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Abstract: Outflow boundaries induced by cold-pools are a key characteristic of convective systems
related to microphysical and kinematic processes during the mature stage of their lifecycle. Over the
ocean, such kinematic processes are associated with low-level wind modulations that are captured
by scatterometers. This study investigates the ability of the Advanced Scatterometer (ASCAT) wind
retrievals to detect the outflow boundary associated with an oceanic mesoscale convective system
(MCS). Leveraging a new technique to identify cold pools that is based on features that enclose
elevated magnitude of the gradient of the wind, termed as ‘Gradient Feature’ (GF), wind retrievals at
50-, 25- and 7-km spatial resolution were utilized to explore how the characteristics of the outflow
boundary vary with resolution. Ground-based radar retrievals were also implemented to assess and
correct, when possible, the performance of the ASCAT retrievals. The magnitude of the gradient
of the wind for the coarser resolution was an order of magnitude smaller (10−4 s−1) than the finer
ones (10−3 s−1). An increase in the magnitude of the gradient wind field associated with the outflow
boundary was captured by all resolutions and a respective feature was identified by the GF method.
The location of the features relative to the distance from the front edge of the MCS decreased with
resolution, indicating the importance of the high resolution ASCAT product to capture their extent,
as well as additional smaller scale features. The effect of the background wind field on the selection
of the final wind field during the ambiguity removal process for the high-resolution product is
also discussed.

Keywords: ocean surface winds; scatterometer; ASCAT; oceanic convection; mesoscale structures;
outflow boundary; precipitation; radar

1. Introduction

Maritime convection exhibits characteristics on a wide variety of spatial and temporal
scales. Unlike continental storms that exhibit strong diurnal variability in energy exchanges,
maritime storms are characterized by fluxes with less variability and lower peak values.
Precipitation radars onboard satellites have revealed that mesoscale convective systems
(MCSs; [1]) are globally distributed and constitute an important source of rainfall [2,3] and
severe weather within the tropics and sub-tropics. They can have different morphological
characteristics but they all contain convective and stratiform precipitation [4]. Maritime
MCSs are characterized by less intense convective region but larger stratiform region than
the continental ones [4].

The precipitation process can produce strong downdrafts through both precipitation
loading and evaporation of rain into a dry mid-level environment, transporting cooler
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and drier air to the boundary layer [5]. As the gravity-driven downdraft reaches the
surface, it spreads out laterally in a turbulent manner, increasing the flow velocity closer
to the surface. As the fast propagating flow surges ahead of the convection, it forms
a distinctive boundary that separates cooler air from the surrounding air, namely the
outflow boundary or gust front. Gust fronts and other wind discontinuities are of key
importance in high-impact weather events, as they focus moisture convergence and lead to
the development of new precipitation systems [6–9] that can ultimately sustain mesoscale-
organized convection [10,11]. A well-defined form of outflow boundary is generated when
convective and mesoscale downdrafts form a density current on the surface, known as a
cold pool [12].

Over the past several decades, satellite scatterometers operating at different wave-
lengths have been providing valuable sea surface wind field information. Sea surface
temperature effects are more pronounced when receiving and transmitting both at vertical
polarization and at higher incidence angles, however C-band scatterometers are rather
insensitive to such effects compared to Ku-bands [13]. On the other hand, Ku-band scat-
terometers are more sensitive to wind speed (especially variations at low wind speed) and
direction, but they are subject to much higher variability than C-band scatterometers [14].
Therefore the C-band Advanced Scatterometer (ASCAT) is expected to provide a more
robust wind retrieval associated with the outflow boundaries characteristics near precipita-
tion than scatterometer satellite-1 (Scatsat-1; [15–17]). In case the cold pool edges are found
within the precipitation itself, scatterometer retrievals may be degraded. Although ASCAT
operates at C-band, rain contamination can be significant in case of heavy precipitation,
resulting in ocean splash, which alters the backscattered signal [18]. Detailed examination
of the wind solutions can help to mitigate such errors.

ASCAT wind retrievals are performed at a 50-km resolution, with 25-km cell spacing,
and a 25-km resolution, hereinafter referred as the coastal product, with 12.5-km cell
spacing. The surface winds are generated using a geophysical model function (GMF) that
relates normalized radar cross section (σ0) to the observing geometry and the mean wind
vector in a cell. Due to the ambiguous solutions of the GMF with respect to the wind
direction, the maximum likelihood estimation (MLE) principle is implemented to rank
the probabilities of these solutions. During the 2DVAR process an analyzed wind field is
obtained [19]. Subsequently, at each wind vector cell, the wind vector ambiguity solution
that lies closest to the analyzed field results in a final selected scatterometer wind field.
In order to minimize the noise in the σ0 data (level 1b), a Hamming window [20] is applied
to derive the 50-km product, so that the main contribution of weighted σ0 on a 100 km by
100 km area originates from the central 50 km by 50 km. However, it does not preserve any
information at the edges, thus preventing any retrievals at distances closer than 50 km from
the coast. Based on this fact, the higher resolution coastal product is obtained by applying a
box averaging on a 50 km by 50 km area, in order to minimize the noise while preserving σ0
measurements near the coast. The outcome is that the coastal product will have increased
variability among neighbor wind vector cells since a larger number of measurements away
from the center of the cell are included in the averaging. A different approach based on
image reconstruction has been adopted by Lindsley et al. [21] to create a high resolution
ASCAT wind product. The reconstruction is based on the weighted average method that
is weighted by the spatial response function (SRF), which corresponds to the footprint of
each measurement as a function of aperture [22]. The grid is defined to be the same as the
coastal product, but sub-divided into 1.25-km spacing.

Leveraging wind retrievals at 12.5-km spatial resolution from the ASCAT instruments
onboard the Meteorological Operational-A, -B (Metop-A, -B) satellite series, Garg et al. [23]
developed a new method to identify cold pools globally based on the horizontal wind
gradient, termed as ‘Gradient Feature’ (GF). The validity of this method was evaluated
with simulation of the Weather Research and Forecasting (WRF) model over the Indian
Ocean during the DYNAmics of Madden-Julian Oscillation field campaign, as well as air
temperature from buoys and precipitation data from the Tropical Rainfall Measurement
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Mission (TRMM). However, some uncertainty in the method was also identified due to
the characteristics of the ASCAT and its overpass relative to the life cycle of the convective
system. The former accounts for the tendency of ASCAT to overestimate (underestimate)
wind speed retrievals at lower (higher) wind speeds [24,25]. The authors suggested wind
gradient to be more robust than divergence and vorticity since biases in the retrievals,
especially near gust front boundaries, can complicate the interpretation between the two
latter quantities. Nevertheless, Kilpatrick and Xie [26] demonstrated the ability of the
12.5-km ASCAT winds to detect the horizontal wind divergence associated with MCS
downdrafts, whereas smaller convective-scale downdrafts were not resolved. The ability
of ASCAT to detect more generalized wind patterns, such as outflow boundaries near
precipitation at moderate rain rates was shown by Portabella et al. [27]. The authors utilized
an image processing method, known as the singularity analysis to improve the quality
control of wind retrievals under rain conditions.

A tracking algorithm for gust fronts of convective cold pools was developed by
Fournier and Haerter [28], which was based on the gradient of the radial velocity. The al-
gorithm can be described in three phases: first a rain cell tracking is performed, followed
by the calculation of the radial velocity and its gradient. The last phase includes the
identification of the cold pool edges based on the minimum in the gradient of the radial
velocity. Using a large eddy simulation model, the authors were able to demonstrate the
efficiency of the method to identify an ensemble of cold pools in comparison to traditional
thermodynamical approaches. The physical basis lies on the fact that cold pool edges can
exhibit thermodynamic properties similar to the surrounding air, while new convection is
triggered in regions of near-surface convergence.

Gust fronts have also been studied utilizing ground-based radar systems
Wakimoto [29]. Automated algorithms have been developed based on radar proxies to
detect gust fronts [30–32]. The ability of the ground-based radar systems to assess the
low-levels of the atmosphere that are key to the performance of the scatterometers has been
demonstrated by Priftis et al. [33]. The authors demonstrated that quality flagging is sen-
sitive to individual storm characteristics utilizing ground-based radar retrieved rain rate.
In the same study, single-Doppler analysis wind retrievals were utilized to demonstrates
the complementary role of space- and ground-based radar systems to obtain more accurate
representation of the wind fields, as the latter depict wind features at a higher altitude than
the scatterometer as a function of distance from the center of the radar.

This study explores the degree to which scatterometer wind retrievals can detect
outflow boundaries at varying spatial resolutions taking into account the trade-off between
wind vectors at finer spatial scales and noise levels with increasing spatial resolution.
Section 2 describes the satellite and ground-based data used, Section 3 describes the
methods, Section 4 describes the results obtained from a case study and Section 5 presents
a summary and discussion.

2. Data
2.1. Advanced Scatterometer

MetOp is a series of three polar orbiting meteorological satellites which form the
space segment component of the overall European Organization for the Exploitation of
Meteorological Satellites (EUMETSAT) Polar System. The ASCAT instrument is on-board
the MetOp-A and -B that were launched in 2006 and 2012, respectively. ASCAT is a real-
aperture C-band (5.255 GHz) vertically polarized radar with three fan beam antennas that
measure the backscattered signal from the ocean surface, pointing to the left-hand side of
the sub-satellite track and three fan-beam antennas pointing to the right-hand side [20].
The system has two 550-km swaths, separated from the satellite ground track by about
360 km. The physical basis for the wind retrievals is Bragg scattering (cm-wavelength).
Changes in ocean surface roughness induced by the wind stress alter the backscattered
power depending on the incidence angle (30◦–60◦ for scatterometers). Level 2 (L2) wind
product was acquired from the EUMETSAT User Services for ASCAT-A and -B on 28
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May 2016 at 02:51 UTC (49844 orbit) and 03:42 UTC (19158 orbit), respectively, at 50-km
resolution and 25-km resolution ([34,35]; coastal product).

The coastal product has a 12.5-km cell spacing, which is adequate to resolve mesoscale
phenomena, and it also has a smaller error with respect to buoys, in comparison with the
50-km resolution product [36]. It has an accuracy that is characterized by a root mean
square error smaller than 2 m s−1 and a bias of less than 0.5 m s−1 in wind speed and
also includes quality flags that account for cells that are subject to rain contamination.
Moreover, this product reports the wind inversion residual values, known as the maximum
likelihood estimation (MLE; [37]), to screen the quality of the wind vector, although this
metric is not always effective in identifying rain-contaminated cells [27]. The MLE flag is set
when the measured triplet has an anomalously large distance to the GMF cone, while the
2D-Var quality control flag (VarQC) is set during the 2-D variational (2DVAR) ambiguity
removal when a wind vector is spatially inconsistent with the background wind [38].
Along with the wind retrievals, the L2 product also reports numerical weather prediction
model (background) winds used in the ambiguity removal process, i.e., stress-equivalent
winds [39] by the European Centre for Medium-Range Weather Forecasts (ECMWF) model.

ASCAT level 1b (L1B) full resolution product data were also acquired from the EUMET-
SAT User Services. This product type contains 192 geolocated full resolution backscatter
values along with incidence angles and azimuth angles and this number is common for
all beams. Also reported are flags that may affect the quality of the measurements, such
as the noise, gain, height of the satellite, etc. Last but not least, a flag for the presence of
land is being reported that takes into account the latitude and longitude of the backscatter
measurement. L1B data were obtained for same date and times as the previous products.

2.2. MERRA-2

The Modern-Era Retrospective Analysis for Research and Applications, version 2
(MERRA-2, [40]) provides multiple diagnostics of the ocean surface, atmosphere and land.
The collections of MERRA-2 are reported on a regular 0.625◦ × 0.5◦ longitude-by-latitude
grid and all fields are computed on a cubed-sphere grid with an approximate resolution
of 50× 50 km. The ocean surface diagnostics (M2T1NXOCN) are obtained from NASA’s
Earthdata web application and include hourly data of the u,v wind components at a single
level. The u and v components of the wind at 10-m height were obtained for 28 May 2016.

2.3. RAP

National Oceanic and Atmospheric Administration’s (NOAA’s) Rapid Refresh (RAP, [41])
is a numerical forecast model that generates weather data on a 13-km horizontal grid resolu-
tion. RAP covers the entire North American continent including the contiguous United States
and its coastal regions, generating forecasts every hour with forecast lengths going out 18 h.
Data are available from the National Centers for Environmental Information (NCEI). The u
and v components of the wind at 10-m height were obtained for 28 May 2016 at 03:00 UTC
and 04:00 UTC.

2.4. Next Generation Weather Radar (NEXRAD)

The NEXRAD network consists of 160 high-resolution polarimetric Doppler weather
radars that operate at S-band (10 cm). Here, we obtained level-II archived data from the
NCEI for radars located over the coastal U.S. These datasets include the base data quantities
of reflectivity, mean radial velocity, and spectrum width, as well as the dual-polarization
data of differential reflectivity, correlation coefficient, and differential phase. The data are
reported in line with the radar scan time, in intervals of 4.5, 5, 6 or 10 min, depending on
the Volume Coverage Patterns in operation. Further analysis of the data, which provides
metrics for the storm’s microphysical and dynamical characteristics, is described in the
following section. Data were obtained from KHGX radar station based on Houston, TX,
USA, for 28 May 2016 from 02:45:41 UTC to 04:01:15 UTC.
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2.5. Buoy

Buoy surface wind measurements were obtained from the NOAA National Data
Buoy Center (NDBC). Buoys consist of two types: either belonging to the Coastal-Marine
Automated Network (C-MAN) stations, which use a 2-min data-acquisition period, or are
moored buoys, which use an 8-min acquisition period. Anemometer heights at C-MAN sta-
tions vary widely, depending on site structure and elevation above sea level. The historical
dataset provides unadjusted wind speeds as actually measured by station anemometers.
Continuous measurements of wind speed and direction (the direction the wind is coming
from, in degrees clockwise from true north) among others, are reported every 6 min, with a
precision of 0.1 m s−1 and an accuracy of 1 m s−1 and a precision of 1◦ and an accuracy
of 10◦, respectively. 10-m wind speed and direction were acquired for stations EINL1,
AMRL1, FRWL1, CAPL1 and 42035 at the closest time of ASCAT-A and -B over the area
of study.

3. Methodology
3.1. Ultra-High Resolution ASCAT Retrieval

The ultra-high resolution (UHR) ASCAT product is described by Lindsley et al. [21].
The retrieval process is performed on an Earth-oriented grid defined at high resolution
(by default, EASE-2 cylindrical at a grid spacing of 3.125 km). The UHR algorithm reads
as input ASCAT L1B files (containing full-resolution data) along with a region of interest
to process. The relevant L1B data are extracted and (partially) reconstructed on a high-
resolution swath grid. The high-resolution backscatter data are processed with the ASCAT
Wind Data Processor (AWDP) to obtain UHR winds. AWDP includes an empirical cali-
bration to the σ0 values that is applied before wind retrieval. Each measurement location
is geoprojected to determine which pixel on the grid the center falls into. Additionally,
the measurement SRF is sampled in a neighborhood around the measurement center.
The prepared measurements (σ0) are (partially) reconstructed for each of the three look
directions separately (fore, mid, and aft). The reconstructed data are used to perform wind
retrieval on each UHR pixel independently. The winds are retrieved using a maximum-
likelihood estimate with the C-band GMF, called CMOD5.n [42] as the forward model.
A simple ambiguity selection is run to maintain spatial consistency using MERRA-2 u,v
components interpolated at the grid spacing of the UHR, i.e., 3.125-km, resulting to a
spatial resolution no larger than 6.25-km (hereinafter referred to as 7-km). Subsequently,
the ambiguity selection is conducted and derived quantities such as the zonal and merid-
ional wind components are also computed. The AWDP also applies some other steps, such
as normalizing the MLE term using a look up table and model wind speeds. To date, there
is neither quality control performed nor rain flagging nor sea ice flagging.

To evaluate the UHR product, Lindsley et al. [21] compared it with wind retrievals
from ASCAT L2 12.5-km wind retrieval for hurricane Katia (2011) and found that the
UHR captured a finer structure with higher spatial frequency variations. Additionally,
in the same study, the ability of the UHR to provide accurate wind retrievals near the coast
(<20 km offshore) was dictated by the low biases (buoy-UHR) with respect to L2 wind
biases and the C-band advanced synthetic aperture radar, thus retaining a large number of
valid wind retrievals.

3.2. Gradient Feature Algorithm

The detection of outflow boundaries is based on the algorithm developed by
Garg et al. [23]. The mathematical expression of the wind gradient is:

∇−→V =

[
∂u
∂x + ∂v

∂x
∂u
∂y + ∂v

∂y

]
(1)
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where u and v are zonal and meridional winds, respectively. The magnitude of the wind
gradient is the given by:

∣∣∣∇−→V ∣∣∣ =
√(

∂u
∂x

+
∂v
∂x

)2
+

(
∂u
∂y

+
∂v
∂y

)2
(2)

The method is based on the wind gradient, which may be more robust than divergence
and vorticity in terms of the speed and directional bias in the retrieved winds, which
can be significant near gust front boundaries. It is based on the observations that steep
gradients in horizontal winds are induced by gust fronts, which very often border cold
pools. In order to retain those steep gradients from the background noise, a primary cut-off
threshold is applied. Lower wind gradients can complicate the cold pool identification,
therefore a second threshold is applied to remove the bias. Subsequently, the scikit-image
regionprops [43] was used to label each feature that satisfied the above thresholds of wind
gradients, and the Sobel technique [44] was used for edge detection, thus closing the
boundaries of a set of pixels and hence creating polygons. Polygons containing more than
4 pixels were divided into triangles using Delaunay triangulation [45]. The perimeter of
a set of triangles was formed implementing alpha shapes, identified as a concave hull
object, termed as ‘Gradient Feature’ (GF). Garg et al. [23] carried out simulations using the
Weather Research and Forecasting Model over the tropical Indian Ocean for a portion of
the DYNAmics of Madden-Julian Oscillation (DYNAMO) field campaign period, in order
to create a physical basis behind choosing the thresholds for the wind gradient.

UHR Implementation

The spatial resolution of the UHR product is a factor of about 2 less than the standard
L2W product, therefore additional tuning of the GF algorithm [23] was performed. To note,
both primary and secondary thresholds are set an order of magnitude less than in the
standard product. However, this is not a simple matching of the thresholds to the wind
features. The reconstruction of the full resolution ASCAT data is a trade-off between higher
spatial resolution and noise, which becomes important over small-scale and localized
changes in the wind speed and direction, as well as in the presence of rain. Therefore,
the gradient features associated with the UHR might not always correspond to the features
associated with the L2 wind product due to the higher sensitivity of the former in capturing
changes in the wind vectors. This is prevalent for high quality wind retrievals: on a 12.5-km
(or 25 km) grid, wind variability at a sub-scale pixel might be hindered due to smoothness
over a larger area, whereas the 3.125 km grid product is more challenged in detecting
the respective variability over the same domain. Although the order of magnitude of
the gradient wind field is the same (10−4 s−1) between ASCAT wind vectors of different
resolutions, the thresholds that capture transitions within the field associated with the
outflow boundaries are not the same. This indicates that the thresholds reflect to different
scales of ocean wind, associated in this case with the evolution of an outflow boundary.
The sensitivity of the UHR in response to the ocean state induces wind variability on a
case-by-case basis, which is modulated according to the characteristics of the weather
system. To capture this natural variability in the gradient wind field, additional small
adjustments in the thresholds need to be applied. Due to the lack of quality control and
appropriate rain flagging, the interpretation of UHR-derived GFs needs to be addressed
with caution. For example, small features near precipitation may be related to rain-afflicted
retrievals of low quality, which however may lead to gradient wind magnitudes that exceed
the applied thresholds and ultimately to the generation of gradient wind features.

3.3. Ground Radar Processing

The radar analysis was performed using the Python Atmospheric Radiation Mea-
surement (ARM) Radar toolkit (Py-ART; [46]), which is an open-source Python module
containing a collection of weather radar algorithms and utilities for data processing and
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visualization. The first step was to perform a quality control of the data that included
de-aliasing of the radial velocity field, removal of non-meteorological targets (e.g., in-
sects) via thresholds on various polarimetric variables [47], and correction for attenuation,
clutter, and second-trip contamination. Cartesian gridding of the data was performed at
225 × 225 horizontal domain (corresponding to 3.5 km grid spacing) and 40 vertical levels
(corresponding to 500 m). The rainfall estimation is based on the algorithm developed by
Cifelli et al. [48], referred to as CSU-HIDRO, which is coded in a Python package named
CSU_RadarTools [49].

A single-Doppler analysis algorithm was applied to the radar data prior to the Carte-
sian gridding, utilizing 2DVAR approach of Xu et al. [50], which is an extension of the
Velocity Azimuth Display (VAD) technique [51]. More specifically, after basic quality con-
trol, a background wind field is created using the traditional VAD analysis of radar data.
Then, the raw radial velocity data is used to apply an optimal correction to the background
winds, based on their error covariances. This method retrieves high-quality low-level 2-D
Doppler vector winds on the conical radar scan surface, which are comparable to scatterom-
eters’ performance (∼0 bias, ∼2 m s−1 speed and ∼20◦ direction errors, 0–32 m s−1 valid
range; [52]), but have much finer resolution in space and time with no degradation in the
presence of precipitation. The output velocity vector field obtained by our single-Doppler
analysis has a spatial resolution of 3 km. For the purpose of this study, Doppler winds at
only the lowest elevation sweep (0.5◦) were used to identify near-surface wind features.

3.4. Scatterometer Wind Retrieval Correction

Single-Doppler analysis winds provide an estimate of the local wind field that is
unaffected by attenuation in the presence of rain, in contrast to scatterometer wind re-
trievals that can be affected by rain rates as low as 6 mm h−1 [53]. Moreover, the inability
of weather forecasting models to resolve mesoscale phenomena can further complicate
the ambiguity selection process, leading to false ambiguity wind selection. The winds
retrieved by Doppler radars are reported at an increasing height with distance due to the
earth’s curvature. At relatively close distances from the radar they can be representative
of the near-surface wind conditions [33] and therefore be used to correct the low-quality
scatterometer retrievals over precipitation. This process entails the manual examination of
the scatterometer’s multiple/unambiguous wind direction solutions within a wind vector
cell, which in the presence of rain should be more than 2 with similar probabilities, and the
selection of the one that more closely matches the Doppler wind direction. Elevated magni-
tude of wind shear at the low levels of the troposphere is more conducive to generation
of quasi-linear convective system [54], which can complicate the proposed correction of
the wind direction. Using information of the MCS’s location and precipitation one can
approximate the wind direction by relying on (radial) outflow processes.

3.5. Resampling of Background Winds

The ambiguity selection process was applied on the UHR product for 3 NWP models;
i.e., ECMWF, MERRA-2 and RAP. The ECMWF and MERRA-2 models provided winds at a
global scale, whereas the RAP winds were confined over the North America and adjacent
oceanic regions. The ECMWF winds where obtained directly from the ASCAT L2 product
and had 12.5-km spatial resolution. The MERRA-2 model global winds (tavg1_2d_ocn_Nx
product) were available at 7-km spatial resolution through the UHR process. RAP winds
were available at a native 13-km resolution horizontal grid and 3-h temporal resolution,
and therefore were resampled at a 7-km prior to ingest them in the ambiguity removal
process using the pyresample module [55]. This Python module is a fast and generalized
interface to resample (reproject) Earth-observing satellite data, both gridded and swath
types, by the implementation of a (custom) KD-tree approach.
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4. Results and Discussion
4.1. Outflow Boundary Detection

The method described in the previous sections has been applied to a severe weather
system, located along the coastal U.S., in order to demonstrate the utility of the UHR prod-
uct to identify small scale features along an outflow boundary and how those are related to
features captured by the lower resolution ASCAT products. First, the method is applied on
the lower resolution products, 25-km and 12.5-km, to provide a more abstract form of the
detected outflow boundaries. The wind vectors are analyzed along the boundaries and
at the vicinity of precipitation associated with them. Subsequently, the method is applied
on the UHR product. The results are evaluated based on the precipitation retrievals from
ground-based radars and characteristics of the UHR retrieval. In this context, the outflow
boundary features detected by the coarser resolutions are considered as truth in order to
evaluate the UHR detections, at least at the vicinity of the precipitating system.

An MCS was present over Houston (TX) on 28 May 2016 that coincided with the
overpasses of the MetOp satellite series and was within the range of the KHGX radar.
Ground-based radars are a valuable platform to study and detect features associated with
convective systems [33,56–58]. The evolution of the MCS is depicted in Figure 1 by the
radar reflectivity and single-Doppler radar wind-field retrieved at the lowest elevation
angle. The overpasses of ASCAT-A and ASCAT-B at the closest times relative to the radar
are also indicated (Figure 1b,e). The reflectivity field indicated that the system was slowly
moving toward the southeast with the highest reflectivity magnitude reaching 56 dBZ
within the convective core. An extensive stratiform region was visible at 3:35 UTC onwards
(Figure 1d–f). During the last time step (Figure 1e,f) the system started to dissipate as the
reflectivity magnitude decreased within the stratiform and regions of the main convection,
although regionally the highest reflectivity remained the same. This reflectivity structure
within the MCS is in line with the detailed analysis of MCS in Houze [59]. A similar case of
a squall line was studied in Smull and Houze [60]; however, their case was strictly over
land. The authors used reflectivity radar data to show that the system propagated towards
the east-southeast and system-relative Doppler horizontal velocity to identify the presence
of a rear-inflow jet (RIJ), and a gust front marked by strong low-level convergence. Doppler
winds at the lowest scanning elevation angle can be representative of the near surface
wind-conditions depending on the distance from the radar. Figure 1 was created to identify
the structure and propagation of the MCS, along with the kinematic characteristics of the
flow. The range rings during the overpasses (Figure 1b,e) are spaced at 50-km distance,
where the retrievals at 100 km and 150 km from the radar location are obtained at a height
of 1.5 km and 2.8 km, assuming standard beam-propagation conditions. The analysis
revealed the presence of a descending rear-to-front flow that was characterized by a strong
northwesterly flow reaching a height of 1.5-km. The descending flow (RIJ) typically forms
as a response of the latent heat released by sublimation, melting and evaporation below the
trailing-stratiform cloud Houze [59]. The RIJ was present during all time steps, fueling the
MCS. The increase in the wind speed over a rear-inflow jet was also observed by Keene and
Schumacher [61], who used observations and simulations to understand the mechanisms
responsible for the initiation and maintenance of a convective line.
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Figure 1. Time series depiction of reflectivity field and single-Doppler winds for KHGX radar station. Concentric circles
(black dashed) are drawn at 50 km intervals, i.e., at a distance of 50, 100 and 150 km from the radar location. (b,e) correspond
to the closest times of the ASCAT-A and -B overpass, respectively.

4.2. Impact of Different Scatterometer Product Resolutions

Klingle et al. [56] analyzed 9 cases in order to identify characteristics of gust fronts
observed by a Doppler radar located in Norman, OK. The average maximum and minimum
height of the respective gust fronts was 2.6 and 0.8 km, respectively. The authors found
that the gust fronts can be detected as thin lines of echoes in the reflectivity field with a
maximum of 7 dBZ. However, this feature becomes apparent at a later stage of the storm’s
lifecycle, after the gust front has moved away from the parent storm. Similar cold pool
characteristics were identified by Borque et al. [62], while also noting insect-related dual
polarization radar signatures in the gust front. Additionally, turbulence that is present
between the outflow boundary and the environmental flow can be identified as lines of
enhanced spectrum width (e.g., [63]), thus indicating the presence of the gust front. Figure 2
was created to test the detection of the outflow boundary in any of the aforementioned
radar fields. At the overpass of ASCAT-A there was no apparent line of low reflectivity
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echoes (Figure 2a) in front of the MCS, which could be attributed to the height of the
outflow boundary relative to the distance from the radar. The outflow boundary should
have been present at least about 100 km away from the radar (Figure 2a, middle concentric),
which corresponds to reflectivity retrievals at a height of at least 1.5 km. It is probable that
the beam was above the outflow, thus minimizing the detection of the outflow boundary in
this case.

Figure 2. NEXRAD (KHGX) and single-Doppler analysis wind fields. The subfigures at the left correspond to the closest
time of ASCAT-A overpass: (a) Radar reflectivity field (in dBZ), (c) single-Doppler analysis wind field (in m s−1) and
divergence field (in s−1), and (e) radar-estimated precipitation rate (in mm h−1) with enhanced spectrum width magnitude
(in m s−1). (b,d,f) have the same configuration but correspond to the closest time of ASCAT-B overpass. Dashed concentric
circles indicate radial distance from the radar at 50, 100 and 150 km.

The Doppler-retrieved winds (Figure 2c) were northwesterly within the precipitating
system and shifted south-southwesterly in front of the MCS, where convergence was
observed along its boundary. Although, the outflow boundary was not prevalent in the
reflectivity field, single-Doppler analysis winds captured a shift to south-southwesterly
flow along the boundary of the MCS, which might indicate the presence of a deep outflow
boundary embedded at the edge of the system.
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Similar to ASCAT-A, at the overpass of ASCAT-B there was no apparent line of low
reflectivity echoes (Figure 2b) in front of the MCS.

The Doppler wind field (Figure 2d) captured backing winds over the precipitating
system, close to the time of ASCAT-B overpass. A large area of divergence was present in
front of the system, at 100 km distance from the radar (middle dashed circle). Over the
same area and in front of the heavy precipitation, elevated values of spectrum width were
observed, with highest value of 11 m s−1 (Figure 2f). However, the linearity of the feature
observed by Klingle et al. [56] at low levels was not present in this case. An indication
of the presence of the outflow boundary could be deduced from the above observations,
while at the same time the rear-to-front flow was also detected in the wind analysis field.

Scatterometer wind retrievals encompass a set of solutions (up to 4) for each wind
vector cell, with the first two being of opposite direction due to the sinusoidal nature
of the GMF. Figure 3 depicts the wind retrievals for ASCAT products of 50-km spatial
resolution after the directional ambiguity removal (Figure 3a,b), along with the available
wind solutions (Figure 3c–f) obtained through the GMF. Wind solutions 3 and 4 exhibited
increased wind variability and are not presented here, as these solutions suffered from a
known effect of rain, i.e., the alignment of the wind vectors perpendicular to the satellite
track [64,65]. Wind retrievals at 50-km resolution are absent close to the coast due to
potential land contamination. The wind field for both ASCAT-A and -B was southeasterly
over the precipitation system (Figure 3a,b). The ECMWF model winds, used during the
ambiguity removal process, also indicated southeasterly flow over the whole domain
(Figure 7a,b), failing to resolve the mesoscale system. Over the same area single-Doppler
analysis wind field indicated northwesterly flow (Figure 3a; red streamlines).

The correction method described in the methodology section was applied to rain-
afflicted ASCAT wind vectors, offshore of Houston, where the ambiguity removal process
most likely failed. Around 28.7 deg N and 94.5 deg W wind retrievals were flagged by the
MLE for both ASCAT-A and -B (Figure 3c–f; gold vectors), indicating large distance between
the ambiguous solution 1, 2 from the GMF and ECMWF background winds. Large values
for the MLE might indicate that the retrieval is contaminated by rain or confused sea state.
Not surprisingly, this area was severely affected by high rain rates (Figure 2e; 70 mm h−1),
therefore the Doppler retrievals should have been more representative of the wind field
than the scatterometer winds. In the absence of any other observations, the observed
sounding at KLCH station at 12 UTC indicated a uniform wind flow (southwesterly) up to
height of 1.5 km, therefore the correction method was applied to scatterometer wind vectors
up to 100 km radial distance from the radar location. For example, the first wind solution for
ASCAT-A (Figure 3c) captured north-northwest wind direction over the respective region,
whereas the second wind solution (Figure 3e) indicated south-southeast wind direction,
with the latter being the solution selected by the ambiguity process. The single-Doppler
analysis wind field (Figure 2c) captured north-northwest wind direction over an area that
expanded radially outwards from the location of the radar. For each wind vector cell that
fell within the radar domain, the wind direction of the optimal solution was substituted
with the Doppler-compliant unambiguous wind direction; i.e., north-northwest (Figure 3c,
wind solution 1). The suggested wind solution was was then constructed for all ASCAT
wind retrievals at 50-km.
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Figure 3. ASCAT-A and -B 50-km wind products on 28 May 2016 at 02:51 UTC and 03:42 UTC, respectively. Black vectors
in (a,b) correspond to ASCAT-A, -B winds and red streamlines to radar-derived winds at the lowest elevation angle.
(c,e) correspond to ASCAT-A wind solutions 1 and 2 of the available solutions. Blue vectors correspond to good quality
wind retrievals, gold and magenta to retrievals for which the MLE and variational quality control flag has been activated,
respectively. (d,f) have the same configuration as (c,e) but for ASCAT-B.

The aforementioned approach was applied to the 25-km spatial resolution product
(Figure 4). Wind retrievals were available closer to the coast, but the wind vectors exhibited
significant variability in comparison to the coarser resolution, owing to the presence of
the precipitating system. Once again, the ambiguity selection process likely erroneously
indicated southerly flow over the radar-derived streamlines for both ASCAT-A (Figure 4a)
and -B (Figure 4b).

ASCAT wind products at 7-km spatial resolution (Figure 5a,b) had the same response
as the coarser wind products. Although the shift in the wind direction was an indication
of the mesoscale system, the wind direction was wrong. Independent of the absence of a
proper rain flag, the model winds played an important role in the selection of the wind
direction. An evaluation of the available solutions (Figure 5c–f) was performed to obtain
the wind direction that was in accordance with the low-level feature identified in the radar
analysis. In turn the suggested wind field altered the structure of scatterometer wind field
and its products near the precipitation region, such as the wind gradient, convergence
and vorticity.
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Figure 4. ASCAT-A and -B 25-km wind products on 28 May 2016 at 02:51 UTC and 03:42 UTC, respectively. The configuration
is the same as in Figure 3.

In front of the MCS all three ASCAT products showed a response by the winds to the
cold-pool outflow (Figure 6). The valid wind retrievals at all 3 spatial resolutions indicated
southeasterly flow over the open ocean. At the overpass of MetOp-A satellite, winds
at 50-km resolution captured a sudden shift in the wind direction from southeasterly to
northerly flow along the border of the precipitating system (Figure 6a, blue-dotted line),
and an increase in the wind speed from 10 to 18 m s−1. The system was characterized
by high rainfall rates, reaching a local maximum of 130 mm h−1. Over the precipita-
tion region the wind vectors were characterized by increased speed and northerly flow,
though the increase in the wind speed could be attributed to the effect of rain on scat-
terometers [27,65–67]. The presence of the rear-inflow jet ensured a wind maximum that
started at or below 500 m above ground level, as friction near the surface prevented a
rise in the wind speed to reach this maximum (logarithmic wind profile). At the eastern
side of the domain and away from the precipitation (Figure 6a; R1), wind retrievals in-
dicated southwesterly flow. Further south of the respective region (below 28.8◦N) the
wind direction shifted abruptly to northwest. However, the ECMWF model winds used
in the ambiguity selection process indicated southeasterly flow over the whole domain
(Figure 7). The coastal buoy observations of wind speed and direction for all stations were
also examined before and after ASCAT overpasses to ensure that the buoys were operating
normally. The observations indicated abnormal behavior of the buoys during this time
and were suspicious, therefore, the ambiguity removal solutions were considered here as
likely correct wind vectors. Scatterometers retrieve winds near the surface; i.e., equivalent
neutral winds, therefore the wind gradient should have a distinctive signature, especially
at the boundaries of the horizontally expanding cold air. The changes in the wind field
induced by the outflow boundary were depicted in the wind gradient field, where the mag-
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nitude increased from near zero value in the open ocean to 3 × 10−4 s−1 within the system
(Figure 6a). The two thresholds used in the GF algorithm for the 50-km retrievals were
6.8 × 10−5 s−1 and 1.2 × 10−4 s−1, respectively. A unique GF (Figure 6a, black polygon)
was identified that extended about 200 km in horizontal distance and located in front of
the system.

At the overpass of MetOp-B satellite, the system had propagated further away to the
open ocean, towards the southeast, and it was characterized by intense precipitation with
maximum rain rate of 100 mm h−1 (Figure 6b). Over convective core of the system high
values of wind gradient existed, reaching a maximum of 6 × 10−4 s−1, associated with
wind variability over intense rain rates. At the eastern side of the system (Figure 6b, R1)
the wind had a similar response to ASCAT-A. In front of the system the wind gradient
was characterized by higher values than at the overpass of ASCAT-A, indicating a more
vigorous outflow boundary, which might have emanated from intersecting boundaries of
nearby convective cores. The gradient wind feature (Figure 6b, black polygon) expanded
outwards but in a more confined shape than ASCAT-A, probably denoting the presence of
a well-defined outflow boundary. The thresholds used in the GF process were the same as
for ASCAT-A since both ASCAT instruments are well calibrated with each other and have
similar performance [68,69].

A sensitivity test was performed on the two thresholds to capture differences in the
population of the gradient wind features, owing to smaller-scale wind features that could be
associated with the MCS and its evolution. The primary threshold removes the background
noise and the secondary accounts for the bias due to lower wind gradients. The primary
(secondary) threshold used in the GF method varied from 1 − 9 × 10−5 (10−4). The results
indicated that there was no change in the number of features, thus providing additional
confirmation that wind vectors at 50-km spatial resolution cannot resolve smaller than
mesoscale wind features.

The coastal wind product at 25-km spatial resolution provides retrievals as close as
50 km from the coast (Figure 6c,d). At the overpass of ASCAT-A (Figure 6c) many of
the coastal wind vectors were contaminated by rain, therefore the suggested wind field
provided a more realistic solution. Once again, wind speed within the precipitation system
reached a maximum of 24 m s−1, whereas over the open ocean the maximum was 10 m s−1.
In front of the MCS’s precipitation boundary (Figure 6c, blue line), wind vectors associated
with the expanding outflow boundary shifted from southeast to east. Wind gradient
magnitude increased over the same area to a maximum of 0.5 × 10−3 s−1. Within the
system, elevated values of wind gradient were locally confined near intense precipitation.
A unique GF was identified that encompassed part of the precipitating system as well as
the associated outflow boundary (Figure 6c, black solid line).

The primary and secondary thresholds used in the GF algorithm were 6.8 × 10−5 s−1

and 1.2 × 10−4 s−1, respectively. Garg et al. [23] evaluated the GF method using thresh-
olds determined by a model simulation. Based on statistical indices—i.e., critical success
index, false alarm and bias ratio—the authors obtained a value of 6.8 × 10−5 s−1 and
1.2 × 10−4 s−1 for the primary and secondary thresholds, respectively. The same sensi-
tivity test performed on the ASCAT-A wind gradient process had similar results to the
coarser wind product. Kilpatrick and Xie [26] hypothesized that ASCAT wind retrievals at
25-km spatial resolution failed to detect convective-scale gust fronts because the product’s
resolution is too coarse to resolve such phenomena.
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Figure 5. Same configuration as Figure 3, but for the UHR product (7-km spatial resolution) on 28 May 2016 at 02:51 UTC
and 03:42 UTC for ASCAT-A and -B, respectively. Wind solution 3 is excluded as rain effects were prevalent and did not
provide any valid solution.

At the overpass of ASCAT-B (Figure 6d) the wind direction shifted to easterly in front
of the border of the precipitation (Figure 6d, blue line). Wind direction within the system
was northerly, according to the suggested solution. The wind gradient increased from
near zero at the open ocean to 0.62 × 10−3 s−1 towards the boundary of the precipitation.
On the eastern side of the MCS (Figure 6d, R1), elevated values of wind gradient were
associated with variable wind direction and speed on the contrary with the uniform wind
field depicted by ASCAT-A. Single-Doppler analysis winds (Figure 1e) over the same area
indicated a shift in the wind for distances longer than 150 km from the radar location;
although at such distances the wind vectors didn’t correspond to a low-level field, they
might be representative of a deep gust front layer. The unique GF (Figure 6d, black
solid line) extended further east near the coastline and included the shift in the wind
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vectors induced by the outflow boundary, thus supporting the utility of this method for
the detection of such phenomena. The primary and secondary threshold values used in
the GF algorithm were 2.2 × 10−4 s−1 and 1.8 × 10−4 s−1, respectively. The sensitivity test
on the thresholds used in the GF algorithm affected only the size of the feature and not
the population.

UHR adjusted wind retrievals at the overpass of ASCAT-A (Figure 6e) were avail-
able as close as 10 km from the coast. Offshore Houston winds were characterized by
northwesterly flow with high wind speeds reaching a maximum of 30 m s−1. A buoy
located at 29.3◦N 94.4◦W (Figure 6a, 42035) indicated northerly direction (350◦N) at the
closest time to the ASCAT-A overpass, in accordance with the UHR retrievals near the
coast. However, some wind retrievals were suspect due to land contamination and/or
precipitation. Rain-afflicted wind vector were aligned perpendicular to the MetOp-A track
(ascending, towards northwest) near the center of the domain. In the eastern side of the
domain (Figure 6a, R1) the wind was southerly (Figure 6e), over an area not affected by
precipitation. However, at about 29◦N 92◦W, a wind shift to southwesterly winds was
observed, which was characterized by elevated wind gradient values (2.7 × 10−3 s−1).
In front of the precipitating system winds shifted to southwesterly in contrast to the direc-
tion indicated by the coarser resolutions. The wind gradient magnitude over the area was
reached a local maximum of 4 × 10−3 s−1.

Differences in the wind vectors between the UHR and the coarser resolution might
have arisen from differences in the retrieval algorithms, as well as from the different model
winds used in the ambiguity selection. While ASCAT winds at 50- and 25-km spatial
resolution implement the ECMWF model for the MLE estimator, UHR process uses model
winds from MERRA-2. Portabella and Stoffelen [18] found that 50-km ASCAT winds
performed better than ECMWF model winds against buoy wind measurements in the
presence of rain-induced downdraft, pointing out that ECMWF does not resolve well the
airflow near rain.

Two main GFs were obtained in this case, for the primary and secondary threshold
values of 6.8 × 10−4 s−1 and 2 × 10−3 s−1, respectively. Other smaller features behind
the MCS were spurious due to the aforementioned low-quality retrievals. UHR spatial
resolution allowed for small variations in the wind that could lead to a larger bias in the
wind gradient field in comparison with the coarser resolution, therefore the secondary
threshold used in the GF method was an order of magnitude higher. The GF that was
characterized by the largest area, encompassed a large part of the precipitation. However,
in front of the MCS, the outline of the feature was in agreement with the precipitation
structure near the surface and the precipitation-induced outflow boundary. The feature
offshore the coast of Houston was associated with increased wind gradient magnitude over
an area that was affected by precipitation (Figure 6e). The radar analysis over the respective
area (Figure 1), didn’t reveal any change in the wind field before and after the overpass,
which might have indicated that scatterometer wind retrievals were of low quality.

At the overpass of ASCAT-B (Figure 6f) elevated wind speed magnitude (30 m s−1)
was retrieved within the precipitating system, while the suggested wind direction was
northwesterly. Wind gradient magnitude was small due to the homogeneity of the vectors
over the area. A buoy located at 29.3◦N 94.4◦W (Figure 6b, 42035) indicated southeasterly
direction (153◦N) at the closest time to the ASCAT-A overpass; however, measurements
taken 30 min earlier (obtained every 10 min) reported northwesterly to northeasterly
direction. Considering the delay in the response of the scatterometer at sudden wind
changes, the surrounding UHR retrievals near the coast were in accordance with previous
buoy measurements (Figure 6f). On the eastern side of the domain (Figure 6b, R1), the wind
was southwesterly over an area free of precipitation (Figure 6f). In front of the system’s
precipitation border the wind direction shifted to southwesterly, with speed of the same
magnitude (19 m s−1) as over the open ocean. The wind gradient field was characterized by
fragments and large variations in magnitude along the front edge of the MCS. Fragments
within the gust front have also being observed by high-resolution Doppler radars Uyeda
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and Zrnic [70], providing confidence that the 7-km resolution product can detect such
fine-scale features.

Figure 6. Adjusted ASCAT wind vectors (black vectors) and gradient wind magnitude are depicted for the overpasses of
MetOp-A and -B. Left column, i.e., (a,c,e), corresponds to ASCAT-A overpass at 02:55 UTC on 28 May 2016; right column,
i.e., (b,d,f) to ASCAT-B at 03:47 UTC. From top to bottom spatial resolution increases from 50 km to 7 km. Black polygons
correspond to gradient wind features. KHGX precipitation rate (>40 mm h−1) is depicted in light blue filled contours and
reported at 02:57:26 UTC for ASCAT-A and 03:46:03 UTC for ASCAT-B. In (a,b) blue line depicts the 1 mm h−1 rain rate
border along the precipitation region and blue doted line the 6 mm h−1. Buoy stations and the corresponding wind (red)
vectors are shown in (a).

Multiple wind gradient features were identified in the UHR product during the
overpass of ASCAT-B (Figure 6f, black solid polygons), with the largest feature capturing
the wind shift in front of the MCS associated with the outflow boundary. The wind feature
at the most eastern part of the domain (29.4◦N 91.7◦W) was characterized by wind gradient
maximum, induced by a sudden change in the wind direction from southerly to northerly
over the respective area. Two buoys (Figure 6b, AMRL1 and EINL1) located near the coast,
measured northwesterly and northerly wind direction, respectively, indicating that the
UHR retrieval was valid. Further north, two small features near the coast (29.5◦N 92.2◦W)
were also related to a wind shift; however, in this case the buoy (Figure 6b, CAPL1) located
near them measured northeasterly wind direction. To note, the standard meteorological
data product reported wind speed and direction at 6 min interval time, however many
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invalid measurements were present in both variables, probably due to malfunction during
this time period. Offhsore Houston, another GF was present that included spurious
retrievals under the effect of rain.

4.3. Effects of Background Winds on Scatterometer Retrievals

A critical component of the ambiguity removal process is the input of background
winds, which are typically provided by a weather model. It has been shown that national
weather prediction (NWP) model biases are due to mesoscale processes, e.g., convection,
which are resolved by the scatterometers but not by models [71]. Portabella et al. [53]
investigated the rain effects on ASCAT-retrieved winds and found that the ECMWF winds
did not resolve well high-wind-variability cases, such as downdraft-like wind patterns,
due to the coarse spatial resolution. In the same study, the inability of the ECMWF to
resolve wind variability under rainy conditions was also observed.

A distinctive signature of a well-organized MCS is the cold pool [1] that develops near
the surface as radially expanding winds, producing gusty winds [72].

At the overpass of ASCAT-A ECMWF (Figure 7a) indicated southeasterly flow with
constant wind speed over the domain. A similar response to the winds was also captured
by MERRA-2 (Figure 7b). Buoys near the coast measured winds coming from variable
directions, indicating that there was at least some wind variability present. More specifi-
cally, buoy 42035, located within the precipitation area, measured northwesterly direction.
Considering the inability of the ECMWF to wind variability under rainy conditions Porta-
bella et al. [53] and the buoy measurements, it is evident that both models failed to capture
surface wind features associated with the presence of the MCS. On the contrary, the RAP
model (Figure 7c) clearly captured wind speed and direction changes in front and within
the system itself. In front of the MCS, over the western side, wind speed magnitude was
decreased substantially, which could be attributed to opposing winds over the convergence
zone. Variable wind direction was observed by the model at the eastern side of the domain,
near the buoys EINL1 and AMRL1. Surprisingly, the low wind speed magnitude observed
by the buoys was also captured by the models. Around an area centered at 28.7◦N 95.5◦W
the wind direction shifted to northwesterly with increased speed capturing the RIJ that was
also observed by the radar analysis wind field (Figure 1b). Around 29◦N 91.6◦W, the RAP
winds were variable in direction and speed magnitude. Importantly, the UHR-wind gradi-
ent magnitude was elevated over the same area (Figure 6e), which was also included in
the gradient feature, providing evidence that the UHR is able to identify wind features not
related to convective systems.

At the overpass of ASCAT-B, wind direction retrieved by ECMWF (Figure 7d) and
MERRA-2 (Figure 7e) remained southeasterly throughout the domain at the same wind
speed. At the western side of the system, the decreased wind speed area had expanded
along the precipitation boundary, as well as towards the open ocean probably denoting a
vigorous outflow boundary. Behind the system wind direction was southeasterly in contrast
with the radar-derived wind analysis field (Figure 1e). Buoy station CAPL1 measured
northerly wind with high speed magnitude, whereas RAP captured easterly direction
with moderate speed, which was higher than at the overpass of ASCAT-A (Figure 1c).
Near buoy station AMRL1, wind speed magnitude and direction was variable, which was
also indicated by a nearby station (EINL1) that measured northerly direction and high
speed magnitude. Not surprisingly, UHR-wind gradient magnitude was elevated and
enclosed in a gradient feature over the same area (Figure 6f).
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Figure 7. Background wind vectors are depicted in black for (a) ECMWF, (b) MERRA-2 and (c) RAP model at 02:51 UTC
(ASCAT-A) on 28 May 2016; similarly for (d,e,f) but at 03:42 UTC (ASCAT-B). KHGX rainfall rate is depicted in light blue
filled contours and reported at 02:57 UTC for ASCAT-A and 03:46 UTC for ASCAT-B. Buoy measurements at different
stations are depicted in red vectors.

In order to examine the response of the UHR retrievals to the background wind field,
Figure 8 was created, which depicts the divergence field calculated from the UHR wind
retrievals as a result of the ambiguity removal process from the MERRA-2 and RAP models.
ECMWF and MERRA-2 wind field had nearly-identical wind direction (southeasterly)
over the domain, therefore only MERRA-2 winds were used in the ambiguity removal
process. The wind divergence field obtained from UHR-MERRA-2 winds at the overpass
of ASCAT-A (Figure 8a) captured divergence along the front edge of the MCS. On the
contrary, UHR-RAP (Figure 8b) captured convergence over the same area. Fuglestvedt and
Haerter [73] found that as cold pools spread out along the surface, they form a surge of
flow that leads to moisture convergence induced by the low-level wind. At the overpass
of ASCAT-B the UHR-MERRA-2 (Figure 8c) and UHR-RAP (Figure 8d) divergence field
has the same response as in the overpass of ASCAT-A, i.e., divergence and convergence,
respectively. Thus, the depiction of low-level wind features associated with convective
systems depend to a large degree on the accurate representation of the background winds.
This analysis also supports the usage of the wind gradient as more independent metric to
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capture outflow boundaries, as natural characteristics can complicate the interpretation of
the divergence field.

Figure 8. UHR wind vectors are depicted in black and divergence field in green and dark pink for (a) MERRA-2 and (b)
RAP background winds at 02:51 UTC (ASCAT-A) on 28 May 2016. Similarly, (c) MERRA-2 and (d) RAP background winds
at 03:42 UTC (ASCAT-B). KHGX rainfall rate is depicted in light blue filled contours and reported at 02:57 UTC for ASCAT-A
and 03:46 UTC for ASCAT-B.

5. Summary and Conclusions

In this study we applied a novel technique based on the wind gradient, termed
gradient feature method Garg et al. [23] to identify outflow boundaries induced by MCSs
from scatterometer data. Such systems produce intense precipitation at the ocean’s surface,
which can degrade the quality of scatterometer retrievals. To mitigate these effects we
adjust the retrievals of rain-afflicted wind vector cells by examining the available solution
obtained from the GMF and ground-based radar single-Doppler analysis wind retrievals.
In order to assess the ability of scatterometers to accurately captured low-level wind
features associated with convective systems, we examine the response of ASCAT wind
retrievals on the different background winds as a result of the ambiguity removal process.

Leveraging the close time interval of overpasses between the MetOp-A and -B satel-
lites, the GF method was applied over an MCS located offshore of Houston for adjusted
wind retrievals at spatial resolutions of 50-, 25- and 7-km. An increase in the wind speed
was observed in front of the MCS by all resolutions, whereas the change in the wind
direction was more variable. Increased wind gradient magnitude was also observed by all
resolutions, indicating the ability of the method to detect outflow boundaries. Noticeably,
the wind gradient magnitude for the 50-km product (10−4 s−1) was one order of magnitude
less than the 25- and 7-km (10−3 s−1), since smoothing at the coarser resolution can obscure
sudden changes in the wind speed and/or direction, thus leading to much smoother varia-
tion between adjacent wind vector cells. Differences in the wind gradient field were also
observed between the 25-km and 7-km product, with the latter capturing fragments and
larger variations in magnitude along the front edge of the MCS.

At all three resolutions, a gradient feature was captured that encompassed a large
area of the MCS and its outflow boundary. The area of the GF increased with resolution as
more wind vectors were available close to the coast. The importance of spatial resolution
became apparent by looking at the location of the GF-detected outflow boundary relative
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to the MCS. In the 25-km product, the gradient feature included an area that extended
further outwards from the 1 mm h−1 rainfall rate border, whereas in the 7-km, the feature
was within the edge of the precipitation. This indicated that the high resolution product
identified a more detailed structure of the outflow boundary that can be associated with its
evolution. Additionally, smaller-scale features at 7-km resolution were also detected by the
GF method, however, their nature was uncertain due to a lack of buoy observations over
the respective area.

Scatterometer wind retrievals depend on the background wind field obtained from
weather models, which is an input in the ambiguity selection process. Global models
are characterized by low spatial resolution and therefore are unlikely to detect mesoscale
phenomena. In this study, 25-km ECMWF and MERRA-2 winds failed to accurately
simulate winds near the MCS, instead showed uniform wind speed and direction over
the domain. The 13-km RAP model was able to detect surface-wind modulations induced
by the MCS throughout the overpasses of ASCAT-A and -B. Buoy wind measurements
along the coast of the domain were also in better agreement with the RAP winds, providing
confidence that the simulated wind field was more correct. The difference between the
retrieval products became important in the divergence field, where divergence in front
of the MCS using UHR-MERRA-2 wind field was replaced by convergence by the UHR-
RAP. Additionally, this analysis supports the use of the wind gradient field as a more
independent metric to capture surface wind features than the divergence [23].

Additional case studies need to be investigated to draw more robust conclusions on the
detection of outflow boundaries using the GF method, especially in the case of smaller con-
vective systems, where the utility of the 7-km product is of primary importance. Ku-band
scatterometers have been providing valuable wind measurements over the ocean, however
the retrieval process is affected by the sea surface temperature (SST) [74] and to a larger
degree by rain [64], due to the wavelength dependence on scattering (λ−4) in comparison
to the C-band. Several studies have explored solutions to mitigate these effects [75,76] and
validated the performance of Ku-band against C-band scatterometers [77,78]. Considering
the characteristics of MCSs, Ku-band scatterometers might provide a more accurate depic-
tion of the outflow and precipitation boundary. The extend to which the GF method can be
applied to scatterometers operating at higher frequencies needs to explored, especially the
physical significance of its thresholds.
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Abbreviations

The following abbreviations are used in this manuscript:

ARM Atmospheric Radiation Measurement
ASCAT Advanced Scatterometer
AWDP ASCAT Wind Data Processor
C-MAN Coastal-Marine Automated Network
CSU Colorado State University
DYNAMO DYNAmics of Madden-Julian Oscillation
ECMWF European Centre for Medium-Range Weather Forecasts
EUMETSAT European Organization for the Exploitation of Meteorological Satellites
GF Gradient Feature
GMF Geophysical Model Function
L1B Level 1b
L2 Level 2
MERRA-2 Modern-Era Retrospective Analysis for Research and Applications
MetOp Meteorological Operational
MCS Mesoscale Convective System
MLE Maximum Likelihood Estimation
NASA National Aeronautics and Space Administration
NCEI National Centers for Environmental Information
NDBC National Data Buoy Center
NOAA National Oceanic and Atmospheric Administration
NWP National Weather Prediction
Py-ART Python ARM Radar Toolkit
RAP Rapid Refresh
RIJ Rear-Inflow Jet
SRF Spatial Response Function
SST Sea Surface Temperature
TRMM Tropical Rainfall Measurement Mission
UHR Ultra-High Resolution
UTC Universal Time Coordinated
VAD Velocity Azimuth Display
VarQC Variational quality control flag
WRF Weather Research and Forecasting
2DVAR 2-D variational
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