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Key Points:13

• The WIVERN mission concept aims to provide three-dimensional profiles of in-14

cloud winds and cloud structure across scales from 1 to 1000 km using its unique15

Doppler radar capabilities.16

• WIVERN can provide three-dimensional views of the horizontal wind inside trop-17

ical cyclones, capturing the vertical wind shear and regions of wind convergence18

and divergence, particularly well in the glaciated part of the storm;19

• WIVERN can estimate the maximum winds in the inner core when multiple close-20

in-time overpasses are available, thereby capturing the intensification of a trop-21

ical cyclone;22

• WIVERN can profile the mass of a tropical cyclone anvil as a function of distance23

from the eye, thus revealing the mechanisms behind its formation.24
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Abstract25

The WIVERN concept is set to enhance the global tropical cyclone observing system.26

Operating from a 500 km near-polar orbit, the radar 3 m diameter conically scanning27

antenna with off-nadir pointing provides an 800 km swath, with vertical resolution of 600 m28

and horizontal resolution of less than 1 km. With quasi-daily global coverage, WIVERN29

will measure in-cloud tropical cyclone winds up to 40 m/s without any Nyquist ambi-30

guity from 1 km above the surface to the upper troposphere, spanning horizontal scales31

from 1 to 800 km.32

A WRF hindcast study at 1.5 km grid spacing for Hurricane Milton, the most pow-33

erful hurricane of the 2024 season, is used as a test bed to showcase WIVERN products34

and science potential. The WRF simulation reproduces well the trajectory of the hur-35

ricane and its maximum wind intensity, which increased by 78 knots in the 24-hour pe-36

riod from 00:00 UTC October 7 to 00:00 UTC October 8.37

Full end to end WIVERN simulations demonstrate that: 1) WIVERN will provide38

a three-dimensional view of the horizontal wind inside cyclones, in particular capturing39

the vertical wind shear, the upper level divergences and the in-cloud circulations inside40

the anvil produced by the hurricane convective towers, and some of the inflow and out-41

flows in the lower layers of the atmosphere (1-2 km); 2) In presence of close-in-time over-42

passes WIVERN has the potential to detect the intensification of cyclone by estimat-43

ing the maximum winds in the inner core; 3) WIVERN will profile the tropical cyclone44

ice mass as a function of the distance from the eye, which will help in shedding light into45

the anvil formation and dissipation mechanisms for such weather systems.46

1 Introduction47

A Tropical Cyclone (TC) is “any low pressure system having a closed circulation48

and originating over a tropical ocean” (Houze, 2010) with peak wind speeds exceeding49

33 ms−1 in severe TCs (hurricanes and typhoons). They play a paramount role in the50

Earth’s radiation budget and in the water cycle by transporting heat and moisture from51

the tropics to the mid-latitudes and by releasing huge quantities of latent heat (Emanuel,52

2001, 2003; Scoccimarro et al., 2011). Furthermore they have tremendous societal im-53

pacts, causing widespread destruction due to strong wind and excessive amounts of rain-54

fall when they make landfall (Klotzbach et al., 2018) but also due to swell waves radi-55

ating out from the TC core (Yurovskaya et al., 2023). Once generated, TCs can inten-56

sify into a fully destructive stage in less than a couple of days (Zehr et al., 1976).57

Tropical cyclogenesis is an upscaling process whereby convective-scale dynamics58

locally add energy and vorticity to a large-scale cyclonic disturbance in regions where59

synoptic conditions are conducive to convective development. There is still no broad con-60

sensus on how to understand and predict tropical cyclogenesis (Emanuel, 2003). Several61

studies have found that environmental vertical wind shear (usually defined in the envi-62

ronment surrounding the TC between 200 and 850 hPa due to limited wind observations63

within the middle troposphere (Gray, 1968)) is the main driver of tropical cyclogenesis,64

intensification, and dissipation, due to its ability to induce kinematic and thermodynamic65

asymmetry (Thatcher & Pu, 2011; Schenkel et al., 2020; Wadler et al., 2022; Rios-Berrios66

et al., 2024, and references therein). In this context, low vertical shear allows for a ver-67

tically aligned vortex, maintaining the coherence between the lower and upper tropospheric68

circulation. This alignment is essential for sustaining deep convection near the storm cen-69

ter and fostering a symmetric inner-core structure, which facilitates efficient latent heat70

release and intensification processes. On the other hand, moderate to strong shear can71

tilt the vortex, displace convection from the center, and disrupt the upper-level outflow,72

ultimately suppressing intensification or even causing weakening (Frank & Ritchie, 2001).73
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However, TC intensity change is generally governed by more complex, intertwined,74

multi-scale processes (Judt & Chen, 2016). The prediction of TC rapid intensification75

and the mechanisms controlling this process remain areas of active research (for exam-76

ple, Liu et al. (2025) recently suggested that the size of the TC has a significant impact77

on its intensification). The environmental effects that govern the evolution of TC inten-78

sity (e.g. ambient humidity, sea surface temperature, ocean mixed layer depth and wind79

shear) have been thoroughly discussed in the literature and their respective contribu-80

tion are still the subject of debate (see, for example, Emanuel et al. (2004); Hendricks81

et al. (2010); Wang et al. (2025)). Conversely, internal dynamical processes such as eye-82

wall and rainband convection, which release latent heat, can be a key factor in TC in-83

tensification, but are not well understood (Rogers et al., 2013; C.-C. Wu et al., 2016).84

Based on a database of more than 8,000 high-resolution CloudSat overpasses of TCs (Tourville85

et al., 2015)) and by exploiting the fact that the cloud Ice Water Content (IWC) derived86

from cloud spaceborne radars such as CloudSat or EarthCARE CPR can be used as a87

proxy for latent heating, S.-N. Wu & Soden (2017) have demonstrated that strengthen-88

ing storms have 20% higher IWC than weakening storms, especially in the midtroposphere89

near the eyewall (see their Fig. 2). Since rapid intensification is often associated with90

the reorganization of the TC mesoscale cloud and precipitation structures, it is essen-91

tial that models are able to predict such structures accurately and for the right phys-92

ical and dynamical reasons.93

The description of the secondary circulation of a mature TC is also uncertain. Sev-94

eral foundational studies suggest that it consists of a boundary layer inflow that first rises95

in the deep convective towers of the eyewall before turning outward to form the cirrus96

cloud shield just below the tropopause (Houze, 2010). In this widely accepted view, up-97

drafts within the outer rainbands are not contributing to the primary outflow (see Fig. 198

in Nolan et al. (2025)). Novel TC model simulations performed by Nolan et al. (2025)99

reveal a different picture from the examination of the mass and moisture budgets of the100

cirrus outflow shield: a significant fraction of the dry air mass flux (widely varying but101

around 50%) and even larger fraction of the condensate in the outflow is supplied by deep102

convection in the surrounding rain-bands (see Fig. 8 in Nolan et al. (2025)). This pin-103

points at the importance of the rainband convection in controlling the size and thick-104

ness of the outflow clouds, which is a key driver for estimating storm intensity.105

Significant progress has been made in the monitoring of TCs from space in recent106

years and will be extended in the upcoming years (Ricciardulli et al., 2023). While in-107

situ and aircraft remote sensing data allow a dense monitoring of TCs in the Atlantic108

Ocean (Holbach et al., 2023), satellite observations remain essential in the other basins109

and away from the coasts in the Atlantic. In brief this include:110

• SAR systems, capable of mapping surface winds at very high resolution (∼3 km)111

without suffering from high wind or rain-induced saturation and of capturing fea-112

tures such as the eyewall (and its circulation), outflow boundaries, and rainbands113

(e.g. Mouche et al. (2019); Avenas et al. (2023)).114

• C and Ku-band scatterometers and radiometer systems with frequency bands from115

L to X (e.g. SMOS, SMAP, AMSR-2) providing winds at the surface but at coarser116

resolutions, TC center location, intensity, radial and rotational structure. The new117

generation of scatterometers with cross polarization will improve measurements118

for extreme hurricane winds.119

• microwave imagers/sounders (e.g. GMI, SSMIS and, in the future, CIMR and MWI)120

providing, in addition to surface properties (wind speed and sea surface temper-121

atures), information about precipitation, water vapour and cloud contents (but122

with very coarse vertical resolution). This also includes a new generation of small123

and cube satellites (e.g. TROPICS and TEMPEST).124
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• Doppler wind lidars with ESA-Aeolus2 expected to fly in the next decade after125

Aeolus demonstrated the potential of spaceborne Doppler lidar for observing clear126

air dynamics around the cyclones.127

• Ku-Ka-W band spaceborne radars profiling cloud and precipitation vertical struc-128

ture (Battaglia et al., 2020a) but with very limited coverage particularly for W-129

band radars (EarthCARE cloud profiling radar is nadir looking).130

• Geostationary sensors monitoring the rapid temporal evolution of convective fea-131

tures and exact location of the storm and producing atmospheric motion vectors132

for storm cloud tops. Resolutions down to 1-2 minutes are becoming soon oper-133

ational for targeted areas.134

Despite this plethora of instruments, there is a lack of observations for the global con-135

tinuous monitoring of the three dimensional structure of the winds and of the hydrom-136

eteors inside TCs. The Wind Velocity Radar Nephoscope (WIVERN) mission, equipped137

with a groundbreaking Doppler radar (Illingworth et al., 2018; Battaglia, Rizik, et al.,138

2025; ESA WIVERN Team, 2025), promises to fill this gap in the observing system and139

capture, for the first time, the three-dimensional dynamics and microphysical structure140

of all types of storms on Earth below 86◦ latitude. This includes horizontal winds in strat-141

iform regions, updrafts and downdrafts in convective cells, and the mass of condensed142

water above the freezing level. The mission will cover a more than 800 km wide swath143

with quasi-daily revisit times. WIVERN measurements will be collected at 1 km inter-144

vals along its conically scanning beam and will be vertically resolved with a resolution145

of 600 m.146

This work aims at demonstrating that the WIVERN mission will achieve two ma-147

jor goals. First, WIVERN will provide in-cloud wind measurements, thus bridging be-148

tween the surface (as provided by SARs, scatterometers and radiometers) and the up-149

per troposphere winds (as provided by geostationary sensors). In less than two minutes150

per overpass, the WIVERN Doppler radar will provide a full three-dimensional map of151

horizontal winds within TCs where clouds exceeding -18 dBZ are present. The amount152

of profiles collected by WIVERN in a single overpass inside the TC will be equivalent153

to that acquired by a research aircraft equipped with a nadir-looking radar sampling con-154

tinuously for about four days. Second, WIVERN will simultaneously provide a unique,155

three-dimensional view of clouds and precipitation across the entire storm, complement-156

ing in the TC glaciated part what TRMM and GPM Ku and Ka band precipitation radars157

have provided inside moderate and heavy precipitation regions (Battaglia et al., 2020b).158

The theory underpinning the concept is outlined in Sect. 2. Then simulations of159

WIVERN overpasses are thoroughly discussed (Sect. 3). Conclusions and recommenda-160

tions are drawn in Sect. 4.161

2 Methodology162

This section outlines the rationale, methodology and underpinnings of the study.163

The WIVERN radar operates from a 500 km near-polar orbit a 3m diameter conically164

scanning antenna with off-nadir pointing leading to an incidence angle of approximately165

42°. This configuration provides coverage across an 800 km swath, with vertical resolu-166

tion of 600m, and horizontal resolution of approximately 1 km. With quasi-daily global167

coverage, WIVERN will enable the measurements of in-cloud TC winds from ≈ 1 km168

above the surface to the upper troposphere, spanning horizontal scales from 1 to 800 km.169

Throughout ESA Phase 0 and A studies, a comprehensive end-to-end simulator was170

developed to reproduce WIVERN observables from atmospheric and surface targets, in-171

corporating successive refinements (Rizik et al., 2023; Battaglia, Rizik, et al., 2025; Man-172

coni et al., 2025) to the initial framework proposed in Battaglia et al. (2022). The schematic173

of Fig 2 illustrates the main steps, inputs and outputs of the simulator.174
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Figure 1. Flow chart of the WIVERN mission end-to-end simulator architecture.

In brief, the simulator uses outputs from cloud-resolving models, such as the Weather175

Research and Forecasting (WRF) mesoscale numerical weather prediction system, which176

provide three-dimensional distributions of wind, hydrometeors, temperature, and water177

vapor (see Sect. 2.1). These quantities are then converted into 94 GHz radar properties,178

or stimuli, including extinction, scattering, backscattering coefficients, single scattering179

albedo, and asymmetry factors via 94 GHz scattering look-up tables that are built (de-180

tails in Battaglia et al. (2022)).181

Each footprint is illuminated by the WIVERN antenna and scanning pattern for182

any given orbit, computing the Level 1 radar observables [line-of sight (LoS) Doppler ve-183

locity (vLoS), radar reflectivity factor (Z) and brightness temperatures in the H- and V-184

polarized channels (TH,V
b ] taking into account the sampling rate, the sensitivity and the185

specific pulse scheme of the instrument (details in Battaglia, Rizik, et al. (2025)). De-186

tails about how the simulations and an example of the outputs are discussed in Sect. 2.2.187

From the Level-1 radar observables a variety of Level-2 products can be derived188

(ESA WIVERN Team, 2025). Here, the focus is restricted to the Horizontal wind along189

the horizontally-projected Line of Sight (HLoS) and the IWC. Before any estimate of Level-190

2 products can be made, several corrections are applied to the reflectivity and LoS Doppler191

velocity fields.192

Reflectivities are first noise subtracted similarly to what is done for CloudSat and193

EarthCARE (Marchand et al., 2008), then they are corrected from the attenuation due194

to water vapor and oxygen, estimated from the temperature and pressure profiles, and195

from the ghost echoes associated with the polarization diversity technique employed by196
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WIVERN (Rizik et al., 2023). Finally, the range bins contaminated by surface clutter197

echoes are filtered out (Scarsi et al., 2024; Manconi et al., 2025).198

Biases in the LoS Doppler velocity due to non-uniform beam filling and wind shear199

inside the radar volume are corrected for using gradients of the reflectivity and of the200

velocity fields (Battaglia, Rabino, et al., 2025). The contribution of the sedimentation201

velocity of the hydrometeors on the LoS Doppler velocity is estimated and corrected based202

on statistical relations with the measured reflectivity (ESA WIVERN Team, 2025). The203

variability of the reflectivity and Doppler velocity fields together with brightness tem-204

perature depressions associated with dense ice are used in a U-NET neural network (Mus-205

tich et al., 2025) to filter out convective regions where updrafts have significant contri-206

bution to the measured LoS doppler velocity.207

The HLoS Velocity (VHLoS) product is then computed in stratiform regions where208

vertical winds can be neglected (w ≈ 0). Then, VHLoS is computed from trigonome-209

try as:210

VHLoS =
VLoS − (�w + V D

T ) cos(θI)

sin(θI)
≈ 1.5 V L2A

LoS − 1.1 V D
T (1)

where θI ≈ 42◦ is the WIVERN beam incidence angle, VLoS is the measured LoS ve-211

locity (corrected for mispointing and NUBF effects) and vDT is the reflectivity weighted212

terminal velocity of hydrometeors that can be derived by Z−vDT relationships (Kalesse213

& Kollias, 2013).214

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 log10(IWC[g/m3]) according to Protat et al. (2007) as a func-

tion of the IWC (in log-units).

Established Z-IWC relationships (Protat et al., 2007) are adopted for the inversion215

from Z to IWC. With WIVERN expected sensitivity of about -23.5 dBZ at 1 km inte-216

gration (ESA WIVERN Team, 2025), an IWC detection limit of about 0.005 g/m3 is fore-217

seen. Note that this limit accounts for 99.3% of the mass of ice clouds (see left panel in-218

Fig. 2) as computed by using CloudSat 2B-CWC-RO IWC product statistics for the en-219

tire 2008. No retrieval is attempted in convective columns, identified by model vertical220

winds that exceed in absolute value 2 m/s.221

The retrieval error is dominated by retrieval errors (i.e. the uncertainties associ-222

ated to translating the radar backscattering signal int the IWC geophysical parameter).223

Following the findings by Protat et al. (2007) for a 94 GHz operating in the tropics, the224

noise function reproduced in the right panel of Fig. 2 for the log10(IWC) is used to in-225

ject noisiness into the retrieval. This root-mean-square (rms) error of the log10(IWC)226

correspond to a multiplicative error for the IWC with a factor, f ≡ 10rms, indicated227
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on the right y-axis. Consequently, for each WIVERN backscattering volume, IWC is228

sampled from a log-normal distribution, whose mean value, ⟨IWC⟩, corresponds to the229

value derived via the Z-IWC and the standard deviations is computed as half the dif-230

ference f⟨IWC⟩ − ⟨IWC⟩/f .231

From these two Level-2 products (horizontal LoS wind and ice mass) which are de-232

fined along the WIVERN rays (and therefore represent a cloud of sparse points across233

the TC volume), Level-3 three-dimensional gridded fields can be reconstructed, follow-234

ing the methods explained in Sections 2.4 and 2.5.235

2.1 WRF simulations236

The NWP model adopted in this study is Weather and Research Forecasting (WRF)237

a next-generation mesoscale numerical weather prediction system designed to serve both238

operational forecasting and atmospheric research needs (Powers et al., 2017; Skamarock239

et al., 2019). WRF is suitable for a broad spectrum of applications across scales rang-240

ing from meters to thousands of kilometers. In this study WRF model version 4.6.1 has241

been adopted with 2 two-way nested domains at 4.5, and 1.5 km grid spacing.

Figure 3. WRF domains at 4.5 and 1.5 km grid spacing

242

The innermost domain at 1.5 km grid spacing is based on the WRF model moving-243

nest approach (Gill et al., 2004). This option allows one of the nested domains to fol-244

low a feature of interest, such as a tropical cyclone, convective system, or any other mov-245

ing weather phenomenon. This enables higher-resolution modeling in the area of inter-246

est throughout the simulation, conserving computational resources while improving fore-247

cast accuracy in critical regions. The initial and boundary conditions are provided by248

ERA5. The ERA5 dataset is a cutting-edge global climate reanalysis product developed249

by the ECMWF as part of the Copernicus Climate Change Service (C3S). It represents250

the fifth generation of ECMWF reanalysis efforts, succeeding the ERA-Interim dataset.251

ERA5 features significant enhancements compared to ERA-Interim, including improved252

spatial and temporal resolutions, with a grid resolution of around 31 kilometers and a253

temporal resolution of 1 hour (Hersbach et al., 2020; Soci et al., 2024). ERA5 provides254

comprehensive data coverage from 1940 to the present, with updates occurring every two255

months.256
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The WRF model study simulation is initialized on 5 October 2024 and it runs until 11257

October 2024 with 6 hourly boundary conditions provided by ERA5 analysis. Concern-258

ing the WRF model setup, the Rapid Radiative Transfer Model for GCMs (RRTMG)259

shortwave and longwave schemes (Iacono et al., 2008) are used for radiation, while the260

Rapid Update Cycle (RUC) scheme is chosen as a multi-level soil model (6 levels) with261

higher resolution in the upper soil layer (Smirnova et al., 1997, 2000; Benjamin et al.,262

2004). No cumulus scheme is activated in the two domains (4.5 and 1.5 km grid-spacing),263

because the grid-spacing enables to resolve the convection dynamics explicitly. The mi-264

crophysics is simulated using Thompson hail/graupel/aerosol aware scheme (Thompson265

& Eidhammer, 2014) which includes ice, snow, graupel and hail processes suitable for266

high-resolution simulations, considers water- and ice-friendly aerosols. Aerosol-ice friendly267

aerosols are atmospheric particles that are capable of initiating the formation of ice crys-268

tals in supercooled cloud droplets (i.e., droplets that remain liquid below 0°C). These269

aerosols promote heterogeneous ice nucleation, a process important in cloud microphysics270

and climate modeling. This microphysics computes two-moment prognostics (mass and271

number concentration)for graupel and hail, including a predicted density graupel cat-272

egory. In terms of turbulence closure, the vertical turbulent mixing is operated by the273

Yonsei University (YSU) scheme (Hong et al., 2006) is based on a turbulent kinetic en-274

ergy, while the horizontal mixing is operated by the 1.5-order turbulent kinetic energy275

(TKE) prediction (Fiori et al., 2010, 2011, 2017). Hasan et al. (2022), which prognoses276

TKE (a second-moment quantity), but still uses diagnostic relations (like gradient-diffusion277

assumptions) to compute fluxes, found that WRF has significant implicit numerical dis-278

sipation, resulting into a weaker hurricane and a weaker rapid intensification. This is due279

to the fact that the pressure gradient discretization is only 2nd order, which smooths the280

response to localized heating anomalies associated with convective bursts. In this study281

the numerical dissipation is counteracted by reducing the Smagorinsky and Turbulent282

Kinetic Energy (TKE) coefficients have been reduced to 12.5 percent of their default val-283

ues, namely cs = 0.25 and ck = 0.15. The Smagorinsky Coefficient determines the in-284

tensity of eddy viscosity based on the local strain rate of the flow, while the TKE co-285

efficient relates turbulent fluxes to TKE and stability of the atmosphere.286

2.1.1 WRF results287

The WRF predictive capability for the Milton hurricane is assessed by the com-288

parison between the National Hurricane Center (NHC) best track and the WRF predicted289

one, as well as by the comparison between the observed and predicted maximum 10 m290

wind speed. When the WRF automatic moving nest is employed, the model writes the291

vortex center location, with minimum mean sea-level pressure and maximum 10-m winds292

making easier the comparison with observational data.293

The following figure shows the comparison between the 6-hourly time interval NHC best294

track and the 15 minutes time interval WRF track for the time interval from 6th Oc-295

tober 2024 00UTC and 10th October 2024 00UTC. The overall agreement is very good296

even if WRF model experiment anticipates the landfall over Florida of about 6 hours ear-297

lier than observed. Also in terms of intensity the WRF model experiments capture pretty298

well the RI intensification period between 12UTC on 6th October and 00UTC on 8th299

October 2024. It is worth to mention that the observed Milton was reaching category-300

5 intensity while the simulated one ”only” category 4, but still the agreement is signif-301

icant and supportive of subsequent usage for testing WIVERN performances.302

2.2 Spaceborne WIVERN Doppler radar simulations303

The WIVERN radar simulations are run using the WRF outputs for Hurricane Mil-304

ton, covering the period of time from 6/10/2024 at 10:00 UTC to 8/10/2024 at 00:00 UTC,305

in intervals of 1 hour (39 hours in total). Each of the 39 snapshots of the hurricane is306

used to provide to the simulator a spatial domain of 1250×1250×20 km3 centered around307
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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 minutes time interval. Panel B): comparison between the NHC maxi-

mum wind speed (6 hourly data) and the WRF model instantaneous maximum wind speed with

15 minutes time interval

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 cyclone eye, with a horizontal resolution of roughly 1.5 km and vertical resolution308

of approximately 500 m (but finer at heights lower than 3 km).309

The orbit and pointing of WIVERN are propagated for the full duration of the avail-310

able Milton WRF data. Realistic orbital parameters for the planned WIVERN sun-synchronous311

orbit are used, with an inclination of 97.4 degrees, altitude of roughly 500 km, and a Lo-312

cal Time of Ascending Node (LTAN) of 6 AM. During the 39-hour propagation period,313

each overpass where the satellite ground track is closer than 400 km from the cyclone314

eye is registered as a valid pass and subsequently adopted for simulation with the cor-315

responding WRF-simulated conditions. Each simulation spans 200 seconds (i.e. 40 com-316

plete antenna rotations) centered around the time of minimum distance between the satel-317

–9–



manuscript submitted to Earth and Space Science

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 four days are indicated with cyan dashed lines. Five orbits pass

within 400 km from the hurricane centre 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 Fig. 7 highlighted in yellow.

lite ground-track and the hurricane eye. During 40 rotations the satellite advances 1400 km318

so that a complete coverage of the hurricane is provided both by the forward and back-319

ward views (Fig.5). An example of the simulations is provided in Fig. 6 and 7.320

In Fig. 6, an example of successive overpasses across the path of Hurricane Milton321

is shown, from the 5th to the 10th of October. Within this time period, Milton origi-322

nated as a tropical storm in the west part of the Gulf of Mexico and made landfall in323

Florida as a category 3 hurricane. In between, it went through a rapid intensification (from324

category 2 to category 5) just in a single day (the 7th of October). The dashed cyan lines325

drawn in Fig. 6 correspond to the WIVERN satellite tracks within the Gulf of Mexico326

region, adopting real orbital parameters planned for the mission. Out of the ten tracks,327

five are passing within a 400 km distance from the TC eye; this ensures adequate cov-328

erage of the storm life cycle. These five overpasses are identified with numbered squares329

and diamonds, each corresponding to the minimum distance positions of the satellite ground330

track and of the TC eye, respectively. Of particular interest for this study are the over-331

passes labeled as (2) and (3), which straddle Milton rapid intensification period.332

In Fig. 7 the three main observables and three most relevant WRF model quan-333

tities are plotted for a section of the scan passing near the cyclone eye, highlighted in334

yellow for overpass with label (3) in Fig. 6. In panels (a) and (b), a cross-section of the335

eye and eyewall of the cyclone is clearly identifiable. The eye appears as a column of gen-336

erally low hydrometeor contents with near-zero wind speed, while the eyewall and rain-337

bands exhibit high total water content (TWC), leading to significant attenuation and338
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eventually total extinction of the measured reflectivity signal (Zm). Shallow convection339

cells can also be seen at the beginning of the scan, on the left of the plots. As expected,340

Zm generally correlates with TWC: at altitudes above ∼5 km (roughly the freezing level),341

extensive anvil clouds with high ice content are evident, while at lower levels the rain-342

bands outside of the eyewall are clearly visible with high content of hydrometeors (see343

also terminal velocity of the hydrometeors under the freezing level in panel (f)). Pan-344

els (c) and (d) highlight the dominance of horizontal winds in the Doppler velocity field,345

which exhibits the typical dipole structure associated with cyclonic circulation, charac-346

terised by opposite wind directions on either side of the eye. In panel (f), convective up-347

drafts (blue regions) are apparent within the eyewall, while below the freezing level, ver-348

tical velocities are enhanced by the downward motion of rain. Regions of deep convec-349

tion typically correspond to lower brightness temperatures, as seen in panel (e) in cor-350

respondence of the eyewall, rainbands and minor shallow convection cells.351

Figure 7. Curtain plots for the scan sector highlighted in yellow in Fig. 6. The left column

displays the main observable, from top to bottom: (a) measured reflectivity (Zm), (c) Doppler

velocity (VLoS), and (e) vertical and horizontal brightness temperatures (TH
B and TV

B ). The

right column shows antenna-weighted ”true” quantities along the line-of-sight from the WRF

model: (b) total water content (TWC), (d) horizontal component of the line-of-sight (LoS) wind

(VHLoS), and (f) vertical LoS wind component combined with the hydrometeor terminal velocity

(V D
Z ).

2.3 WIVERN scanning pattern352

WIVERN scanning pattern is a distinctive feature of the mission, offering several353

advantages (Fig. 9).354

• The swath width is about 800 km, unprecedented for cloud and precipitation radars.355

The TRMM/GPM radars have swaths up to 250 km, with no sensitivity to clouds356

and their footprints are larger than 4 km. The INCUS mission will have a 10 km357

swath, but with similarly limited sensitivity to clouds and footprints exceeding 3 km.358

Cloudsat/EarthCARE CPR have much narrower swaths of 1.6 km and 750m, re-359
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Figure 8. 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 colour 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.

spectively. WIVERN effectively bridges the gap between the km-scale resolution360

(footprint size) and mesocale coverage (swath width).361

• Moving at about 500 km s−1, the footprint sweeps through an unprecedented vol-362

ume of the atmosphere. With a sampled area of about 500 km2s−1, it has unpar-363

alleled sampling capabilities for a km-scale sensor. By comparison, EarthCARE364

and CloudSat CPR sample the troposphere sweeping areas at rates of 5.5 km2s−1
365

and 11 km2s−1, respectively, while the INCUS mission achieves 70 km2s−1. In a366

nutshell, in one week WIVERN will sample as much as EarthCARE does in a year,367

and as much as INCUS does in a week, WIVERN does in just a day.368

• WIVERN measurements have azimuthal diversity, a critical feature for retriev-369

ing vector winds (i.e. the zonal and meridional components), depending on their370

location within the swath. As shown in Fig. 9, the blue and red cells near the satel-371

lite ground track and at the edges of the swath have limited azimuthal diversity;372

accordingly, good retrievals are expected primarily for the along-track and cross-373

track components, respectively. In contrast, the green cell is characterised by looks374

with a wide range of azimuth angles, allowing the reconstruction of the horizon-375

tal wind vector.376

• The number of 1 km along-track measurements in each 10×10 km2 pixel is much377

higher near the edges of the swath than in the centre, with a very sharp gradient378

in the 50 km closest to the swath edge (upper inset in Fig. 9). In the central part379

of the swath, the distribution is bimodal, with either no measurements or about380

10. This reflects the sparseness of the scans in this region.381

On the other hand, near the swath edges, within a 20 km wide strip, the sampling382

is excellent, each 10 × 10 km2 pixel contains between 20 and 56 measurements.383

This almost full coverage at the swath edges will allow to use WIVERN as a cal-384

ibrating reference system for other sensors.385

The sparse WIVERN sampling can be used to produce two swath products:386
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Figure 9. WIVERN scanning measurements at a fixed altitude. The satellite is assumed to

move upward at 7.0 km s−1 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 40×40 km2 region located at the swath edge and centre. Red (black) arrows rep-

resent 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× 10 km2 pixel as a function of distance from the ground track.

1. A three-dimensional Horizontal Wind Vector Field, which contains the reconstructed387

three-dimensional horizontal wind field across the full swath with a resolution of388

10× 10× 0.5 km3 (Sect. 2.4).389

2. A three-dimensional Stratiform Ice Mass Field, which contains the three-dimensional390

distribution of the ice mass also at a resolution of 10×10×0.5 km3 (Sect. 2.5).391

2.3.1 WIVERN Tropical Cyclone Sampling392

A systematic analysis has been conducted to assess how well WIVERN will sam-393

ple the lifecycle of TCs. Statistics based on more than 1,350 tracks extracted from the394

database of the last 35 years TCs reaching at least Category 1 (i.e. 64 knots, Knapp et395

al. (2010), Fig. 8a) coupled with simulations of the WIVERN orbit have been exploited396

to compute what is the distribution of the mean revisit time within a certain distance397
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D from the TC eye for TCs lasting at least 3 days (99% of them). Results are presented398

in Fig. 8b in the form of boxplots for four values of D from 50 to 400 km. The study re-399

veals that 1.55 is the median (1.35 and 1.8 are the 25th and 75th percentiles) number of400

days required for the WIVERN track to revisit a TC within a 400 km distance from the401

TC centre (fourth boxplot in Fig. 8b). This guarantees that WIVERN will be able to402

map winds inside at least half of each TC more frequently than every other day. Note403

that only 0.2% of the TC are completely missed. In comparison, a nadir-pointing radar404

(like CloudSat or EarthCARE) would typically provide only a 2D curtain within 50 km405

of the eye every 8.3 days (5.7 and 11.5 are the 25th and 75th percentiles of the distribu-406

tion, first boxplot in Fig. 8.b) and would miss the TC 42.5% of the time.407

Finally note that with an average of about 42 TCs per year of Category 1 or more408

there will be on average about 17, 36 and 290 overpasses per year of a polar orbiting satel-409

lite like WIVERN within 25, 50 and 400 km, respectively. This is equivalent of having410

hundreds of TC dedicated field campaigns with aircrafts every year. When considering411

all TCs lasting at least one day (on average 102 per year), there will be on average about412

32, 63 and 512 overpasses per year within 25, 50 and 400 km,413

Tridon et al. (2023) simulated WIVERN data using CloudSat CPR observations414

within TC and demonstrated that a slant looking 94 GHz radar with the expected WIVERN415

sensitivity will be able to observe a very large number of winds inside TCs, particularly416

in the glaciated part of the storm above the freezing level. The probability of obtaining417

useful Doppler velocity estimates (with an accuracy better than 3 m s−1) is greater than418

50% (with respect to the CloudSat reference) up to an altitude of around 11 km, with419

peak performance between 3 and 9 km. Despite its reduced sensitivity, thanks to its 70 times420

better sampling, WIVERN will provide 30 times more wind observations than Cloud-421

Sat cloud observations. Given its 600 m vertical resolution, this implies that WIVERN422

will measure about 200 million precise winds within TCs per year.423

The combination of these two findings reveals that WIVERN has significant po-424

tential for mapping TCs in three dimensions and monitoring their evolution, which can425

last for over a fortnight.426

2.4 Three-dimensional horizontal wind vector reconstruction427

The three-dimensional horizontal wind vector field can be reconstructed using the428

WIVERN sampling, through an inversion procedure (Da Silva et al., 2025). The 2D hor-429

izontal wind field is recreated at different heights at grid points separated by 10 × 10430

km2. For each node, the two horizontal wind field components are found using an op-431

timization technique based on the standard least squares method(Battaglia et al., 2024).432

The main idea is to minimize the error between the modeled LoS velocity and the avail-433

able observations. The modeled LoS velocity is written in terms of the unknown hori-434

zontal wind velocity components. Observed data are weighted by an exponential drop435

based on the distance from the target and a correlation length. Due to sampling sparse-436

ness, the correlation length is 20 km near the ground track and decreases exponentially437

to 5 km at the edge where sampling is excellent. For each grid point, the problem re-438

duces to a linear system, and its inversion allows for the determination of the horizon-439

tal components of the wind field by an analytic inverse procedure.440

This retrieval procedure is limited by:441

• poor radar illumination (regions with no targets or clouds with radar reflectivity442

below the noise level of -18 dBZ);443

• presence of convective cells where the vertical wind component is not negligible;444

• azimuth diversity, as shown in Fig. 9, which limits retrievals near the satellite ground445

track and at the edge of the swath.446
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2.5 Three-dimensional ice mass field reconstruction447

To estimate the three-dimensional ice mass distribution of cloud anvil from WIVERN448

overpasses, the WIVERN Level-2 IWC sparse retrieval has been first interpolated along449

each WIVERN ray at a fine vertical sampling of 100 m (using a nearest neighbor inter-450

polation). Then the scattered points (left panel in Fig. 10) are gridded into a three-dimensional451

uniform grid with 100 m spacing in the vertical and 10×10 km2 horizontal resolution.452

The same is done for the model outputs. An example of the model IWC field at 9.6 km453

is shown in the left panel of Fig. 11 for the case study of Fig. 10.454

Figure 10. Left panel: WIVERN sampling for an overpass in proximity of the Milton eye on

the 7th October at 11UTC. 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 data.

Grey-shaded areas correspond to convective columns where no IWC retrieval is attempted.

If multiple WIVERN measurements fall within the same grid box, the IWC attributed455

to the grid box is equal to the mean in linear units of the different IWC estimates. Ze-456

ros values of IWC are attributed to grid boxes located above the cloud top height (as-457

sumed to be derived from geostationary auxiliary measurements, right panel in Fig. 10)458

and 500 m below the freezing level (assumed to be derived from auxiliary ECMWF re-459

analysis). The corresponding IWC field at 9.6 km is shown in the center panel of Fig. 11.460

WIVERN scanning pattern produces gaps, especially near the satellite ground-track461

(see white pixel in the center panel of Fig. 11). The grid points that are empty (because462

there is no WIVERN measurement falling inside the grid box) are filled by an interpo-463

lation procedure based on the matlab Scatteredinterpolant function (right panel in Fig. 11).464

3 Results465

The goal of this work is to demonstrate that WIVERN will be able :466

1. to provide a three-dimensional view of the horizontal wind inside TCs, in partic-467

ular capturing the vertical wind shear, the upper level divergences and the in-cloud468

circulations inside the anvil produced by the hurricane convective towers, and some469

of the inflow and outflows in the lower layers of the atmosphere (1-2 km);470

2. to identify the intensification of a TC by estimating the maximum winds in the471

inner core from close in time overpasses;472

3. to profile the TC ice mass as a function of the distance from the eye, which will473

help in shedding light into the TC anvil formation and dissipation mechanisms.474

–15–



manuscript submitted to Earth and Space Science

Figure 11. Reconstruction of the anvil IWC three-dimensional field from WIVERN mea-

surements: case study for the 9.6 km level. Results are shown only for a circular area of 400 km

radius centered at the TC eye. Left panel: model log10(IWC)[g/m3] (white pixels inside the

400 km radius correspond to convective towers). Center panel: WIVERN Level-2 IWC gridded

at 10×10 km2 with the antenna boresight line of sight projected at the given height (black line).

Right panel: WIVERN retrieved IWC after gap-filling is applied.

The simulations of the evolution of Hurricane Milton are exploited to demonstrate475

these features.476

3.1 Tropical Cyclone Wind Shear Structure477

The capability of the WIVERN mission to retrieve wind profiles within the hur-478

ricane’s inner region and across multiple vertical layers allows for the reconstruction of479

radial wind patterns and provides new insights into the organization of the storm’s inner-480

core circulation and wind shear distribution.481

Thanks to its Doppler radar capabilities and its wide swath scanning, WIVERN482

can capture the storm internal circulation, particularly well in the glaciated part above483

5 km. An overpass on the 7 October at 12 UTC when Hurricane Milton was intensify-484

ing toward Category 3 status, corresponding to an ascending orbit with the right edge485

of the swath located approximately 150 km east to TC center (see Fig. 12), is used to486

demonstrate the reconstruction of the three-dimensional horizontal wind field, via the487

technique described in Sect. 2.4. Fig. 12 shows that the horizontal wind structure is ac-488

curately retrieved across the different vertical layers, clearly capturing the transition from489

the cyclonic circulation around the eye, still evident at around 7 km altitude (lower pan-490

els), to the divergent outflow at upper levels (top panel). Interestingly there is a good491

reconstruction even in the lowest layer at H = 3 km even if the coverage is limited (see492

density of white arrows in the bottom right panel). WIVERN is the only space-borne493

observing system potentially capable of resolving storm dynamics with this level of de-494

tail and spatial coverage. Such observations are crucial, for instance, to determine whether495

most of the mass detrained into the inner-core region originates from the eye-wall or from496

the surrounding rainbands (Nolan et al., 2025).497
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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.

To put the internal wind structure of the cyclone in the context of the large-scale498

environmental conditions, the storm is first partitioned into four shear-relative quadrants499

(DL: downshear left, DR: downshear right, UL: upshear left, UR: upshear right), follow-500

ing the convention described by DeHart (2014). This quadrant-based decomposition is501
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useful because it provides a consistent framework to interpret storm structure and con-502

vective organization under the influence of vertical wind shear. The mentioned classi-503

fication is based on the direction of the mean environmental vertical wind shear, defined504

as the difference between the horizontal vector winds at the 850 hPa and 200 hPa pres-505

sure levels. The shear is computed within a circular annulus surrounding the storm, de-506

lineated by the dotted black curves in Figure 13, which spans from 200 km to 600 km507

in radius and thus excludes the inner-core region. This environmental shear estimation508

offers a large-scale characterization of the surrounding wind field and is primarily use-509

ful for interpreting the hurricane storm structure and asymmetries (e.g., the inner-core510

circulation with inflow and outflow features) induced by external forcing.511

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 gray 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

Fig. 14).

Figure 14 presents zonal (cyan line in Fig. 13) and meridional (red line in Fig. 13)512

vertical cuts through the TC eye. With the previous wind-shear classification, they cor-513

respond to four cuts in the middle of the UL, UR, DR and DL domains. In these ver-514

tical curtains it is possible to identify the radial inflows and outflows (here each cut is515

spanning a 400 km wide region). The two profiles display wind speed (left panel) and516

WIVERN-measured reflectivity (right panel), overlaid with both the modeled wind field517

(black vectors) and the retrieved wind vectors (red vectors). These radial profiles reveal518

the asymmetries typically found in tropical cyclones, both in terms of dynamic struc-519

ture and hydrometeor distribution. Such asymmetries involve complex interactions be-520

tween horizontal inflows and outflows, as well as convective regions characterized by in-521

tense updrafts and downdrafts (see arrows in the right panels of Fig. 14) . These recon-522

structions clearly demonstrate the potential of WIVERN measurements to shed light on523
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the mechanisms driving the internal circulation of hurricanes, and therefore their organ-524

ization and possible intensification.525

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 Fig. 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.

3.2 Tropical Cyclone Intensification526

WIVERN will also be able to capture wind features inside the inner core of TCs.527

While W-band radars are typically limited by signal attenuation in regions with high liq-528

uid water content, WIVERN slant view can enable penetration in regions heavily loaded529

with precipitation (e.g. the eye-wall) from regions that are almost cloud-free (e.g. from530

the eye). Thanks to the multiple cross-cuts through the hurricane and reduced surface531

clutter (Coppola et al., 2025), it is possible to retrieve crucial information about the wind532

in the lower troposphere and inside the eye-wall where the strongest winds occur. The533

horizontal wind vector swath product described in Sec. 2.4 can represent well the TC large-534

scale circulation, but its coarse resolution prevents an accurate representation of the dy-535

namics in the presence of very strong wind shear like close to the eye. For the wind struc-536

ture near the eye a full reconstruction of the wind field can rely on a model; here the very537

simple one described by cyclostrophic balance as proposed by Holland (1980) is used.538

The azimuthal symmetric cyclostrophic tangential wind (Vc) can be written as:539

Vc(r) = Vc(rmax)

√(rmax

r

)B

e

[
1−( rmax

r )
B
]

(2)
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where rmax is the radius of maximum wind and B is an non-dimensional parameter re-540

lated to the maximum wind velocity by Vc(rmax) =
√
B (pn − pc)/(ρ e) where ρ is the541

air density, pc and pn are the central and ambient pressure, e is the Neper number.542

Figure 15. 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 repre-

sent 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 Fig. 16.
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The WIVERN measurements of the two successive overpasses, one before and one543

after the rapid intensification that occurred to Milton on 8 Oct 2024 (thick cyan lines544

labeled as 2 and 3 in Fig. 6), are used to optimally fit the three free parameters of the545

model of Holland (1980) (Vc(rmax), rmax, B). An appropriate filtering process was ap-546

plied to the measurements acquired at an altitude of 2 km, as presented in the top two547

panels of Fig. 15. This included discarding data points where the reflectivity was below548

−18 dBZ, indicating an insufficient presence of hydrometeors to serve as tracers for wind549

estimation, or where the vertical velocity exceeded 2m/s, typically associated with strong550

convective towers. Additionally, measurements with a Signal-to-Clutter Ratio (SCR) be-551

low 20 dB were excluded, as they indicate contamination of the Doppler signal by sur-552

face contributions.553

In this context, WIVERN ability to measure LoS Doppler velocities from a slant554

view enables winds in otherwise inaccessible regions to be observed. The slanted geom-555

etry plays a key role in determining reflectivity measurements. This feature is well high-556

lighted by the two middle panels of Fig. 15, where the measured reflectivity derived from557

the hurricane model output (background) is compared to the one produced by the WIVERN558

simulator (colored circles on WIVERN white scanning track). In first approximation,559

when attenuated reflectivity is estimated from model data, each atmospheric column is560

treated independently as a purely vertical one-dimensional profile. The Path-Integrated561

Attenuation (PIA) is computed by integrating the extinction coefficient vertically, and562

then subtracted from the unattenuated model reflectivity (accounting for the slant ge-563

ometry with an amplification factor equal to 1/ cos(θI) ≈ 1.34) to obtain a first approx-564

imation attenuated reflectivity. However, this simplification does not take into account565

the actual path followed by the radar pulse when propagating though the atmosphere.566

In contrast, the WIVERN simulator accounts for the true three-dimensional propaga-567

tion of the radar beam along its slant path. It simulates how the signal interacts with568

the volume of atmosphere it traverses, thus properly capturing attenuation effects. Con-569

sequently, differences between the model-derived and simulator-derived attenuated re-570

flectivity fields can be attributed to three-dimensional effects, which will be particularly571

relevant in regions characterized by large spatial variability of the hydrometeor struc-572

tures, thus of the PIA field. These are made evident in the lower panel of Fig. 15, where573

the difference between the two reflectivity estimates is superimposed on the PIA field,574

enabling the identification of areas where WIVERN slant-view geometry provides a clear575

advantage by avoiding heavily attenuating regions. A portion of the observation track,576

highlighted by the black rectangle in the left side panels of Fig. 15, demonstrates this577

phenomenon. A zoomed-in view of this area is presented in Fig. 16, where it is possible578

to distinguish two distinct scenarios. In the case of the red-colored circles, the reflectiv-579

ity derived from the model exceeds that observed by WIVERN. This occurs because, in580

the layers above 2 km, the actual radar beam crosses the eye-wall where strong atten-581

uation strongly reduces the radar return. In contrast, the blue-colored circles correspond582

to observations where the radar beam penetrates from the eye, a region with relatively583

low attenuation. Here, WIVERN will measure reflectivity values that are higher than584

those expected from the model-1D approximation estimate, highlighting the radar abil-585

ity to access regions typically inaccessible to conventional nadir-viewing systems. In sum-586

mary, the WIVERN slant view is not always detrimental because of the increased slant587

attenuation. In deep convection, it sometimes allows penetrations into regions in the lower588

troposphere that are inaccessible by a W-band nadir-looking radar.589

The WIVERN measurements are used to retrieve the three free parameters of Hol-590

land model through a least-squares fitting procedure using data acquired before and af-591

ter the rapid intensification phase. The cost function minimization enables the selection592

of the optimal set of three parameters that best reproduce the cyclostrophic wind field593

within the first 70 km from the TC center. Fig. 17 shows the azimuthal average around594

the TC eye of the horizontal winds as a function of the radial distance from the eye of595

the hurricane for the model outputs (circles) and obtained by using a least square best596
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Figure 16. Zoomed-in view of the observation track segment highlighted in Figure 15.

fitting procedure using WIVERN data before and after the rapid intensification. As demon-597

strated in Fig. 17 WIVERN measurements can properly capture the acceleration of winds598

from 30 to 60 m/s occurring in less than 24 h. The retrieved parameters of the model599

proposed by Holland (1980) produce the thick continuous curves that are almost super-600

imposed to the best-fit curves (thin dashed lines) of the azimuthally averaged wind speeds601

(circles).602

This example demonstrates that WIVERN can provide insight in really extreme603

weather scenarios and that, thanks to its frequent overpasses over TCs, it can actually604

identify rapid intensification. Note that, in the best situation, two consecutive overpasses605

within 400 km can occur with one ascending and one descending orbit separated by 12 h606

or with two ascending or two descending orbits separated by 24 h (like in the previous607

example, orbits (2) and (3) in Fig. 6).608
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Figure 17. Wind inside hurricane Milton at 2 km height before and after the rapid intensi-

fication occurred on the 8 Oct 2024. Two descending orbits separated by 24 h have been used

(thick cyan lines in Fig. 6). The true 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 centre, respectively. WIVERN measurements well reproduce the model proposed by

Holland (1980).

3.3 Profiling ice mass609

The WIVERN IWC retrieved with the methodology discussed in Sect. 2.5 can be610

cumulated to produce vertical distribution of the ice mass contents as a function of the611

distance from the TC eye. The results for the overpass shown in Fig. 10 are depicted in612

Fig. 18 with each annulus having a thickness of 10 km. Overall there is a very good agree-613

ment between the model (left) and the WIVERN reconstructed IWC fields (right). Dis-614

crepancies (negative biases), caused by the WIVERN sensitivity threshold (5 mg/m3)615

are found in correspondence of regions with very low IWCs (right panel).616

Figure 18. Vertical distribution of the ice mass contents as a function of the distance from

the TC eye for the overpass shown in Fig. 10 with the WRF model output (left) and recon-

structed from a single WIVERN overpass (centre panel). The right panel shows the difference

between WIVERN and the model distribution.

A statistical analysis of the IWC retrieval performance is carried out by running617

multiple overpassess with different orbits corresponding to 25 different snapshots of hur-618

ricane Milton straddling the rapid intensification period between 10 UTC on 6 October619
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and 08 UTC on 7 October. The errors in the retrieved IWC are computed for the 15 dif-620

ferent scenes. The standard deviation and the mean of such errors is shown in Fig. 19.621

Results demonstrate that the WIVERN estimates are generally unbiased (bias gener-622

ally lower than a factor of 1.25 (left panel in Fig. 19), with some positive bias only at623

cloud top) with standard deviation lower than a factor of 1.5 (right panel in Fig. 19).624

Figure 19. IWC retrieval performances: expected bias (left) and standard deviation (right) as

a function of height and of the distance from the eye. Resulst are based on 25 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).

4 Conclusions625

The WIVERN concept, one of the remaining two candidates in the ESA Earth Ex-626

plorer 11 selection program, is set to enhance the TC global observing system in a way627

that is unparalleled.628

Using simulations of Hurricane Milton as a test bed, this study demonstrates that629

WIVERN conically scanning and Doppler capabilities will enable unprecedented sam-630

pling capability of the vertical structure of ice mass and of the horizontal winds across631

the full extent of TCs. WIVERN data can be interpolated to three-dimensional fields632

of ice mass and horizontal winds at unrivaled vertical and horizontal resolution.633

The simulations of several WIVERN overpasses of Hurricane Milton demonstrate634

that WIVERN Level-3 three-dimensional horizontal wind vector field products, which635

are derived directly from the line-of-sight Doppler measurements, effectively reconstruct636

the three-dimensional horizontal wind structure of the storm. This is particularly evi-637

dent in glaciated areas, where the products capture vertical wind shear, upper-level di-638

vergences and in-cloud circulations. Additionally, successive WIVERN overpasses (with639

a minimum time interval of 12 hours in the most favorable circumstances) enable obser-640

vation of storm evolution, specifically wind intensity within the inner core of the lower641

troposphere, including phases of intensification or weakening.642

WIVERN reflectivity measurements also allows the vertical distribution of ice mass643

to be retrieved. Despite not detecting IWCs smaller than 5 mg/m3, WIVERN will be644

able to determine the height and distance from the TC eye at which the ice will be de-645

trained and to quantify its mass.646

The synergy between the Level-3 three-dimensional ice mass field product and the647

Level-3 three-dimensional horizontal wind vector field has the potential to provide cru-648

cial insights in TC dynamical and thermodynamic and microphysical structure and to649

a better understanding of the nexus between water, latent heat and circulation. In par-650
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ticular, it could help to clarify whether the anvil mass originated from the eyewall or the651

rain bands.652

Future work should expand this study to more TC simulations, trying to consol-653

idate the estimates in the the expected errors in the reconstruction of the winds and of654

the anvil ice mass. More sophisticated techniques for reconstructing the gridded prod-655

ucts (e.g. including machine learning methodologies) could be investigated as well.656
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