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Abstract

The WIVERN (WInd VElocity Radar Nephoscope) mission, currently under the Phase-0 of the ESA Earth Explorer program,

promises to provide new insight in the coupling between winds and microphysics by globally observing, for the first time, vertical

profiles of horizontal winds in cloudy areas. The objective of this work is to explore the potential of the WIVERN conically

scanning Doppler 94GHz radar for filling the wind observation gap inside tropical cyclones. To this aim, realistic WIVERN

notional observations of TCs are produced by combining the CloudSat 94GHz radar reflectivity observations from 2007 to

2009 with ECMWF co-located winds. Despite the short wavelength of the radar (3mm), which causes strong attenuation in

presence of large amount of liquid hydrometeors, the system can profile most of the tropical cyclones, particularly the cloudy

areas above the freezing level and the precipitating stratiform regions. The statistical analysis of the results shows that, (i)

because of its lower sensitivity, a nadir pointing WIVERN would detect 80% of the clouds (60% of winds with 3m/s accuracy)

observed by CloudSat, (ii) but thanks to its scanning capability, WIVERN would actually provide 52 times more observations

of clouds (40˜times more observations of horizontal winds) than CloudSat in TCs, (iii) this corresponds to more than 400 (300)

million observations of clouds (accurate winds) every year. Such observations could be used in data assimilation models in

order to improve numerical weather prediction and by modellers in order to shed light on the physical processes underpinning

the evolution of tropical cyclones.
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Key Points:8

• Attenuation makes a spaceborne 94 GHz radar blind for only 5% of the cloudy/precipitating9

part of tropical cyclones10

• Thanks to its scanning capability, WIVERN would provide 52 (40) times more ob-11

servations of clouds (horizontal winds) than CloudSat in TCs12

• Uncertainty in the winds measured by WIVERN will be dominated by the noise13

associated with Doppler radar measurements (around 3 m s−1 at 1 km)14
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Abstract15

The WIVERN (WInd VElocity Radar Nephoscope) mission, currently under the Phase-16

0 of the ESA Earth Explorer program, promises to provide new insight in the coupling17

between winds and microphysics by globally observing, for the first time, vertical pro-18

files of horizontal winds in cloudy areas. The objective of this work is to explore the po-19

tential of the WIVERN conically scanning Doppler 94 GHz radar for filling the wind ob-20

servation gap inside tropical cyclones.21

To this aim, realistic WIVERN notional observations of TCs are produced by com-22

bining the CloudSat 94 GHz radar reflectivity observations from 2007 to 2009 with ECMWF23

co-located winds. Despite the short wavelength of the radar (3 mm), which causes strong24

attenuation in presence of large amount of liquid hydrometeors, the system can profile25

most of the tropical cyclones, particularly the cloudy areas above the freezing level and26

the precipitating stratiform regions.27

The statistical analysis of the results shows that, (i) because of its lower sensitiv-28

ity, a nadir pointing WIVERN would detect 80% of the clouds (60% of winds with 3 m s−1
29

accuracy) observed by CloudSat, (ii) but thanks to its scanning capability, WIVERN would30

actually provide 52 times more observations of clouds (40 times more observations of hor-31

izontal winds) than CloudSat in TCs, (iii) this corresponds to more than 400 (300) mil-32

lion observations of clouds (accurate winds) every year. Such observations could be used33

in data assimilation models in order to improve numerical weather prediction and by mod-34

ellers in order to shed light on the physical processes underpinning the evolution of trop-35

ical cyclones.36

Plain Language Summary37

Despite their huge impact on tropical weather, tropical cyclones are still not fully38

understood with limitations in the predictions of their evolution and trajectory. In or-39

der to provide more detailed observations of tropical cyclones, a ground-breaking space-40

borne observing system hosting a conically scanning Doppler high frequency radar that41

could provide information both on in-cloud winds and cloud mass contents is proposed.42

Despite the fact that the observations from such radar are strongly attenuated in pres-43

ence of heavy rain, the system can sample most of the tropical cyclones, particularly the44

cloudy areas above the freezing level and the precipitating stratiform regions. Our no-45
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tional study, based on the climatology of tropical cyclones collected during three years46

by a spaceborne non-Doppler radar, demonstrates that the newly proposed satellite would47

provide hundred millions observations of clouds and accurate winds in tropical cyclones48

every year. Such observations could be used to improve our understanding of the pro-49

cesses underpinning the evolution of tropical cyclones and hence, their forecast.50

1 Introduction51

Tropical cyclones (TCs) are probably the most iconic weather systems, for several52

reasons: they play a paramount role in the Earth’s radiation budget and in the water53

cycle by transporting heat and moisture from the tropics to the mid-latitudes (Emanuel,54

2001; Scoccimarro et al., 2011) and by releasing huge quantities of latent heat (Emanuel,55

2003). But most importantly, they are among the most devastating of natural disasters56

causing widespread destruction due to strong wind and excessive amounts of rainfall when57

making landfall (Klotzbach et al., 2018).58

There is still no widespread consensus on the understanding and prediction of the59

genesis of tropical cyclones (Emanuel, 2003). Several studies have found that environ-60

mental vertical wind shear (usually defined between 200 and 850 hPa) is the main driver61

for the formation, intensification, and dissipation of tropical cyclones because of its ca-62

pability of causing kinematic and thermodynamic asymmetries (Thatcher & Pu, 2011;63

Schenkel et al., 2020; Wadler et al., 2022) but intertwined complex multiscale processes64

generally govern TC intensity change (Judt & Chen, 2016). The understanding of the65

dynamical and thermodynamical structure, of the cloud microphysics and its evolution66

during TC’s life cycle is still a matter of active research and is crucial to improve fore-67

casts (R. Rogers et al., 2013).68

Another challenge with TCs is to predict their frequency and intensity response69

in a changing climate. This has been the subject of considerable investigation, often with70

conflicting results (Knutson et al., 2010; Emanuel, 2021). One of the factor explaining71

such inconsistencies is the differences in model physics (Walsh et al., 2016). Indeed, even72

with high resolution forecast models, biases in the physics were found to be responsible73

of a degradation of the forecasts of strong TCs when assimilating observations (Tong et74

al., 2018). To be confident in the predictions about the frequency of TCs in a future cli-75

mate, it is important that the models are physically based and not empirically tuned.76
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Airborne radar observations have been used to understand mesoscale and convective-77

scale processes (e.g. convective bursts, downdrafts near the warm core, vortex Rossby78

waves, eyewall asymmetries) associated with the cyclone intensity change (R. F. Rogers79

et al., 2016; Guimond et al., 2020; Didlake et al., 2017; Wadler et al., 2018a). Observa-80

tions and numerical experiments suggest the importance of wind observations for fore-81

casting TC structure (J. E. George & Gray, 1976; Bucci et al., 2021) and the benefit of82

assimilating aircraft reconnaissance observations in improving TCs track and intensity83

forecasts (Tong et al., 2018). However, reconnaissance flight missions are scarce because84

they are primarily conducted for potentially landfalling storms. Progress is still ham-85

pered by the lack of high-resolution observations of the spatio-temporal evolution of the86

TC vertical structure of winds and clouds, especially over the oceans.87

Satellite observations of winds can fill this gap. For example, recent studies have88

tested the impact of assimilating atmospheric motion vectors (AMVs) (Wu et al., 2014;89

C. Velden et al., 2017) or surface winds derived from ocean surface layer (Leidner et al.,90

2018; Cui et al., 2019). One limitation of such observations is that they are representa-91

tive of a specific height, which can even be uncertain in the case of AMVs (C. S. Velden92

& Bedka, 2009; Cordoba et al., 2017). In 2018, the European Space Agency (ESA) launched93

the first spaceborne Doppler lidar (Aeolus) (Stoffelen et al., 2005) for measuring line-94

of-sight winds over an atmospheric column. This mission has been a fantastic success95

demonstrated by the operational follow-on mission called Aeolus-2 which will be launched96

within a decade (Wernham et al., 2021). It was shown that the assimilation of Aeolus97

observations generally improved forecasts of several numerical weather prediction mod-98

els (NWP) (G. George et al., 2021; Rennie et al., 2021; Laroche & St-James, 2022). This99

includes positive impact in the forecast of TC intensity and size (Marinescu et al., 2022),100

despite Aeolus measurements being made in clear air and mostly coming from upper tro-101

posphere and lower stratosphere. However, it is well known that the tropospheric winds102

have a crucial role in steering TC tracks (J. E. George & Gray, 1976) and that assim-103

ilation of inner core — where most of the rain bands are present — winds is particularly104

useful for improving forecasts (Tong et al., 2018). Thus, because of the lack of penetra-105

tion capability of lidar inside cloudy and rainy systems, this will remain an observation106

gap even in the Aeolus2 era.107

The WIVERN (WInd VElocity Radar Nephoscope) mission (www.wivern.polito.it,108

(Illingworth et al., 2018; Battaglia, Martire, et al., 2022)), currently in Phase-0 within109
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the ESA Earth Explorer program, promises to complement the Aeolus measurements by110

globally observing, for the first time, vertical profiles of winds in cloudy and rainy ar-111

eas by a conically scanning W-band (94 GHz) radar with polarization diversity capabil-112

ities. The objective of the mission is to extend the lead time of predictions of high-impact113

weather, including tropical cyclones and mid-latitude windstorms, and to improve short114

and medium-range weather forecasts by feeding, at a global scale, the Doppler measure-115

ments together with profiles of radar reflectivity and km-scale 94 GHz brightness tem-116

peratures into NWP models. It will provide global coverage about once a day with 500 m117

vertical and 10 km resolution resolution with an accuracy of 2 m s−1. Such data can be118

assimilated into NWP models to improve the forecasting of the future track and inten-119

sity of TCs.120

It is expected that the WIVERN 94 GHz radar will suffer from attenuation and121

multiple scattering effects in the presence of heavy rain and large amounts of ice con-122

tents (Protat et al., 2019; Matrosov et al., 2008; Battaglia et al., 2010). The scope of this123

paper is to assess the potential of the WIVERN mission to “see” inside tropical cyclones124

and provide simultaneous information about horizontal winds and cloud microphysics.125

In addition, the reduced WIVERN radar sensitivity compared to W-band non-scanning126

radars like the nadir-looking CloudSat and EarthCARE cloud profiling radars (Tanelli127

et al., 2008; Illingworth et al., 2015) will lower its cloud detection capabilities. Follow-128

ing Battaglia et al. (2018), this work exploits the multi-year CloudSat 94 GHz radar ob-129

servations of tropical cyclones (Tourville et al., 2015) in combination with ECMWF re-130

analysis in order to simulate WIVERN-like W-band Doppler observations from a slant-131

looking radar (42° incidence angle).132

Sect. 2 describes the methodology for simulating WIVERN observations starting133

from the CloudSat Tropical Cyclone Product; a statistical analysis on the expected per-134

formances from the radar is reported in Sect. 3, including the budget of wind measure-135

ments error in Sect. 3.4. Conclusions are drawn in Sect. 4.136

2 Simulating WIVERN measurements from existing observations137

2.1 CloudSat reflectivity curtains and ECMWF winds138

The WIVERN radar is a 94 GHz conically scanning radar with a viewing angle of139

about 42◦ (see specifics in Tab. 1). As the antenna spins around at 12 rpm, it covers an140
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800-km wide swath and will make multiple observations of winds in every tropical cy-141

clones about once a day (Illingworth et al., 2018). It will collect 2D curtains of reflec-142

tivity and Doppler velocities (Fabry, 2015) with 500 m vertical resolution inside the hur-143

ricane from all possible directions.144

Table 1. Specifics currently envisaged for the polarization diversity Doppler radar of the

WIVERN mission.

Spacecraft height, Hsat 500 km

Spacecraft velocity, vsat 7600 m s−1

Incidence angle, θi 41.6◦

Radar frequency 94.05 GHz

Pulse length τ 3.3 µs

Antenna beamwidth, θ3dB 0.071◦

Antenna angular velocity, Ωa 12 rpm

Footprint speed 500 km s−1

Transmit polarization H or V

Time separation between H and V pulses, THV 20 µs

Single pulse sensitivity -15 dBZ

H-V Pair Repetition Frequency 4 kHz

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

The best proxies for the WIVERN measurements are provided by the CloudSat CPR145

94 GHz nadir-looking radar (Tanelli et al., 2009), together with winds from the ECMWF146

model. CloudSat has successfully collected data for more than 15 years and provided the147

first global observations of the cloud vertical structure of tropical cyclones. The ECMWF148

model winds are on the average unbiased (0.2 m s−1) but statistical comparisons with149

Aeolus observations show that individual winds have a random error standard deviation150

of about 3 m s−1 (Rennie et al., 2021). A major limitation of the ECMWF winds is their151

coarse resolution which smooths out the variations. For example, Houchi et al. (2010)152

showed that the model can underestimate the wind shear by 10 times in comparison to153

high resolution radiosonde wind profiles. Hence, the ECWMF winds may not be fully154

representative of the actual wind shears.155
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Tourville et al. (2015) combined these two datasets leading to a collection of more156

than 10 million TC profiles of reflectivity and horizontal winds. Following the idea of Battaglia157

et al. (2018), WIVERN slant-looking reflectivity observations can be reconstructed from158

CloudSat nadir-looking radar observations of TCs and WIVERN Doppler velocities can159

be simulated from ECMWF winds.160

2.2 Example of the typhoon Choi-Wan161

The methodology is demonstrated in the case study of the typhoon Choi-Wan, a162

Category 5-equivalent super typhoon that developed over the Western Pacific in Septem-163

ber 2009. Despite its intensity, no casualties were reported because its trajectory remained164

far from major inhabited land, only passing close to the Northern Mariana Islands. On165

September 11, 2009, a tropical depression formed 1,100 km to the east of Guam and rapidly166

intensified into a tropical cyclone. The intensification persisted through the following days167

until September 15, when Choi-Wan attained its peak intensity, with sustained winds168

peaking at 260 km h−1. The typhoon remained very powerful until September 17 and169

weakened rapidly after September 19 to the East of Japan. Its high impact on ocean tem-170

perature, salinity and CO2 partial pressure was studied in Bond et al. (2011). On Septem-171

ber 15, the A-train satellites made an overpass just north of the eye at the center of the172

storm, as shown by MODIS satellite visible observations (Fig. 1) and the CloudSat Cloud173

Profiling Radar reflectivity curtain (Fig. 2a).174

Fig. 2 shows the CloudSat radar reflectivity observations (Fig. 2a), the cross-track175

ECMWF winds (Fig. 2b) and the cumulative two-way attenuation (Fig. 2c) derived from176

the CloudSat 2C-RAIN-PROFILE product (Haynes et al., 2009). The whole curtain is177

over the (Pacific) ocean as highlighted by the strong surface return. The radar reflec-178

tivity captures the vertical cross-section of the storm with its cloud structure. Most dis-179

tinctive is the eye, which is completely clear down to sea level with thick clouds on ei-180

ther side of the eye towering in the inner eyewall region above fifteen kilometers. The181

transition between frozen and liquid precipitation is outlined by the radar bright band,182

which is consistently around the freezing level at 5 km height. Below the freezing level,183

liquid precipitation tends to attenuate the CPR signal, especially in the presence of mod-184

erate/heavy precipitation. In regions of strong attenuation where the surface return dis-185

appears (like for the profiles corresponding to the along-track distance between 1000 and186

1200 km corresponding to the eye wall and the rain bands), the 2C-RAIN-PROFILE al-187

–7–
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Figure 1. Visible image from the AQUA MODIS satellite of the Choi-Wan typhoon on

September 15, 2009 between 03:51:38 and 03:54:37 with the CloudSat trajectory (red line) and

the simulated scanning pattern of the conically scanning WIVERN radar as if it were observing

the typhoon eye in side-view (blue line, 23 rotations, 115 s). The insets on the right show details

of the region swept by the 3-dB footprints close to side views and to forward/backward views.

gorithm does not converge and the cumulative attenuation profile is retrieved down to188

10 dB via the Hitschfeld and Bordan (1954) technique. All the segments of the profiles189

below such attenuation level (shaded region in Fig. 2a) are excluded from the WIVERN190

reconstruction since they are deemed to be adversely affected by vigorous convection and191

strong attenuation. Cross-track LOS winds are displayed in Fig. 2b. They roughly cor-192

respond to the zonal winds reduced by a factor sin θi = 0.66, with the typical inversion193

when going through the eye of the typhoon as expected from cyclonic circulation.194

2.3 Simulation of WIVERN observations of the typhoon Choi-Wan195

In Fig. 1, the 800-km wide ground track of the WIVERN antenna boresight is il-196

lustrated on top of the MODIS visible image of Choi-Wan for 23 rotations. Note that197

the scanning pattern of the radar footprints (an ellipse with minor and major axis equal198

to 0.75 and 1 km, respectively) will provide an 8% coverage of the swath with gaps of199

the order of 20 km between successive footprints behind the satellite track (forward/backward200

views inset in Fig. 1). On the contrary, there will be continuous coverage along the satel-201

lite direction at the swath edges (side view inset in Fig. 1). The CloudSat reflectivity202
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Figure 2. (a) CloudSat reflectivity curtain from the segment of granule 17996 corresponding

to the overpass of the typhoon Choi-Wan on the 15 Sep 2009, (b) corresponding ECMWF wind

in the direction across the CloudSat track (at 41°incidence angle), (c) path integrated attenuation

retrieved by 2C-RAIN-PROFILE product or with the Hitschfeld and Bordan (1954) technique

when the surface is not visible.

–9–



manuscript submitted to Earth and Space Science

Figure 3. Simulated 1 km WIVERN (a) reflectivity curtain, (b) side-view Doppler velocity,

and (c) expected Doppler velocity accuracy. The black dash vertical line indicates the position of

the profile illustrated in Fig. 10.

curtain of Fig. 2a can be used for simulating the WIVERN observations in side view. This203

could indeed be the reconstructed curtain observed by WIVERN in the case its ground204

track was 400 km West of the CloudSat track, like in Fig. 1.205

The WIVERN observations simulated in side view at 1 km integration are shown206

in Fig. 3. Most of the reflectivity features seen by the CloudSat radar are visible in WIVERN207

measurements. Because of the low number of independent pulses (8) and given its sin-208

gle pulse reflectivity equivalent noise floor at -15 dBZ, the WIVERN radar will have a209

slightly reduced sensitivity compared to CloudSat (e.g. some of the high clouds below210

-20 dBZ in Fig. 2 will not be detected by WIVERN). Like for CloudSat, strong atten-211

uation will be encountered in the heavy precipitation parts below the freezing level; this212

is why such regions have been whitened. The surface returns are much weaker compared213

to the CloudSat observations, a clear advantage over CloudSat for sampling low precip-214

itating clouds. This is due to the significant reduction in the normalized backscattering215

–10–
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cross sections of water surfaces when moving from nadir to 42◦ incidence angle (Battaglia216

et al., 2017).217

According to the well established Doppler theory, the estimation of Doppler veloc-218

ity improves with signal-to-noise ratio (SNR) and number of samples (i.e. with integra-219

tion length). At high SNR, the WIVERN LOS Doppler velocities measurements are ex-220

pected to come with a maximum accuracy of about 1.1 m s−1 at 1 km resolution and221

0.4 m s−1 at 10 km resolution (see Sect. 3.4.1). Of course, the resulting mean wind ac-222

curacy cannot be as good and will depend on the SNR distribution of the observed clouds.223

Other sources of errors such as non-uniform beam filling and wind shear are discussed224

in Sect. 3.4. They have a lower impact on the wind precision, and the final accuracy of225

WIVERN measurements will be mainly driven by the Doppler estimation.226

The LOS Doppler velocities depicted in Fig. 3b show increased noisiness when mov-227

ing towards low signal-to-noise ratios (SNR). The accuracy of Doppler velocity shown228

in Fig. 3c takes into account the SNR of the reflectivity measurements. When SNR> 0229

(i.e Z > −15dBZ), the measured velocity well reproduces the ECMWF fields with vast230

regions expected to have errors lower than 2 m s−1 (orange contour in Fig. 3c). On the231

contrary, when SNR≪ 0, the Doppler velocity measurements become random numbers232

within the Nyquist interval (-40 to +40 m s−1 for THV = 20 µs). In all the typhoon233

regions above the freezing level, the wind estimates have a reasonable accuracy, demon-234

strating the great potential of WIVERN observations in characterizing simultaneously235

the microphysical and dynamical structure of TCs at sub-freezing temperatures.236

In order to improve cloud detection and wind accuracy, WIVERN observations can237

be averaged over a longer integration length. An example with a 10 km averaging dis-238

tance is shown in Fig. 4. While Fig. 4 shows fewer details than Fig. 3, low reflective clouds239

are better detected (the area delimited by the detection threshold contour gets wider in240

Fig. 4a). Furthermore, the improved sensitivity leads to more accurate Doppler veloc-241

ity measurements and the regions where errors lower than 2 m s−1 are expected are clearly242

more extended. While averaging along the track is generally considered useful for reduc-243

ing the noise error, it can be detrimental when averaging over distances where reflectiv-244

ity and winds are not uniform either because of intensity or direction, for example, re-245

gions with strong wind shears or in the proximity of convective cores. In order to eval-246
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Figure 4. Same as Fig. 3 but with 10 km averaging distance.

uate the effect of averaging, several averaging distances have been used in the simula-247

tions and the respective results will be presented in sect. 3.248

2.4 Detailed simulation procedure249

The details about the simulation methodology are given in the appendix. In this250

section, we describe only the new features of the simulator which have been added in this251

study in comparison to Battaglia et al. (2018). Here, the non-uniform-beam-filling (NUBF)252

and wind shear (WS) effects are largely discussed because some of the new features al-253

low to take them into account in a better way. However as noted above, these effects have254

a minor impact on Doppler velocity accuracy compared to the Doppler estimation (see255

discussion later in Sec. 3.4).256

1. Instead of discarding entire CloudSat profiles where strong attenuation makes the257

ocean surface invisible and hence, prevents the application of the surface reference258

technique (Meneghini et al., 2000), an iterative attenuation correction (Hitschfeld259

–12–
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& Bordan, 1954) is applied down to the level where a 10 dB cumulative attenu-260

ation is reached. This preserves the original structure of the 2D reflectivity field261

and ensures realistic reflectivity gradients necessary for the correction of NUBF262

and WS effects.263

2. The procedure described in the first item allows the inclusion of all surfaces and264

not only the ocean surfaces where a CloudSat path integrated estimate is possi-265

ble via the surface reference technique (Meneghini et al., 2000). As a result, the266

entire CloudSat orbit can now be mapped into WIVERN observations.267

3. In addition to the simulation of WIVERN observations in the forward direction,268

the option to simulate WIVERN observations in the side direction has been added.269

This allows to simulate the two extreme configurations where the satellite veloc-270

ity has a maximum (forward) and minimum (side) contribution to NUBF error.271

In the forward view, the slant geometry of WIVERN is reconstructed from sev-272

eral successive CloudSat profiles, and the resulting vertical reflectivity gradients273

are used for NUBF and WS corrections. In the side view, the reflectivity is assumed274

to be horizontally homogeneous along the pointing direction, and the variability275

of the CloudSat reflectivity field allows to compute realistic horizontal gradients,276

which are the relevant gradients for the correction of NUBF error in this point-277

ing direction. Another advantage of simulating WIVERN along the forward and278

side directions is that it provides more representative statistics of winds, with the279

forward view dominated by meridional winds and the side view dominated by zonal280

winds.281

3 Statistical analysis282

3.1 The CloudSat TC dataset283

The CloudSat TC dataset includes CloudSat CPR intercepts of TCs within 1000 km284

of the storm center for the period between 2 Jun 2006 till 31 Dec 2013 for a total of 10.6285

million radar profiles (more than 170,000 within 100 km) (Tourville et al., 2015). The286

years 2007, 2008 and 2009 have been analyzed, representing the core of the dataset with287

respectively 1244, 1411 and 1235 CloudSat overpasses (in comparison to the original dataset,288

we have excluded the overpasses where any of the CloudSat data product necessary for289

WIVERN simulation is missing, see Fig. A1) of 263 different tropical cyclones (with an290

average of 15 overpasses per cyclone). According to the overall statistics from Tourville291
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Figure 5. Location and max wind speed of all the tropical cyclones listed in the 2D-TC

dataset for the year 2007.

et al. (2015), over the 2007-2009 period, CloudSat overpassed on average 4331 TCs with292

5.8 million (93 thousand) radar profiles at 1 km integration along track within 1000 km293

(100 km) from TC center corresponding to an average of 1.9 million/year (31 thousand/year).294

Fig. 5 shows the location and the maximum sustained 1-min wind speed of such295

storms as derived from the Automated Tropical Cyclone Forecasting System. The West296

Pacific basin region contains the greatest number of TC CPR intercepts (1143) followed297

by the Southern Hemisphere (1093), Atlantic (682), East Pacific (659), Indian Ocean (287)298

and Central Pacific (72) regions.299

The contour frequency by altitude displays (CFAD) of the CloudSat reflectivity for300

the entire dataset (Fig. 6a) demonstrates that TC systems are typically very tall, they301

exhibit large reflectivities with highest values typically between 5 and 8 km, regions of302

sharp increase of reflectivities in the upper troposphere and regions of large attenuation303

below the freezing level (always at about 5 km) as highlighted by the sloping of reflec-304

tivities towards lower values in the lower troposphere.305

Fig. 6b shows the CloudSat cloud types as function of height. Firstly, the total count306

of cloud peaks at about 0.4 million up to 14 km, meaning that about 20% of the pro-307
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files within 1000 km from TC center are cloudy. Secondly, the eight cloud class distri-308

bution demonstrates that in TC there is a mixture of cloud classes with a total of 32%,309

9%, 5%, 4%, 7%, 21%, 22%, respectively for deep convection, nimbostratus, cumulus,310

stratocumulus, altocumulus, altostratus, and cirrus clouds. Therefore, though deep con-311

vection represents a large percentage of the entire cloud cover, the majority of clouds is312

likely to be found in areas where up and downdraft will not modify significantly the hor-313

izontal winds. These findings agree with previous research (Houze, 2010) that found a314

mixture of convective and stratiform precipitation (with the latter representing between315

30 and 50% of the total) in the eyewall, inner core, and outer rainband region. In non-316

convective regions, WIVERN will be able to retrieve the horizontal LOS winds.317

Finally, the CFADS of ECMWF horizontal winds projected in the LOS correspond-318

ing to the along and cross directions are shown in the bottom panels of Fig. 6. Winds319

show maximum amplitudes around 9-12 km but very seldom exceed 40 m s−1 (7‰ in320

the cross direction, and a factor 1000 less in the along direction). Therefore, biasing is321

not expected to be a serious issue in WIVERN measurement with THV = 20 µs, thus322

a Nyquist velocity of ±40 m s−1.323

3.2 WIVERN cloud measurements in TC324

The procedure described in the flowchart of Fig. A1 has been applied to the full325

2007-2009 TC dataset. The first thing to establish is the impact of the slant-view and326

of the reduced sensitivity in the WIVERN capability in sensing clouds.327

Even in intense precipitating systems such as tropical cyclones, the proportion of328

saturated profiles (where attenuation is so strong that attenuation correction of Cloud-329

Sat reflectivity is not possible with good accuracy) is small in comparison to a large num-330

ber of useful profiles. Fig. 7a demonstrates that only below 8 km some impact of atten-331

uation (difference between the black and grey lines) is perceptible in CloudSat data. The332

lower sensitivity of WIVERN causes a reduction of the cloud detection at all levels and333

increasingly deteriorating when assuming worse single pulse sensitivities (compare ma-334

genta, blue, and green lines). Nevertheless, the cloud occurrence remains higher than 80%335

compared to the CloudSat reference for all levels between 2 and 10 km when adopting336

the baseline configuration of a single pulse sensitivity of -15 dBZ (Fig. 7b, green line) (thus337

a detection limit of about -20 dBZ when integrating 8 pulses in 1 km). The reduction338
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Figure 6. Top panels: reflectivity CFADS (a) and height cloud class distribution (b). DC:

deep convection; NS: nimbostratus; CU: cumulus; SC: stratocumulus; ST: stratus; AC: altocumu-

lus; AS: altostratus; CI: cirrus. Bottom panels: WIVERN LOS along-track (c) and cross-track

winds (d).
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tion relative to the CloudSat reference (black line in the left panel) for three different WIVERN

detection limits.
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in cloud detectability is limited to less than 10% compared to the CloudSat reference if339

the single pulse sensitivity (detection limit) is further improved toward -21 dBZ (-26 dBZ)340

(magenta line). Note that the CloudSat reference provides an average of about 0.4 mil-341

lion clouds at each level between 1 and 13 km in TC every year. Thanks to its fast con-342

ical rotation speed (footprint moving at about 500 km s−1), WIVERN will sample weather343

features with a sampling rate 66 times larger than CloudSat (whose footprint moves at344

7.6 km s−1). Therefore, it will be 52 times more efficient than CloudSat for sampling trop-345

ical cyclones. Assuming layers of 650 m with a 20% cloud cover, we expect to detect about346

400 million 1 km horizontally extended clouds in TC annually (exact computation from347

profiles of Fig. 7a and Fig. 7b leads to 447 million).348

3.3 WIVERN wind measurements in TCs349

The second step is to estimate how many winds better than a certain accuracy will350

be attainable from WIVERN measurements. Results are similar for forward and side point-351

ing (only the results for forward pointing are shown in Fig. 8 for simplicity).352

Realistic Doppler velocities that would be observed by WIVERN have been sim-353

ulated for various sensitivities (20, -23, and -26 dBZ) and various integration lengths (1,354

2 and 10 km). From the reflectivity and Doppler velocity gradients averaged over 1×5 km355

boxes, NUBF and WS errors corrections (Battaglia, Scarsi, et al., 2022) provide unbi-356

ased velocity estimates which are compared to the LOS wind velocity, finally yielding357

the wind residual statistics.358

The occurrence of winds that would be measured with an accuracy better than 1 m s−1
359

(3 m s−1) compared to the CloudSat cloud detection is shown in Fig. 8a (Fig. 8b). As360

can be expected, the probability of useful Doppler velocity estimates raises with an in-361

creasing sensitivity of the 94 GHz radar onboard WIVERN and a longer integration length.362

In particular, the integration length is greatly valuable for enhancing the number of highly363

precise Doppler velocity estimates (i.e. better than 1 m s−1, Fig. 8a). When relaxing the364

required accuracy on the Doppler velocity (Fig. 8b), the benefit is less evident and the365

fraction of useful winds reach a maximum of about 75% for an accuracy better than 5 m s−1
366

(not shown).367

Overall, the probability of precise Doppler velocity estimates (better than 3 m s−1)368

will be more than 60% up to about 11 km height and will peak between 4 and 10 km369
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Figure 8. Profiles of the fraction of Doppler velocities as would be measured by WIVERN

(relative to the CloudSat reference, black line in Fig. 7a) with an accuracy better than 1 (panel

a) and 3 m s−1 (panel b) with averaging over 1 km, 2 and 10 km (see colors in legend) and differ-

ent sensitivity levels.

height. Nevertheless, thanks to its 66 times better sampling, WIVERN would be 40 times370

more efficient than CloudSat if the latter were able to measure winds. Assuming layers371

of 650 m with a 20% cloud cover, this implies that WIVERN will measure about 300 mil-372

lion precise winds in Tropical Cyclones per year (the exact computation from profiles of373

Fig. 7a and 8b leads to 331 million).374

3.4 Sources of error in WIVERN wind measurements375

Different error sources can decrease the accuracy of WIVERN Doppler velocity. The376

advantage of running a simulator is that each error source can be evaluated separately.377

In the next sections, the different sources of errors are discussed and compared.378

3.4.1 Errors associated with the polarization diversity pulse pair (PDPP)379

estimators380

WIVERN reflectivities will be received in the two polarization channels. Cross-talk381

between the two channels will appear as low reflectivity ghosts 2.3 km above or below382

real targets (for example, ghosts arising from surface cross-talk are visible in Fig. 3a and383

4a at around 2.3 km height as a horizontal line of low reflectivity standing out of the noise384

floor). While such ghosts will be generally easy to filter out in reflectivity measurements385
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(Rizik et al., n.d.), they will slightly increase the noise of the corresponding Doppler ve-386

locity, without introducing any bias.387

In this configuration, the computation of WIVERN Doppler velocities will be done

via the polarization diversity pulse pair technique (Battaglia, Martire, et al., 2022). Es-

timates of mean Doppler velocities from this technique are unbiased (apart when close

to the Nyquist interval) and have an intrinsic noise associated with the phase and ther-

mal noise (Pazmany et al., 1999). The precision of the Doppler measurements tends to

improve with the correlation between the H and V pairs, the number of independent pulses

that are averaged, higher levels of SNR (i.e. strong reflectivities), and signal to ghost ra-

tio (SGR) (i.e. decreased contamination by ghosts). The standard deviation of the es-

timated Doppler velocity can be approximated as (Pazmany et al., 1999; Battaglia, Mar-

tire, et al., 2022):

σPDPP
v̂D

=
1

√
2N

vNyq

πβ

√√√√(
1 +

1

SNR

)2

+
1

SGRH
+

1

SGRV
+

1

SGRV SGRH
+

1

SNR

(
1

SGRV
+

1

SGRH

)
− β2

(1)

where:

β ≡ ρHV e−
8π2σ2

v T2
HV

λ2 vNyq ≡ λ

4THV

where λ is the radar wavelength and σv is the spectral width of the Doppler spectrum.388

ρHV accounts for the decorrelation between the H and V pulses which is the result of389

intrinsic decorrelation associated to the hydrometeors (i.e. decorrelation at lag-0) and390

decorrelation due to the backscattering volume mismatch, i.e. to the fact that because391

of the antenna fast rotation, the two backscattering volumes for H and V pulses are not392

the same. The exponential term accounts for the time decorrelation due to the target393

reshuffling, which is proportional to λ/σv. Noise errors for a 5 km integration for differ-394

ent SNR levels are shown in Fig. 9. Monte Carlo simulations via I&Q (like done in Tanelli,395

Im, Facheris, and Smith (2002)) demonstrate that the approximated formula works sat-396

isfactorily at high SNRs and only slightly underestimates uncertainties at low SNRs (con-397

tinuous vs. dashed lines).398

3.4.2 Non-uniform beam filling and wind shear errors399

Other sources of uncertainties are those due to reflectivity in-homogeneity within400

the backscattering volume and its coupling with the wind shear caused by the satellite401

–19–



manuscript submitted to Earth and Space Science

-5 0 5 10 15 20 25 30

Signal-to-noise ratio [dB]

0

2

4

6

8

10

12

V
el

oc
ity

 S
td

 [m
/s

]

Figure 9. Doppler velocity standard deviation as a function of SNR for different signal-to-

ghost ratios (SGR) at THV = 20 µs and ρHV = 1 for a 5 km integration (corresponding to 40 H-V

pulse pairs). Results computed using a Monte Carlo simulation of I&Qs (continuous lines) are

compared with the analytical formula in Eq. (1 (dashed lines). Note that for the baseline configu-

ration SNR= 0 dB corresponds to a reflectivity of -15 dBZ.

motion (named non-uniform beam filling bias (NUBF), Tanelli, Im, Durden, et al. (2002))402

and with the atmospheric wind shear itself (hereafter named wind shear (WS) bias).403

The mechanism for the generation of such errors is illustrated for a WIWERN forward-404

looking configuration in Fig. 10, in which a beam of twice 3-dB illuminates the scene in405

correspondence to the profile highlighted with a vertical dashed black line in Fig. 3. The406

corresponding NUBF and WS shear errors are shown in Fig. 11, together with the resid-407

ual error in Doppler velocity after applying the corrections described below.408

For a fast-moving spaceborne Doppler radar, radar reflectivity gradients within the409

radar sampling volume can introduce a significant source of error in Doppler velocity es-410

timates, i.e. the NUBF errors (Tanelli, Im, Durden, et al., 2002). The Doppler velocity411

due to the satellite motion is first compensated for, according to the antenna boresight412

direction, and set to zero. Then the forward (backward) part of the backscattering vol-413

ume appears to move upward (downward) as shown by the black contours in Fig. 10. Across414

the beam of twice 3-dB, this velocity ranges from -6 to +6 m s−1. When coupled with415

a reflectivity gradient, this satellite-motion-induced velocity shear can produce a bias.416

For instance, in the portion of the profile above (below) 6 km, the tendency of the re-417
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Figure 10. Illustration, in the forward direction configuration, of the sub-radar volume

satellite-induced wind shear (as indicated by the black contour lines inside the antenna beam)

and horizontal line-of-sight wind shear (values annotated in the gray contour lines) for the profile

at 780 km (dashed black lines) in Fig. 3.
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Figure 11. Demonstration of NUBF and WS bias corrections for the profile shown in Fig. 10.

flectivity to increase (decrease) towards the surface produces an upward (downward) bias418

(see blue line in Fig. 11).419

The wind shear errors occur when reflectivity and velocity gradients are present420

at the same time within the backscattering volume. In the current profile, there are no421

strong wind shears (maximum of few m s−1 km−1) and therefore WS errors never ex-422

ceed ±0.2 m s−1 (purple line in Fig. 11).423
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For nadir pointing radars, notional studies demonstrated that NUBF biases can424

be mitigated by estimating the along-track reflectivity gradient because NUBF-induced425

biases are, by definition, linearly proportional to such reflectivity gradients (Schutgens,426

2008; Sy et al., 2014; Kollias et al., 2022). Similarly, in a slant-looking geometry, the rel-427

evant gradients are those along the direction orthogonal to the boresight and lying in428

the plane containing the satellite velocity and the antenna boresight direction (hereafter429

indicated as η̂, Battaglia and Kollias (2015)). In a conically scanning system like WIVERN,430

it will be challenging to retrieve the Z-gradients along such directions and the correc-431

tion will change according to the azimuthal scanning angle. For instance, when looking432

forward/backward, η̂ is a combination of the vertical and of the horizontal along-track433

component, whereas when looking sideways, η̂ coincides with the along-track direction.434

For Gaussian circular antennas, if the reflectivity field can be approximated to vary435

linearly within the backscattering volume, then the bias introduced by the satellite mo-436

tion is equal to (Sy et al., 2014; Battaglia & Kollias, 2015):437

∆NUBF = v⊥BS
sat

∇η̂Z

4.343

1

16 log(2)
rθ23dB (2)

where r is the range between the satellite and the ground along the boresight, and v⊥BS
sat438

is the ground-track satellite velocity orthogonal to the antenna boresight. The estima-439

tion of the reflectivity gradient along η̂, ∇η̂Z, is troublesome not only in the presence440

of noisy measurements but also because WIVERN will not sample reflectivities in all di-441

rections but will only produce a 2D slanted reflectivity curtain along the boresight track.442

Two extreme situations can be considered:443

1. in side view, η̂ coincides with the satellite trajectory so that ∇η̂Z can be prop-444

erly estimated from the actual measurements and Eq. (2) can be used exactly with445

v⊥BS
sat = vsat;446

2. in the forward and backward view, only the effect of the vertical gradient of re-447

flectivities can be accounted for (which is likely the most relevant one, apart from448

when hitting cloud edges). Although the vertical gradients are not properly sam-449

pled by the slanted WIVERN geometry they can be well estimated because they450

are expected to be quite homogeneous on a scale of the order of a few kilometers.451

Eq. 2 then becomes:452

∆
forward/backward
NUBF = vsat cos θi sin θi

∇zZ

4.343

r

16 log(2)
θ23dB (3)
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Figure 12. Profiles of the contribution from the main error sources (NUBF, WS, pulse pair

estimator, see legend) on the Doppler velocity standard deviation at (a) 1 km and (b) 5 km inte-

gration. Dashed lines show the residual errors after the correction of NUBF and WS contribution

as described in section 3.4.2

which for the WIVERN parameters corresponds to a bias of 0.077 m s−1 per dB km−1.453

3.4.3 Pointing errors454

Any mispointing in the knowledge of the antenna boresight decreases the accuracy455

of the Doppler velocity because errors are introduced when subtracting the component456

of the satellite velocity parallel to the antenna boresight, v
∥BS
sat , along the antenna bore-457

sight. Different techniques to mitigate these errors are currently under study and are ex-458

pected to contribute less than 0.3 m s−1 (Battaglia et al., n.d.)).459

3.4.4 Error budget460

The WIVERN simulator developed in this study allows to evaluate the contribu-461

tion from each source of error separately. For instance, the satellite motion NUBF in-462

duced errors can be evaluated by computing the velocities running the simulator with463

or without satellite motion and then taking the differences between the two.464

Using the TC dataset in forward view, the profiles of the relative contribution of465

pulse pair estimator, NUBF and WS are shown in Fig. 12 for 1 and 5 km integration lengths.466

At 1 km integration, the error from the pulse pair estimator is clearly the dominant term.467

It is maximum near cloud top where the SNR is low and is enhanced at around 2 km468

height where the surface’s ghost generally degrades the accuracy of the wind. The next469
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contributor is the NUBF error and its correction is clearly efficient with a decrease of470

the error by a factor 1.5 in average. The correction of WS error on the other hand does471

not appear to be successful, but its contribution is anyway negligible compared to the472

two other terms. More work is needed to fully assess the performances of the NUBF and473

WS corrections using e.g. high resolution data from cloud resolving model outputs.474

As expected when averaging over longer integration lengths, the apparent SNR in-475

creases and the pulse pair estimator error reduces substantially. Conversely, the contri-476

bution of NUBF and WS is only weakly effected by the noise level. For integration length477

larger than 10 km (not shown), the pulse pair estimator error starts to be dominated by478

the NUBF error and the correction of the latter becomes essential.479

4 Summary and conclusions480

The conically scanning Doppler W-band radar of the EE11 candidate WIVERN481

mission could provide for the first time global detailed observations of both the verti-482

cal structure of cloud and precipitation microphysics (including the location of convec-483

tive cores) and, simultaneously, of the kinematic structure of the inner part of tropical484

cyclones (TCs).485

Our study demonstrates that, despite the short wavelength of the radar (3 mm)486

which causes strong attenuation in presence of large amount of liquid hydrometeors, the487

system can profile most of the TCs, particularly the cloudy areas above the freezing level488

and the precipitating stratiform regions. Because of its lower sensitivity, the WIVERN489

radar would provide 80% observations of clouds and 60% accurate horizontal winds in490

TCs in comparison to CloudSat sampling, if it had the same sampling pattern. But thanks491

to its scanning antenna, WIVERN would actually provide 52 times more observations492

of clouds (and 40 times more observations of horizontal winds) than CloudSat. This will493

correspond to 447 million observations of clouds and 331 million observations of accu-494

rate winds every year inside TC, if WIVERN is launched.495

At 1 km integration, the uncertainty of horizontal wind measurements will be dom-496

inated by the intrinsic noise associated with Doppler radar measurements and will be497

around 3 m s−1. When averaging the measurements over longer integration lengths this498

uncertainty decreases to e.g. 1.5 m s−1 at 5 km integration. From 10 km integration, the499

error due to the wind shear caused by the satellite motion starts to be dominant and can500
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be corrected by about a half. Other sources of error such as averaging error cannot be501

addressed with the CloudSat data because ECMWF winds are defined over a too coarse502

resolution. They will be the focus of further studies based e.g. on cloud resolving model503

outputs.504

Observations from WIVERN would complement the sparse observations from aircraft-505

reconnaissance measurements and by ground-based and airborne Doppler radars. These506

measurements should shed new light on the interaction between the inner TC core and507

the storm environment, e.g. thanks to a better understanding of the development of TC508

via the release of latent heat and the formation of precipitation.509

It is also expected that the assimilation of these novel wind measurements will im-510

prove NWP’s TC intensity forecasts already demonstrated for other microwaves active511

(Okamoto et al., 2016) and passive observations (Zhang et al., 2021; Duncan et al., 2022).512

Future work should assess the impact of the assimilation of TC WIVERN observations.513

Appendix A Simulating WIVERN from CloudSat and ECMWF winds514

The simulation methodology is sketched in Figure A1. As it was already described515

in details in Battaglia et al. (2018), only the main features are summarised below:516

• First, the 94 GHz effective reflectivity, Zeff (expressed in dBZ), and extinction

coefficient, Kext (expressed in dB m−1), profiles are loaded from the 2C-RAIN-

PROFILE (Haynes et al., 2009) product over ocean for the 2D CloudSat curtain.

The derivation of the attenuation profile in the 2B-GEOPROF (Mace et al., 2007)

product is based on the path integrated attenuation computed by the surface ref-

erence technique (Meneghini et al., 2000); this is only applicable over ocean with-

out sea-ice. Over land, over sea-ice, and for strongly attenuated profiles over ocean,

the profiles of extinction are partially reconstructed with the Hitschfeld and Bor-

dan (1954) technique. The measured reflectivity Zco (expressed in dBZ) at range

r in the WIVERN slant geometry accounts for the increased cumulative attenu-

ation compared to the nadir-looking view:

Zco(r) = Zeff (r)− 2

∫ r

0

Kext(s) ds (A1)
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Figure A1. Flowchart describing the procedure to simulate WIVERN observations starting

from CloudSat CPR observations and ECMWF reanalysis winds.
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where the integral is carried out along the slant direction. The surface clutter po-517

sition is derived from the 2B-GEOPROF product and modulated to the different518

WIVERN incidence angle according to airborne observations (Battaglia et al., 2017).519

• Linear depolarization ratio (LDR, expressed in dB) values are reconstructed ac-

cording to the temperature and the cloud type based on the 2B-CLDCLASS-LIDAR

classification (Sassen et al., 2008): a climatology of the linear depolarization ra-

tio profiles as function of temperature has been derived from data collected at the

Chilbolton observatory during a specific field campaign when the W-band Galileo

polarimetric radar was pointing at 45° elevation angle in June and July 2017. The

resulting profiles of the 10th, 25th, 50th, 75th and 90th percentiles are shown in Fig. A2.

LDR values are reconstructed from the climatological quantiles assuming normal

distributions with mean value and standard deviation depending on the cloud class

and temperature range following Table A1. Since the LDR values are only needed

for simulating the cross-talk effects, this approach is deemed sufficient for demon-

strating the climatological impact of the ghosts on Doppler velocity accuracy. From

profiles of Zco and LDR, profiles of cross-polar reflectivities are computed as:

Zcx(r) = Zco(r) + LDR(r). (A2)

• Vertical profiles of line of sight (LOS) winds geo-located with CloudSat curtain520

are computed by projecting ECMWF horizontal winds from the ECMWF-AUX521

product onto the LOS; both along track and cross track winds are examined for522

simulating the ”forward” and the ”side” views.523

• WIVERN reflectivities received in the two polarization channels, H and V , are524

simulated by taking into account the polarization diversity pulse-scheme (see Fig. 1525

in Battaglia et al. (2013)). Intrinsic to such a scheme, there is cross-talk between526

the two channels (also referred to as ghosts) and separated in range by ∆rTHV
=527

cTHV /2, THV being the separation between the two pulses:528

ZH [r] = Zco[r] + Zcx[r −∆rTHV
] (A3)

ZV [r] = Zco[r] + Zcx[r +∆rTHV
] (A4)

the H being the polarization of the first pulse of the pair sequence.529

• All quantities are integrated over the WIVERN antenna pattern and convolved530

with the point target response function to simulate the antenna weighted co-polar531
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Figure A2. Dependence of LDR on temperature from radar observations at Chilbolton

and corresponding ECMWF temperature profiles (courtesy of John Nicol, Weather Radar New

Zealand).

reflectivity, ⟨Zco⟩W , the cross-polar reflectivity, ⟨Zcx⟩W and the Doppler velocity,532

⟨vd⟩W .533

• Signal-to-ghost ratios (SGR) are computed as:534

SGRH [r] ≡ ⟨Zco[r]⟩W
⟨Zcx[r −∆rTHV

]⟩W
(A5)

SGRV [r] ≡ ⟨Zco[r]⟩W
⟨Zcx[r +∆rTHV

]⟩W
(A6)

• Instrument noise and stochastic noise are added to the reflectivities and to the Doppler535

velocities according to the procedure described in Battaglia, Martire, et al. (2022).536

In order to evaluate the effect of the sensitivity of the WIVERN radar, different537

reflectivity equivalent noise levels at 1 km are used: -20, -23, and -26 dBZ.538

• Doppler velocity corrections are implemented both for non-uniform beam filling539

(NUBF) and for wind shear (WS) according to the procedure described in Battaglia540

et al. (2018).541

Data Availability Statement542

The CloudSat tropical cyclone overpass data set is available at https://ade-laide.cira.colostate.edu/tc/543

website.544
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Table A1. Mean value and standard deviation of LDR according to cloud class.

Cloud class Temperature [°C] mean LDR [dB] σLDR [dB]

ice T < −35 -19 1.5

mixed −35 < T < −1 -17 1.5

melting −1 < T < 4 -14 1.5

rain T > 3 -21 2
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Key Points:8

• Attenuation makes a spaceborne 94 GHz radar blind for only 5% of the cloudy/precipitating9

part of tropical cyclones10

• Thanks to its scanning capability, WIVERN would provide 52 (40) times more ob-11

servations of clouds (horizontal winds) than CloudSat in TCs12

• Uncertainty in the winds measured by WIVERN will be dominated by the noise13

associated with Doppler radar measurements (around 3 m s−1 at 1 km)14
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Abstract15

The WIVERN (WInd VElocity Radar Nephoscope) mission, currently under the Phase-16

0 of the ESA Earth Explorer program, promises to provide new insight in the coupling17

between winds and microphysics by globally observing, for the first time, vertical pro-18

files of horizontal winds in cloudy areas. The objective of this work is to explore the po-19

tential of the WIVERN conically scanning Doppler 94 GHz radar for filling the wind ob-20

servation gap inside tropical cyclones.21

To this aim, realistic WIVERN notional observations of TCs are produced by com-22

bining the CloudSat 94 GHz radar reflectivity observations from 2007 to 2009 with ECMWF23

co-located winds. Despite the short wavelength of the radar (3 mm), which causes strong24

attenuation in presence of large amount of liquid hydrometeors, the system can profile25

most of the tropical cyclones, particularly the cloudy areas above the freezing level and26

the precipitating stratiform regions.27

The statistical analysis of the results shows that, (i) because of its lower sensitiv-28

ity, a nadir pointing WIVERN would detect 80% of the clouds (60% of winds with 3 m s−1
29

accuracy) observed by CloudSat, (ii) but thanks to its scanning capability, WIVERN would30

actually provide 52 times more observations of clouds (40 times more observations of hor-31

izontal winds) than CloudSat in TCs, (iii) this corresponds to more than 400 (300) mil-32

lion observations of clouds (accurate winds) every year. Such observations could be used33

in data assimilation models in order to improve numerical weather prediction and by mod-34

ellers in order to shed light on the physical processes underpinning the evolution of trop-35

ical cyclones.36

Plain Language Summary37

Despite their huge impact on tropical weather, tropical cyclones are still not fully38

understood with limitations in the predictions of their evolution and trajectory. In or-39

der to provide more detailed observations of tropical cyclones, a ground-breaking space-40

borne observing system hosting a conically scanning Doppler high frequency radar that41

could provide information both on in-cloud winds and cloud mass contents is proposed.42

Despite the fact that the observations from such radar are strongly attenuated in pres-43

ence of heavy rain, the system can sample most of the tropical cyclones, particularly the44

cloudy areas above the freezing level and the precipitating stratiform regions. Our no-45
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tional study, based on the climatology of tropical cyclones collected during three years46

by a spaceborne non-Doppler radar, demonstrates that the newly proposed satellite would47

provide hundred millions observations of clouds and accurate winds in tropical cyclones48

every year. Such observations could be used to improve our understanding of the pro-49

cesses underpinning the evolution of tropical cyclones and hence, their forecast.50

1 Introduction51

Tropical cyclones (TCs) are probably the most iconic weather systems, for several52

reasons: they play a paramount role in the Earth’s radiation budget and in the water53

cycle by transporting heat and moisture from the tropics to the mid-latitudes (Emanuel,54

2001; Scoccimarro et al., 2011) and by releasing huge quantities of latent heat (Emanuel,55

2003). But most importantly, they are among the most devastating of natural disasters56

causing widespread destruction due to strong wind and excessive amounts of rainfall when57

making landfall (Klotzbach et al., 2018).58

There is still no widespread consensus on the understanding and prediction of the59

genesis of tropical cyclones (Emanuel, 2003). Several studies have found that environ-60

mental vertical wind shear (usually defined between 200 and 850 hPa) is the main driver61

for the formation, intensification, and dissipation of tropical cyclones because of its ca-62

pability of causing kinematic and thermodynamic asymmetries (Thatcher & Pu, 2011;63

Schenkel et al., 2020; Wadler et al., 2022) but intertwined complex multiscale processes64

generally govern TC intensity change (Judt & Chen, 2016). The understanding of the65

dynamical and thermodynamical structure, of the cloud microphysics and its evolution66

during TC’s life cycle is still a matter of active research and is crucial to improve fore-67

casts (R. Rogers et al., 2013).68

Another challenge with TCs is to predict their frequency and intensity response69

in a changing climate. This has been the subject of considerable investigation, often with70

conflicting results (Knutson et al., 2010; Emanuel, 2021). One of the factor explaining71

such inconsistencies is the differences in model physics (Walsh et al., 2016). Indeed, even72

with high resolution forecast models, biases in the physics were found to be responsible73

of a degradation of the forecasts of strong TCs when assimilating observations (Tong et74

al., 2018). To be confident in the predictions about the frequency of TCs in a future cli-75

mate, it is important that the models are physically based and not empirically tuned.76
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Airborne radar observations have been used to understand mesoscale and convective-77

scale processes (e.g. convective bursts, downdrafts near the warm core, vortex Rossby78

waves, eyewall asymmetries) associated with the cyclone intensity change (R. F. Rogers79

et al., 2016; Guimond et al., 2020; Didlake et al., 2017; Wadler et al., 2018a). Observa-80

tions and numerical experiments suggest the importance of wind observations for fore-81

casting TC structure (J. E. George & Gray, 1976; Bucci et al., 2021) and the benefit of82

assimilating aircraft reconnaissance observations in improving TCs track and intensity83

forecasts (Tong et al., 2018). However, reconnaissance flight missions are scarce because84

they are primarily conducted for potentially landfalling storms. Progress is still ham-85

pered by the lack of high-resolution observations of the spatio-temporal evolution of the86

TC vertical structure of winds and clouds, especially over the oceans.87

Satellite observations of winds can fill this gap. For example, recent studies have88

tested the impact of assimilating atmospheric motion vectors (AMVs) (Wu et al., 2014;89

C. Velden et al., 2017) or surface winds derived from ocean surface layer (Leidner et al.,90

2018; Cui et al., 2019). One limitation of such observations is that they are representa-91

tive of a specific height, which can even be uncertain in the case of AMVs (C. S. Velden92

& Bedka, 2009; Cordoba et al., 2017). In 2018, the European Space Agency (ESA) launched93

the first spaceborne Doppler lidar (Aeolus) (Stoffelen et al., 2005) for measuring line-94

of-sight winds over an atmospheric column. This mission has been a fantastic success95

demonstrated by the operational follow-on mission called Aeolus-2 which will be launched96

within a decade (Wernham et al., 2021). It was shown that the assimilation of Aeolus97

observations generally improved forecasts of several numerical weather prediction mod-98

els (NWP) (G. George et al., 2021; Rennie et al., 2021; Laroche & St-James, 2022). This99

includes positive impact in the forecast of TC intensity and size (Marinescu et al., 2022),100

despite Aeolus measurements being made in clear air and mostly coming from upper tro-101

posphere and lower stratosphere. However, it is well known that the tropospheric winds102

have a crucial role in steering TC tracks (J. E. George & Gray, 1976) and that assim-103

ilation of inner core — where most of the rain bands are present — winds is particularly104

useful for improving forecasts (Tong et al., 2018). Thus, because of the lack of penetra-105

tion capability of lidar inside cloudy and rainy systems, this will remain an observation106

gap even in the Aeolus2 era.107

The WIVERN (WInd VElocity Radar Nephoscope) mission (www.wivern.polito.it,108

(Illingworth et al., 2018; Battaglia, Martire, et al., 2022)), currently in Phase-0 within109
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the ESA Earth Explorer program, promises to complement the Aeolus measurements by110

globally observing, for the first time, vertical profiles of winds in cloudy and rainy ar-111

eas by a conically scanning W-band (94 GHz) radar with polarization diversity capabil-112

ities. The objective of the mission is to extend the lead time of predictions of high-impact113

weather, including tropical cyclones and mid-latitude windstorms, and to improve short114

and medium-range weather forecasts by feeding, at a global scale, the Doppler measure-115

ments together with profiles of radar reflectivity and km-scale 94 GHz brightness tem-116

peratures into NWP models. It will provide global coverage about once a day with 500 m117

vertical and 10 km resolution resolution with an accuracy of 2 m s−1. Such data can be118

assimilated into NWP models to improve the forecasting of the future track and inten-119

sity of TCs.120

It is expected that the WIVERN 94 GHz radar will suffer from attenuation and121

multiple scattering effects in the presence of heavy rain and large amounts of ice con-122

tents (Protat et al., 2019; Matrosov et al., 2008; Battaglia et al., 2010). The scope of this123

paper is to assess the potential of the WIVERN mission to “see” inside tropical cyclones124

and provide simultaneous information about horizontal winds and cloud microphysics.125

In addition, the reduced WIVERN radar sensitivity compared to W-band non-scanning126

radars like the nadir-looking CloudSat and EarthCARE cloud profiling radars (Tanelli127

et al., 2008; Illingworth et al., 2015) will lower its cloud detection capabilities. Follow-128

ing Battaglia et al. (2018), this work exploits the multi-year CloudSat 94 GHz radar ob-129

servations of tropical cyclones (Tourville et al., 2015) in combination with ECMWF re-130

analysis in order to simulate WIVERN-like W-band Doppler observations from a slant-131

looking radar (42° incidence angle).132

Sect. 2 describes the methodology for simulating WIVERN observations starting133

from the CloudSat Tropical Cyclone Product; a statistical analysis on the expected per-134

formances from the radar is reported in Sect. 3, including the budget of wind measure-135

ments error in Sect. 3.4. Conclusions are drawn in Sect. 4.136

2 Simulating WIVERN measurements from existing observations137

2.1 CloudSat reflectivity curtains and ECMWF winds138

The WIVERN radar is a 94 GHz conically scanning radar with a viewing angle of139

about 42◦ (see specifics in Tab. 1). As the antenna spins around at 12 rpm, it covers an140
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800-km wide swath and will make multiple observations of winds in every tropical cy-141

clones about once a day (Illingworth et al., 2018). It will collect 2D curtains of reflec-142

tivity and Doppler velocities (Fabry, 2015) with 500 m vertical resolution inside the hur-143

ricane from all possible directions.144

Table 1. Specifics currently envisaged for the polarization diversity Doppler radar of the

WIVERN mission.

Spacecraft height, Hsat 500 km

Spacecraft velocity, vsat 7600 m s−1

Incidence angle, θi 41.6◦

Radar frequency 94.05 GHz

Pulse length τ 3.3 µs

Antenna beamwidth, θ3dB 0.071◦

Antenna angular velocity, Ωa 12 rpm

Footprint speed 500 km s−1

Transmit polarization H or V

Time separation between H and V pulses, THV 20 µs

Single pulse sensitivity -15 dBZ

H-V Pair Repetition Frequency 4 kHz

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

The best proxies for the WIVERN measurements are provided by the CloudSat CPR145

94 GHz nadir-looking radar (Tanelli et al., 2009), together with winds from the ECMWF146

model. CloudSat has successfully collected data for more than 15 years and provided the147

first global observations of the cloud vertical structure of tropical cyclones. The ECMWF148

model winds are on the average unbiased (0.2 m s−1) but statistical comparisons with149

Aeolus observations show that individual winds have a random error standard deviation150

of about 3 m s−1 (Rennie et al., 2021). A major limitation of the ECMWF winds is their151

coarse resolution which smooths out the variations. For example, Houchi et al. (2010)152

showed that the model can underestimate the wind shear by 10 times in comparison to153

high resolution radiosonde wind profiles. Hence, the ECWMF winds may not be fully154

representative of the actual wind shears.155
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Tourville et al. (2015) combined these two datasets leading to a collection of more156

than 10 million TC profiles of reflectivity and horizontal winds. Following the idea of Battaglia157

et al. (2018), WIVERN slant-looking reflectivity observations can be reconstructed from158

CloudSat nadir-looking radar observations of TCs and WIVERN Doppler velocities can159

be simulated from ECMWF winds.160

2.2 Example of the typhoon Choi-Wan161

The methodology is demonstrated in the case study of the typhoon Choi-Wan, a162

Category 5-equivalent super typhoon that developed over the Western Pacific in Septem-163

ber 2009. Despite its intensity, no casualties were reported because its trajectory remained164

far from major inhabited land, only passing close to the Northern Mariana Islands. On165

September 11, 2009, a tropical depression formed 1,100 km to the east of Guam and rapidly166

intensified into a tropical cyclone. The intensification persisted through the following days167

until September 15, when Choi-Wan attained its peak intensity, with sustained winds168

peaking at 260 km h−1. The typhoon remained very powerful until September 17 and169

weakened rapidly after September 19 to the East of Japan. Its high impact on ocean tem-170

perature, salinity and CO2 partial pressure was studied in Bond et al. (2011). On Septem-171

ber 15, the A-train satellites made an overpass just north of the eye at the center of the172

storm, as shown by MODIS satellite visible observations (Fig. 1) and the CloudSat Cloud173

Profiling Radar reflectivity curtain (Fig. 2a).174

Fig. 2 shows the CloudSat radar reflectivity observations (Fig. 2a), the cross-track175

ECMWF winds (Fig. 2b) and the cumulative two-way attenuation (Fig. 2c) derived from176

the CloudSat 2C-RAIN-PROFILE product (Haynes et al., 2009). The whole curtain is177

over the (Pacific) ocean as highlighted by the strong surface return. The radar reflec-178

tivity captures the vertical cross-section of the storm with its cloud structure. Most dis-179

tinctive is the eye, which is completely clear down to sea level with thick clouds on ei-180

ther side of the eye towering in the inner eyewall region above fifteen kilometers. The181

transition between frozen and liquid precipitation is outlined by the radar bright band,182

which is consistently around the freezing level at 5 km height. Below the freezing level,183

liquid precipitation tends to attenuate the CPR signal, especially in the presence of mod-184

erate/heavy precipitation. In regions of strong attenuation where the surface return dis-185

appears (like for the profiles corresponding to the along-track distance between 1000 and186

1200 km corresponding to the eye wall and the rain bands), the 2C-RAIN-PROFILE al-187
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Figure 1. Visible image from the AQUA MODIS satellite of the Choi-Wan typhoon on

September 15, 2009 between 03:51:38 and 03:54:37 with the CloudSat trajectory (red line) and

the simulated scanning pattern of the conically scanning WIVERN radar as if it were observing

the typhoon eye in side-view (blue line, 23 rotations, 115 s). The insets on the right show details

of the region swept by the 3-dB footprints close to side views and to forward/backward views.

gorithm does not converge and the cumulative attenuation profile is retrieved down to188

10 dB via the Hitschfeld and Bordan (1954) technique. All the segments of the profiles189

below such attenuation level (shaded region in Fig. 2a) are excluded from the WIVERN190

reconstruction since they are deemed to be adversely affected by vigorous convection and191

strong attenuation. Cross-track LOS winds are displayed in Fig. 2b. They roughly cor-192

respond to the zonal winds reduced by a factor sin θi = 0.66, with the typical inversion193

when going through the eye of the typhoon as expected from cyclonic circulation.194

2.3 Simulation of WIVERN observations of the typhoon Choi-Wan195

In Fig. 1, the 800-km wide ground track of the WIVERN antenna boresight is il-196

lustrated on top of the MODIS visible image of Choi-Wan for 23 rotations. Note that197

the scanning pattern of the radar footprints (an ellipse with minor and major axis equal198

to 0.75 and 1 km, respectively) will provide an 8% coverage of the swath with gaps of199

the order of 20 km between successive footprints behind the satellite track (forward/backward200

views inset in Fig. 1). On the contrary, there will be continuous coverage along the satel-201

lite direction at the swath edges (side view inset in Fig. 1). The CloudSat reflectivity202
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Figure 2. (a) CloudSat reflectivity curtain from the segment of granule 17996 corresponding

to the overpass of the typhoon Choi-Wan on the 15 Sep 2009, (b) corresponding ECMWF wind

in the direction across the CloudSat track (at 41°incidence angle), (c) path integrated attenuation

retrieved by 2C-RAIN-PROFILE product or with the Hitschfeld and Bordan (1954) technique

when the surface is not visible.
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Figure 3. Simulated 1 km WIVERN (a) reflectivity curtain, (b) side-view Doppler velocity,

and (c) expected Doppler velocity accuracy. The black dash vertical line indicates the position of

the profile illustrated in Fig. 10.

curtain of Fig. 2a can be used for simulating the WIVERN observations in side view. This203

could indeed be the reconstructed curtain observed by WIVERN in the case its ground204

track was 400 km West of the CloudSat track, like in Fig. 1.205

The WIVERN observations simulated in side view at 1 km integration are shown206

in Fig. 3. Most of the reflectivity features seen by the CloudSat radar are visible in WIVERN207

measurements. Because of the low number of independent pulses (8) and given its sin-208

gle pulse reflectivity equivalent noise floor at -15 dBZ, the WIVERN radar will have a209

slightly reduced sensitivity compared to CloudSat (e.g. some of the high clouds below210

-20 dBZ in Fig. 2 will not be detected by WIVERN). Like for CloudSat, strong atten-211

uation will be encountered in the heavy precipitation parts below the freezing level; this212

is why such regions have been whitened. The surface returns are much weaker compared213

to the CloudSat observations, a clear advantage over CloudSat for sampling low precip-214

itating clouds. This is due to the significant reduction in the normalized backscattering215
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cross sections of water surfaces when moving from nadir to 42◦ incidence angle (Battaglia216

et al., 2017).217

According to the well established Doppler theory, the estimation of Doppler veloc-218

ity improves with signal-to-noise ratio (SNR) and number of samples (i.e. with integra-219

tion length). At high SNR, the WIVERN LOS Doppler velocities measurements are ex-220

pected to come with a maximum accuracy of about 1.1 m s−1 at 1 km resolution and221

0.4 m s−1 at 10 km resolution (see Sect. 3.4.1). Of course, the resulting mean wind ac-222

curacy cannot be as good and will depend on the SNR distribution of the observed clouds.223

Other sources of errors such as non-uniform beam filling and wind shear are discussed224

in Sect. 3.4. They have a lower impact on the wind precision, and the final accuracy of225

WIVERN measurements will be mainly driven by the Doppler estimation.226

The LOS Doppler velocities depicted in Fig. 3b show increased noisiness when mov-227

ing towards low signal-to-noise ratios (SNR). The accuracy of Doppler velocity shown228

in Fig. 3c takes into account the SNR of the reflectivity measurements. When SNR> 0229

(i.e Z > −15dBZ), the measured velocity well reproduces the ECMWF fields with vast230

regions expected to have errors lower than 2 m s−1 (orange contour in Fig. 3c). On the231

contrary, when SNR≪ 0, the Doppler velocity measurements become random numbers232

within the Nyquist interval (-40 to +40 m s−1 for THV = 20 µs). In all the typhoon233

regions above the freezing level, the wind estimates have a reasonable accuracy, demon-234

strating the great potential of WIVERN observations in characterizing simultaneously235

the microphysical and dynamical structure of TCs at sub-freezing temperatures.236

In order to improve cloud detection and wind accuracy, WIVERN observations can237

be averaged over a longer integration length. An example with a 10 km averaging dis-238

tance is shown in Fig. 4. While Fig. 4 shows fewer details than Fig. 3, low reflective clouds239

are better detected (the area delimited by the detection threshold contour gets wider in240

Fig. 4a). Furthermore, the improved sensitivity leads to more accurate Doppler veloc-241

ity measurements and the regions where errors lower than 2 m s−1 are expected are clearly242

more extended. While averaging along the track is generally considered useful for reduc-243

ing the noise error, it can be detrimental when averaging over distances where reflectiv-244

ity and winds are not uniform either because of intensity or direction, for example, re-245

gions with strong wind shears or in the proximity of convective cores. In order to eval-246
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Figure 4. Same as Fig. 3 but with 10 km averaging distance.

uate the effect of averaging, several averaging distances have been used in the simula-247

tions and the respective results will be presented in sect. 3.248

2.4 Detailed simulation procedure249

The details about the simulation methodology are given in the appendix. In this250

section, we describe only the new features of the simulator which have been added in this251

study in comparison to Battaglia et al. (2018). Here, the non-uniform-beam-filling (NUBF)252

and wind shear (WS) effects are largely discussed because some of the new features al-253

low to take them into account in a better way. However as noted above, these effects have254

a minor impact on Doppler velocity accuracy compared to the Doppler estimation (see255

discussion later in Sec. 3.4).256

1. Instead of discarding entire CloudSat profiles where strong attenuation makes the257

ocean surface invisible and hence, prevents the application of the surface reference258

technique (Meneghini et al., 2000), an iterative attenuation correction (Hitschfeld259
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& Bordan, 1954) is applied down to the level where a 10 dB cumulative attenu-260

ation is reached. This preserves the original structure of the 2D reflectivity field261

and ensures realistic reflectivity gradients necessary for the correction of NUBF262

and WS effects.263

2. The procedure described in the first item allows the inclusion of all surfaces and264

not only the ocean surfaces where a CloudSat path integrated estimate is possi-265

ble via the surface reference technique (Meneghini et al., 2000). As a result, the266

entire CloudSat orbit can now be mapped into WIVERN observations.267

3. In addition to the simulation of WIVERN observations in the forward direction,268

the option to simulate WIVERN observations in the side direction has been added.269

This allows to simulate the two extreme configurations where the satellite veloc-270

ity has a maximum (forward) and minimum (side) contribution to NUBF error.271

In the forward view, the slant geometry of WIVERN is reconstructed from sev-272

eral successive CloudSat profiles, and the resulting vertical reflectivity gradients273

are used for NUBF and WS corrections. In the side view, the reflectivity is assumed274

to be horizontally homogeneous along the pointing direction, and the variability275

of the CloudSat reflectivity field allows to compute realistic horizontal gradients,276

which are the relevant gradients for the correction of NUBF error in this point-277

ing direction. Another advantage of simulating WIVERN along the forward and278

side directions is that it provides more representative statistics of winds, with the279

forward view dominated by meridional winds and the side view dominated by zonal280

winds.281

3 Statistical analysis282

3.1 The CloudSat TC dataset283

The CloudSat TC dataset includes CloudSat CPR intercepts of TCs within 1000 km284

of the storm center for the period between 2 Jun 2006 till 31 Dec 2013 for a total of 10.6285

million radar profiles (more than 170,000 within 100 km) (Tourville et al., 2015). The286

years 2007, 2008 and 2009 have been analyzed, representing the core of the dataset with287

respectively 1244, 1411 and 1235 CloudSat overpasses (in comparison to the original dataset,288

we have excluded the overpasses where any of the CloudSat data product necessary for289

WIVERN simulation is missing, see Fig. A1) of 263 different tropical cyclones (with an290

average of 15 overpasses per cyclone). According to the overall statistics from Tourville291
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Figure 5. Location and max wind speed of all the tropical cyclones listed in the 2D-TC

dataset for the year 2007.

et al. (2015), over the 2007-2009 period, CloudSat overpassed on average 4331 TCs with292

5.8 million (93 thousand) radar profiles at 1 km integration along track within 1000 km293

(100 km) from TC center corresponding to an average of 1.9 million/year (31 thousand/year).294

Fig. 5 shows the location and the maximum sustained 1-min wind speed of such295

storms as derived from the Automated Tropical Cyclone Forecasting System. The West296

Pacific basin region contains the greatest number of TC CPR intercepts (1143) followed297

by the Southern Hemisphere (1093), Atlantic (682), East Pacific (659), Indian Ocean (287)298

and Central Pacific (72) regions.299

The contour frequency by altitude displays (CFAD) of the CloudSat reflectivity for300

the entire dataset (Fig. 6a) demonstrates that TC systems are typically very tall, they301

exhibit large reflectivities with highest values typically between 5 and 8 km, regions of302

sharp increase of reflectivities in the upper troposphere and regions of large attenuation303

below the freezing level (always at about 5 km) as highlighted by the sloping of reflec-304

tivities towards lower values in the lower troposphere.305

Fig. 6b shows the CloudSat cloud types as function of height. Firstly, the total count306

of cloud peaks at about 0.4 million up to 14 km, meaning that about 20% of the pro-307
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files within 1000 km from TC center are cloudy. Secondly, the eight cloud class distri-308

bution demonstrates that in TC there is a mixture of cloud classes with a total of 32%,309

9%, 5%, 4%, 7%, 21%, 22%, respectively for deep convection, nimbostratus, cumulus,310

stratocumulus, altocumulus, altostratus, and cirrus clouds. Therefore, though deep con-311

vection represents a large percentage of the entire cloud cover, the majority of clouds is312

likely to be found in areas where up and downdraft will not modify significantly the hor-313

izontal winds. These findings agree with previous research (Houze, 2010) that found a314

mixture of convective and stratiform precipitation (with the latter representing between315

30 and 50% of the total) in the eyewall, inner core, and outer rainband region. In non-316

convective regions, WIVERN will be able to retrieve the horizontal LOS winds.317

Finally, the CFADS of ECMWF horizontal winds projected in the LOS correspond-318

ing to the along and cross directions are shown in the bottom panels of Fig. 6. Winds319

show maximum amplitudes around 9-12 km but very seldom exceed 40 m s−1 (7‰ in320

the cross direction, and a factor 1000 less in the along direction). Therefore, biasing is321

not expected to be a serious issue in WIVERN measurement with THV = 20 µs, thus322

a Nyquist velocity of ±40 m s−1.323

3.2 WIVERN cloud measurements in TC324

The procedure described in the flowchart of Fig. A1 has been applied to the full325

2007-2009 TC dataset. The first thing to establish is the impact of the slant-view and326

of the reduced sensitivity in the WIVERN capability in sensing clouds.327

Even in intense precipitating systems such as tropical cyclones, the proportion of328

saturated profiles (where attenuation is so strong that attenuation correction of Cloud-329

Sat reflectivity is not possible with good accuracy) is small in comparison to a large num-330

ber of useful profiles. Fig. 7a demonstrates that only below 8 km some impact of atten-331

uation (difference between the black and grey lines) is perceptible in CloudSat data. The332

lower sensitivity of WIVERN causes a reduction of the cloud detection at all levels and333

increasingly deteriorating when assuming worse single pulse sensitivities (compare ma-334

genta, blue, and green lines). Nevertheless, the cloud occurrence remains higher than 80%335

compared to the CloudSat reference for all levels between 2 and 10 km when adopting336

the baseline configuration of a single pulse sensitivity of -15 dBZ (Fig. 7b, green line) (thus337

a detection limit of about -20 dBZ when integrating 8 pulses in 1 km). The reduction338
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Figure 6. Top panels: reflectivity CFADS (a) and height cloud class distribution (b). DC:

deep convection; NS: nimbostratus; CU: cumulus; SC: stratocumulus; ST: stratus; AC: altocumu-

lus; AS: altostratus; CI: cirrus. Bottom panels: WIVERN LOS along-track (c) and cross-track

winds (d).
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Figure 7. (a) Profiles of the annual number of clouds detected in TC by CloudSat or

WIVERN with different detection limits as indicated in the legend. (b) Fraction of cloud detec-

tion relative to the CloudSat reference (black line in the left panel) for three different WIVERN

detection limits.
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in cloud detectability is limited to less than 10% compared to the CloudSat reference if339

the single pulse sensitivity (detection limit) is further improved toward -21 dBZ (-26 dBZ)340

(magenta line). Note that the CloudSat reference provides an average of about 0.4 mil-341

lion clouds at each level between 1 and 13 km in TC every year. Thanks to its fast con-342

ical rotation speed (footprint moving at about 500 km s−1), WIVERN will sample weather343

features with a sampling rate 66 times larger than CloudSat (whose footprint moves at344

7.6 km s−1). Therefore, it will be 52 times more efficient than CloudSat for sampling trop-345

ical cyclones. Assuming layers of 650 m with a 20% cloud cover, we expect to detect about346

400 million 1 km horizontally extended clouds in TC annually (exact computation from347

profiles of Fig. 7a and Fig. 7b leads to 447 million).348

3.3 WIVERN wind measurements in TCs349

The second step is to estimate how many winds better than a certain accuracy will350

be attainable from WIVERN measurements. Results are similar for forward and side point-351

ing (only the results for forward pointing are shown in Fig. 8 for simplicity).352

Realistic Doppler velocities that would be observed by WIVERN have been sim-353

ulated for various sensitivities (20, -23, and -26 dBZ) and various integration lengths (1,354

2 and 10 km). From the reflectivity and Doppler velocity gradients averaged over 1×5 km355

boxes, NUBF and WS errors corrections (Battaglia, Scarsi, et al., 2022) provide unbi-356

ased velocity estimates which are compared to the LOS wind velocity, finally yielding357

the wind residual statistics.358

The occurrence of winds that would be measured with an accuracy better than 1 m s−1
359

(3 m s−1) compared to the CloudSat cloud detection is shown in Fig. 8a (Fig. 8b). As360

can be expected, the probability of useful Doppler velocity estimates raises with an in-361

creasing sensitivity of the 94 GHz radar onboard WIVERN and a longer integration length.362

In particular, the integration length is greatly valuable for enhancing the number of highly363

precise Doppler velocity estimates (i.e. better than 1 m s−1, Fig. 8a). When relaxing the364

required accuracy on the Doppler velocity (Fig. 8b), the benefit is less evident and the365

fraction of useful winds reach a maximum of about 75% for an accuracy better than 5 m s−1
366

(not shown).367

Overall, the probability of precise Doppler velocity estimates (better than 3 m s−1)368

will be more than 60% up to about 11 km height and will peak between 4 and 10 km369
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Figure 8. Profiles of the fraction of Doppler velocities as would be measured by WIVERN

(relative to the CloudSat reference, black line in Fig. 7a) with an accuracy better than 1 (panel

a) and 3 m s−1 (panel b) with averaging over 1 km, 2 and 10 km (see colors in legend) and differ-

ent sensitivity levels.

height. Nevertheless, thanks to its 66 times better sampling, WIVERN would be 40 times370

more efficient than CloudSat if the latter were able to measure winds. Assuming layers371

of 650 m with a 20% cloud cover, this implies that WIVERN will measure about 300 mil-372

lion precise winds in Tropical Cyclones per year (the exact computation from profiles of373

Fig. 7a and 8b leads to 331 million).374

3.4 Sources of error in WIVERN wind measurements375

Different error sources can decrease the accuracy of WIVERN Doppler velocity. The376

advantage of running a simulator is that each error source can be evaluated separately.377

In the next sections, the different sources of errors are discussed and compared.378

3.4.1 Errors associated with the polarization diversity pulse pair (PDPP)379

estimators380

WIVERN reflectivities will be received in the two polarization channels. Cross-talk381

between the two channels will appear as low reflectivity ghosts 2.3 km above or below382

real targets (for example, ghosts arising from surface cross-talk are visible in Fig. 3a and383

4a at around 2.3 km height as a horizontal line of low reflectivity standing out of the noise384

floor). While such ghosts will be generally easy to filter out in reflectivity measurements385

–18–



manuscript submitted to Earth and Space Science

(Rizik et al., n.d.), they will slightly increase the noise of the corresponding Doppler ve-386

locity, without introducing any bias.387

In this configuration, the computation of WIVERN Doppler velocities will be done

via the polarization diversity pulse pair technique (Battaglia, Martire, et al., 2022). Es-

timates of mean Doppler velocities from this technique are unbiased (apart when close

to the Nyquist interval) and have an intrinsic noise associated with the phase and ther-

mal noise (Pazmany et al., 1999). The precision of the Doppler measurements tends to

improve with the correlation between the H and V pairs, the number of independent pulses

that are averaged, higher levels of SNR (i.e. strong reflectivities), and signal to ghost ra-

tio (SGR) (i.e. decreased contamination by ghosts). The standard deviation of the es-

timated Doppler velocity can be approximated as (Pazmany et al., 1999; Battaglia, Mar-

tire, et al., 2022):

σPDPP
v̂D

=
1

√
2N

vNyq

πβ

√√√√(
1 +

1

SNR

)2

+
1

SGRH
+

1

SGRV
+

1

SGRV SGRH
+

1

SNR

(
1

SGRV
+

1

SGRH

)
− β2

(1)

where:

β ≡ ρHV e−
8π2σ2

v T2
HV

λ2 vNyq ≡ λ

4THV

where λ is the radar wavelength and σv is the spectral width of the Doppler spectrum.388

ρHV accounts for the decorrelation between the H and V pulses which is the result of389

intrinsic decorrelation associated to the hydrometeors (i.e. decorrelation at lag-0) and390

decorrelation due to the backscattering volume mismatch, i.e. to the fact that because391

of the antenna fast rotation, the two backscattering volumes for H and V pulses are not392

the same. The exponential term accounts for the time decorrelation due to the target393

reshuffling, which is proportional to λ/σv. Noise errors for a 5 km integration for differ-394

ent SNR levels are shown in Fig. 9. Monte Carlo simulations via I&Q (like done in Tanelli,395

Im, Facheris, and Smith (2002)) demonstrate that the approximated formula works sat-396

isfactorily at high SNRs and only slightly underestimates uncertainties at low SNRs (con-397

tinuous vs. dashed lines).398

3.4.2 Non-uniform beam filling and wind shear errors399

Other sources of uncertainties are those due to reflectivity in-homogeneity within400

the backscattering volume and its coupling with the wind shear caused by the satellite401
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Figure 9. Doppler velocity standard deviation as a function of SNR for different signal-to-

ghost ratios (SGR) at THV = 20 µs and ρHV = 1 for a 5 km integration (corresponding to 40 H-V

pulse pairs). Results computed using a Monte Carlo simulation of I&Qs (continuous lines) are

compared with the analytical formula in Eq. (1 (dashed lines). Note that for the baseline configu-

ration SNR= 0 dB corresponds to a reflectivity of -15 dBZ.

motion (named non-uniform beam filling bias (NUBF), Tanelli, Im, Durden, et al. (2002))402

and with the atmospheric wind shear itself (hereafter named wind shear (WS) bias).403

The mechanism for the generation of such errors is illustrated for a WIWERN forward-404

looking configuration in Fig. 10, in which a beam of twice 3-dB illuminates the scene in405

correspondence to the profile highlighted with a vertical dashed black line in Fig. 3. The406

corresponding NUBF and WS shear errors are shown in Fig. 11, together with the resid-407

ual error in Doppler velocity after applying the corrections described below.408

For a fast-moving spaceborne Doppler radar, radar reflectivity gradients within the409

radar sampling volume can introduce a significant source of error in Doppler velocity es-410

timates, i.e. the NUBF errors (Tanelli, Im, Durden, et al., 2002). The Doppler velocity411

due to the satellite motion is first compensated for, according to the antenna boresight412

direction, and set to zero. Then the forward (backward) part of the backscattering vol-413

ume appears to move upward (downward) as shown by the black contours in Fig. 10. Across414

the beam of twice 3-dB, this velocity ranges from -6 to +6 m s−1. When coupled with415

a reflectivity gradient, this satellite-motion-induced velocity shear can produce a bias.416

For instance, in the portion of the profile above (below) 6 km, the tendency of the re-417
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Figure 10. Illustration, in the forward direction configuration, of the sub-radar volume

satellite-induced wind shear (as indicated by the black contour lines inside the antenna beam)

and horizontal line-of-sight wind shear (values annotated in the gray contour lines) for the profile

at 780 km (dashed black lines) in Fig. 3.
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Figure 11. Demonstration of NUBF and WS bias corrections for the profile shown in Fig. 10.

flectivity to increase (decrease) towards the surface produces an upward (downward) bias418

(see blue line in Fig. 11).419

The wind shear errors occur when reflectivity and velocity gradients are present420

at the same time within the backscattering volume. In the current profile, there are no421

strong wind shears (maximum of few m s−1 km−1) and therefore WS errors never ex-422

ceed ±0.2 m s−1 (purple line in Fig. 11).423
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For nadir pointing radars, notional studies demonstrated that NUBF biases can424

be mitigated by estimating the along-track reflectivity gradient because NUBF-induced425

biases are, by definition, linearly proportional to such reflectivity gradients (Schutgens,426

2008; Sy et al., 2014; Kollias et al., 2022). Similarly, in a slant-looking geometry, the rel-427

evant gradients are those along the direction orthogonal to the boresight and lying in428

the plane containing the satellite velocity and the antenna boresight direction (hereafter429

indicated as η̂, Battaglia and Kollias (2015)). In a conically scanning system like WIVERN,430

it will be challenging to retrieve the Z-gradients along such directions and the correc-431

tion will change according to the azimuthal scanning angle. For instance, when looking432

forward/backward, η̂ is a combination of the vertical and of the horizontal along-track433

component, whereas when looking sideways, η̂ coincides with the along-track direction.434

For Gaussian circular antennas, if the reflectivity field can be approximated to vary435

linearly within the backscattering volume, then the bias introduced by the satellite mo-436

tion is equal to (Sy et al., 2014; Battaglia & Kollias, 2015):437

∆NUBF = v⊥BS
sat

∇η̂Z

4.343

1

16 log(2)
rθ23dB (2)

where r is the range between the satellite and the ground along the boresight, and v⊥BS
sat438

is the ground-track satellite velocity orthogonal to the antenna boresight. The estima-439

tion of the reflectivity gradient along η̂, ∇η̂Z, is troublesome not only in the presence440

of noisy measurements but also because WIVERN will not sample reflectivities in all di-441

rections but will only produce a 2D slanted reflectivity curtain along the boresight track.442

Two extreme situations can be considered:443

1. in side view, η̂ coincides with the satellite trajectory so that ∇η̂Z can be prop-444

erly estimated from the actual measurements and Eq. (2) can be used exactly with445

v⊥BS
sat = vsat;446

2. in the forward and backward view, only the effect of the vertical gradient of re-447

flectivities can be accounted for (which is likely the most relevant one, apart from448

when hitting cloud edges). Although the vertical gradients are not properly sam-449

pled by the slanted WIVERN geometry they can be well estimated because they450

are expected to be quite homogeneous on a scale of the order of a few kilometers.451

Eq. 2 then becomes:452

∆
forward/backward
NUBF = vsat cos θi sin θi

∇zZ

4.343

r

16 log(2)
θ23dB (3)
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Figure 12. Profiles of the contribution from the main error sources (NUBF, WS, pulse pair

estimator, see legend) on the Doppler velocity standard deviation at (a) 1 km and (b) 5 km inte-

gration. Dashed lines show the residual errors after the correction of NUBF and WS contribution

as described in section 3.4.2

which for the WIVERN parameters corresponds to a bias of 0.077 m s−1 per dB km−1.453

3.4.3 Pointing errors454

Any mispointing in the knowledge of the antenna boresight decreases the accuracy455

of the Doppler velocity because errors are introduced when subtracting the component456

of the satellite velocity parallel to the antenna boresight, v
∥BS
sat , along the antenna bore-457

sight. Different techniques to mitigate these errors are currently under study and are ex-458

pected to contribute less than 0.3 m s−1 (Battaglia et al., n.d.)).459

3.4.4 Error budget460

The WIVERN simulator developed in this study allows to evaluate the contribu-461

tion from each source of error separately. For instance, the satellite motion NUBF in-462

duced errors can be evaluated by computing the velocities running the simulator with463

or without satellite motion and then taking the differences between the two.464

Using the TC dataset in forward view, the profiles of the relative contribution of465

pulse pair estimator, NUBF and WS are shown in Fig. 12 for 1 and 5 km integration lengths.466

At 1 km integration, the error from the pulse pair estimator is clearly the dominant term.467

It is maximum near cloud top where the SNR is low and is enhanced at around 2 km468

height where the surface’s ghost generally degrades the accuracy of the wind. The next469
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contributor is the NUBF error and its correction is clearly efficient with a decrease of470

the error by a factor 1.5 in average. The correction of WS error on the other hand does471

not appear to be successful, but its contribution is anyway negligible compared to the472

two other terms. More work is needed to fully assess the performances of the NUBF and473

WS corrections using e.g. high resolution data from cloud resolving model outputs.474

As expected when averaging over longer integration lengths, the apparent SNR in-475

creases and the pulse pair estimator error reduces substantially. Conversely, the contri-476

bution of NUBF and WS is only weakly effected by the noise level. For integration length477

larger than 10 km (not shown), the pulse pair estimator error starts to be dominated by478

the NUBF error and the correction of the latter becomes essential.479

4 Summary and conclusions480

The conically scanning Doppler W-band radar of the EE11 candidate WIVERN481

mission could provide for the first time global detailed observations of both the verti-482

cal structure of cloud and precipitation microphysics (including the location of convec-483

tive cores) and, simultaneously, of the kinematic structure of the inner part of tropical484

cyclones (TCs).485

Our study demonstrates that, despite the short wavelength of the radar (3 mm)486

which causes strong attenuation in presence of large amount of liquid hydrometeors, the487

system can profile most of the TCs, particularly the cloudy areas above the freezing level488

and the precipitating stratiform regions. Because of its lower sensitivity, the WIVERN489

radar would provide 80% observations of clouds and 60% accurate horizontal winds in490

TCs in comparison to CloudSat sampling, if it had the same sampling pattern. But thanks491

to its scanning antenna, WIVERN would actually provide 52 times more observations492

of clouds (and 40 times more observations of horizontal winds) than CloudSat. This will493

correspond to 447 million observations of clouds and 331 million observations of accu-494

rate winds every year inside TC, if WIVERN is launched.495

At 1 km integration, the uncertainty of horizontal wind measurements will be dom-496

inated by the intrinsic noise associated with Doppler radar measurements and will be497

around 3 m s−1. When averaging the measurements over longer integration lengths this498

uncertainty decreases to e.g. 1.5 m s−1 at 5 km integration. From 10 km integration, the499

error due to the wind shear caused by the satellite motion starts to be dominant and can500
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be corrected by about a half. Other sources of error such as averaging error cannot be501

addressed with the CloudSat data because ECMWF winds are defined over a too coarse502

resolution. They will be the focus of further studies based e.g. on cloud resolving model503

outputs.504

Observations from WIVERN would complement the sparse observations from aircraft-505

reconnaissance measurements and by ground-based and airborne Doppler radars. These506

measurements should shed new light on the interaction between the inner TC core and507

the storm environment, e.g. thanks to a better understanding of the development of TC508

via the release of latent heat and the formation of precipitation.509

It is also expected that the assimilation of these novel wind measurements will im-510

prove NWP’s TC intensity forecasts already demonstrated for other microwaves active511

(Okamoto et al., 2016) and passive observations (Zhang et al., 2021; Duncan et al., 2022).512

Future work should assess the impact of the assimilation of TC WIVERN observations.513

Appendix A Simulating WIVERN from CloudSat and ECMWF winds514

The simulation methodology is sketched in Figure A1. As it was already described515

in details in Battaglia et al. (2018), only the main features are summarised below:516

• First, the 94 GHz effective reflectivity, Zeff (expressed in dBZ), and extinction

coefficient, Kext (expressed in dB m−1), profiles are loaded from the 2C-RAIN-

PROFILE (Haynes et al., 2009) product over ocean for the 2D CloudSat curtain.

The derivation of the attenuation profile in the 2B-GEOPROF (Mace et al., 2007)

product is based on the path integrated attenuation computed by the surface ref-

erence technique (Meneghini et al., 2000); this is only applicable over ocean with-

out sea-ice. Over land, over sea-ice, and for strongly attenuated profiles over ocean,

the profiles of extinction are partially reconstructed with the Hitschfeld and Bor-

dan (1954) technique. The measured reflectivity Zco (expressed in dBZ) at range

r in the WIVERN slant geometry accounts for the increased cumulative attenu-

ation compared to the nadir-looking view:

Zco(r) = Zeff (r)− 2

∫ r

0

Kext(s) ds (A1)
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Figure A1. Flowchart describing the procedure to simulate WIVERN observations starting

from CloudSat CPR observations and ECMWF reanalysis winds.
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where the integral is carried out along the slant direction. The surface clutter po-517

sition is derived from the 2B-GEOPROF product and modulated to the different518

WIVERN incidence angle according to airborne observations (Battaglia et al., 2017).519

• Linear depolarization ratio (LDR, expressed in dB) values are reconstructed ac-

cording to the temperature and the cloud type based on the 2B-CLDCLASS-LIDAR

classification (Sassen et al., 2008): a climatology of the linear depolarization ra-

tio profiles as function of temperature has been derived from data collected at the

Chilbolton observatory during a specific field campaign when the W-band Galileo

polarimetric radar was pointing at 45° elevation angle in June and July 2017. The

resulting profiles of the 10th, 25th, 50th, 75th and 90th percentiles are shown in Fig. A2.

LDR values are reconstructed from the climatological quantiles assuming normal

distributions with mean value and standard deviation depending on the cloud class

and temperature range following Table A1. Since the LDR values are only needed

for simulating the cross-talk effects, this approach is deemed sufficient for demon-

strating the climatological impact of the ghosts on Doppler velocity accuracy. From

profiles of Zco and LDR, profiles of cross-polar reflectivities are computed as:

Zcx(r) = Zco(r) + LDR(r). (A2)

• Vertical profiles of line of sight (LOS) winds geo-located with CloudSat curtain520

are computed by projecting ECMWF horizontal winds from the ECMWF-AUX521

product onto the LOS; both along track and cross track winds are examined for522

simulating the ”forward” and the ”side” views.523

• WIVERN reflectivities received in the two polarization channels, H and V , are524

simulated by taking into account the polarization diversity pulse-scheme (see Fig. 1525

in Battaglia et al. (2013)). Intrinsic to such a scheme, there is cross-talk between526

the two channels (also referred to as ghosts) and separated in range by ∆rTHV
=527

cTHV /2, THV being the separation between the two pulses:528

ZH [r] = Zco[r] + Zcx[r −∆rTHV
] (A3)

ZV [r] = Zco[r] + Zcx[r +∆rTHV
] (A4)

the H being the polarization of the first pulse of the pair sequence.529

• All quantities are integrated over the WIVERN antenna pattern and convolved530

with the point target response function to simulate the antenna weighted co-polar531
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Figure A2. Dependence of LDR on temperature from radar observations at Chilbolton

and corresponding ECMWF temperature profiles (courtesy of John Nicol, Weather Radar New

Zealand).

reflectivity, ⟨Zco⟩W , the cross-polar reflectivity, ⟨Zcx⟩W and the Doppler velocity,532

⟨vd⟩W .533

• Signal-to-ghost ratios (SGR) are computed as:534

SGRH [r] ≡ ⟨Zco[r]⟩W
⟨Zcx[r −∆rTHV

]⟩W
(A5)

SGRV [r] ≡ ⟨Zco[r]⟩W
⟨Zcx[r +∆rTHV

]⟩W
(A6)

• Instrument noise and stochastic noise are added to the reflectivities and to the Doppler535

velocities according to the procedure described in Battaglia, Martire, et al. (2022).536

In order to evaluate the effect of the sensitivity of the WIVERN radar, different537

reflectivity equivalent noise levels at 1 km are used: -20, -23, and -26 dBZ.538

• Doppler velocity corrections are implemented both for non-uniform beam filling539

(NUBF) and for wind shear (WS) according to the procedure described in Battaglia540

et al. (2018).541

Data Availability Statement542

The CloudSat tropical cyclone overpass data set is available at https://ade-laide.cira.colostate.edu/tc/543

website.544
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Table A1. Mean value and standard deviation of LDR according to cloud class.

Cloud class Temperature [°C] mean LDR [dB] σLDR [dB]

ice T < −35 -19 1.5

mixed −35 < T < −1 -17 1.5

melting −1 < T < 4 -14 1.5

rain T > 3 -21 2
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