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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

–3–



manuscript submitted to Earth and Space Science

• 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(�I)

sin(�I)
� 1:5 V L2A

LoS � 1:1 V D
T (1)

where �I � 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(IW C[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, hIWCi, corresponds to the229

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

ference fhIWCi � hIWCi=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

–8–




