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ABSTRACT

An error budget analysis is performed for retrieval of along-track winds based on the design of a spaceborne
Doppler radar using polarization diversity. The analysis is conducted within the framework of a case study of
an Atlantic hurricane. The proposed concept consists of either a Ka-band or W-band stereoradar mounted
on an LEO satellite equipped with both nadir- and forward-viewing beams and with an optional cross-
scanning capability. Such a radar design is intended for observing the microphysical and dynamical structures
of cloud systems, including disturbed mesoscale convective systems. Because of the high winds involved in
such weather phenomena and because of the Doppler fading introduced by platform motion, polarization
diversity is adopted. The simulation framework enables a breakdown of the Doppler velocity measurement
error budget into its most important components, that is, nonuniform beamfilling, multiple scattering, and
inherent signal noise. The impact of each of these error terms on the total error depends on the adopted
integration length, the number of scanned tracks, and the specifics of the radar. This allows for optimally
selecting an integration length suitable for minimizing the total rms velocity error. The analysis shows that the
use of a large antenna could achieve impressive measurement accuracy of the along-line-of-sight wind ve-
locities. Notably, this would be the case for integration lengths longer than 3 km, even when carrying out cross-
track scanning for up to 17 separate tracks. Examples of retrieved along-track wind fields also reveal that the
large antenna configurations are capable of identifying and quantifying the foremost dynamic features (e.g.,
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vertical wind shear and convergence/divergence regions).

1. Introduction

Current operational spaceborne radars offer global-
scale coverage and have been able to probe the vertical
structure of clouds and precipitation by making mea-
surements of incoherent radar reflectivity quantities at
various millimeter-region wavelengths (see Kummerow
et al. 1998; Stephens et al. 2002; Hou et al. 2014). Going
beyond this type of measurement, the coming availability
of coherent radar Doppler velocity measurements from
space will significantly improve the classification of cloud
and precipitation genres, reduce the uncertainty in qu-
antitative retrievals of in-cloud winds and hydrometeor
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properties, and ultimately lead to new understanding and
insights concerning cloud dynamics and hydrometeor
lifetimes/sedimentation rates (see Battaglia et al. 2011; Sy
et al. 2013; Kollias et al. 2014). Currently, the only plan-
ned mission designed to obtain Doppler measurements
from space is the joint European Space Agency (ESA)-
Japan Aerospace Exploration Agency (JAXA) Earth
Clouds, Aerosols and Radiation Explorer (EarthCARE)
mission (see Illingworth et al. 2015). The EarthCARE
satellite is due to launch in 2017 and will deploy the first
spaceborne Doppler radar at W band (94 GHz), noting
that the Doppler measurements will be restricted to nadir
view only. Whereas it is undeniable that, once opera-
tional, EarthCARE will provide valuable insights into the
challenge of making millimeter-wave Doppler measure-
ments from space and will reveal exciting new infor-
mation concerning clouds and precipitation, it should be
considered as the first step toward more comprehensive
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missions. Eventually, the advanced missions will provide
more accurate Doppler measurements over wide swaths
of the atmosphere using both nadir and off-nadir views
and will likely employ multifrequency radar instruments
equipped with polarization diversity to enhance retrieval
opportunities and beat down uncertainties in the un-
derlying retrieval parameters.

High-frequency Doppler radars with scanning capa-
bilities have the potential to observe simultaneously
the three-dimensional kinematic and microphysical
states of mesoscale weather systems and extreme
weather events, such as tropical storms and cyclones,
intense convection, and large hail events. This mea-
surement approach has already been applied success-
fully using ground-based Doppler observations of
supercells with centimeter-wave radars (Yuter and
Houze 1995) and finer-scale phenomena, such as dry-
line frontal zones and tornado vortices with millimeter-
wave radars (e.g., Bluestein et al. 2004). Similarly,
airborne systems have provided a unique view of the
vertical structures of hurricanes and squall lines (e.g.,
Heymsfield et al. 1996, 1999, 2001). From space, the
potential value of a scanning Doppler radar instrument
may be best portended by examining existing W-band
radar reflectivity images acquired by CloudSat satellite
(see Stephens et al. 2008) and imagining possible im-
provements to the observational framework. An
overpass over the eye of Hurricane Bill churning in the
Atlantic on 19 August 2009 is shown in Fig. 1. At the
overpass time, Hurricane Bill strengthened to a cate-
gory 4 storm while completing an eyewall replacement
cycle. The eye is completely cirrus free with intense
reflectivities (red) surrounding the eyewall, while the
upper edges of the eyewall are tilted toward the south.
Even if some areas are clearly affected by total atten-
uation (e.g., the region close to 20° latitude), and likely
by multiple scattering, there is an abundance of de-
tected clouds that reveal certain attributes of the in-
ternal structure of the hurricane, especially above the
freezing level. The region located above the white
line [which is identified according to a cumulated re-
flectivity constraint proposed in Battaglia et al. (2011)]
can safely be assumed to be multiple scattering free,
and as such it is a source of range-resolved information
for the system under observation. Thanks to its polar-
ization capability, the system proposed in this study is
actually capable of properly identifying the regions
corrupted by multiple scattering and filtering them out.
This clearly demonstrates the potential of millimeter-
wave radars even when observing such extreme sys-
tems. A complete picture of the system can only be
obtained in a multifrequency approach with the in-
clusion of observations at X or Ku band.
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FI1G. 1. CloudSat radar vertical reflectivity profile at W band for
overpass of Atlantic Hurricane Bill on 19 Aug 2009 between 1722
and 1725 UTC (corresponding to along-track distance of 1300 km)
acquired from CloudSat satellite data. Estimated hydrometeor-
induced one-way path-integrated attenuations [produced by the
CloudSat t(2C-PRECIP-COLUMN algorithm described by Mitrescu
etal. (2010)] are shown with black dots. Where dots are united with
a continuous line, the corresponding profiles are likely affected by
significant multiple scattering according to the path-integrated
thresholding discussed in Battaglia et al. (2008). For such profiles
the white line indicates the level below which single-scattering
approximation is likely to fail according to the criterion proposed in
Battaglia et al. (2011).

Currently, there is great interest in quantifying the
errors associated with Doppler measurements from
space, not only in the context of the EarthCARE mis-
sion, but also for preparing future spaceborne Doppler
radar missions with scanning capabilities. The main
objective of this study is a component-by-component
error analysis of retrieving along-track wind velocities
in cloud media using different configurations of a
millimeter-wave scanning Doppler stereoradar with po-
larization diversity conceived for a space platform in low-
Earth orbit (LEO). A considerable number of cross-track
Doppler measurements are included to ensure extended
sampling and coverage. The error analysis is conducted
using a state-of-the art spaceborne radar forward radia-
tion model in combination with the Weather Research
and Forecasting (WRF) Model (described by Skamarock
and Klemp 2008) to simulate an Atlantic hurricane at
1-km resolution accompanied by associated simulated
radar observations. This enables representing a wide
range of convective and stratiform cloud conditions in
part with embedded precipitation at varying degrees of
rain-rate intensity.

Such observations are not currently available from
space. It is now well accepted that their availability
could provide valuable information for a variety of
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scientific communities, including those involved with
cloud research, tropical storm/cyclone research, and
operational weather prediction. These communities
have different requirements insofar as spatial-temporal
coverages and radial Doppler velocity uncertainties.
Spatial-temporal coverage requirements of the pro-
spective user community are not discussed here and, as is
typical in the case of using LEO satellites for operational
applications, temporal coverage can be addressed by
using a constellation of satellites. Here, the focus is di-
rected toward the uncertainty in the measurement of the
radial Doppler velocity component in order to better
understand the likely performance of a spaceborne
millimeter-wave Doppler stereoradar instrument. The
assimilation of Doppler velocities has already granted
promising results, as noted in the studies of, for example,
Gao et al. (1999) and Snyder and Zhang (2003). Al-
though limited only to areas with hydrometeors,
Doppler radar measurements are directly related to the
three components of the wind vector by straightforward
geometrical manipulations. As shown in Zhang et al.
(2009), wind speed accuracies on the order of only
3ms ! can lead to significant weather prediction im-
provements when used for data assimilation. Notably,
the proposed stereoradar concept has great potential for
characterizing the scales and/or organization of ob-
served cloud systems, factors that have important im-
plications for improving cloud and prediction models in
general. Thus, Doppler radar measurements from space
are valuable for 1) improving quantitative estimates of
hydrometeor properties (especially mass, size, and
shape factors), 2) characterizing in-cloud internal dy-
namics by the capture of Doppler velocities, and 3) un-
derstanding the organization and controlling dynamics
of intensifying and decaying mesoscale cloud systems. It
is important to recognize that at nadir view, Doppler
velocity accuracies of order 1ms™' are sufficient to
reasonably determine the intensity of convection (ESA
2006; Tanelli et al. 2010), whereas more stringent accu-
racies on the order of 0.2ms ! are needed to carry out
useful quantitative hydrometeor retrievals involving
mass-size factors (Joe et al. 2010). When cross-track
scanning out of the nadir-view configuration, Doppler
velocities with accuracies of better than 2ms~' and
spatial resolutions of no more than 10km are required
for adequate estimates of the horizontal wind field (Eyre
et al. 2002; Stoffelen et al. 2006). We emphasize that,
ultimately, it is the objective of this investigation and
follow-on investigations to determine to what extent
these requirements could be met by a millimeter-band
scanning Doppler stereoradar (possibly using multiple
frequencies, each equipped with polarization separation
capability) mounted on a LEO satellite platform(s).
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The paper is organized as follows: section 1 provides
an introduction, while section 2 revisits the background
for the Doppler stereoradar concept, including pre-
sentation of details concerning the technical specifica-
tions relevant to such an instrument. Section 3 discusses
the modeling framework, including salient results for
the case study of a simulated Atlantic hurricane. Section 4
presents a comprehensive analysis of the various error
sources associated with the radar observations, whereas
Section 5 illustrates examples of retrieved along-track
winds, including discussion of the corresponding error
budget. Finally, section 6 draws the major conclusions
and recommendations for future research.

2. Stereoradar concept

Stereoradar meteorology was first broached for sat-
ellite applications by Testud and Amayenc (1989) as a
promising technique to observe precipitation. The un-
derlying idea is that the observation of the same re-
flecting volume (with time lags on the order of 1 min)
from two different viewing directions significantly helps
in recovering the attenuation field, which under appro-
priate assumptions is better related to precipitation than
the radar reflectivity field itself. To have accurate esti-
mates in light and moderate rain and to reduce the im-
pact of drop size distribution variability and nonuniform
beamfilling (NUBF) effects, frequencies in the K and
Ka bands were recommended (Testud et al. 1992).
Amayenc et al. (1993) further investigated the possi-
bility of adding Doppler capabilities for a dual-view
24-GHz system with a 5.4-m-diameter antenna and
concluded that the Doppler option could greatly in-
crease the instrument’s scientific potential by providing
the along-track component of horizontal wind and a
near-vertical component of Doppler velocity. Today,
some 20 years since these earlier studies and with the
experience gained from airborne measurements based
on multifrequency, multiangle Doppler radar systems
(e.g., Heymsfield et al. 1996; Guimond et al. 2014) as
well as from three ongoing radar-equipped satellite
missions—the Tropical Rainfall Measuring Mission
(TRMM) using a Ku-band radar and launched on
27 November 1997 from Tanegashima Space Center
(TSC), Japan (see Simpson et al. 1996; Kummerow et al.
1998); the CloudSat mission using a W-band radar and
launched on 28 April 2006 from Vandenberg Air Force
Base, California (see Stephens et al. 2002, 2008); and the
Global Precipitation Measuring (GPM) mission using a
dual Ku-/Ka-band radar and launched on 27 February
2014 from TSC (see Smith et al. 2007; Hou et al. 2014)—
it is worth reconsidering the potential of a Doppler
stereoradar for future space applications.
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Herein we assume a particular stereoradar system
that uses a nadir-direction and forward-direction dual-
viewing configuration but with the additional capability
to cross-track scan from either configuration, as shown
schematically in Fig. 2. Note in this diagram that « is
the angular separation between the nadir-view and
forward-view configurations, 6 is the half angle of the
nadir-view configuration cross-track scan domain, while
Hg,e and Vg, represent the height and on-orbit velocity
of the satellite platform, respectively. Although the
antenna design is beyond the scope of this paper, ideally
an electronically scanning antenna similar to those used
on the TRMM and GPM satellites and of comparable or
larger size would be required. Dual-polarimetric capa-
bilities on phased-array antennas even at W band (as
required by our proposed design) are emerging tech-
nologies currently under development (see Bluestein
et al. 2014).

As Fig. 2 indicates, the selection of viewing directions
facilitates obtaining both a detailed depiction of in-
cloud wind velocities and a representation of vertical
dynamics and microphysics of the cloud system under
observation. In its minimal option, the proposed in-
strument would only sample along track at the two dif-
ferent viewing angles. (Note that this could also be
achieved by employing a convoy of two satellites, one
nadir viewing and the other forward viewing using
simpler dish antennas, thus avoiding the extra expense
of the electronic scanning antennas. This would also
eliminate the temporal mismatch between the two
measuring views, demanded by the use of a single plat-
form, but by the same token, savings from use of simpler
antennas would be offset, perhaps to a greater degree,
because two separate satellite systems would be in-
volved.) Cross-track scanning over the satellite trajec-
tory makes feasible sampling at discrete incidence angle
6; withj=1, ..., Nr, where Nt is the number of tracks
(i.e., beam positions along a cross-track scan) as de-
picted in Fig. 2. In such a configuration the same ap-
proximate atmospheric volume can be probed within a
short time interval At, where At ~ Hgy tan(a)/Vg,, and is
on the order of 1 min (indicated by positions A and B in
Fig. 2). This results in the measurement of two in-
dependent radial velocities, V| and V,. In the Fig. 2
schematic, downward (upward) vertical velocities are
positive (negative). Similarly, we use the convention
that Doppler velocities are positive (negative) when
receding from (approaching) the radar. Using U, V, and
W to represent along-track, cross-track, and vertical di-
rection air parcel velocities (as indicated in Fig. 2), re-
spectively, and using W to represent the Doppler velocity
of the probed hydrometeor mixture, the two line-of-sight
velocities measured by the radar are given by

BATTAGLIA AND KOLLIAS
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ground
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FIG. 2. Scanning geometry for dual-beam radar with three tracks
(N7 =3) at beam positions j=1, 2, Ny (wheref; = —6, 6, =0,
03 = 6, respectively). Blue (red) beams illustrate cross-track scan-
ning geometries for nadir-view configuration (forward-view con-
figuration). Satellite height and on-orbit satellite velocity are
represented by Hg, and Vi, respectively. Green represents vol-
ume of the central-track nadir beam position shift after time
At~ Hgy tan(a)/Vgy has passed (assuming a flat surface between
nadir-view and forward-view beams). Inset in top-left-hand corner
shows geometry of pulse volume for off-nadir incidence. (See dis-
cussion in text for further explanation of the diagram.)

V, =Vsinb + (WH + W) cosf
V, = Usina + V sinf cosa + (WH + W)cosacosh. (1)

From this equation pair, the along-track (i.e., horizon-
tal) wind velocity is found by

_ V2 - Vl cosa

U ()

sina

for which the corresponding standard deviation of the
estimate (o) can be expressed by

A /0'%/2 + 0'%,1 cos2a
= - 3)

Tu” sin(a)

a. Number of tracks

In an optimal configuration, it would be desirable for a
spaceborne Doppler stereoradar to have a large swath
made possible by use of scanning (i.e., by allowing for
multiple tracks, or identically multiple beam positions,
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FI1G. 3. Pulse scheme envisaged for Doppler stereoradar system:
cycle of polarization diversity pairs emitted for nadir view is al-
ternated with cycle of pairs emitted for forward view. Terms H and
V denote polarizations along horizontal and vertical polarimetric
axes (not indicated), respectively. Note T}, represents pulse-pair
time interval. PRF is different for two cycles in order to allow for
different unambiguous ranges and equalization of sampling count
(M) transmitted for each view. Note that when the scanning option
is invoked (i.e., Ny > 1), two cycles are repeated Ny times.

along each scan). However, the number of tracks is
limited by the requirement for a sufficient number of
samples needed for reducing the uncertainty in the
Doppler velocity measurements. The scanning configu-
rations arising from the nadir-view and forward-view
modes can be best perceived as two interlaced modes,
each with their own (staggered) pulse-pair repetition
frequency (PRF), that is, PRF, and PRF, respectively,
as depicted in Fig. 3.

Radars systems are affected by range ambiguities
(Doviak and Zrni¢ 1984), with the maximum un-
ambiguous range related to the PRF by ¢/(2PRF), with ¢
being the speed of light. Spaceborne radars developed
for atmospheric viewing are typically designed to have
an observation window (column) extending over the
entire troposphere, and if mirror imaging is desired
when used over water, including the near subsurface.
Given the stereoradar observation geometry proposed
here, setting PRF;~ cosaPRF, guarantees unambi-
guous acquisitions of dual atmospheric profiles with
equivalent height ranges for the two viewing directions.
If we assume that an equal number of samples M are to
be acquired in the nadir and forward directions, in order
to achieve comparable radar return accuracies, then the
total dwell time required for full cross-track scans
consisting of N7 tracks (i.e., beam positions) for both
nadir-view and forward-view configuration modes is
Nr[(M/PRF,) + (M/PRFy)] = Ny (M/PRF,), where PRF,
is an effective PRF obtained from the two directional
PRFs akin to the parallel-circuit resistance arising from
two separate resistors. The total dwell time needs to be
less than the time it takes for the satellite to move along
track between an instantaneous pair of nadir-view and
forward-view beam positions. This leads to the fol-
lowing constraint for the M samples that are to be ac-
quired in
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MN, <3 —c=¢ (4)
Vg sat

where L, is the along-track nadir beamwidth (i.e., from
the smallest of the two viewing modes, as evident in
Fig. 2) and Vs is the satellite ground-track velocity.
Results for representative values of & are given in
Table 1. As discussed in section 4b, more stringent
constraints would be required for certain conditions,
which effectively reduces the threshold value ¢ with
respect to the product MNy.

b. Polarization diversity

The stereoradar concept proposed here has been
complemented with polarization diversity (PD) capabil-
ities that, though technologically more challenging and
costly, are concomitantly highly beneficial when em-
ployed on a fast-moving spaceborne Doppler millimeter-
wave radar (Kobayashi et al. 2002; Battaglia et al. 2013).
This issue is best addressed by first noting that space-
radar observations of mesoscale convective systems, such
as hurricanes, are especially challenging for the three
following reasons:

(i) The extreme velocity characteristics of these
weather systems require large Nyquist velocities
to facilitate the underlying Doppler velocity
unfolding calculations. When adopting single-
polarization methods, this requirement favors
high PRFs, although at 94 GHz, even a PRF as
high as 10kHz only produces Nyquist velocities
of 7.5ms ™.

(ii) The vertical extents of these weather systems can
exceed 18 km (e.g., convection in slow-moving hur-
ricane eyewalls). When adopting single-polarization
methods, this poses an upper bound on the PRF;
that is, a PRF of less than ¢ cosa/2ho, Where Ao 18
the height of the science data column. To guaran-
tee observing the lowest portion of the column
(i.e., the surface level) as well as the upper portion
of the column (i.e., a cloud-free stratospheric level
somewhere in the vicinity of 25-30km), the max-
imum PRFs must be on the order of 5-6 and 3.5—
4.2kHz for nadir and forward (a = 45°) viewing,
respectively.

(iii) The strong turbulence encountered within these
systems along with the Doppler fading introduced
by radar platform motion significantly broadens
the Doppler spectra and reduces the radar decor-
relation times (Kobayashi et al. 2002), defined as
T4 E/\/(2\/§7T(TD), where A is the radar wave-
length and op is the Doppler spectral width. It
should be recognized that decorrelation times
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TABLE 1. Stereoradar concept: radar system parameters. Numbers in bold correspond to the nadir view.
Satellite height 500km (Vo = 7.61kms™1; Vy g = 7.06 kms™1)

Angle between beams at surface
Frequency (GHz)

Peak power (kW)

Antenna diameter (m)

Antenna beamwidth (°)
Footprints* Le X Ly (kmz)
Spectral width (satellite motion; ms ™ 1)
Pulsewidth (u s)

Effective vertical resolution /4, (m)
PRF (kHz)

Unambiguous height (km)

¢ [as defined in Eq. (4)]

Total system losses (dB)

Noise figure (dB)

Single-pulse MDT (dBZ)

1.7/-2.7 (-1.0/-5.4)

45° (i.e., forward scanning angle = 41°)

35 94
1 1
3/5 1.5/3
0.20/0.12 0.14/0.07
1.75 X 2.47/1.05 x1.48 1.22 X 1.72/0.61 X 0.86
5.6/3.4 (8.0/4.8) 3.9/2.0 (5.6/2.8)
33 33
1334/895 (500) 997/660 (500)
3.6 (5) 3.6 (5)
30 30
523/314 365/182
5 6
5 5

—8.9/—14.9 (—11.6/—17.6)

* Footprints are expressed for the central-track forward view only with the first (second) number referring to cross-track (along track)

resolution.

down to 50-60 us could be expected for space-
borne millimeter-wave radar observations of deep
convection. PRFs of 5-6kHz (3.5-4.2kHz), con-
forming to values given above for nadir (forward)
viewing, correspond to distances between pulses
of 166 and 200 s (between 238 and 286 us), which
are incompatible with the previously mentioned
short coherency times.

The use of PD, as described by, for example, Pazmany
et al. (1999) and Bluestein et al. (2004), offers an ef-
fective solution to the first two issues, typically referred
to in the literature as the “‘range-Doppler dilemma”
(see Doviak and Zrni¢ 1984). The pulse scheme envis-
aged for use with a PD capability is shown in Fig. 3.
Sending out pairs of H-V pulses at short time intervals
(indicated as Tyy in the diagram), or likewise at short
distances, with relatively low pulse-pair repetition fre-
quency (also denoted as PRF), effectively decouples the
maximum unambiguous range [rmax = ¢/(2PRF)] from
the Nyquist velocity [unyq =A/(4Thy)]. As a result, PD
offers the greatest advantage of nearly eliminating ali-
asing errors when adopting relatively short H-V pulse
intervals. For instance, T, = 20-us (50 us) intervals cor-
respond to Nyquist velocities of +42.8ms ™' (+40ms™")
at 35 GHz (94 GHz). Conversely, selection of the pulse-
pair repetition frequency is not driven by the decorre-
lation of the medium (the Doppler velocity is based on
the correlation between the closely spaced H-V pulses)
and therefore can be properly tuned to the desired un-
ambiguous window. Finally, with respect to the third
issue, given the better coherency between the H-V
pulses, PD significantly reduces noise errors compared
to standard pulse-pair techniques [see Battaglia et al.
(2013) and discussion in section 4a].

One drawback of using a radar capable of PD is that it
is subject to cross-talk interference, phase noise, and
thermal noise (see Pazmany et al. 1999; Battaglia et al.
2013). While all these effects are uncorrelated to cloud
signals (and therefore do not bias the estimated mean
Doppler velocity though increasing the standard de-
viation of the velocity estimate), they do appear (de-
pending on Tyy) as “ghost” reflectivity signals (Battaglia
et al. 2013). The identification of the sources of cross talk
(i.e., multiple scattering-affected regions, surface ech-
oes, depolarizing targets) is essential for achieving
accurate Doppler velocities and to properly mask ghost-
contaminated areas in the reflectivity analysis. As sug-
gested in Battaglia et al. (2013), an interlaced pulse-pair
mode that measures the cross- and copolar reflectivities
can achieve such a goal. The elimination of multiple
scattering and ghost-contaminated regions results in a
reduction of coverage.

c. Technical specifications for stereoview radar using
polarization diversity

Table 1 tabulates the important engineering parame-
ters of the various radar configurations chosen for de-
tailed study (i.e., pairing two antenna aperture sizes with
each of two frequencies). In the following, we briefly
discuss our choices for the most relevant of these
parameters.

e Frequency: Two frequencies (35 and 94 GHz) are
considered. Lower frequencies, such as Ku band and
smaller, are not considered because of their low
sensitivities and their inability to unequivocally detect
cloud hydrometeors with signal-to-noise ratios (SNR)
appropriate for Doppler studies (Kollias et al. 2014).
Higher frequencies, such as 35 and 90-95 GHz, are
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suited for detecting both light and moderate pre-
cipitation (with some restriction on the latter), noting
that this entire frequency range experiences significant
attenuation once heavy precipitation arises (Matrosov
2005). Between 90 and 95 GHz W-band frequencies
are most suited for characterizing cloud hydrometeor
properties and wind velocities in nonprecipitating and
light-to-moderate precipitating cloud environments
(assuming the precipitation layer thickness for mod-
erate precipitation is not large).

e Antenna diameter: Two antenna options (small and
large apertures) are considered in order to assess the
different trade-offs in signal strength detection. Nota-
bly, the larger aperture option conforms to antenna
sizes proposed for future satellite missions (Tanelli
et al. 2010).

o Pulse width: A reference value of 3.3 us, which corre-
sponds to a radial resolution of 500 m, guarantees
capturing the vertical hydrometeor profile with a
spatial resolution of 500 m when using center-track
nadir-view data (as currently done with TRMM,
CloudSat, and GPM data). Moreover, the vertical
profile of horizontal winds with a spatial resolution
of better than 1km (except for the small aperture
antenna Ka-band configuration) can be captured
when using stereoview data. For the off-nadir direc-
tion, the finite beamwidth causes degradation in the
vertical resolution. As described in Meneghini and
Kozu (1990), and illustrated with the inset in the top-
left-hand corner of Fig. 2, the vertical extent of the
pulse volume consists of a component due to the range
resolution A, and a component due to the finite
beamwidth 4;,. A definition of the effective vertical
resolution /4, is given in Meneghini and Kozu (1990)
as a function of the average response function for the
received power along the vertical axis, as indicated by
the direction for W in Fig. 2. A good approximation
when hy, > h, is given by h, = \/h2 + h; corresponding
results for effective vertical resolutions are given in
Table 1. It is apparent that since for slant viewing, A is
the contribution driving 4., it would not be wise to
choose shorter pulses because such a selection would
significantly penalize the sensitivity (which increases
with the square of the pulse length) without improving
the vertical resolution of the horizontal winds.

e PRF: In terms of Doppler performance, the selection
of the pulse-pair repetition frequency for PD systems
is not as critical as for pulse-pair processing (Battaglia
etal. 2013), but it is still limited by unambiguous range
constraints. Assuming the use of PD, for the forward-
looking beam we assume a PRF; of 3600 Hz to ensure
an unambiguous range of 41.6km at a=45° (ie.,
~30-km unambiguous height window), while for
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scanning with the nadir-view configuration, a PRF,
of PRFy/cosa =5kHz is chosen (see discussion
above). As previously noted, in any following discus-
sion we assume that the forward PRF (i.e., PRFy)
should be greater than the nadir PRF (i.e., PRF,) in
order to ensure that the same number of samples are
collected for both modes (and thus have the same
Doppler velocity uncertainty). Overall, given such char-
acteristics, the radar has an average PRF of 4.2kHz.
When considering the adopted pulse width and the fact
that the transmitter must send out a pulse for each
frequency, the corresponding duty cycle amounts to
2.8%, which is compatible with current state-of-the-art
technology.

3. The simulation framework

The radar signal is simulated by an end-to-end
spaceborne Doppler radar simulator that has been ini-
tially developed for nadir configurations (Battaglia and
Simmer 2008; Battaglia and Tanelli 2011) and that has
now been extended to account for scanning configura-
tions. The simulator couples a forward radiation model
and a radar receiver model (Battaglia et al. 2011, their
Fig. 1). The forward radiation model computes the
cross- and copolar reflectivities and the ideal (unfolded
and noiseless) radar Doppler spectra as measured by a
spaceborne radar flying over 3D scenes simulated by
highly resolved cloud-resolving models. The forward
radiation computations are based on a Monte Carlo
module [the Doppler Multiple Scattering Simulator;
Battaglia and Tanelli (2011)] that accounts for MS and
depolarization effects, two essential features when sim-
ulating PD configurations. The contributions to the ob-
served Doppler velocities from the satellite motion, the
hydrometeor terminal velocity, and vertical air motion
are properly coupled with the viewing geometry and the
antenna pattern similarly to what is done in Tanelli et al.
(2002, 2004).

a. Surface modeling

The forward model includes a surface scattering
module for sea surface backscattering returns. At slant-
viewing angles larger than 10°-20°, Bragg scattering
models are more appropriate than Kirchoff approxi-
mation for describing the scattering behavior of sea
surfaces (Ulaby et al. 1986). Normalized surface radar
cross sections o are derived by scattering perturbation
theories (e.g., Apel 1994; Romeiser et al. 1997) once the
wave height spectrum is predicted as a function of the
frequency, the polarization, the wind incidence di-
rection, and the relative azimuthal-viewing direction of
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FIG. 4. Column-integrated hydrometeor mass (logarithmic units)
for the Hurricane Karl simulation. The push-broom ground pro-
jections for a stereoradar scanning over Ny = 9 tracks are shown. In
this case = 0°, £2°, +4°, +=6°, +8° have been considered. The thick
blue lines correspond to sections of tracks that are used for specific
examples in Figs. 5, 6,7, 9, 11, respectively.

the radar. Based on measurements at centimeter wave-
lengths, several parameterizations for the wave spectrum
have been developed, which can be used to extrapolate
results at millimeter wavelengths. In our simulations we
have adopted the model from Apel (1994), which
predicts a strong dependence on the wind speed vari-
ability at Ka and W bands. The key aspect to be noted
here is that, when considering viewing angles larger than
45°, the normalized radar cross sections are at least 30 dB
lower than at nadir, with such a difference amplifying for
low surface wind speeds. However, measurements of sea
and land surface returns at Ka and W bands at incidence
angles larger than 20° are almost nonexistent. Such
measurements are necessary for the proper modeling and
interpretation of the surface echo from scanning milli-
meter radars and should be conducted during future
airborne campaigns.

b. Hurricane Karl simulation

A WREF simulation (Skamarock et al. 2005) of Hur-
ricane Karl on 15 September 2010 when the hurricane
was near the Yucatan Peninsula is used as a case study.
The 1-km horizontally resolved column-integrated hy-
drometeor mass WREF field is depicted in Fig. 4. An
example of the push-broom scanning pattern is shown in
the white inset for the top-right sector of the hurricane.
The simulation depicts a variety of cloud types ranging
from convective towers to stratiform systems, from
shallow precipitation to ice cloud decks, resembling the
cloud features shown in Fig. 1. As such it does
represent a suitable test scene for assessing the potential
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of the proposed concept. The vertical variability of the
simulated scene is shown in the left panels of Fig. 5 by
three along-track profiles of the hydrometeor contents
corresponding to the three tracks of Fig. 4. Similarly, the
along-track wind vertical profiles are depicted in the
right panels of Fig. 5. Red and black contour lines also
provide an idea about the intensities of the cross- and
vertical winds, respectively. All panels exhibit strong
vertical wind shear but with considerable differences in
their vertical structure (see first and third tracks in
Fig. 5). The convective tower clearly visible in the sec-
ond panel of Fig. 5 is characterized by strong updrafts
(negative W) with values exceeding 19ms~!. On the
contrary, the warm precipitation cell in the first sector of
the third panel (Fig. 5) is not associated with vigorous
updrafts.

c. End-to-end simulator results

The forward-simulated radar reflectivities for the
three profiles shown in Fig. 5 at Ka and W bands are
shown in the left panels of Figs. 6 and 7, respectively.
Only the sampling resolution (3-m antenna and 1-km
integration), signal attenuation, and the surface echo are
considered in the estimation of the forward-modeled
radar reflectivities. The corresponding simulated PD
radar reflectivities are shown in the right panels of Figs. 6
and 7. For the estimation of the PD reflectivities, the
radar receiver noise and ghost images are considered in
addition to the factors considered for the estimation of
the forward-simulated reflectivities (left panels). The
number of PD pairs considered is M = 17, which corre-
sponds to the number of samples gathered in each con-
figuration mode at an effective sampling rate equal to
PRF, =2.1kHzfor a 1-km integration length and for the
given number of tracks. In this case it is interesting to see
that, because of its lower sensitivity [single-pulse mini-
mum detection threshold (MDT) = 1.7dBZ], the Ka
system is missing most of the ice clouds and the shallow
convection. The W-band radar has a single-pulse MDT
equal to —15dBZ; thus, it is capable of detecting all the
cirrus clouds and the warm rain cells visible in the bot-
tom row panels (cf. bottom rows of Figs. 6 and 7). In
addition to the difference due to the radar sensitivity,
the results are affected by the different antenna 3-dB
beamwidths (0.2° for the Ka band and 0.07° for the W
band). Thus, the surface clutter is spread over a larger
vertical extent and all vertical features are smoother in
the Ka-band system (cf. the A, values in Table 1). By
comparing the left and the other two columns in Figs. 6
and 7, it is also possible to identify the appearance of
ghosts (e.g., at the top of the convective tower in the
middle right panel of Fig. 7). Since in our convention the
H pulse is emitted first, their appearance is shifted in
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FIG. 5. (left) Hydrometeor contents for the vertical cuts corresponding to the three tracks of
the sector illustrated in Fig. 4. (top to bottom) The incidence angle is changing from —8° to —2°
to 4°. (right) As in the left panels, but for along-track winds with intensity as indicated in the

color bar. Black (red) levels contour the vertical (cross track) wind intensities.

range by a positive (negative) c¢Tjy/2 in the plots corre-
sponding to Zy (Zy) [see Fig. 7 (Fig. 6)].

4. Doppler error budget for line-of-sight winds

Doppler measurements are affected by a variety of
errors, ranging from errors related to multiple scattering
(ems), NUBF (enusr), aliasing (ealiasing), averaging
(€averaging), and mispointing (epointing) tO errors strictly
related to the noise in the Doppler spectra estimators
associated with the specific signal processing (ey). In first
approximation we can assume that the different error
sources are independent, so that the total quadratic

error (eror) can be computed as a quadratic sum of the
different errors:

2 _ 2 2 2 2 2 2
€TOT ~ €N + ENUBF + EMS + €averaging + €aliasing + €pointing
©)

with a similar separation in the different components for
the total bias. Note that we will indeed refer to error
contributions from NUBF, multiple scattering, and aliasing
in Eq. (5) as the residual errors after applying correction/
mitigation/dealiasing techniques. To assess the effect of
each of these errors, we can exploit our simulation
framework which, thanks to the availability of different
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FIG. 6. (left) The 3-m antenna 35-GHz forward reflectivities and (right) the Zy reflectivities
estimated via PD with Ty, = 50 us with M = 17. The single-pulse MDT is equal to 1.7 dBZ for

this system.

spectra, allows isolating and quantifying each error source.
We will here discuss only the first four error sources
present in Eq. (5). In fact, thanks to the large Nyquist
velocities proper of PD systems, residual aliasing errors are
deemed negligible, while pointing errors are typically left
as requirements for the system pointing stability in order to
achieve the science requirements (e.g., see Battaglia and
Kollias 2014).

a. Noise errors

The first component of the error budget [Eq. (5)] is
probably the best understood. The noise uncertainty in
Doppler velocity measurements depends on the single-pulse
SNR, the radar Doppler spectrum width, and the number of
averaged samples (Zrni¢ 1977; Kobayashi et al. 2002, 2003).

While the SNR depends on the radar sensitivity and the
target reflectivity, the number of averaged samples is linearly
proportional to the integration time. On the other hand, the
radar Doppler spectrum width is generally dominated by the
Doppler fading introduced by the satellite motion (Battaglia
et al. 2013), which depends on the antenna 3-dB beamwidth
and the component of the satellite velocity onto the plane
orthogonal to the boresight, that is, along the direction 7) (see
inset in the top-left corner of Fig. 2):

0348 Vat
4,/log(2)

Such Doppler fading is reported in Table 1 for the dif-
ferent configurations analyzed in this work. As a result

sat _

(6)
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F1G. 7. (left) The 3-m antenna 94-GHz forward reflectivities and (right) the Zy reflectivities
estimated via PD with Ty, =25 us with M = 17. The single-pulse MDT is equal to —15 dBZ for

this system.

of the dependence on Vsﬁat, the Doppler spectral fading
induced by satellite motion changes according to the
scanning angle and the antenna size, with slant-viewing
angles/larger antennas characterized by smaller spectral
widths. Noise errors expected for the systems, the spe-
cifics of which are listed in Table 1, and for an in-
tegration length of 1km are shown in Fig. 8 for the
forward-looking configuration. Results for the nadir-
view configurations are very similar (not shown) with
the PD accuracy being slightly worse due to the increase
in op, and the pulse-pair accuracy is almost the same for
the compensating effect of the increase in PRF and in
op. For the 35-GHz systems (left panel) results for a
pulse-pair system with the same PRF are depicted as
well (continuous line and dashed lines). PD outperforms

the pulse-pair system; while this is unequivocal at
94 GHz, it is less obvious at 35 GHz, especially at low
SNR and with small op. However, if T}, larger than 40—
50 us are considered, then the advantage of PD with
respect to Doppler accuracy is clear at 35 GHz as well,
not having mentioned the issues related to the reduction
in the Nyquist interval characteristic of pulse-pair con-
figurations [e.g., 7.7 (10.7) ms ™! with a PRF equal to
3.6 (5) kHz]. From the plots in Fig. 8, it is clear that an
appropriate selection of T}y is recommended in order to
minimize the noise errors. Values of T}, between 10 and
20 ws and above 40 us seem more appropriate at W band
and Ka band, respectively. The selection of Ty, affects
the position of the blind layers (Kobayashi et al. 2002),
which can be identified with a linear depolarization ratio
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very bad accuracies, way out of the interval used in the y axis.

(LDR)-interlaced mode [for more details on this, see the
discussion in Battaglia et al. (2013)]. Reflectivity fields
corresponding to the blind layers could be partially re-
covered by the noisier LDR mode. The Doppler velocity
field will also appear noisy in such regions, especially
in the presence of strong reflecting surfaces and low
attenuation in the lower atmosphere. However, over
ocean and at slant-viewing angles, the surface blind
layer returns will be highly suppressed by the expected
decrease in the surface normalized backscattering
cross section.

b. Nonuniform beamfilling errors and no uniform
beamifilling correction

In fast-moving spaceborne Doppler radar, inhomoge-
neities in the radar reflectivity field within the radar sam-
pling volume can introduce a significant source of error in
Doppler velocity estimates (Tanelli et al. 2002). For slant-
looking radars, the relevant inhomogeneities are those
along the direction 7 (see inset in the top left corner of
Fig. 2), which corresponds to the along-track direction for
nadir-pointing systems. As a consequence, for off-nadir
configurations, NUBF effects will be linked not only to
along-track reflectivity gradients but also to vertical re-
flectivity gradients. Thus, NUBF errors will be exacer-
bated in regions with strong vertical gradients (like in
correspondence to horizontal cloud boundaries, the bright
band, or strongly attenuating media). For instance, a
perfectly horizontally homogeneous attenuating rain
layer will appear to fall slower than its actual Doppler
velocity when observed by the forward-looking beam,
whereas its Doppler velocity will be unbiased when ob-
served by the nadir beam.

NUBEF corrections are possible only when the reflec-
tivity gradient along the 7) direction, V;Z, can be prop-
erly estimated. In a stereoradar configuration this is
certainly possible, with the additional condition that the
radar footprint is properly oversampled for accurately
estimating such quantity. This requires more stringent
constraints on the value of ¢ defined in Eq. (4). Over-
sampling half of the footprint—a reasonable assumption—
will reduce by a factor of 2 the value expressed in Eq. (4)
and reported in Table 1. As demonstrated in Schutgens
(2008) and Sy et al. (2013), the correction to the Doppler
velocity is given by

VDop,CORR = VDop,OBs - BVﬁZ ’ (7
where B is a coefficient depending on the specific con-
figuration. By generalizing the procedure described in
Sy et al. (2013) for Gaussian circular antennas, the

B coefficient is typically bounded between

_ Vgsat log(lo) 2

By, = 2ot 1oellh)
inear dg 2010g(2)
_ log(10) X
B Wog(Z) Vg SatHsat [tan(03dB )] and (8)
_ vgsat log(l()) 5
Bstep -

d, 10\/27 10g(2)p *

:MV H, [tan(6,5)])%, )

40,/2mlog(2) &% =

where p, is the radius corresponding to the 3-dB
beamwidth, d, is the distance between thq satellite
and the ground along the boresight, and V;’Sm is the



1310

JOURNAL OF ATMOSPHERIC AND OCEANIC TECHNOLOGY VOLUME 32
Radar =
receivers Ry 1PRF time
H-pol ® . l . . . . =1 +i
po V(1) Vi{2) I V(i) l l Mk
. i . . V=l HQy
V-pol v,(1) V,(2) v, (i)
( Baseline resolution It Baseline resolution )
' (. 1 M2 T
TRH;-m o ;r{-,-m V(i)
1 . 1 M
“xwm i Z} Yy (1) Vi (i)
D B 5 By )
4 2Z gradie > >
<zl <y, S ST <z <y B
|< ZMS flag >[1]\ < V(,_\'(.BF >[1]|
Rg‘:]‘,\‘t.i?( (t): RE},\H& (t) RE;] NUBF, (7). R:ITEI].\-‘LBE (1)
Along-track R o\ (R e
integration ( v e, ))( 7o o ))

< VD >= %[arg(ﬁm,wm(r)) + arg(ftm R (1:])]

F1G. 9. NUBF correction procedure illustrated for a given range bin. The 7 and Q time series
at the two receivers are used to estimate the VH and HV correlations at lag 1 with 7 = Ty, (“‘raw
data’’). This is done at a baseline resolution that is optimal to compute along-track reflectivity
gradients. The phases in / and Q are properly corrected, and the correlation functions are
recomputed accounting for NUBF (“NUBF correction”). Then the corrected correlation
functions are averaged in order to achieve the desired integration length (‘‘along-track in-
tegration”). Quality-controlled mean Doppler velocities (“QC Doppler”) can be produced at

the end of the processing chain.

ground-track satellite velocity along 7). For instance
6345 values of 0.07°, 0.12°, and 0.2° and Hg, = 500 km
correspond to By Oof 0.11, 0.32, and 0.89ms !
(dBkm™")™" and B, of 0.15, 043, and 12ms™"
(dBkm™")~!; consequently, the larger 634p the larger
the NUBF correction. Within our simulation frame-
work, the step coefficient reported in Eq. (9) produces
better corrections and is used to perform the NUBF
correction. The overall NUBF correction procedure
follows several steps, as illustrated in the flowchart
depicted in Fig. 9.

1) First, along-radial (toward the radar) and along-track
gradients (V, and V,, respectively) are estimated at a
fixed baseline (which should be comparable with the
footprint).

2) Term V;Z is derived as a linear combination of the
previous two:

1 sina
al

V.Z=
n cosa

vVZ. (10)

cosa "

3) Then, the NUBF velocity bias is computed accord-
ing to Eq. (7) with the B coefficient expressed in

Eq. (9).

4) This velocity bias is transformed into a proper phase
shift [AY = —(7BV;Z/unyg)] and the correlation
functions are corrected accordingly.

5) Finally, Doppler estimates are performed at any
integration length (Sy et al. 2013).

To assess the quality of the NUBF correction, we use the
forward SS Doppler velocities computed with the satellite
velocity set to Oms ' as a touchstone. An example is
presented in Fig. 10 where the reference velocities (left
column) are compared with the pulse pair polarization
diversity (PPPD)-estimated Doppler velocities before
(middle column) and after (right column) NUBF correc-
tion. The overall biases and standard deviations reported
in the insets in the top-right corners clearly improve when
the NUBEF correction is implemented. This is particularly
true for the smallest antennas and at the lowest frequency
when NUBF errors are larger.

c. Multiple scattering errors

Multiple scattering [for a comprehensive review of
the topic, refer to Battaglia et al. (2010)] is likely to
affect the radar signal in presence of thick dense ice
layers and in strong convective cores. For instance in
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Fig. 1, the region of the eyewall indicated by the arrow
shows a clear example of pulse stretching in proximity
to the surface, an unequivocal signature of multiple
scattering (Battaglia and Simmer 2008; Battaglia et al.
2014). According to the criterion proposed by Battaglia
et al. (2008), all the profiles with one-way path in-
tegrated attenuation exceeding 15dB (and connected
by a continuous line) are contaminated by significant
multiple scattering at heights below the white line. The
track depicted in blue in the bottom-left part of Fig. 4 is
characterized by large hydrometeor contents (top-left
panel in Fig. 11) and is therefore quite interesting for
discussing multiple scattering-related errors. In Fig. 11
we show results for the 3-m W-band antenna in the
forward-view configuration. There is an obvious region
with strong attenuation corresponding to distances
beyond the 100-km marker. Note the similarities with
the region around a latitude of 20° observed by
CloudSat in Fig. 1. This region is affected by significant
multiple scattering: in fact, as shown in the middle-right
panel, multiple scattering reflectivity enhancements
can exceed 10dB. In correspondence of such a region
of strong multiple scattering enhancement, the line-of-
sight Doppler velocities also significantly depart from
the single-scattering (SS) Doppler velocities (middle-
left and bottom-left panels). Errors larger than 2ms ™!

can be observed within multiple scattering producing
clouds. This is in agreement with previous findings by
Battaglia and Tanelli (2011). Our recommendation is
therefore to avoid the use of the Doppler velocity
within multiple scattering contaminated regions, which
again can be easily identified if an LDR mode is
available. As already demonstrated in Battaglia et al.
(2007), large LDR values are a signature of multiple
scattering (see bottom-right panel). An LDR threshold
around —10dB seems sufficient to mask out multiple
scattering contaminated profiles and will be used in the
next error budget analysis.

d. Averaging errors

While averaging along track is generally considered
useful for reducing the noise error, it introduces an ad-
ditional error source as well. With the term “‘averaging”
error, we will refer then to the additional error in-
troduced when averaging over distances where winds
are not uniform either because of intensity or direction,
for example, regions with strong along-track wind shears
or in the proximity of convective cores. The averaging
error that appears in Eq. (5) can be derived from a direct
comparison between the high- and the low-resolution
radial winds computed by the forward model and re-
interpolated at the highest resolution. Examples of such
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errors are shown in Fig. 12. As expected averaging er-
rors increase with the integration length (cf. different
lines in the left panel) and are more important in regions
where the wind field changes over scales that are smaller
than the integration length (e.g., at about 330km in
correspondence to the convective core). As shown in the
right panel, when strong variability of the wind fields is
encountered, it can introduce error locally exceeding
2ms” ! already with a 5-km averaging. For the example
shown in Fig. 12, the averaging error for the overall
scene amounts to 0.73ms ™. Thus, this error cannot be
neglected in the velocity error budget quantification.

e. Overall error budget

The overall error statistics for the line-of-sight
Doppler velocities for the four stereoradar configura-
tions examined in this study (two frequencies plus two
antennas) are summarized in Fig. 13. Total errors
(continuous lines) are computed by using as a reference
the SS Doppler velocity at Vi, = 0 and including all the
simulations. Only pixels with SNR > 3dB and with
ghost ratios—as defined in Battaglia et al. (2013)—
above 0dB have been considered. Results with Ny =1
and Ny =17 (red and black lines, respectively) are
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reported as a function of the integration length (rang-
ing from 1km, the cloud model resolution, to 10 km).
With the same antenna size, errors are much larger at
35 than at 94 GHz (cf. top-right and bottom-left panels,
respectively). This is expected because of the larger
noise and NUBF errors associated with the lower fre-
quency. By the same token, at the same frequency,
larger antennas produce much better results (cf. left
and right panels). However, the 5-m 35-GHz configu-
ration has similar performances to the 1.5-m 94-GHz
configuration (top-left and bottom-right panels, re-
spectively). Generally, the noise error (dashed lines) is
dominating at short integration lengths and large Nr,
while the NUBF errors tend to dominate at long in-
tegration lengths and low Nr. The NUBF correction is
indicated by the arrows, with a reduction (increase) in
the standard deviation error when arrows are pointing
downward (upward). Except at large Ny and low in-
tegration lengths (when reflectivity gradient estimates
are noisy), the NUBF correction is decreasing the
overall standard deviation. This effectively corre-
sponds to a reduction in biases localized in regions with
strong reflectivity gradients. As expected the correc-
tion is more important at 35GHz and for smaller
antennas.

The overall error inclusive of noise, NUBF (residual
error after correction), and averaging error is shown as
continuous lines in Fig. 13. Note the gap between con-
tinuous (total) and dashed (noise) lines: when considering
only noise errors, the overall errors can be seriously un-
derestimated. The different behavior of the total and
noise errors with respect to the integration length clearly
demonstrates the trade-off between averaging and noise
errors. For instance, for the 94-GHz 3-m antenna with

N7 =1, no reduction in standard deviation error is
practically achieved increasing the integration length
above 1km because the overall error is practically dom-
inated by the residual NUBF error (about 0.3ms'). If
the averaging error is included, then the actual total error
does actually increase for integration lengths above 1 km
for both Ny = 1 and Ny = 17. This means that integrating
for distances longer than 1km does actually worsen the
overall performance and makes no sense for the cases
here analyzed. Increasing the along-track integration is
not the panacea for spaceborne Doppler radars. This
conclusion may be affected by the resolution of the
adopted cloud-resolving model (here, 1km). However,
we expect that, when moving toward more highly re-
solved wind fields, the impact of the averaging error will
increase. Results for the nadir viewing (not shown) are
30%—40% better than those for the forward viewing,
thanks to a reduced level of noise and NUBF errors. In
fact, at vertical incidence, more averaging samples are
available due to the higher PRF (PRF, >PRF;) and
vertical inhomogeneities are not producing NUBF biases.

As discussed in section 1, accuracies of the order of 2
and 3ms ! are adequate for horizontal velocity meso-
scale dynamic and/or data assimilation studies. When
considering that along-track winds are retrieved via
Eq. (2) with errors computed according to Eq. (3), it is
sensible to require a 1ms ™! accuracy for the forward
direction winds to fulfill such a requirement. This
threshold has been marked in Fig. 13 by the pale yellow
shading. For the 94-GHz configuration with 3-m an-
tenna, the 1ms™' accuracy requirement at 3-km in-
tegration length is achieved already with Ny = 17; at the
same integration length, the 35-GHz 5-m antenna can
achieve an rms accuracy for the along-line-of-sight wind
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of 1.5ms ', The other two configurations with smaller
dishes see a degradation of performances due to a
combined effect of larger NUBF, multiple scattering,
and noise effects. The two configurations with large
antennas have therefore great potential.

Note that here we have not adopted any frequency
agility (Amayenc et al. 1993), which could effectively in-
crease Nt (and thus coverage) or improve the accuracy
(by increasing the number of averaged samples). For a
frequency agile radar, it is possible to transmit pulses
closely spaced in time with different “colors” compatibly
with the duty cycle (that for our system is currently at
about 3%). A system with N, colors permits either to
achieve the same performances on Ny X N, tracks or to
boost the performances to the level reached by a radar
with no frequency agility but scanning only N7/N, tracks.

5. Retrieval of along-track winds

The stereoradar approach allows a direct retrieval of
the along-track winds by linearly combining the nadir
viewing and the forward viewing observations via
Eq. (2), after properly remapping the nadir sampled into
the forward sampled volumes. The only underlying as-
sumption is that the wind field is not changing between
the forward and nadir views, which, for the given sat-
ellite observation geometry, corresponds to 1-min and
10-s time lags (unless a convoy is considered). This as-
sumption fails in deep convective cores, which may be
characterized by wind e-folding times of the order of
1 min or less. On the other hand, such convective cores
are likely contaminated by multiple scattering and
therefore excluded by any Doppler analysis. The
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horizontal along-track retrieved winds corresponding to
the right panels of Fig. 5 are shown in Fig. 14 for the 5-m
Ka radar (left panels) and the 3-m W-band radar (right
panels). Results are presented for Ny = 5. Retrievals are
limited to regions with SNRs above 3dB and where the
ghost ratios are lower than 0dB. The two radars are
properly identifying most of the features of the cloud
system, like vertical wind shear or convergence/divergence
regions. For instance, note how neatly the two radars de-
tect the dipole wind structure at the top of the convective
tower in the middle panels. As expected the 5-m Ka system
is characterized by less accurate results and it is limited by
its lower sensitivity (e.g., consider the ice cirrus in the
bottom-left panel), though in convective cores and strong
precipitation areas, it has better penetration capabilities
(see, for instance, the feature in the right-bottom corner of
the top-right panel). The results from the 94-GHz system
in regions of good SNR look stunning. A summary of the
performances is reported in Table 2 for the four radar
configurations outlined in Table 1 and for the increasing
number of tracks (N7 =1, 5,9, 17). Values marked in
italic (bold) correspond to those that satisfy the 3ms '
(2ms ") accuracy criterion. Overall, the 3-m 94-GHz ra-
dar can achieve accuracies of the order of 1.3-2.6ms ™"
when increasing the number of tracks from 1 to 17. Simi-
larly, the 5-m 35-GHz radar is performing slightly worse
(ranging from 1.5 to 3.6ms ). The other two configura-
tions with smaller antennas produce worse results, with
accuracy further deteriorating with increasing Nr. This is
because NUBF corrections become increasingly less ef-
fective with increasing noise levels. For the hurricane
scene under analysis, the fractional coverage (relative to
the —30-dBZ level) where the along-track wind retrievals
are performed is also reported in Table 2. Overall, the 5-m
35-GHz (the 3-m 94-GHz radar) radar has a fractional
coverage exceeding 60% (65%). Here, the —30-dBZ level
has been selected, for it roughly corresponds to the mini-
mum detectable signal of the CloudSat radar (Tanelli et al.
2008) (see also Fig. 1).

Since the scanning Doppler radars here proposed
have sensitivities worse than CloudSat (cf. the single-
pulse MDTs in the last row of Table 1 with the CloudSat
value of —16.5dBZ), we can use the probability density
function of CloudSat-observed reflectivities to compute
how frequent the proposed systems could detect clouds.
Figure 15 depicts the cloud detection as a function of a
threshold reflectivity value (Zn,) for different cloud
types, as classified in the 2B-CLDCLASS (Mace et al.
2007). The analysis is based on an entire year of
CloudSat data (2007); all pixels below 1km have been
excluded. The fraction is monotonically decreasing with
Zmin- If only clouds with return above Zj, = —10dBZ
are considered, then only about 40% of the clouds

BATTAGLIA AND KOLLIAS

1315

detected by CloudSat will be visible. This percentage
significantly increases if only precipitating systems are
considered: for instance, with the same reflectivity
threshold, the percentage of detection (with respect
to the CloudSat coverage) amounts approximately to
60% and 80% for nimbostrati and deep convective
clouds, respectively (see crosses and dashed—dotted
lines in Fig. 15). This demonstrates that the Doppler
radars proposed in this work can provide useful
Doppler coverage for systems associated with pre-
cipitating systems.

6. Conclusions

In this investigation a component-by-component error
budget analysis for retrieving along-track winds using a
spaceborne Doppler radar concept has been performed.
The analysis is conducted using a state-of-the-art space-
borne radar forward radiation model that considers error
sources due to nonuniform beamfilling (NUBF), multiple
scattering, averaging, and signal noise. The relative im-
portance of these individual errors depends on a compli-
cated interplay between different factors: primarily the
scene under observation, the viewing geometry, the scan-
ning configuration, and the adopted integration length.
The radiation model is applied over an atmospheric en-
vironment generated from a 1-km spatial-resolution WRF
simulation of a hurricane, which is effective for providing a
realistic cloud setting in which to conduct the error anal-
ysis. The proposed spaceborne millimeter-wave Doppler
stereoradar uses a dual-beam nadir-view/forward-view
design. Conceptually, the instrument is flown on a LEO
satellite platform.

Various instrument configurations involving two ra-
dar frequencies, 35 and 94 GHz, each equipped with
small and large antenna sizes (between 1.5 and 5.0m)
have been examined. In conducting the analysis, radar
capabilities are extended to use cross-track scanning, as
well as equipping each radar configuration with polari-
zation diversity (PD). In fact, one of the major outcomes
of the analysis is that the use of PD helps remove ve-
locity folding error, an important component to any
error budget when conducing Doppler velocity retrieval
from space. In regard to the four fundamental error
sources, the following conclusions can be drawn:

(i) Signal noise errors are a dominating error source
only if short integration lengths and/or wide-scan
swaths are required. Their assessment is straight-
forward, being based on analytical formulas (e.g.,
see Fig. 8).

(i) Averaging errors are potentially relevant, particu-
larly for cloud systems experiencing highly variable
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FIG. 14. Retrieved along-track winds (ms ™) as indicated in the color bar for (left) a 35-GHz 5-m antenna and
(right) a 94-GHz 3-m antenna corresponding to the curtains shown in Fig. 5. Five tracks (N7 = 5) and an integration
length of 1km are considered. Black (white) lines contour regions where SNR = 3 dB (ghost ratios are equal to
0dB). Standard deviation errors corresponding to the whole scene are also reported inside the panels.

wind fields and for radar systems whose overall
total error requirement is below 1-1.5ms™'. In
such conditions, while averaging over longer in-
tegration lengths reduces the signal noise error, it
also increases the averaging error, with a concom-
itant increase in the total error. Ideally, the in-
tegration length should be chosen in an adaptive

(iii)

way as a trade-off between the decrease in signal
noise error and the increase in averaging error.
Research along these lines is now underway in
preparation for the EarthCARE mission (see Sy
et al. 2014).

Multiple scattering errors are mostly relevant within
convective cores and thus in cloud areas producing
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TABLE 2. Errors and fractional coverage (relative to the —30-dBZ level) in along-track wind retrievals for the four radar options and for
the increasing number of tracks. An integration length of 1 km is assumed. Values marked in italic (bold) correspond to those that satisfy

the 3ms ™! (2ms™') accuracy criterion.

Configuration 35GHz,3m 35GHz,5m 94 GHz, 1.5m 94 GHz,3m
Coverage (%) 61 67 62 74
Nr=1 6 (ms™) 24 15 18 13
Coverage (%) 60 65 60 72
Nr=5 6 (ms™h 43 22 2.8 1.7
Coverage (%) 58 64 57 70
Nr=9 6 (ms™!) 5.6 2.7 35 2.0
Coverage (%) 54 60 53 65
Nr=17 6 (ms™h 7.7 36 4.8 2.6

strong attenuation caused by scattering. Atmo-
spheric profiles contaminated by multiple scatter-
ing can be identified with an LDR-interlaced mode.
Our recommendation is to flag but not include
them in wind analyses.

(iv) NUBF errors are a key component of an overall
error budget and are particularly relevant at Ka
band and for small antennas. These errors are mostly
driven by along-track reflectivity gradients for scan-
ning out of the nadir-view configuration, whereas by
vertical inhomogeneities for scanning out of the
forward-view configuration. This makes it possible
to have NUBF errors stemming from horizontally
homogenous clouds but in the presence of vertical
inhomogeneities (e.g., caused by strongly attenuat-
ing hydrometeors or by a melting layer). This
situation is applicable to any cloud Doppler scan-
ning radar mounted on a LEO satellite platform.
This error can be mitigated against by use of a
reflectivity gradient technique, which requires over-
sampling of the beams. However, this limits the
number of available tracks in a stereoconfiguration
and thus the coverage. Detailed assessment of this
type of error requires the use of a sophisticated
three-dimensional Doppler radar simulator and
would be essential in a preparatory study for a
specific configuration of a Doppler stereoradar
deployed on a fast-moving satellite platform.

The error budget analysis procedure has been applied to
the proposed Doppler stereoradar design with the aim
of assessing its potential for direct reconstruction of
along-track wind velocities. The total error results
(summarized in Table 2) show that large antennas are
the key for success. For instance, retrieval errors can be
reduced to 1.3 and 1.5ms ™' at 1-km integration lengths
when no scanning is considered for the 5-m Ka-band and
3-m W-band radars, respectively. When scanning is in-
troduced, noise errors become the main driver of the
error budget, with the total error roughly increasing with
the square root of the number of tracks. This problem

can be mitigated against by integrating over longer dis-
tances and/or by adopting frequency diversity and/or by
improving the SNR (e.g., via pulse compression). By
adding information concerning horizontal and vertical
dynamics of cloud systems to their microphysical
characterization (which has already been demon-
strated using incoherent millimeter-wave radars), the
proposed spaceborne Doppler stereoradar system could
certainly raise our understanding of the earth’s water and
energy cycles. The proposed design is adaptable to elec-
tronically scanned (phased array) radar systems. An op-
erational spaceborne phased-array radar at Ka band has
already been flown (i.e., on the GPM satellite), while at W
band, current technological advancements will make this
approach possible in the near future. This bodes well for
extending the capabilities of millimeter-wave Doppler
stereoradars in space and thus for continuing the march to
better understand how clouds in the atmosphere prevail
upon and react to the weather and climate.
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