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ABSTRACT: Existing and planned spaceborne radar missions offer unique three-dimensional
views of clouds, precipitation, and convection, enhancing our understanding of Earth’s water and
energy cycles. Doppler and wide swath capabilities are now being considered as additional fea-
tures to enhance radar capabilities. One such system is the ESA Wind Velocity Radar Nephoscope
(WIVERN), currently in phase A studies; its payload consists of one conically-scanning Doppler
W-band radar in low-Earth orbit, designed to measure the profile of the line-of-sight wind profile
and the vertical structure of hydrometeor content. These observations are crucial for improving
Numerical Weather Prediction models and evaluating cloud and precipitation processes in next-
generation Earth System Models.

A significant error source in WIVERN’s LoS Doppler velocities is the Non-Uniform Beam Filling
(NUBF) error, introduced by reflectivity field inhomogeneities within the backscattering volume.
This effect has been studied for nadir-looking Doppler radars, like EarthCARE. This work proposes
a methodology to reduce such error which is applicable to WIVERN’s conically-scanning config-
uration. Depending on the antenna pointing with respect to the satellite velocity, the correction is
proportional to spatial reflectivity gradients in directions which are not necessarily sampled by the
scanning pattern. End-to-end simulations of WIVERN for different storms show that NUBF errors
depend on the antenna scanning-angle, are unbiased and generally have a standard deviation below
1 m/s. The NUBF correction can reduce this error by approximately 40%, though its effectiveness
decreases when accounting for the reflectivity measurements noisiness. Errors from wind shear
are smaller, but the proposed mitigation schemes are less effective due to the Doppler velocity and

reflectivity measurements combined noisiness.
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SIGNIFICANCE STATEMENT: Future satellites in low Earth orbit are expected to deploy radars
with Doppler capabilities and slant looking view to study the dynamic of the Earth’s cloud systems.
Uncertainties in measured Doppler velocities are usually required to be less than a few m/s to
meet mission requirements. However, Doppler velocity errors increase in regions where there
is reflectivity inhomogeneity within the backscattering volume due to the apparent wind shear
introduced over the same volume by the rapid motion of the satellite. This work proposes a
technique that successfully mitigates this error to uncertainties lower than 1 m/s by extending the

methodology developed for nadir-looking to conically-scanning radars.

1. Introduction

Space-borne Doppler radars represent a new paradigm in radar meteorology, which promises un-
precedented capabilities for studying atmospheric dynamics, cloud microphysics and precipitation
processes from space (Durden et al. 2016; Tanelli et al. 2018; Battaglia et al. 2020; Kollias et al.
2022a). First data from the EarthCARE W-band nadir-looking Cloud Profiling Radar (CPR), the
first atmospheric radar with Doppler capabilities (Illingworth et al. 2015; Kollias et al. 2014, 2022b),
confirm that it will be possible to map vertical movements of hydrometeor in the troposphere on a
global scale (Galfione et al. (2025)).

When dealing with Doppler radars, the transition from ground-based to low-Earth-orbiting
(LEO) configurations introduces several technical and scientific challenges that must be addressed
to ensure accurate and reliable measurements. The main problem is related to the intrinsic nature
of the Doppler measurements, i.e. phase shifts are the result of the relative motion between the
measuring system and the observed targets, coupled with the fast motion of the instrument (=
7.6 km/s), which is three orders of magnitude larger than typical hydrometeor velocities when

measured from an Earth-fixed reference of frame. This has two main consequences:

1. the motion of the radar platform, coupled with the finite antenna beamwidth, causes a signif-
icant broadening of the Doppler spectrum (of the order of 3-4 m/s with typical beamwidths)
due to the different values of the satellite velocity projections in different parts of the foot-
prints, a phenomenon referred to as “Doppler fading” (Tanelli et al. 2002; Kobayashi et al.
2002; Battaglia et al. 2013);
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2. any small error in the antenna pointing translates into a Doppler velocity error (Tanelli et al.
2014; Battaglia and Kollias 2014). Recent studies demonstrate that, even when considering
fast rotating antennas, the determination system can achieve an absolute knowledge error
under 100 urad per axis in terms of attitude (Manconi et al. 2025) whereas thermo-elastic
effects can be corrected down to residual less than 0.15 m/s by using natural target calibration

techniques (Treserras et al. 2025).

The first problem has two far-reaching implications.

Firstly, large spectral widths significantly lower the radar decorrelation times (Kobayashi et al.
2002; Battaglia and Kollias 2015). This degrades the quality of the Doppler velocity, unless very
high pulse repetition frequencies (PRF) and long integration times are used (as adopted for the
EarthCARE CPR, Treserras et al. (2025)). However, a high PRF can be detrimental for sampling
the full troposphere (e.g. presence of second trip echoes as predicted by Battaglia (2021) and
confirmed during the EarthCARE commissioning phase).

Secondly, the Doppler velocities are biased when the radar beam encounters inhomogeneities
in the precipitation or cloud structures within the resolution volume, i.e. in the presence of
non-uniform beam filling (NUBF). Since Doppler velocities are reflectivity weighted, if the radar
beam is not uniformly filled, the measured Doppler velocity will be biased towards the apparent
relative velocity of the brighter scatterers within the beam. Even in the presence of uniform winds
and hydrometeors with the same sedimentation velocity within the radar backscatter volume,
platform motion introduces significant Doppler fading within the footprints. This bias can be
large (several m/s) because LEO radars have a large backscattering volume, thus increasing the
likelihood of encountering non-uniform structures like cloud and precipitation edges. This effect
is further exacerbated in presence of strong wind shears and/or sedimentation velocity gradients.
Overall NUBF errors can significantly contribute to the overall error budget of Doppler velocity
measurements from fast-moving platforms (Battaglia and Kollias 2015; Kollias et al. 2022a). Thus
accurate corrections of NUBF effects are essential for improving the quality of space-borne Doppler
radar data.

The recently launched Earth Cloud Aerosol and Radiation Explorer (EarthCARE) mission,
equipped with a nadir-looking W-band CPR (Illingworth et al. 2015), is designed to study convective

and sedimentation motions and cloud properties. Since the Doppler velocity measurements are
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susceptible to NUBF effects, numerous studies have developed robust corrections to mitigate
their impact on scientific data Tanelli et al. (2002); Schutgens (2008); Sy et al. (2014); Kollias
et al. (2014). All these corrections are based on the gradient reflectivity method, i.e. the bias
correction applied to the Doppler velocity is proportional to the along-track reflectivity gradient.
The assumption underpinning the method is that the reflectivity gradient within the backscattering
volume can be estimated from the large scale reflectivity spatial gradient. The correction is
currently being tested with EarthCARE data.

The challenges associated with NUBF become even more pronounced for slant-looking Doppler
radars, such as for the proposed WIVERN (Wind Velocity Radar Nephoscope) mission. WIVERN,
one of the two finalists of the ESA’s Earth Explorer 11 programme, represents a revolutionary
concept in Earth’s observations. It features a W-band cloud radar with a large reflector that is
fast conically scanning at an off-nadir angle of about 38 degrees (Illingworth et al. 2018). This
configuration allows WIVERN to measure horizontal wind speeds in clouds and precipitation
and to map the three dimensional structure of mesoscale weather systems, thus providing a novel
perspective for weather forecasting and mesoscale climate dynamics studies.

However, WIVERN conical scanning geometry introduces additional complexity to the NUBF
correction. Unlike nadir-looking radars, where the satellite velocity vector is almost perfectly
orthogonal to the radar beam, with conically scanning radars the orientation between the satellite
velocity and the boresight direction changes rapidly as the radar performs a conical scan. This
makes the NUBF Doppler velocity bias induced by the satellite motion a function of the scanning
angle. Scope of this work is first to discuss the peculiarity of NUBF Doppler velocity bias
for conically scanning configurations (Sect. 2). Then a correction algorithm that generalizes the
methodologies developed for nadir-looking radars is introduced in Sect. 3. Sect. 4 presents results
of simulations and expected performances of the corrections for the WIVERN radar configuration.

Conclusions are drawn in Sect. 4.

2. NUBEF for conically scanning radars

For a nadir looking radar the NUBF is illustrated in Fig. 1. All directions i, within the backscatter
volume in the forward part of the footprint [i.e. where @, - (G, —pgs) > 0] are characterized

by positive (downward) velocities once the platform motion along the LoS, 0, - Gips, has been
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Fic. 1. Cartoon illustrating the NUBF problem for nadir-looking radars. The wind shear across the 3 dB
footprint is illustrated by the color palette with Doppler velocity values ranging from +5.8 m/s for the EarthCARE
configuration. Red (purple) colors correspond to targets that are apparently receding from (approaching) the

radar.

subtracted; this means that the hydrometeors will appear to be moving upward, i.e. approaching the
radar (negative Doppler velocities). Correspondingly there will be a shift toward higher frequencies
(violet shift). The intensity of the Doppler frequency shift will increase moving away from the
boresight (color moving from white to deep violet). For instance for the EarthCARE satellite at
the border of the 3 dB beamwidth the effect is of the order of 5.8 m/s. The exact opposite effect
will occur in the backward part of the footprint (red shift, hydrometeors apparently receding from
the radar). Along-track radar reflectivity gradients within the radar sampling volume introduces

a bias in Doppler velocity estimates (Tanelli et al. 2002). For example, the backward part of the
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Fic. 2. Conically scanning geometry envisaged for the WIVERN mission with unit vectors and angles used in

the text. The width of the footprint is exaggerated for illustration purposes.

backscatter volume V; is only partially filled by hydrometeors; this implies that the mean Doppler
velocity will be biased toward the negative values of the forward part of the backscatter volume.
The situation complicates when dealing with conically scanning radar systems like the one en-
visaged for the WIVERN mission. The geometry of observation together with the main specifics
of the WIVERN radar are illustrated in Fig. 2. If funded, WIVERN will deploy a dual-polarization
Doppler W-band conically scanning cloud radar with a large elliptical non-deployable main reflec-
tor. WIVERN antenna scans at an off-nadir angle of 38° (which corresponds to an incidence angle
of approximately 42°) at 12 revolutions per minute. Such a speed rotation implies the use of one
horn for transmission and the other for reception, allowing for continuous scanning without the need
for mechanical switching. The radar has Doppler capability, with Doppler measurements obtained
using the polarisation diversity pulse-pair approach (Pazmany et al. 1999; Battaglia et al. 2013)
and will transmit pair of H and V-polarized pulses separated by 20 us every 250 us (see Battaglia

et al. (2025), their Fig 2). The scanning position can be characterized by the azimuthal scanning
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Fic. 3. Behaviour of 1, 4, and A3 (left y-axis) as a function of the azimuthal angle from 0° to 360°. The

diagram also shows the projected satellite velocity along the boresight and orthogonal to it (right y-axis).

angle, ¢, which is measured counterclockwise from the forward view; therefore, ¢ = 0°, ¢ = +90°
and ¢ = 180° correspond to the forward, side (right and left) and backward views, respectively.
As the antenna rotates the angle between the antenna boresight (BS), ligs, and the satellite

velocity Vg, changes. This has two consequences:

1. There is a component of the satellite velocity along the antenna boresight (BS) direction,
I1BS
V

sat

that is changing with ¢ between -4.7 to +4.7 km/s moving from forward to backward
direction (see dashed black line in Fig. 3). This velocity produces a large Doppler shift (of
the order of +3 MHz) that must be perfectly compensated at each pulse. This can be done

digitally at the receiver level.

2. The wind shear introduced within the radar backscattering volume by the satellite motion
changes with the azimuthal scanning angle. The isodop contours (level of constant Doppler
velocities), illustrated by the color palette in Fig. 4 for two azimuthal angles (left panel:

forward; right panel: side), clearly show a rotation when moving from forward to side view.
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FiG. 4. Cartoon explaining Doppler velocity errors introduced by NUBF for slant looking radars. Panel a):
forward-looking view; panel b): side-looking view. In both cases the satellite is moving from left to right. The
wind shear across the 3 dB footprint projected on a plane orthogonal to the LoS is illustrated by the color palette
ranging from +3.7 m/s in the forward/backward view and +4.6 m/s at side view. Red (violet) colors correspond
to receding (approaching) velocities and lower (higher) frequencies of the backscattered radar signal. Rendering

by P. Ercole-Cavatore.

Note that the shear is larger at side view because in that condition the satellite velocity
VJ_BS

perpendicular to the boresight, V>,

is maximum (see the dashed black line in Fig. 3). When
this shear is coupled with reflectivity inhomogeneities within the backscattering volume (like

for volume V; or V; in Fig. 4), biases in the Doppler velocities will arise.

The left panel of Fig. 4 demonstrates what happens when considering backscattering volumes
astride cloud sides (volume V;) or cloud tops (volume V5) for a forward looking radar. For V;
the Doppler velocity will be violet-shifted (thus a negative Doppler velocity bias) whereas for V,
it will be red-shifted (positive bias). In general for backward and forward views, biases will be
linked to vertical gradients of radar reflectivities which are typically negative near cloud tops and
positive at cloud bases (or in regions deep inside clouds where strong attenuation is encountered).
For forward looking geometry, biases will be positive (negative) at cloud top (base); the situation
is opposite when considering backward view.

On the other hand for side view (right panel of Fig. 4), biases will be associated to horizontal

gradients of radar reflectivities which are typically encountered at the edges of clouds. For volume
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Vi (V») entering (exiting) a cloud side, a violet (red) shifti.e. a negative (positive) Doppler velocity
bias will be produced.

These simple examples demonstrate that NUBF will affect the Doppler velocities in different
ways for different scanning directions. It is also clear that when considering a large number of
viewing directions the distribution of biases will tend, statistically, to have zero mean; for instance
cloud tops will be seen statistically the same amount of times in the forward and in the backward
direction, thus producing biases with opposite signs, that will statistically cancel out. Similarly,
there will be an equal number of scan volumes entering and exiting cloud edges for side views.
Thus, the nature of the conical scanning pattern causes the NUBF error distribution to have a zero
mean by construction. This is very important for data assimilation, which is very sensitive to bias

(Horanyi et al. 2014).

3. NUBF correction for conically scanning radars

a. Satellite motion NUBF error correction

For nadir-pointing radars, notional studies demonstrated that the biases introduced by the satel-
lite motion NUBF effects can be mitigated by estimating the along-track reflectivity gradient
because NUBF-induced biases are expected to be linearly proportional to such reflectivity gradi-
ents (Schutgens (2008); Kollias et al. (2014); Sy et al. (2014); Battaglia et al. (2020)). Similarly, in
a slant-looking geometry (Battaglia and Kollias (2015)), the relevant gradients are those along the
direction orthogonal to the boresight and lying in the plane containing the satellite velocity and the
antenna boresight direction (7} direction in Fig. 2). In a conical scanning system like WIVERN,
it is more challenging to retrieve the reflectivity gradients along such directions for all azimuthal

angles for two reasons.

1. The reflectivities averaged at 1 km integration length are very noisy (due to the fast footprint
speed which is = 500 km/s, only a limited number of pulses, less than 10, is available for
averaging in the pulse pair processing). This will produce noisy estimates of reflectivity

gradients.

2. The direction along which the gradient needs to be computed may not be fully sampled by

the radar scanning patterns. For instance, when looking in the forward/backward direction,

10
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the 7) direction is a combination of the vertical and the horizontal components which are only
partially sampled by the conical scanning pattern. On the other hand when looking sideways

it involves a horizontal component which is fully sampled by the scanning pattern.

For Gaussian circular antennas, if the reflectivity field can be approximated to vary linearly
within the backscattering volume, then the bias introduced by the satellite motion (defined as the
difference between the Doppler velocities measured by an instrument on a moving platform and
the same quantity measured by a still instrument) is equal to (Sy et al. (2014); Battaglia and Kollias
(2015)):

2
185 VnZ 1 2 s YnZ rO3,

R: . =i
sat 4343 4r log(2) 98 Vsat 3343 16 log(2)

ey

OVNUBF =V

9
where R3gp = ~34£

is the radius corresponding to the 3-dB beamwidth, r is the range between

1BS
sat

the satellite and the ground along the boresight, and v is the ground-track satellite velocity
orthogonal to the boresight, which varies along the scan as illustrated in Fig. 3 (continuous black
line). Because in our convention positive (negative) Doppler velocities correspond to receding
(approaching) particles, positive (negative) NUBF biases correspond to receding (approaching)
velocities and will be plotted with warm (cold) colors. This is consistent with the astronomer red
shifts due to the Universe’s expansion.

The gradient along 7) can be estimated from the gradient formula as:
V,Z=VZ-7 2)

which is true for any reference of frame. Now if we use a reference of frame with (1, @i, @1;) with
0, tangential to the cycloid (counterclockwise), @i, normal to the cycloid inward in the horizontal
plane and 11, along the local vertical (see Fig. 2), then for each position across the cycloid the unit
vector 7] can be written as:

G50 — (A5 - Oy,) Ups

= ——— — (3)
|usat - (uBS : usat) uBSl

11
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where i, is the unit vector in the direction of the satellite velocity and tigg is the antenna boresight

unit vector. Then 7) can be decomposed on the (1,11, 0;) reference frame as

N =21(4)8; +A2($)0, + A3()0, “4)

where the coefficient As are derived from the respective dot products with the unit vectors of the

(@, 10,,0,) reference frame:

A =10l (%)
A3 =n-1, (N

and are a function of the azimuthal scanning angle, ¢, as shown in Fig. 3. Note that, because of
the symmetry associated with the conical scan, all coefficients assume both positive and negative
symmetric values when ¢ ranges from 0° to 360°.

By using the expression (2) we get:
V,]Z = /l]VﬁtZ+/12VﬁnZ+/l3VﬁzZ ~ A (¢)VﬁIZ+/l3(¢)VﬁZZ (8)

where the approximation is forced by the fact that for WIVERN it is not possible to estimate
Vi, Z. Only at side view (when the 7 direction is actually parallel or antiparallel to 1) the A, term
will be identically zero. On the other hand, its impact will be maximal in the forward/backward
view. Viceversa the effect coming from the vertical reflectivity gradient term contributing to V,,Z
in Eq. 8 can be accounted for (though it will have a maximum impact in the forward/backward
configuration and no effect in a side view) based on the assumption that the vertical changes of
reflectivities dominate the along range gradients so that the vertical gradients can be inferred from
Va,Z = Vg, Z/cos(6;) where 0, is directed from the surface to the satellite along the BS direction.

By inserting Eq. (8) into Eq. (1) for a circular antenna the NUBF bias can be expressed as:

Sv _VLBS/ll(¢)VﬁtZ+/l3(¢)VﬁZZ r@%dB
NOBE™ Psar 4.343 16 log(2)

)

12
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respectively (equal to approximately 0.072 and 0.066 degrees for WIVERN) then Eq. (9)

If the antenna is not circular but elliptical with a horizontal and vertical beamwidth equal to 6

1%
and 03,455

will read:

5v = vLBs/ll(@Vﬁ,Z(@gldB)z+/l3(¢)vﬁz2(‘9¥d3)2 d
NUBF = Viat 4.343 16 log(Z)

(10)

Eq. (10) greatly simplifies at side view where 1, = A3 = 0 whereas at forward/backward looking
angles (¢ =0,m) 11 =0. Atside view (i.e. ¢ =+90°) only horizontal gradients are relevant (and are
fully captured by the WIVERN measurements); the bias correction for 63,5 =0.072° and r =675 km
is approximately 0.27 ms~! per dB km™' of horizontal gradient. In the forward/backward view
(that is, ¢ =0, 180°), the horizontal gradients will not be captured by the measurements and the
correction will be driven by the vertical gradient and equal to approximately 0.20 ms~! per dB km™'

of vertical gradient.

b. Wind shear NUBF error correction

Similarly to those introduced by satellite-motion, biases in the Doppler velocities measurements
may arise when there is a vertical wind shear coupled with a large vertical gradient of radar
reflectivity across the radar backscattering volume. Since the vertical wind shear is generally
considerably larger than the horizontal one, under the assumption that the reflectivity and wind
fields can be approximated to vary linearly within the backscattering volume, the bias due to wind
shear (WS) can be approximated as (Battaglia et al. 2018):

V.Z YV vies | A2 03,

Sviws = 2y 4 ——3dB_
WSE 4343 |12 2% YT 16 10g(2)

sin” 6, (11)

where Ar is the radar range resolution, V,Z and V,v;,s are the reflectivity and line-of-sight
wind vertical gradients expressed in dB m~! and in s~'. For the “WIVERN” configuration this
corresponds to a bias of 0.083 m s~! per dB km™! for a wind shear of 0.01 s~!. The reflectivity
gradients and wind shear along the vertical direction can be inferred from adjacent gates and
therefore a correction can be attempted. Wind-shear-induced biases are generally smaller than
NUBF-induced biases with amplitudes up to 1 m s~ and confined to the areas at the edge of clouds

characterized by large wind shear and vertical reflectivity gradients.

13
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4. End to end simulations and NUBF corrections

An end to end simulator for the WIVERN mission has been developed and refined in the past
four years. The backbone simulator, thoroughly described in Battaglia et al. (2022), has been
recently updated with an /&Q (Battaglia et al. (2025)) and a surface clutter (Manconi et al.
(2024)) module. The simulator can be applied to atmospheric scene outputs produced by cloud
resolving models like WRF, SAM or ICON. The simulations produce slant profiles of reflectivity
and Doppler velocity signals with the expected noisiness and sampling. Radar observables are
computed first without noise by simply integrating the relevant quantities over the backscattering
volumes. Doppler velocities are computed as the reflectivity averaged sum of the contributions
coming from the surface clutter and from the hydrometeors by accounting for the hydrometeor
Doppler terminal velocity and the wind speed along the line of sight viewing direction of the radar.
Noise (with a single pulse sensitivity level assumed to be -18 dBZ) is then injected for producing
1&Qs according to the method described in Battaglia et al. (2025). From the 1&Qs reflectivity and
Doppler velocities can be computed according to standard pulse pair processing (Pazmany et al.
1999). For the WIVERN configuration, typical errors as a function of signal-to-noise ratios (SNR)
for reflectivities and Doppler velocities are described in Battaglia et al. (2025). In the following,
noisy observables will be indicated with a tilde, e.g. Z.

All products are sampled every 167 m in range and averaged over 1 km in the scan direction.
The reflectivity signals are further refined by eliminating crosstalk, following the methodology
proposed by Rizik et al. (2023). Finally, a feature mask similar to the one currently used for
the EarthCARE CPR (Kollias et al. (2022b)) is applied to identify significant cloud returns and
clutter-contaminated regions.

The NUBF study is restricted to cloudy regions where the signal-to-clutter ratio exceeds 10 dB
and where the signal to noise ratio exceeds 0 dB (i.e. reflectivities exceeding -18 dBZ, thus a
Doppler with small errors as demonstrated in Battaglia et al. (2025)). The advantage of a simulator
framework is that the different Doppler velocity error sources can be directly quantified (Battaglia

et al. (2022)). At any given range r the estimate of the error caused by the NUBF is given by:

AvNugr(r) =vi™(r) —vae (r) (12)
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atm

where v ;™ is the ideal (i.e. without noise) Doppler (i.e. reflectivity-weighted) Line of Sight (LoS)

atm
D b

atm

velocity and v

is the LoS Doppler velocity computed in the same way as v but setting to
zero the speed of the moving platform (v, = 0).
The error caused by wind shear can be estimated by computing the antenna weighted (AW) ideal

velocities (i.e. not weighted by the reflectivity and without any noise) and comparing it with v gt(r)":

Avws(r) = vi‘{lvlo(r) — vgtg](r). (13)

Here in both cases the satellite velocity is set to zero (“0” subscript) in order to isolate the

contribution from the wind shear.

a. Savitzky Golay filtering for the computation of gradients

A key ingredient for the NUBF corrections is the computation of the vertical and along-track
reflectivity and Doppler velocity gradients [see Eqgs. (10-11)]. Since the reflectivities/Doppler
velocities measured by WIVERN are expected to be noisy (of the order of 1.2-1.5 dB and 1-
1.2 m/s, respectively at high SNR at 1 km integration) the reflectivity/Doppler velocity fields are
first smoothed by a two-dimensional Savitzky-Golay (SG) filter (Savitzky and Golay 1964), which
is a method used to reduce noise in data while keeping key characteristics of the signal. The filter
uses a local data window and approximates the function with a polynomial (of second degree in our
case) and then replaces the center point with the estimated value. The window is specified in terms
of an (odd) number of vertical (ny) and horizontal pixels (ng). Since WIVERN samples every
1 km in the horizontal and 125 m in the vertical ny =3, 5 (i.e. 3 or 5 km averaging horizontally)
ny =3,...,9 (1.e. 0.375-1.125 km averaging vertically) have been selected. These are sensible
averaging regions for smoothing the reflectivity fields. The selection of the best (ng,ny) pairs is
discussed below and results from the trade-off between reducing the noise with minimal smoothing,
and limiting the loss of data at the edges of the clouds (because the SG filtering requires a window
with defined reflectivities or Doppler velocities around its center). All the gradients computed
from the noisy reflectivities and Doppler velocities with the SG filter will be indicated with VZZ
and V,v;,s. Correspondingly 6vyygr and 6vys will be the noisy estimates of the corrections

proposed in Egs. (10-11).
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b. Case study with Medicane Apollo

The numerical weather prediction model adopted in this study is Weather and Research Fore-
casting (WRF) a next-generation mesoscale numerical weather prediction system designed to serve
both operational forecasting and atmospheric research needs (Powers et al. 2017). The WRF
model represents the atmosphere using multiple state variables that are discretized over consistent
Cartesian grids. The model’s solution is calculated through an explicit high-order Runge-Kutta
time-split integration technique in the horizontal dimensions, with an implicit solver utilized for
the vertical dimension. The case study under consideration is represented by Apollo, an intense
Mediterranean tropical-like cyclone that affected many Mediterranean countries, especially Italy,
in October 2021 (Borzi et al. 2022; Lagasio et al. 2022; Menna et al. 2023). In this study, WRF
model version 3.9.1 has been adopted with 3 two-way nested domains at 3, 1 and 0.33 km grid
spacing. WRF is configured with the following physical parameterizations: the RRTMG shortwave
and longwave schemes (Mlawer et al. 1997; Iacono et al. 2008) are used for radiation; the Rapid
Update Cycle (RUC) scheme is chosen as a multi-level soil model (6 levels) with higher resolution
in the upper soil layer (0, 5, 20, 40, 160, 300 cm) (Smirnova et al. 1997, 2000); no cumulus
scheme is activated in the three domains with grid spacings ranging from cloud-resolving to LES-
like; finally, WRF Single—-moment 6—class Scheme (WSM6, Hong et al. 2006) is adopted for
microphysics. A TKE LES-like turbulence closure approach is adopted. The initial and boundary
conditions are provided by Integrated Forecasting System (IFS) ECMWF at 9 km grid spacing and
hourly temporal resolution for the 24 hours period from 29 to 30 October 2021, when the Apollo
Medicane reached its high-intensity: a ship in the Mediterranean Sea passed through Apollo and
measured a peak wind speed of 104 km/h (65 mph) and a pressure of 999.4 mb.

A scene simulated by the WRF model in correspondence to Medicane Apollo is here used to
demonstrate the NUBF and wind shear effects. A 120° sector scan of WIVERN is shown in Fig. 5
with the red curved line representing the intersection of the antenna boresight with the ground. The
satellite is in the ascending part of the orbit, with the radar scanning passing from the right side to
the forward view. The corresponding vertical profiles of reflectivities and Doppler velocities are
shown in the top panels of Fig. 6; both are averaged 1 km along track, thus they are very noisy
(only 8 pulse pairs are averaged with an effective pulse repetition frequency of 4 kHz). Note that

the reflectivities have been noise-subtracted; in addition ghosts have been identified and eliminated
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according to the methodology proposed by Rizik et al. (2023). The black line corresponds to the
level where the signal to clutter ratio is equal to 10 dB; above that line the measurements can be
confidently used to retrieve atmospheric properties. Note also the presence of a strongly attenuated
region (azimuthal angle between 265° and 290°) with full extinction already at about 8 km. This is
associated with a large amount of liquid content being lifted upwards by convective motions. The
NUBEF error (Avyypr, left column) shows a characteristic variability between -2 and 2 m/s with
larger errors at cloud egdes where the strongest reflectivity gradients are encountered. Note how
the errors are more horizontally (vertically) stratified around ¢ = 360° (¢ =270°) at forward view
(side view) as expected from the discussion in Sect. 2. The NUBF errors are well predicted by
Eq. (10). In presence of perfect estimates of reflectivity gradients results would have been excellent
(third left panel). With real (noisy) measurements the NUBF error estimate are not as successful
(bottom left panel); in addition the SG window implies that at the edges no estimate is possible
because the gradients cannot be estimated (compare the narrower field where a correction can be
estimated in the bottom with the upper panels).

The wind shear errors (second row, right panel) are generally smaller than the NUBF errors. In
addition, since both strong reflectivity gradients and strong wind shears must be simultaneously
present to create significant errors, the wind shear errors are generally present only at cloud edges.
For instance, although there is a strong wind shear at about 5 km between azimuthal angles between
290° and 310° (top right panel) the wind shear error is lower than 0.5 m/s in that region because
correspondingly there is not a large reflectivity vertical gradient. Overall, Eq. (11) properly capture

the behaviour of the wind shear error.

c. Statistical results

In order to draw statistically robust conclusions about the NUBF and the wind shear errors and
their corrections, the end to end simulator has been applied to a variety of meteorological scenes
(in addition to Medicane Apollo, simulations of hurricane Milton and Elsa are included as well)
for a total of more than 120,000 profiles in cloudy conditions (defined by integrated hydrometeor
contents exceeding 100 g/m?), which correspond to a total of more than 5,7 million sampled points
(back-scattering volumes) with a signal-to-noise ratio (SNR) larger than 0 dB (i.e. for WIVERN
reflectivities exceeding -18 dBZ) and with a signal to clutter ratio (SCR) larger than 10 dB. A
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Fic. 5. A 120° sector WIVERN scan over Medicane Apollo for an ascending orbit with the green (red) circle
corresponding to the side (forward) view. The grey color scale is modulated by the total hydrometeor water path

in logarithmic scale.

density plot showing the distribution of Avyypr as a function of the scanning angle ¢ from 0° to
360° for all the points of the simulated database characterized by SNR larger than 0 dB and by
SCR larger than 10 dB is shown in Fig. 7. In addition, only the points in the (ng, ny) = (3, 3)
SG window have been included, in order to be more consistent with the statistical results shown
later. The black lines correspond to different percentiles of the distribution, whose median value
(red line) is, as expected, very close to 0 m/s. The most important feature is the broader (narrower)
distribution of the errors close to forward- and backward-view (side-view) directions, which is
expected because horizontal reflectivity gradients are typically smaller than vertical reflectivity
gradients. This overcompensates for the greater Doppler fading that occurs at side views. Overall
the 25" and 75" percentiles are of the order of +0.4 m/s and +0.1 m/s at forward/backward and
side views whereas the 10" and 90" percentiles are of the order of +0.9 m/s and +0.3 m/s.

The median and the standard deviation for Avyypr (indicated with o) have been reported
in Fig. 8 as a function of the azimuth angle (black continuous line in the left and right panel,
respectively). Here the angles have been folded to the 0° -90° interval because the errors are
expected, when computed over a large number of profiles, to have forward/backward and left/right
symmetries. As noted before the bias is essentially O for all angles (left panel) whereas oa ranges

from 0.7 m/s to 0.4 m/s for forward/backward and side-view, respectively (right panel).
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signal-to-clutter ratio of 10 dB. Regions with signal-to-noise ratio lower than 0 dB and with signal-to-clutter ratio
under 10 dB have been removed in all the other panels. The Doppler velocity biases introduced by NUBF and
wind shear are shown in the second row (c and d, respectively). The third and fourth rows depict the corrections
for NUBF (e) and wind shear (f) computed by using ideal (i.e. without any noise) and noisy measurements (g

and h, respectively).

The effectiveness of the NUBF correction has been tested by assuming a perfect knowledge of
the gradients. After the NUBF correction, the reduction of the standard deviation of the histogram
of Avyypr —o0vyupr (indicated with oa_g, blue line) with respect to oa (black line) is a measure

of the effectiveness of the NUBF correction. There is a substantial improvement with a reduction
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of the error to 0.25 and 0.4 m/s at side-view and at forward/backward-views. This provides a limit
for the best possible reduction of NUBF.
The correction will be less effective when using real measurements. In fact, the estimate of the

gradients via SG smoothing will have two major drawbacks:

1. It will limit the region in which gradients are estimated to a sub-domain compared to the
initial domain; this effect will be greater for larger SG windows, particularly when broadening

the vertical window;

2. the use of noisy measurements will introduce additional uncertainties in estimating the gradi-

ents.

Different SG windows have been used: (ngy, ny) = (3, 3), (3, 5), (3, 7), (3, 9), (5, 3), (5, 5),

(5, 7), (5, 9), where the first (second) is the number of pixels in the horizontal (vertical) dimension,
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Fic. 8. Bias (a) and standard deviation (b) as a function of the azimuthal angle for the NUBF error (black
line), and for the residual after the NUBF correction computed without noise (blue line) and with noise by using
different SG windows (see legend). One pixel in the horizontal (vertical) corresponds to 1 km (167 m). All
results are computed with the domain defined by the (ng, ny) = (3, 3) SG window. The number of points for

conducting the statistical analysis is plotted on the left panel (red curve, right y-axis).

each with a resolution of 1 km (0.125 km). For each SG window, the residual bias and standard
deviations are computed as the bias and standard deviation of the histogram defined by: Avyypr —

6vupr in the SG domain and by Avyygr in the remaining domain (if any). These quantities will

be indicated as O'Z”(’?"V

and are plotted as dashed and dash-dotted colored lines in Fig. 8. For the
biases (left panel) there is no significative variation (all biases remain smaller than 3 cm/s). For
the standard deviations (right panel), all SG curves are elevated with respect to the continuous blue
line, as expected; none produces larger errors than the original error (black line), a sign that the
correction is always worth doing. Overall, o3

A5
error from 0.75 to 0.65 m/s at forward/backward view and from 0.43 to 0.32 m/s at side view. The

produces the best results by reducing the NUBF

improvement is robust for the selection of the SG window, with minimal variations when adopting
different SG windows.

For the wind shear correction, the histograms in Fig. 9 illustrate the true WS error Avyg (red
curve), the residual error after the correction when using the true vertical gradients of the reflectivity
and the Doppler velocity, Avys —dvwys (blue line), and the difference with the approximation
computed with the vertical gradients after SG filtering with the same window used for NUBF,

(ng, ny) = (3, 3), Avys — 5 vys. It can be noted that there is an improvement with the correction
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performed when adopting in Eq. (11) the true gradients, with the standard deviation passing from
0.26 m/s for o) to0 0.16 m/s for o}, On the other hand the correction after SG filtering, 01"_?3,
worsen the result by broadening the standard deviation to 0.44 m/s. This lack of improvement is
due to the fact that in Eq. (11) there is a multiplication of two gradients, that tends to amplify the
noise in the estimate of such quantities. This differs from the correction proposed for NUBF error

in Eq. (9), which is linearly proportional to the reflectivity gradients.

5. Conclusions

Thanks to the recently launched EarthCARE mission, spaceborne Doppler atmospheric radars

on board low-Earth orbiting satellites are now a reality, with several missions, either selected or
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under selection, now proposing Doppler capabilities (Battaglia et al. 2020). Measuring the speed
of atmospheric targets from a fast moving platform presents several challenges. One potentially
detrimental contribution relates to errors associated with the fact that the radar backscatter volumes
may not be uniformly filled by atmospheric targets. Mitigation strategies have been developed in
the past for nadir-looking radars and are currently being tested by the EarthCARE CPR.

This paper discusses the extension of NUBF correction techniques based on the reflectivity
gradient method from nadir-looking to slant-looking Doppler radars, as recently proposed by the
WIVERN ESA Earth Explorer 11 mission. Results based on a considerable number of simulations
suggest that for the planned WIVERN mission, the NUBF errors will generally be well below
1 m/s for all viewing angles, but with larger errors expected when looking in the same direction as
the satellite’s motion. The correction developed in this study could potentially reduce the NUBF
error by 40% with respect to the initial error. However, due to the noisiness of the estimates of
the reflectivity gradients, the errors will only be reduced to values between 0.65 and 0.35 m/s in
forward/backward and side view, respectively.

Wind shear across the backscattering volume also introduces errors, which have distributions
with zero mean and standard deviation smaller than 0.3 m/s. While a theoretical framework for
a correction based on the product of reflectivity and Doppler velocity vertical gradients has been
developed, this correction, when applied to data with the noisiness expected for the WIVERN data,
is actually worsening results and therefore it is not expected to be implemented in the mission Level-
2 processing. Overall, the combination of wind shear and NUBF errors have distributions with
no bias and standard deviations below 1 m/s (which was the requirement specified by WIVERN
(2023)), i.e. considerably less than the noise error associated with the pulse pair estimator. The
mission requirements can be satisfactorily met.

Although the methodology presented in this paper has been applied to the specific WIVERN
mission, the framework for the NUBF and wind shear corrections is general and can be applied to

any future mission deploying a slant-looking Doppler atmospheric radar.
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