyzed, representing the core of the dataset with
respectively 1,244, 1,411, and 1,235 CloudSat overpasses (in comparison to the original dataset, we have
excluded the overpasses where any of the CloudSat data product necessary for WIVERN simulation is miss-
ing, see Figure B1) of 263 different TCs (with an average of 15 overpasses per cyclone). According to the
overall statistics from Tourville et al. (2015), CloudSat overpassed on average 4,331 TCs over the 2007-2009
period with 5.8 million (93 thousand) radar profiles at 1 km integration along track within 1000 km (100 km)
from TC center corresponding to an average of 1.9 million/year (31 thousand/year).

Figure 5 shows the location and the maximum sustained 1-min wind speed of such storms as derived from the
Automated Tropical Cyclone Forecasting System. The West Pacific basin region contains the greatest number
of TC CPR intercepts (1,143) followed by the Southern Hemisphere (1,093), Atlantic (682), East Pacific (659),
Indian Ocean (287), and Central Pacific (72) regions.

The contour frequency by altitude displays (CFAD) of the CloudSat reflectivity for the entire dataset (Figure 6a)
demonstrates that TC systems are typically very tall, they exhibit large reflectivities with highest values typically
between 5 and 8 km, regions of sharp increase of reflectivities with decreasing height in the upper troposphere
and regions of large attenuation below the freezing level (always at about 5 km) as highlighted by the sloping of
reflectivities toward lower values in the lower troposphere.

Figure 6b shows the cumulative distribution of CloudSat cloud types according to Sassen et al. (2008) classifica-
tion, as function of height. Firstly, the total count of cloud peaks at about 0.3 million up to 14 km, meaning that
about 16% of the profiles within 1,000 km from TC center are cloudy. Secondly, the eight cloud class distribu-
tion demonstrates that in TCs there is a mixture of cloud classes with a total of 32%, 9%, 5%, 4%, 7%, 21%, and
22%, respectively for deep convection, nimbostratus, cumulus, stratocumulus, altocumulus, altostratus, and cirrus
clouds. Therefore, though deep convection represents a large percentage of the entire cloud cover, the majority
of clouds are likely to be found in areas where up and downdraft will not modify significantly the horizontal
wind estimates. These findings agree with previous research (Houze, 2010) that found a mixture of convective
and stratiform precipitation (with the latter representing between 30% and 50% of the total) in the eyewall, inner
core, and outer rainband region. In non-convective regions, WIVERN will be able to retrieve the horizontal LoS
winds. However, it should be noted that the detection of convective up and downdraft in WIVERN observations
will not be straightforward. Even if the convective regions are secondary and that it would only affect a small
number of observations with a significant magnitude, this is a potential source of error which cannot be easily
assessed in this study because the vertical wind is unknown. As a worst case scenario, we can consider that all the
profiles classified as deep convection and cumulus clouds contain significant vertical winds, therefore reducing
the number of accurate measurements by one third in the following statistical