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Abstract The WIVERN (Wind Velocity Radar Nephoscope) mission significantly enhances the global
tropical cyclone observing system. Operating from a 500 km near-polar orbit, the 3 m diameter conically
scanning antenna provides an 800 km swath. The radar operated at 94 GHz (3 mm wavelength) provides high-
resolution observations with a vertical resolution of 600 m and horizontal resolution finer than 1 km. With quasi-
daily global coverage, WIVERN measures in-cloud tropical cyclone winds from 1 km above the surface to the
upper troposphere. Simulations of the Weather Research and Forecasting model with 1.5 km grid spacing were
carried out for Hurricane Milton (2024) to serve as a testbed to demonstrate the potential capabilities of the
WIVERN mission and its associated data products. The high-resolution simulation successfully reproduces the
hurricane's trajectory and intensification, capturing a remarkable 78-knot increase in maximum sustained wind
speed during the 24-hr period from 7 October to 8 October. End-to-end simulations demonstrate that WIVERN:
(a) can provide a three-dimensional view of the horizontal wind inside cyclones, in particular capturing the
vertical wind shear, the upper level divergence and the in-cloud circulations inside the anvil produced by the
hurricane convective towers, and some of the inflow and outflows in the lower layers of the atmosphere; (b) in
presence of close-in-time overpasses, has the potential to detect the intensification of cyclone by estimating the
maximum winds in the inner core; (c) can profile the tropical cyclone ice mass as a function of the distance from
the eye, which will help shed light on the anvil formation and dissipation mechanisms.

Plain Language Summary WIVERN, the mission selected by ESA as the Earth Explorer 11, is
designed to provide novel global observations of storms. It uses a radar in a near-polar orbit to scan wide areas
(800 km swath) with high detail-600 m vertically and less than 1 km horizontally. WIVERN provides nearly
daily coverage and measures wind inside clouds from near the surface to high altitudes. Simulations tailored to
tropical cyclones show that WIVERN has ground-breaking potential for: (a) providing 3D wind data inside
cyclones, including wind shear, cloud circulation, and inflows/outflows. (b) Detecting cyclone intensification
by measuring maximum winds when the satellite passes closely over the storm. (¢c) Measuring ice mass in the
cyclone, helping understand how the storm's anvil forms and dissipates.

1. Introduction

According to the US National Hurricane Center a Tropical Cyclone (TC) is “a warm-core non-frontal synoptic-
scale cyclone, originating over tropical or subtropical waters, with organized deep convection and a closed
surface wind circulation about a well-defined center” with peak wind speeds exceeding 50 ms™! in severe TCs
(hurricanes and typhoons). They play a significant role in the Earth's radiation budget and in the water cycle by
transporting heat and moisture from the tropics to the mid-latitudes and by releasing large quantities of latent heat
(Emanuel, 2001, 2003; Scoccimarro et al., 2011). In addition to their climatic significance, TCs pose severe
societal risks, causing extensive damage due to strong winds, torrential rainfall, and flooding upon landfall
(Klotzbach et al., 2018). Moreover, storm surge generated by the TC core can propagate far from the storm,
further impacting coastal regions (Yurovskaya et al., 2023). Once formed, tropical cyclones can undergo rapid
intensification (i.e., an increase in maximum sustained winds of at least 15 m/s within 24 hr), reaching fully
destructive intensity within just 1 to 2 days (Kaplan & DeMaria, 2003).
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Tropical cyclogenesis is an upscaling process whereby convective-scale dynamics locally add energy and
vorticity to a large-scale cyclonic disturbance in regions where synoptic conditions are conducive to convective
development. There is still no broad consensus on how to understand and predict tropical cyclogenesis (Ema-
nuel, 2018). Several studies have found that environmental vertical wind shear (usually defined in the envi-
ronment surrounding the TC between 200 and 850 hPa) is the main inhibitor of tropical cyclogenesis,
intensification and dissipation, due to its ability to induce kinematic and thermodynamic asymmetry (Nolan &
Rappin, 2008; Rios-Berrios et al., 2024; Schenkel et al., 2020; Thatcher & Pu, 2011; Wadler et al., 2022, and
references therein). In this context, low vertical shear allows for a vertically aligned vortex, maintaining the
coherence between the lower and upper tropospheric circulation. This alignment is essential for sustaining deep
convection near the storm center and fostering a symmetric inner-core structure, which facilitates efficient latent
heat release and intensification processes. On the other hand, moderate to strong shear can tilt the vortex, displace
convection from the center, and disrupt the upper-level outflow, ultimately suppressing intensification or even
causing weakening (Frank & Ritchie, 2001). In addition, strong vertical wind shear tends to result in dry air
entrainment which is detrimental to TC genesis.

However, TC intensity change is generally governed by more complex, intertwined, multi-scale processes (Judt &
Chen, 2016). The prediction of TC rapid intensification and the mechanisms controlling this process remain areas
of active research; e.g., Y. Liu et al. (2025) recently suggested that the size of the TC has a significant impact on its
intensification; likewise Ou et al. (2025) revealed distinct outflow dynamics and cloud properties differentiating
rapid intensification from slow-intensifying TCs. The environmental effects that govern the evolution of TC
intensity (e.g., ambient humidity, sea surface temperature, ocean mixed layer depth and wind shear) have been
thoroughly discussed in the literature and their respective contribution are still the subject of debate (see, e.g.,
Emanuel et al., 2004; Hendricks et al., 2010; Wang et al., 2025). Conversely, internal dynamical processes such as
convective bursts and eyewall formation can be key drivers in TC intensification, but are not well understood
(Rogers et al., 2013; Wu et al., 2016). Based on a database of more than 8,000 high-resolution CloudSat Cloud
Profiling Radar (CPR) overpasses of TCs (Tourville et al., 2015) and by exploiting the fact that the Ice Water
Content (IWC) derived from cloud spaceborne radars such as CloudSat or EarthCARE CPR can be used as a
proxy for latent heating, S.-N. Wu and Soden (2017) have demonstrated that strengthening storms have 20%
higher IWC than weakening storms, especially in the midtroposphere near the eyewall (see their Figure 2). Since
rapid intensification is often associated with the reorganization of the TC mesoscale cloud and precipitation
structures, it is essential that models are able to predict such structures accurately and for the right physical and
dynamical reasons.

The description of the secondary circulation of a mature TC also remains a topic of study. Several foundational
studies suggest that it consists of a boundary layer inflow that first rises in the deep convective towers of the
eyewall before turning outward to form the cirrus cloud shield just below the tropopause (Houze, 2010). In this
widely accepted view, updrafts within the outer rainbands are not contributing to the primary outflow (see
Figure 1 in Nolan et al. (2025)). Novel TC simulations performed by Nolan et al. (2025) reveal a different picture
from the examination of the mass and moisture budgets of the cirrus outflow shield: a significant fraction of the
dry air mass flux (widely varying but around 50%) and even larger fraction of the condensate in the outflow is
supplied by deep convection in the surrounding rain-bands (see Figure 8 in Nolan et al. (2025)). This pinpoints at
the importance of the rainband convection in controlling the size and thickness of the outflow clouds, which is a
key feature for estimating storm intensity.

In recent years, significant progress has been made in the monitoring of TCs from space and such advancements
will continue in the upcoming years (Ricciardulli et al., 2023). While in situ and aircraft remote sensing data allow
dense monitoring of TCs in the Atlantic Ocean (Holbach et al., 2023), satellite observations remain essential in the
other basins and away from the coasts in the Atlantic. In brief, spaceborne observations include:

o Synthetic Aperture Radar (SAR) systems, capable of mapping surface winds at km-scale resolution without
suffering from high wind or rain-induced saturation and of capturing features such as the eyewall (and its
circulation), outflow boundaries, and rainbands (e.g., Avenas et al., 2023; Mouche et al., 2019);

¢ Cand K,-band scatterometers and radiometer systems with frequency bands from L to X (e.g., SMOS, SMAP,
AMSR-2) providing winds at the surface but at coarser resolutions, TC center location, intensity, radial and
rotational structure. The new generation of scatterometers with cross polarization will improve measurements
for extreme hurricane winds;
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Figure 1. Flow chart of the WIVERN mission end-to-end simulator architecture.
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Figure 2. Left panel: cumulative mass for ice clouds as a function of the radar reflectivity factor as computed from the
CloudSat 2B-CWC-RO IWC product for the entire year 2008. Right panel: root mean square error for log,, (I wcC [g/ m3])
according to Protat et al. (2007) as a function of the IWC (in log-units).
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Figure 3. WRF domains at 4.5 and 1.5 km grid spacing.

Microwave imagers/sounders (e.g., GMI, SSMIS and, in the future, CIMR and MWI) providing, in addition to
surface properties (wind speed and sea surface temperatures), information about precipitation, water vapor and
cloud contents (but with very coarse vertical resolution). This also includes a new generation of small and cube
satellites (e.g., TROPICS and TEMPEST);

Doppler wind LiDARS with ESA-Aeolus2 expected to fly in the next decade after Aeolus demonstrated the
potential of spaceborne Doppler LiDAR for observing clear air dynamics around the cyclones.
Geostationary sensors monitoring the rapid temporal evolution of convective features and exact location of the
storm and producing atmospheric motion vectors for storm cloud tops. Resolutions down to 1-2 min will soon
become operational for targeted areas.

K,-K,-W band spaceborne radars (Battaglia et al. (2020) and references therein) have been particularly useful for
profiling cloud and precipitation inside tropical cyclones.

The TRMM with its K,, band radar and then GPM mission with its K,,-K,, band radars have provided unique
insight in the microphysical structures and processes of TC precipitation for example, by identifying the
relevance and relative importance of processes like collision-coalescence, evaporation and breakup (Huang &
Chen, 2019; Porcacchia et al., 2019). These observations can also identify the vertical evolution of raindrop
size distribution, ice microphysics and latent heat as a function of different precipitation rates and efficiencies,
and characterize how the vertical structure changes in stratiform versus convective areas, in various parts of
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the TC (namely the eyewall and the inner and outer regions) or in different shear-relative quadrants and/or
ocean basins (Brauer et al., 2024; Cecil et al., 2002; Hence & Houze, 2011, 2012; Uma & Reshma, 2024;
Zagrodnik & Jiang, 2014).

o Thanks to their high sensitivity, the EarthCARE and CloudSat W-band cloud profiling radars offer unprec-
edented information on the vertical structure of clouds (cloud type, ice water contents, radiative heating rates)
(Lee & Wing, 2024; Subrahmanyam et al., 2018; Tourville et al., 2015; S.-N. Wu et al., 2020, 2021), albeit
with limited coverage due to their nadir-looking observation geometry. The increased sensitivity of W-band
radars compared to Ku and Ka radars is particularly effective in mapping the glaciated part of the clouds as
demonstrated by coincident CloudSat and GPM overpasses (Turk et al., 2021).

Despite this plethora of instruments, there is a lack of simultaneous observations of the three-dimensional
structure of the winds and of the hydrometeors inside TCs. The Wind Velocity Radar Nephoscope (WIVERN)
mission, equipped with a groundbreaking Doppler radar (Battaglia, Rizik, et al., 2025; ESA WIVERN
Team, 2025; Illingworth et al., 2018), promises to fill this gap in the observing system and capture, for the first
time, the three-dimensional dynamics and microphysical structure of all types of storms on Earth below 86°
latitude. This includes horizontal winds in stratiform regions, updrafts and downdrafts in convective cells, and the
mass of condensed water above the freezing level. The mission will cover a more than 800 km wide swath with
quasi-daily revisit times. WIVERN measurements will be collected at 1 km intervals along its conically scanning
beam and will be vertically resolved with a resolution of 600 m.

This work aims at demonstrating that the WIVERN mission will achieve two major goals. First, WIVERN will
provide in-cloud wind measurements, thus bridging the observational gap between the surface (as provided by
SARs, scatterometers and radiometers) and the upper troposphere winds (as provided by geostationary sensors).
For each overpass, in less than two minutes, the WIVERN Doppler radar will provide a full three-dimensional
map of horizontal winds within TCs where clouds exceeding —18 dBZ are present. The number of profiles
collected by WIVERN in a single overpass inside the TC will be equivalent to that acquired by a research aircraft
equipped with a nadir-looking radar sampling continuously for about 2-3 days. Second, WIVERN will simul-
taneously provide a unique, three-dimensional view of clouds and precipitation across the entire storm, com-
plementing in the TC glaciated part that TRMM and GPM K,, and K, band precipitation radars have provided
inside moderate and heavy precipitation regions (Battaglia et al., 2020).

The theory underpinning the concept is outlined in Section 2. Then simulations of WIVERN overpasses are
thoroughly discussed (Section 3). Conclusions and recommendations are drawn in Section 4.

2. Methodology

The WIVERN radar operates from a 500 km near-polar orbit with a 3 m diameter conically scanning antenna with
pointing off-nadir, leading to an incidence angle of approximately 42°. This configuration provides coverage
across an 800 km swath, with vertical resolution of 600 m, and horizontal resolution of approximately 1 km. With
quasi-daily global coverage, WIVERN will enable the measurements of in-cloud TC winds from ~ 1 km above
the surface (due to clutter contamination, Coppola et al., 2025) to the upper troposphere, spanning horizontal
scales from 1 to 800 km.

Throughout ESA studies, a comprehensive end-to-end simulator was developed to reproduce WIVERN ob-
servables from atmospheric and surface targets, incorporating successive refinements (Battaglia, Rizik,
et al., 2025; Manconi et al., 2025; Rizik et al., 2023) to the initial framework proposed in Battaglia et al. (2022).
The schematic of Figure 2 illustrates the main steps, inputs and outputs of the simulator.

In brief, the simulator uses outputs from cloud-resolving models, such as the Weather Research and Forecasting
Model (WRF, Skamarock et al., 2019; Powers et al., 2017), which provide three-dimensional distributions of
wind, hydrometeors, temperature, and water vapor (see Section 2.1). These quantities are then converted into
94 GHz radar properties, or stimuli, including extinction, scattering, backscattering coefficients, single scattering
albedo, and asymmetry factors via 94 GHz scattering look-up tables that are pre-computed (details in Battaglia
et al. (2022)). Similarly the terminal velocities are computed as a function of the particle maximum dimension D
using:

o For rain and cloud the parametrization adopted by Tridon and Battaglia (2015);
o For snow V; = 0.69 D*?! with D in mm;
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e For graupel: V; = 0.86 D*% with D in mm.

The terminal velocities are then weighted by the backscattering cross section to compute the Doppler (reflectivity-
weighted) sedimentation velocities, V[T’.

Each footprint is illuminated by the WIVERN antenna and scanning pattern for any given orbit, computing the
Level 1 radar observables [line-of sight (LoS) Doppler velocity (V;,s), radar reflectivity factor (Z) and brightness
temperatures in the H- and V-polarized channels (Tf’v)] taking into account the sampling rate, the sensitivity and
the specific pulse scheme of the instrument (details in Battaglia, Rizik, et al. (2025)). Section 2.2 discusses how
the simulations are set up and provides an example of the outputs.

From the Level-1 radar observables a variety of Level-2 products can be derived (ESA WIVERN Team, 2025).
Here, the focus is restricted to the Horizontal wind along the horizontally projected Line of Sight (HLoS) and the
IWC. Before any estimate of Level-2 products can be made, several corrections are applied to the reflectivity and
LoS Doppler velocity fields.

The simulated radar return signals are first noise subtracted and then the reflectivity is estimated similar to what is
done for CloudSat and EarthCARE (Kollias et al., 2023; Marchand et al., 2008). The reflectivities are then
corrected for gaseous attenuation using the model fields of vapor, temperature and pressure profiles. WIVERN
transmits two pulses in two orthogonal polarizations closely separated in time. The received echoes are therefore
overlapping in time so that cross-pol returns from one transmission cause contamination in the other. These
spurious signals can be eliminated in post-processing (Rizik et al., 2023). Finally, the range bins contaminated by
surface clutter echoes are filtered out (Coppola et al., 2025; Manconi et al., 2025).

Biases in the LoS Doppler velocity due to non-uniform beam filling and wind shear inside the radar volume are
corrected by using gradients of the reflectivity and of the velocity fields (Battaglia, Rabino, et al., 2025). The two
dimensional spatial variability of the reflectivity and Doppler velocity fields together with the brightness tem-
peratures are used as input to identify, via a U-NET based neural network, “convective” regions where vertical
velocities (indicated with w) exceed |w| > 1 m/s (Mustich et al., 2025). The machine learning methodology has
been trained on a vast data set of simulation by using the model vertical velocities as truth.

The HLoS Velocity (Vy;,s) product is then computed in stratiform regions where vertical winds can be neglected

(Iw|< 1 m/s). Then, Vs is computed from trigonometry as:

v _ VL(IS - (/VV+ V?) CcoSs (91)
HLoS — sin (91)

~ 1.5V —11V2 €))

where 0; ~ 42° is the WIVERN beam incidence angle, V;,g is the measured LoS velocity (corrected for mis-
pointing and non uniform beam filling effects, Battaglia, Rabino et al., 2025; Scarsi et al., 2024).

Above the freezing level in ice V? can be derived by empirical relationships of the form V[T’ = f(Z,T), all based
on surface-based vertically pointing Doppler radars (Kalesse & Kollias, 2013; Protat & Williams, 2011). The
statistical distribution shows that, for ice crystals the observed relationship is linear with reflectivity (ESA
WIVERN Team, 2025, e.g. V% = 0.88 + 0.0082 Z[mm®/m?]| for —25°C <T'< — 20°C) when considering
different temperature ranges, with the most representative vertical velocity close to 1 m s~!. Viceversa the
Doppler terminal velocity of raindrops can be inferred from rain rate according to disdrometer observations
(e.g., a relationship of the form VlT’ = 3.9 RR[mm/ h]o'067 can be used). It typically varies only between 3 and
5ms~!. Inbetween, VLT) of melting hydrometeors can be linearly interpolated. The spread in terminal velocities of

ice crystals and rain results in a residual error in Vjy;,s winds of less than 1 m s™!.

Established Z-IWC uncertainties (Protat et al., 2007) are adopted to characterize the error structure of the IWC
retrieval for each WIVERN ray associated to the inversion from Z to IWC, under the assumption the overall
retrieval is unbiased. With WIVERN expected sensitivity of about —23.5 dBZ at 1 km integration (ESA WIVERN
Team, 2025), an IWC detection limit of about 0.005 g/m® is foreseen (the relationship Z = 0.198 Z®7 valid for
tropical ice clouds from Protat et al. (2007) is adopted). Note that this limit accounts for 99.3% of the mass of ice
clouds (see left panel in Figure 2) as computed by using CloudSat 2B-CWC-RO IWC product statistics for the
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Figure 4. Panel (a): comparison between the NHC best track (6 hourly data) and the WRF model vortex track with 15 min
time resolution. Panel (b): comparison between the NHC maximum wind speed (6 hourly data) and the WRF model
instantaneous maximum wind speed with 15 min time resolution.

entire 2008. No retrieval is attempted in convective columns, identified by model vertical winds that exceed in
absolute value 2 m/s.

The retrieval error is dominated by the uncertainties associated with translating the radar backscattering signal
into the IWC geophysical parameter. Following the findings by Protat et al. (2007) for a 94 GHz radar operating in
the tropics, the noise function reproduced in the right panel of Figure 2 for the log,,(/WC) is used to inject
noisiness into the retrieval. This root-mean-square (rms) error of the log;,(/WC) corresponds to a multiplicative
error for the IWC with a factor, f = 10", indicated on the right y-axis. Consequently, for each WIVERN
backscattering volume, /WC is sampled from a log-normal distribution, whose mean value, (IWC), corresponds
to the value derived via the Z-IWC and the standard deviation is computed as half the differ-
ence f(IWC) — (IWC)/f.

From these two Level-2 products (horizontal LoS wind and ice mass) which are defined along the WIVERN rays
(and therefore represent a cloud of sparse points across the TC volume), Level-3 three-dimensional gridded fields
can be reconstructed, following the methods explained in Sections 2.4 and 2.5.

2.1. WREF Simulations of Hurricane Milton
2.1.1. Overview of Hurricane Milton

Hurricane Milton was an extraordinarily powerful Atlantic hurricane that originated on 5 October 2024 in the
southwestern Gulf of Mexico. Over the subsequent 2 days, it experienced explosive intensification, escalating
from a tropical depression to Category 5 by 7 October, with sustained winds reaching 180 mph (approximately
285 km/hr) and a minimum central pressure of 895 hPa, rendering it one of the most intense hurricanes ever
documented in the Atlantic basin. Following its peak, Milton experienced a slight weakening due to an eyewall
replacement cycle, but subsequently re-intensified to Category 5, before gradually diminishing again as it pro-
gressed northeast toward Florida, where it encountered cooler waters and increasing wind shear. On the morning
of 9 October 2024, the storm made landfall near Siesta Key, Florida, as a Category 3 hurricane with winds around
120 mph (approximately 193 km/hr). The impacts were severe: the storm surge reached 2.5-3 m in certain coastal
areas, heavy rainfall and flooding affected much of central Florida, resulting in widespread power outages,
significant property and infrastructure damage, and large-scale disruption to agriculture and communities. The
rapid development, remarkable strength, and devastating aftermath of Hurricane Milton establish it as one of the
most extreme hurricanes in recent Atlantic history.

2.1.2. WREF Set-Up

In this study WRF model version 4.6.1 has been adopted with 2 two-way nested domains at 4.5, and 1.5 km grid
spacing (Figure 3).
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Figure 5. Illustration of the scanning geometry envisioned for the WIVERN mission. For representation purposes,
dimensions are not to scale. The right edge of WIVERN swath is just crossing the hurricane eye. The Level-1 reflectivity
product is illustrated across WIVERN swath whereas the total hydrometeor content field is depicted with bluish colors (white
indicate high contents, dark blue small contents) on the easternmost part of the hurricane, outside WIVERN swath.

The innermost domain at 1.5 km grid spacing is based on the WRF model moving-nest approach (Gill
et al., 2004). This option allows one of the nested domains to follow a feature of interest, such as a tropical
cyclone, convective system, or any other moving weather phenomenon. This enables higher-resolution modeling
in the area of interest throughout the simulation, conserving computational resources while improving forecast
accuracy in critical regions. The initial and boundary conditions are provided by ERAS. The ERAS data set is a
cutting-edge global climate reanalysis product developed by the ECMWF as part of the Copernicus Climate
Change Service (C3S). It represents the fifth generation of ECMWF reanalysis efforts, succeeding the ERA-
Interim data set. ERAS features significant enhancements compared to ERA-Interim, including improved
spatial and temporal resolution, with a grid resolution of around 31 km and a temporal resolution of 1 hr
(Hersbach et al., 2020; Soci et al., 2024). ERAS provides comprehensive data coverage from 1940 to the present,
with updates occurring every 2 months.

The WRF model study simulation is initialized on 5 October 2024 and it runs until 11 October 2024 with 6 hourly
boundary conditions provided by ERAS5 analysis. Concerning the WRF model setup, the Rapid Radiative Transfer
Model for GCMs (RRTMG) shortwave and longwave schemes (lacono et al., 2008) are used for radiation, while
the Rapid Update Cycle (RUC) scheme is chosen as a multi-level soil model (6 levels) with higher resolution in
the upper soil layer (Benjamin et al., 2004; Smirnova et al., 1997, 2000). No cumulus scheme is activated in the
two domains (4.5 and 1.5 km grid-spacing), because convection can be resolved explicitly on both grids. The
microphysics is simulated using Thompson hail/graupel/aerosol aware scheme (Thompson & Eidhammer, 2014)
which includes ice, snow, graupel and hail processes suitable for high-resolution simulations, considers water-
and ice-friendly aerosols. Aerosol-ice friendly aerosols are atmospheric particles that are capable of initiating the
formation of ice crystals in supercooled cloud droplets (i.e., droplets that remain liquid below 0°C). These
aerosols promote heterogeneous ice nucleation, a process important in cloud microphysics and climate modeling.
This microphysics computes two-moment prognostics (water content and number concentration) for graupel and
hail, including a predicted density graupel category. In terms of turbulence closure, the turbulent mixing is
operated by the 1.5-order turbulent kinetic energy (TKE) prediction in line with previous km-scale studies (Fiori
et al., 2010, 2011, 2017; Lagasio et al., 2022).

2.1.3. WRF Results

The model's performance to realistically simulate Hurricane Milton is assessed by examining its ability to
reproduce the observed track and intensity evolution, as documented by the National Hurricane Center (NHC).

Figure 4 presents a comparison between the National Hurricane Center (NHC) best track data, provided at 6-hr
intervals, and the WRF-simulated track, output at 15-min intervals, for the period spanning 00 UTC on 6 October
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to 00 UTC on 10 October 2024. The overall agreement between the two tracks is very good, although the
simulated landfall occurs approximately six hours earlier than observed.

The WRF model is recognized for experiencing issues related to the interaction between numerical dissipation
and the rapid intensification of hurricanes, as elaborated in the study by Hasan et al. (2022). This phenomenon
arises because the pressure gradient discretization in WRF is limited to second order, which leads to a smoothing
effect on the response to localized heating anomalies that are linked to convective bursts. Consequently, this
results in the simulation of hurricanes that are weaker than what is observed and, as a result, moving at a faster
pace than the actual trajectory. To mitigate this issue, the simulation was adjusted by decreasing the TKE co-
efficient to 12.5% of its default value, namely ¢; = 0.15, where the TKE coefficient relates turbulent fluxes to
TKE and stability of the atmosphere. This adjustment facilitated a more accurate representation of the Milton
Hurricane regarding both its tracking and intensity.

In terms of storm intensity, the WRF model also performs well, capturing the period of rapid intensification (RI)
between 12 UTC on 6 October and 00 UTC on 8 October 2024. It is noteworthy that while the observed Hurricane
Milton reached Category 5 intensity, the WRF simulation peaked at Category 4. Despite this slight underesti-
mation, the strong consistency in both trajectory and intensity evolution provides confidence in the use of this
simulation as a realistic testbed for evaluating WIVERN performance and retrieval capabilities.

2.2. WIVERN Doppler Radar Simulations

WIVERN radar simulations are performed using output from the WRF model simulation of Hurricane Milton,
covering the period from 10:00 UTC on 6 October 2024 to 00:00 UTC on 8 October 2024, with a temporal
resolution of 1 hr, resulting in a total of 39 hourly snapshots. For each time step, the simulator ingests a three-
dimensional domain of 1,250 X 1,250 x 20 km® centered on the hurricane's eye. The data are interpolated
onto a grid with a horizontal resolution of approximately 1.5 km and vertical resolution of approximately 500 m
with finer vertical spacing below 3 km to better resolve low-level features such as the boundary layer and near-
surface wind structures.

The orbit and antenna pointing geometry of WIVERN are propagated over the full 39-hr duration of the available
WRF simulation for Hurricane Milton. The simulation uses realistic orbital parameters corresponding to the
planned sun-synchronous orbit of WIVERN, including an inclination of 97.4°, an altitude of approximately
500 km, and a Local Time of Ascending Node (LTAN) of 6 a.m.

During the propagation period, any satellite overpass for which the ground track passes within 400 km of the
hurricane eye is registered as a valid overpass and selected for further radar simulation. For each valid overpass, a
200-s simulation window is centered on the time of minimum distance between the satellite ground track and the
cyclone center. This corresponds to approximately 40 complete rotations of the conically scanning radar antenna
and ensures realistic sampling of the hurricane structure under the WIVERN observing geometry.

During the 40 antenna rotations, the satellite advances approximately 1,400 km along its ground track, enabling
complete coverage of the hurricane with both the forward- and backward-looking views of WIVERN's scanning
geometry (see Figure 5). An illustration of the simulation setup is shown in Figure 6, while an example of the
resulting radar cross-sections is presented in Figure 7.

Figure 6 illustrates a sequence of WIVERN satellite overpasses across the path of Hurricane Milton, covering the
period from 5 to 10 October 2024. During this time, Milton originated as a tropical storm in the western Gulf of
Mexico and underwent rapid intensification, transitioning from Category 2 to Category 5 within a single day on 7
October, before making landfall in Florida as a Category 3 hurricane.

The dashed cyan lines in Figure 6 represent the simulated WIVERN ground tracks over the Gulf of Mexico
region, based on the realistic orbital parameters planned for the mission. Out of the 10 overpasses shown, five
tracks pass within 400 km of the hurricane eye, allowing for sampling of at least half of the storm structure during
each pass. These five key overpasses are marked with numbered squares and diamonds, indicating the positions of
minimum distance between the satellite ground track and the TC eye, respectively.

Of particular interest in this study are overpasses (2 and 3) (thick dashed lines), which are separated by only 24 hr
and capture the cyclone across its rapid intensification phase, offering valuable opportunities to evaluate
WIVERN's capability in observing storm dynamics during this critical period.
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Figure 6. The path of Hurricane Milton from 10/06/2024 to 10/10/2024 with its color-coded intensity, as reconstructed by NOAA. The nine WIVERN satellite ground-
tracks passing through the Gulf of Mexico during these 4 days are indicated with cyan dashed lines. Five orbits pass within 400 km from the hurricane center with the
five positions of the hurricane eye and the closest satellite ground-track indicated by diamonds and squares, respectively. The WIVERN scanning pattern is shown only
for the 10/08 descending pass, with the sector of the scan plotted in Figure 7 highlighted in yellow. Note that the overpasses (2 and 3) (thick dashed lines) are only 24 hr

apart.

In Figure 7 an overview of the WIVERN measurements and products is plotted for a section of the scan passing
near the cyclone eye (located at a distance along the scanning track around 350 km), highlighted in yellow for
overpass with label (3) in Figure 6. Note the freezing level at around 5 km altitude, the shallow rain cells at the
beginning of the scan and that the echo tops in the left portion of the eyewall appear to be greater than 15 km
whereas, further along-track, the right portion of the eyewall is a couple of kilometer shallower (likely the result of
less wind shear and to a stronger convection on the left side of the eyewall for this particular cross-cut).

In the three columns, from left to right, the evolution of the simulated quantities from Figure 7 is represented: the
three most relevant WRF model quantities, the three main Level-1 observables and an example of three retrieved
Level-2 products. In panels (a), (b) and (c), a cross-section of the eye and eyewall of the cyclone is clearly
identifiable. The eye appears as a column of generally low hydrometeor contents with near-zero wind speed,
while the eyewall and rainbands exhibit high total water content, leading to significant attenuation and eventually
total extinction of the measured reflectivity signal (Z,,). Shallow convection cells can also be seen at the
beginning of the scan, on the left of the plots. As expected, at altitudes above ~5 km (roughly the freezing level),
Z,, generally correlates with IWC: extensive anvil clouds with high ice content are evident from panel (c), while at
lower levels the rainbands outside of the eyewall are clearly visible with high content of hydrometeors. Panels (d),
(e) and (f) highlight the dominance of horizontal winds in the Doppler velocity field, which exhibits the typical
antisymmetric structure associated with cyclonic circulation, characterized by opposite wind directions on either
side of the eye. In panel (g), convective updrafts (blue regions) are apparent within the eyewall, while below the
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Figure 7. Curtain plots for the scan sector highlighted in yellow in Figure 6. The top row column shows: (a) antenna-weighted total water content (TWC), (b) measured
reflectivity (Z,,) and (c) Level-2 retrieved Ice Water Content (IWC). The center row presents: (d) antenna-weighted horizontal component of the line-of-sight (LoS)
wind (Vy;,s), (e) measured Doppler velocity (V;,s) and (f) Level-2 retrieved horizontal wind (V). The third row shows: (g) antenna-weighted vertical LoS wind
component, (h) measured vertical and horizontal brightness temperatures (7% and T}) and (i) Level-2 neural-network predicted vertical wind (Wpreq)- In panels (c, )
regions identified as “convective” are semi-transparent.

freezing level. Regions of deep convection typically correspond to lower brightness temperatures, as seen in panel
(h) in correspondence of the eyewall, rainbands and minor shallow convection cells. Panel (i) shows an example
of the reconstruction of the vertical winds through a neural-network driven algorithm trained over a database of
WIVERN simulations over hurricane Milton.

2.3. WIVERN Scanning Pattern
WIVERN scanning pattern is a distinctive feature of the mission, offering several advantages (Figure 8).

¢ The swath width is about 800 km, unprecedented for cloud and precipitation radars. The TRMM/GPM radars
have swaths up to 250 km, with no sensitivity to clouds and their footprints are larger than 4 km. The INCUS
mission will have a 10 km swath, but with similarly limited sensitivity to clouds and footprints close to 4 km.
Cloudsat/EarthCARE CPR have much narrower swaths of 1.6 km and 750 m, respectively. WIVERN
effectively bridges the gap between the km-scale resolution (footprint size) and mesocale coverage (swath
width).

e Moving at about 500 km s~!, the footprint sweeps through an unprecedented volume of the atmosphere. With a
sampled area of about 500 km?s~', it has unparalleled sampling capabilities. In comparison, EarthCARE and
CloudSat CPR sample the troposphere sweeping areas at rates of 5.5 and 11 km?s™!, respectively, while the
INCUS mission achieves 70 km?s~!. In short, in 1 week, WIVERN will sample as many cloudy columns as
EarthCARE does in a year, and INCUS in 7 weeks.

¢ WIVERN measurements have azimuthal diversity, a critical feature for retrieving vector winds (i.e., the zonal
and meridional components), depending on their location within the swath. As shown in Figure 8, the blue and
red cells near the satellite ground track and at the edges of the swath have limited azimuthal diversity;
accordingly, good retrievals are expected primarily for the along-track and cross-track components,
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Figure 8. WIVERN scanning measurements at a fixed altitude. The satellite is assumed to move upward at 7.0 km s~! while
scanning an 800 km swath at 12 rpm. The radar footprint is about 1 km. Red and black dots indicate forward and backward
views, respectively. The three insets on the right show zoomed-in views of the sampling within the green, cyan and pink cells,
each covering a 40 x 40 km? region located at the swath edge and center. Red (black) arrows represent the HLoS directions
for each available measurement in the cell for the forward (backward) views. The top inset shows the relative occurrence of
1 km along-track averaged measurements in each 10 x 10 km? pixel as a function of distance from the ground track.
respectively. In contrast, the green cell is characterized by looks with a wide range of azimuth angles, allowing
the reconstruction of the horizontal wind vector.
o The number of 1 km along-track measurements in each 10 X 10 km? pixel is much higher near the edges of
the swath than in the center, with a very sharp gradient in the 50 km closest to the swath edge (upper inset in
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Figure 9. Panel (a): ground-tracks of the last 35 years TC that reached at least Category 1 level (maximum velocity above
33 m/s) during their lifetime (Knapp et al., 2010). The color for the tracks indicate different TC intensities (blue for tropical
storm; green, yellow, orange, red, violet for TC from category 1 to category 5, respectively. Panel (b): revisit time (expressed

in number of days) for the WIVERN ground-track to pass within a given distance (D) from the TC eye. In each boxplot, the
central mark indicates the median, the bottom and top edges of the box the 25th and 75th percentiles, respectively. The whiskers
indicate the range of non outliers whereas outliers are shown as “+” symbols. The percentage numbers express the probability of
missing completely the TC.

Figure 8). In the central part of the swath, the distribution is bimodal, with either no measurements or about 10.
This reflects the sparseness of the scans in this region.

On the other hand, near the swath edges, within a 20 km wide strip, the sampling is excellent, each
10 x 10 km? pixel contains between 20 and 56 measurements. This almost full coverage at the swath edges will
allow to use WIVERN as a calibrating reference system for other sensors.

The sparse WIVERN sampling can be used to produce two swath products:

1. A three-dimensional Horizontal Wind Vector Field, which contains the reconstructed three-dimensional
horizontal wind field across the full swath with a resolution of 10 X 10 X 0.5 km? (Section 2.4).

2. A three-dimensional Stratiform Ice Mass Field, which contains the three-dimensional distribution of the ice
mass also at a resolution of 10 x 10 X 0.5 km? (Section 2.5).

2.3.1. WIVERN Tropical Cyclone Sampling

A systematic analysis has been conducted to assess how well WIVERN will sample the lifecycle of TCs. Statistics
based on more than 1,350 tracks extracted from the database of the last 35 years TCs reaching at least Category 1
(i.e., 64 knots, Knapp et al. (2010); Figure 9a) coupled with simulations of the WIVERN orbit have been exploited
to compute the distribution of the mean revisit time within a certain distance D from the TC eye for TCs lasting at
least 3 days (99% of them). Results are presented in Figure 9b in the form of boxplots for four values of D from 50
to 400 km. The study reveals that 1.55 is the median (1.35 and 1.8 are the 25th and 75th percentiles) number of
days required for the WIVERN track to revisit a TC within a 400 km distance from the TC center (fourth boxplot
in Figure 9b). This guarantees that WIVERN will be able to map winds inside at least half of each TC more
frequently than every other day. Note that only 0.2% of the TC are completely missed. In comparison, a nadir-
pointing radar (like CloudSat or EarthCARE) would typically provide only a 2D curtain within 50 km of the
eye every 8.3 days (5.7 and 11.5 are the 25th and 75th percentiles of the distribution, first boxplot in Figure 9b)
and would miss the TC 42.5% of the time.

Finally note that with an average of about 42 TCs per year of Category 1 or more there will be on average about
17, 36 and 290 overpasses per year of a polar orbiting satellite like WIVERN within 25, 50 and 400 km,
respectively. This is equivalent of having hundreds of TC dedicated field campaigns with aircrafts every year.
When considering all TCs lasting at least 1 day (on average 102 per year), there will be on average about 32, 63
and 512 overpasses per year within 25, 50 and 400 km.

Tridon et al. (2023) exploited a large data set of TCs Tourville et al. (2015) as observed by CloudSat CPR to
simulate WIVERN data by accounting for the increased attenuation introduced by the WIVERN slant observation
geometry. They demonstrated that a slant looking 94 GHz radar with the expected WIVERN sensitivity (i.e.,
capable of measuring winds for target above —18 dBZ) will be able to observe a very large number of winds inside
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TCs, particularly in the glaciated part of the storm above the freezing level. If we set the number of clouds
detected by Cloudsat at any given level inside TCs to 100% as a touchstone, WIVERN Doppler velocity estimates
will be more accurate than 3 m/s in over 50% of those clouds up to an altitude of around 11 km, with peak
performance between 3 and 9 km. In TCs, this region is characterized by an abundance of clouds. Thanks to their
low attenuation levels and good mass content, these clouds produce reflectivity signals with values above
—20 dBZ, thus resulting in reliable Doppler estimates.

Since the footprints of WIVERN and CloudSat are similar (=1 km wide) whereas the WIVERN footprint is
moving at a velocity which is 70 times faster than the CloudSat one, WIVERN will sample a much larger area than
CloudSat (and similarly EarthCARE). Therefore, when combining the sampling and sensitivity capabilities of the
WIVERN and CloudSat radars, it is possible to conclude that inside TCs WIVERN will provide 30 times more
accurate wind observations than CloudSat cloud observations. Overall it is expected that WIVERN will measure
about 200 million precise wind measurements at 600 m vertical resolution and 10 km horizontal resolution within
TCs per year.

The combination of these two findings reveals that WIVERN has significant potential for mapping TCs in three
dimensions and monitoring their evolution, which can last for over a fortnight.

2.4. Three-Dimensional Horizontal Wind Vector Reconstruction

The three-dimensional horizontal wind vector field can be reconstructed using the WIVERN irregular sampling,
through an inversion procedure (Battaglia et al., 2024; ESA WIVERN Team, 2025). The 2D horizontal wind field
is recreated at different heights at grid points separated by 10 x 10 km?. For each node, the two horizontal wind
field components are found using an optimization technique based on the standard least squares method (Battaglia
et al., 2024). The main idea is to minimize the error between the modeled LoS velocity and the available ob-
servations. The modeled LoS velocity is written in terms of the unknown horizontal wind velocity components.
Observed data are weighted by an exponential drop based on the distance from the target and a correlation length.
Due to sampling sparseness, the correlation length is 20 km near the ground track and decreases exponentially to
5 km at the edge where sampling is excellent. For each grid point, the problem reduces to a linear system, and its
inversion allows for the determination of the horizontal components of the wind field by an analytic inverse
procedure. Details are provided in Appendix A.

This retrieval procedure is limited by:

¢ Poor radar illumination (regions with no targets or clouds with radar reflectivity below the noise level of
—18 dBZ);

¢ Presence of convective cells where the vertical wind component is not negligible;

» Azimuth diversity, as shown in Figure 8, which limits retrievals near the satellite ground track and at the edge
of the swath.

2.5. Three-Dimensional Ice Mass Field Reconstruction

The reconstruction procedure is illustrated by taking a WIVERN acquisition for an ascending overpass on the 7th
October with the satellite track passing in the vicinity of the eye. The model ice water path (IWP) with super-
imposed WIVERN scanning pattern is shown in the left panel of Figure 10. To estimate the three-dimensional ice
mass distribution of cloud anvil from the WIVERN sampling, the WIVERN Level-2 IWC sparse retrieved points
are first interpolated along each WIVERN ray at a fine vertical sampling of 100 m. Then the sparse points are
gridded into a three-dimensional uniform grid with 100 m spacing in the vertical and at grid points separated by
10 x 10 km? (center panel in Figure 11). The same is done for the model outputs (left panel in Figure 11).

If multiple WIVERN measurements fall within the same grid box, the IWC attributed to the grid box is equal to
the mean (in linear units) of the different IWC estimates. IWC values of 0 g/m? are attributed to grid boxes located
above the cloud top height [that operationally could be derived from geostationary auxiliary measurements, for
example, infrared brightness temperatures, whereas here are computed from the model output where the IWP
exceeds 1 g/m2 when computed from the top of the atmosphere downwards (panel in Figure 10)] and 500 m below
the freezing level (assumed to be derived from auxiliary ECMWF reanalysis). The corresponding IWC field at
9.6 km is shown in the center panel of Figure 11. The WIVERN scanning pattern produces gaps, especially near
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Figure 10. Left panel: WIVERN sampling for an overpass in proximity of the Milton eye on the 7th October at 11 UTC. The
color is modulated by the ice water path (as indicated in the colorbar legend). Right panel: cloud top height, assumed to be
detected from geostationary auxiliary data. Black areas correspond to convective columns where no IWC retrieval is
attempted.

the satellite ground-track (see white pixel in the center panel of Figure 11). The grid points that are empty
(because there is no WIVERN measurement falling inside the grid box) are filled by a fully three-dimensional
interpolation procedure.

3. Results
The goal of this work is to demonstrate that WIVERN will be able to:

1. Provide a three-dimensional view of the horizontal wind inside TCs, in particular capturing the vertical wind
shear, the upper level divergences and the in-cloud circulations inside the anvil produced by the hurricane
convective towers, and some of the inflow and outflows in the lower layers of the atmosphere (1-2 km);

2. Identify the intensification of a TC by estimating the maximum winds in the inner core from close in time
overpasses;

3. Profile the TC ice mass as a function of the distance from the eye, which will help in shedding light into the TC
anvil formation and dissipation mechanisms.

The simulation of Hurricane Milton is used to demonstrate these features.

log, (1 WC) @9.6 [g/m”]

[ 2=

96" -94 92 90"  -88" -96 94"  -92 90" -88° -96° -94° 92° 90" .88

Figure 11. Reconstruction of the anvil IWC three-dimensional field from WIVERN measurements: horizontal cut at 9.6 km
altitude for the case study shown in Figure 10. Results are shown only for a circular area of 400 km radius centered at the TC
eye. Left panel: model log;,(/WC)[g/m?] (white pixels inside the 400 km radius correspond to convective towers where the
retrieval is not attempted). Center panel: WIVERN Level-2 IWC gridded at 10 x 10 km? with the antenna boresight line of sight
projected at the given height (black line). Right panel: WIVERN retrieved IWC after gap-filling is applied.
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3.1. Tropical Cyclone Wind Shear Structure

The capability of the WIVERN mission to retrieve wind profiles within the hurricane's inner region and across
multiple vertical layers allows for the reconstruction of radial wind patterns and provides new insights into the
organization of the storm's inner-core circulation and wind shear distribution.

Thanks to its Doppler radar capabilities and its wide swath scanning, WIVERN can capture the storm internal
circulation, particularly well in the glaciated part above 5 km. An overpass on 7 October at 12 UTC when
Hurricane Milton was intensifying toward Category 3 status, corresponding to an ascending orbit with the right
edge of the swath located approximately 150 km east to TC center (see Figure 12), is used to demonstrate the
reconstruction of the three-dimensional horizontal wind field, via the technique described in Section 2.4.
Figure 12 shows that the horizontal wind structure is accurately retrieved across the different vertical layers,
clearly capturing the transition from the cyclonic circulation around the eye, still evident at around 7 km altitude
(lower panels), to the divergent outflow at upper levels (top panel). Interestingly there is a good reconstruction
even in the lowest layer at H = 3 km even if the coverage is limited (see density of white arrows in the bottom right
panel). WIVERN is the only space-borne observing system potentially capable of resolving storm dynamics with
this level of detail and spatial coverage. Such observations are crucial, for instance, to determine whether most of
the mass detrained into the TC outflow originates from the eyewall or from the surrounding rainbands (Nolan
et al., 2025).

To place the internal wind structure of the cyclone in the context of the surrounding large-scale environment, the
storm is divided into four shear-relative quadrants (DL: downshear left, DR: downshear right, UL: upshear left,
UR: upshear right), following the convention described by Matyas (2010); Rogers et al. (2015). This approach
provides a consistent framework to analyze storm structure and convective organization under the influence of
vertical wind shear. The classification is based on the direction of the environmental vertical wind shear, defined
as the vector difference between winds at the 850 and 200 hPa pressure levels. The shear vector is computed
within an annular region between 200 and 600 km from the cyclone center, thereby excluding the inner-core. This
method captures the large-scale wind environment and helps interpret asymmetries in the cyclone structure, such
as inflow and outflow patterns. Quadrant-based analysis has proven especially useful in characterizing precipi-
tation asymmetries in sheared storms. In particular, rainfall tends to be concentrated in the downshear-left
quadrant, where vertical motion and convective activity are typically strongest (Wingo & Cecil, 2010).
Furthermore, recent studies have shown that asymmetries in the inner-core wind structure, shaped by vertical
shear, play a crucial role in the onset and maintenance of rapid intensification. Convective bursts and vorticity
maxima frequently develop in specific shear-relative regions, most notably in the downshear-left quadrant (B. Liu
et al., 2022).

Figure 14 presents zonal (cyan line in Figure 13) and meridional (red line in Figure 13) vertical cuts through the
TC eye. With the previous wind-shear classification, they correspond to four cuts in the middle of the UL, UR, DR
and DL domains. In these vertical curtains it is possible to identify the radial inflows and outflows (here each cut is
spanning a 400 km wide region). The two profiles display wind speed (left panel) and WIVERN-measured
reflectivity (right panel), overlaid with both the modeled wind field (black vectors) and the retrieved wind
vectors (red vectors). These radial profiles reveal the asymmetries typically found in tropical cyclones, both in
terms of dynamic structure and hydrometeor distribution. Such asymmetries involve complex interactions be-
tween horizontal inflows and outflows, as well as convective regions characterized by intense updrafts and
downdrafts (see arrows in the right panels of Figure 14). These reconstructions clearly demonstrate the potential
of WIVERN measurements to shed light on the mechanisms driving the internal circulation of hurricanes, and
therefore their organization and possible intensification.

3.1.1. Assessment of Wind Retrieval Errors

A statistical analysis of the error for the retrieved zonal and meridional components and the wind velocity is
performed using 12 different scenes. The data set is filtered to remove points with an expected error greater than
10 m/s (for and estimation of the error see Appendix A). Outliers were then identified and excluded. Finally, a
statistical analysis is performed on the filtered data set, clustering the results according to the distance from the
satellite ground track (Figures 15 and 16). It is evident that the zonal component u has a larger error near the
ground track where standard deviation errors can become larger than 8 m/s (this is due to the fact that, especially at
low latitudes that component of the wind is only marginally affecting the LoS Doppler velocity measurement)
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Figure 12. Example of three-dimensional reconstruction of the horizontal winds for Hurricane Milton simulated by the WRF model. Horizontal cross sections at four
altitudes are considered: 15, 11, 7 and 3 km, respectively from top to bottom. Left columns: same-height horizontal cuts of simulated reflectivities in dBZ with the
WIVERN scanning pattern superimposed. Right columns: model wind field (black vectors) with retrieved winds (white vectors). Note that the retrieved winds
correspond to regions where clouds with good reflectivities are present.
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whereas becomes lower than 2 m/s at ground track distances exceeding 150 km. The meridional component v on
the other hand is characterized by a standard deviation n error which is typically smaller than 2 m/s (slightly
worsening near the center and the edge). Overall in great part of the swath both the u and v estimates apper
unbiased (this is a direct consequence of the conical scan, that tends to cancel out errors introduced by mispointing
and non uniform beam filling, Battaglia, Rabino et al. (2025); Scarsi et al. (2024)).

As a result the overall horizontal wind magnitude (V) has larger uncertainty (up to 4.5 m/s) at the center of the
swath (Figure 16). This is due to the lack of azimuth diversity in this areas, as explained in Section 2.3.

3.2. Tropical Cyclone Intensification

WIVERN will also be able to capture wind features inside the inner core of TCs. While W-band radars are
typically limited by signal attenuation in regions with high liquid water content, the WIVERN slant view can
enable penetration in regions heavily loaded with precipitation (e.g., the eyewall) from regions that are almost
cloud-free (e.g., from the eye). Thanks to the multiple cross-cuts through the hurricane and reduced surface clutter
(Coppola et al., 2025), it is possible to retrieve crucial information about the wind in the lower troposphere and
inside the eyewall where the strongest winds occur. The horizontal wind vector swath product described in
Section 2.4 can represent well the TC large-scale circulation, but its coarse resolution prevents an accurate
representation of the dynamics in the presence of very strong horizontal variability of the wind that can exist close
to the eye. For the wind structure near the eye a full reconstruction of the wind field can rely on a model; here the
very simple one described by cyclostrophic balance as proposed by Holland (1980) is used. The azimuthal
symmetric cyclostrophic tangential wind (V,) can be written as:

Vi) = Vo) () el @

r

where 7, is the radius of maximum wind and B is an non-dimensional parameter related to the maximum wind

velocity by V.(rmax) = 1/B (pn - pc)/(p e) where p is the air density, p, and p, are the central and ambient

pressure, e is the Neper number.

The WIVERN measurements of the two successive overpasses, one before and one after the rapid intensification
that occurred to Milton on 8 Oct 2024 (thick cyan lines labeled as 2 and 3 in Figure 6), are used to optimally fit the
three free parameters of the model of Holland (1980) (V. (#inax)s 7max» B)- An appropriate filtering process was
applied to the measurements acquired at an altitude of 2 km, as presented in the top two panels of Figure 17. This
included discarding data points where the reflectivity was below —18 dBZ, indicating an insufficient presence of
hydrometeors to serve as tracers for wind estimation, or where the vertical velocity exceeded 2 m/s, typically
associated with strong convective towers. Additionally, measurements with a Signal-to-Clutter Ratio (SCR)
below 20 dB were excluded, as they indicate contamination of the Doppler signal by surface contributions.

In this context, the WIVERN capability to measure LoS Doppler velocities from a slant view enables winds in
otherwise inaccessible regions to be observed. The slanted geometry plays a key role in determining reflectivity
measurements. This feature is well highlighted by the two middle panels of Figure 17, where the measured
reflectivity derived from the hurricane model output (background) is compared to the one produced by the
WIVERN simulator (colored circles on WIVERN white scanning track). In first approximation, when attenuated
reflectivity is estimated from model data, each atmospheric column is treated independently as a purely vertical
one-dimensional profile. The Path-Integrated Attenuation (PIA) is computed by integrating the extinction co-
efficient vertically, and then subtracted from the unattenuated model reflectivity (accounting for the slant ge-
ometry with an amplification factor equal to 1/cos(6;) ~ 1.34) to obtain a first approximation attenuated
reflectivity. However, this simplification does not take into account the actual path followed by the radar pulse
when propagating though the atmosphere. In contrast, the WIVERN simulator accounts for the true three-
dimensional propagation of the radar beam along its slant path. It simulates how the signal interacts with the
volume of atmosphere it traverses, thus properly capturing attenuation effects. Consequently, differences between
the model-derived and simulator-derived attenuated reflectivity fields can be attributed to three-dimensional
effects, which will be particularly relevant in regions characterized by large spatial variability of the hydrome-
teor structures, thus of the PIA field. These are made evident in the lower panel of Figure 17, where the difference
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Figure 13. Example of shear-oriented quadrant division for the scene related
to Hurricane Milton on 10/07/2024 at 12 UTC. The thin white lines divide
the hurricane into four shear-relative quadrants, labeled with their respective
acronyms: downshear left (DL), downshear right (DR), upshear left (UL),
and upshear right (UR). The yellow arrow indicates the direction of the mean
large-scale vertical wind shear vector, computed within the annular region
between 200 and 600 km from the storm center, as delimited by the black
dashed lines. The red and cyan thick lines represent radial cuts that cross the
inner-core region of the tropical cyclone (shown in Figure 14).

between the two reflectivity estimates is superimposed on the PIA field,
enabling the identification of areas where WIVERN slant-view geometry
provides a clear advantage by avoiding heavily attenuating regions. A portion
of the observation track, highlighted by the black rectangle in the left side
panels of Figure 17, demonstrates this phenomenon. A zoomed-in view of this
area is presented in Figure 18, where it is possible to distinguish two distinct
scenarios. In the case of the red-colored circles, the reflectivity derived from
the model exceeds that observed by WIVERN. This occurs because, in the
layers above 2 km, the actual radar beam crosses the eyewall where strong
attenuation strongly reduces the radar return. In contrast, the blue-colored
circles correspond to observations where the radar beam penetrates from
the eye, a region with relatively low attenuation. Here, WIVERN will mea-
sure reflectivity values that are higher than those expected from the model-1D
approximation estimate, highlighting the radar ability to access regions
typically inaccessible to conventional nadir-viewing systems. In summary,
the WIVERN slant view is not always detrimental because of the increased
slant attenuation. In deep convection, it sometimes allows penetrations into
regions in the lower troposphere that are inaccessible by a W-band nadir-
looking radar.

The WIVERN measurements are used to retrieve the three free parameters of
Holland model through a least-squares fitting procedure using data acquired
before and after the rapid intensification phase. The cost function minimi-
zation enables the selection of the optimal set of three parameters that best
reproduce the cyclostrophic wind field within the first 70 km from the TC
center. Figure 19 shows the azimuthal average around the TC eye of the

horizontal winds as a function of the radial distance from the eye of the hurricane for the model outputs (circles)
and obtained by using a least square best fitting procedure using WIVERN data before and after the rapid
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Figure 14. Meridional (top panels) and zonal (bottom panels) vertical cuts across the inner-core region of Hurricane Milton
on 10/07/2024 at 12 UTC, each spanning 400 km through the storm center. Left panels show the model wind velocities
projected onto the two vertical cuts (arrows) with their corresponding wind speed (color-coded). The right panels display
WIVERN-measured reflectivity superimposed with the model horizontally projected radial wind velocities (black arrows)
and those retrieved by WIVERN (white arrows) in correspondence to the scanning pattern shown in Figure 12. Mean
circulations within each quadrant are shown by the large arrows. The contour lines highlight convective regions with blue
contours corresponding to downdrafts of —1 m/s and green contours indicating updrafts of 3 m/s.
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non-outliers, while the “+” symbols represent the outliers.
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intensification. As demonstrated in Figure 19 WIVERN measurements can properly capture the acceleration of
winds from 30 to 60 m/s occurring in less than 24 hr. The retrieved parameters of the model proposed by
Holland (1980) produce the thick continuous curves that are almost superimposed to the best-fit curves (thin
dashed lines) of the azimuthally averaged wind speeds (circles). Note that more sophisticated models with more
parameters (e.g., the model proposed by Willoughby et al. (2006) with 6 free parameters) could have been used
but the scope here is just to showcase that WIVERN can peer into the hurricane wind inner structure.
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Figure 16. Standard deviation of the error of the zonal and meridional horizontal components u and v and of the horizontal intensity, V as a function of the distance from

ground track.
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Figure 18. Zoomed-in view of the observation track segment highlighted in Figure 17.

This example demonstrates that WIVERN can provide insight in really extreme weather scenarios and that,
thanks to its frequent overpasses over TCs, it can actually identify rapid intensification. Note that, in the best
situation, two consecutive overpasses within 400 km can occur with one ascending and one descending orbit
separated by 12 hr or with two ascending or two descending orbits separated by 24 hr (like in the previous
example, orbits (2) and (3) in Figure 6).

3.3. Profiling Ice Mass

The WIVERN IWC retrieved with the methodology discussed in Section 2.5 can be accumulated to produce
vertical distribution of the ice mass contents as a function of the distance from the TC eye. The results for the
overpass shown in Figure 10 are depicted in Figure 20 with each annulus having a thickness of 10 km. Note that
there is notably higher ice mass in the eyewall region compared to some of the outer rainband features. Eyewall's
vertical velocities are dramatically stronger and more persistent than those in the outer rainbands (L. Wang
et al., 2023). This affects microphysics along two lines:

o Stronger updrafts transport supercooled droplets and small ice particles to high altitudes, where temperatures
are well below freezing level;

+ Continuous recycling of particles (riming, aggregation, breakup, re-uptake) produces high concentrations of
graupel, snow, and cloud ice.

As a result, the eyewall almost always shows larger total ice mass aloft, regardless of supercooled liquid water
availability. Additionally, outer rainband convection tends to be more episodic and shallower on average than the
ones in the eyewall and more mixed-phase dominant (D. Wu et al., 2021). The outer rainband region is also
characterized by a substantial increase in ice mass toward the surface, which is consistent with several precipi-
tation growth pathways that dominate in tropical rainbands. In priority order:

Figure 17. Inner core (i.e., distance from TC eye lower than 70 km as indicated by the black dashed circles) WIVERN sampling of Hurricane Milton at a 2 km altitude,
before (left side) and after (right side) the rapid intensification occurred on 8 October 2024. Top panels: the scanning tracks of the antenna boresight are plotted above the
two-dimensional hurricane horizontal wind speed field (color coded). WIVERN measurements discharged due to low reflectivity are marked with white crosses, those
excluded due to high vertical wind velocity with black crosses, and valid measurements are indicated by blue circles. Middle panels: the model 1D-simulated reflectivity
is colorcoded, while circles color-coded with the same color-bar along the WIVERN track represent WIVERN-measured reflectivity values accounting for the full
three-dimensional geometry. Lower panels: PIA field of the two scenes with superimposed WIVERN track with colored circles color-coded with the color-bar on the
left hand side representing the difference between the two aforementioned reflectivity values. The black rectangle in the left panels shows an interesting portion of track
that is further analyzed in Figure 18.
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rapidly accrete supercooled liquid water, thus resulting in graupel. Graupel
formation tends to peak below or just above the freezing level, not aloft. Since
outer rainbands have significant amount of supercooled liquid water, riming
is inherently very efficient. All in all, this creates a region where ice mass
increases downward as hydrometeors grow while falling.

3.3.2. Warm-Rain Processes Feeding Ice Growth

Outer rainbands often have strong warm-rain production (collision—coales-
cence) below the melting level. These large drops can be lofted briefly and
frozen or freeze during descent in strong downdrafts.

These mechanisms are much less common in the eyewall, where most pre-

10 20 30

40 50 60 70 cipitation originates aloft in deep convective cores.

Radial distance from TC center [km]

Figure 19. Wind inside hurricane Milton at 2 km height before and after the

Overall there is a very good agreement between the model (left panel of
Figure 20) and the WIVERN reconstructed IWC fields (center panel). Dis-

rapid intensification occurred on the 8 Oct 2024. Two descending orbits crepancies caused by the WIVERN sensitivity threshold (5 mg/m?) are found
separated by 24 hr have been used (thick cyan lines in Figure 6). The true in regions of very low IWCs (e.g., near cloud top) and in regions closer than

azimuthally averaged winds are plotted with circles with maximum wind
speeds of 32 m/s before and 60 m/s after intensification reached at 30 and
20 km from the TC center, respectively. WIVERN measurements well
reproduce the model proposed by Holland (1980).

Height [km]

50 100 150 200
Distance from eye [km]

30 km from the eye, where there is less available data due to the smaller
sampling volume for each annulus and the exclusion of convective regions.
These discrepancies are indicated by p greater than 0.2 in absolute value in the
right panel (i.e., multiplicative bias larger than a factor of 1.58).

A statistical analysis of the IWC retrieval performance is carried out by running multiple overpassess with
different orbits corresponding to 39 different snapshots of hurricane Milton straddling the rapid intensification
period between 10 UTC on 6 October and 00 UTC on 8 October. The errors in the retrieved IWC are computed for
the 39 different scenes. The standard deviation and the mean of such errors is shown in Figure 21. Results
demonstrate that the WIVERN estimates are generally unbiased (multiplicative bias typically lower than a factor
of 1.25 (|u|< 0.1, left panel in Figure 21), with standard deviation lower than a factor of 1.25 (|6|< 0.1, right panel
in Figure 21) in regions where the most data points are available (from 50 km of distance from the eye, from the
eyewall outwards).

4. Conclusions

WIVERN, selected by ESA as the Earth Explorer 11 mission, is poised to significantly enhance the global tropical
cyclone (TC) observing system in a way that is unprecedented in both spatial coverage and resolution.

Using high-resolution simulations of Hurricane Milton as a testbed, this study demonstrates that WIVERN's
conically scanning geometry and Doppler capability enable the three-dimensional sampling of both the ice mass
vertical structure and the horizontal wind field across the entire extent of tropical cyclones. WIVERN's data can
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Figure 20. Vertical distribution of the ice mass contents (in g/m?) as a function of the distance from the TC eye for the overpass shown in Figure 10 with the WRF model
output (left) and reconstructed from a single WIVERN overpass (center panel). The right panel shows the bias y = 1080 IWCeprievea) — 10810 (IWC,,p401) defined as the
difference between the logarithmic values in base 10 of the WIVERN retrieved and the model mean IWC values.
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Figure 21. ITWC retrieval performances: bias (¢ = 1og;g UIWCepievea) — 10810(UWCpger), left panel) and standard deviation
(o= std[logm(l WCetrievea) — 10g1oUWC, ,m,de,)], right panel) as a function of height and of the distance from the eye. Black
lines correspond to contours of the mean values of the model log;,(/WC) distribution. Results are based on 39 different
snapshots for Hurricane Milton from 10 UTC of 06/10 to 8 UTC of 07/10 with WIVERN orbits crossing the hurricane at
different distances from the eye center (from 0 to 100 km).

be interpolated to produce gridded three-dimensional fields of ice mass and horizontal wind vectors at unrivaled
vertical and horizontal resolutions.

Simulated overpasses of Hurricane Milton confirm that the Level-3 horizontal wind vector field products, derived
directly from WIVERN's line-of-sight Doppler measurements, effectively reconstruct the storm's 3D horizontal
wind structure. This capability is particularly evident in glaciated regions, where the products capture features
such as vertical wind shear, upper-level divergence, and in-cloud circulations. Moreover, successive WIVERN
overpasses—with a minimum revisit time of 12 hr under favorable orbital configurations—enable the monitoring
of TC evolution, especially changes in wind intensity within the inner-core of the lower troposphere during
periods of rapid intensification or weakening.

In addition to wind retrievals, WIVERN's radar reflectivity measurements support the estimation of the vertical
distribution of ice mass. Although the system cannot detect ice water contents (IWCs) below 5 mg/m?, it can
identify the altitude and radial distance from the storm center where ice is detrained, and estimate its total mass.

The synergy between the Level-3 ice mass field and horizontal wind vector field products presents a unique
opportunity to improve our understanding of TC dynamics, thermodynamics, and microphysics. In particular, this
capability could help clarify key questions—such as whether the anvil ice mass originates primarily from the
eyewall or from outer rainbands—and enhance insight into the coupling of latent heat release, circulation, and
storm structure.

This study is limited to a simulation of a single hurricane (Milton) with a single model (WRF). Future work should
aim to expand this study to include a broader set of simulated tropical cyclones (including typhoons) and/or to
different cloud resolving models, in order to quantify expected retrieval errors for both wind and ice mass fields.
Additionally, more advanced reconstruction techniques, including machine learning approaches, could be
explored to further enhance the accuracy and utility of the derived gridded products. A dedicated analysis should
also be conducted on convective regions to determine whether it is possible to measure the strength of convective
motions and the extent to which the ice water content in such areas can be quantified.

Appendix A: Analytical Model for Vector Wind Inversions

Consider a region (covering the TC) where N,, measurements of the horizontal LoS velocity
((VHLUS),- i=1,.. ,Nm) are collected. The domain is divided in N, grid boxes with an area of 10 x 10 km? where
a horizontal wind vector is sought after. For each node [, [ €{1,...,N.}, the minimization problem can be writ-
ten as:

Non

2
T;/HVT[I Z [551)(%'”1 + pv — (VHLDS)i)] ) (A1)

i=
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where N,, is the number of measurements, Vy;,s is the observed horizontal LoS velocity, au; + pv; is the
modeled Vy; ¢ written in terms of the unknown horizontal components («# and v), 0 isan exponential weight and
a and f are geometrical factors that accounts for the projection of the wind along the antenna boresight line of
sight.
Solving the minimization expressed in Equation A1l is equivalent to invert the matrix equation:
N, I Ny ) N )
Z,-=1 af fz(') 21‘:] a; f; 55) [ul]_ Zi:l a; 55) (Vhios)i (A2)
Ny Ny RSl
S g0 g ED il [ B ED (Vi)
that allows to find «; and v,.
I D\
The quantity fg) = exp [—(ri( )/ L> ] is a Gaussian weight, which ensure that measurements closer to the grid
point contribute more significantly to the retrieve processing: ri(l) is the distance between each measurement i and
the grid point /, and L > 0 is a scaling parameter which accounts for the correlation length of the measurements.
Larger values of L imply that the measurements are correlated over a wider area; conversely, smaller values of L
indicate that the measurements have shorter spatial correlation.
The errors can be estimated using the standard error propagation from Equation A2 and considering that the
horizontal wind intensity Vi, = 1/u? + v}:
1 n o Nin 2
Ouy = ———— i Vhosi 2, By (bl — aif; (A3)
detCAT\ zl( Vs 2 D% = )
1 Yl Ny >
oy =r——= & 0VhLesi ), o &i(ap; — aip; (A4)
|3/ 400 - )
VA+B-2C
oV =~———+ A5
=V JdetCA)) (A%
. 2
N,, ] N /
A= (Zi=, Bi 55)(uzﬁ,- - Vﬂi)) Zi=, <ai fg)‘sVHLoS,z)
. 2
Nu I N !
B= (Zi=, Q; -f,(')(ulﬁi - vlai)) Zi=1 (ﬁi §§)5VHLos,i>
] (A6)
N, [ Nn /
C= (Zi=l B &P (wp; - Vﬂi))(Zi:l a; & (wp; - Vlai)> X
N, 0 :
XZ,-=] aiﬂi( & 5VHLos,i)
where A; denotes the matrix on the left-hand side of Equation A2.
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