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Abstract

Convective updrafts are one of the main characteristics of convective clouds, responsible for
the convective mass flux and the redistribution of energy and condensate in the atmosphere.
During the early stages of their lifecycle, convective clouds experience rapid cloud-top
ascent manifested by a decrease in the geostationary IR brightness temperature (TBjg).
Under the assumption that the convective cloud top behaves like a black body, the ascent

rate of the convective cloud top can be estimated as (aTali“*

), and it can be used to infer
the near cloud-top convective updraft. The temporal resolution of the geostationary IR
measurements and non-uniform beam-filling effects can influence the convective updraft
estimation. However, the main shortcoming until today was the lack of independent
verification of the strength of the convective updraft. Here, Doppler radar observations
from the ESCAPE and TRACER field experiments provide independent estimates of the
convective updraft velocity at higher spatiotemporal resolution throughout the convective
core column and can be used to evaluate the updraft velocity estimates from the IR cooling
rate for limited samples. Isolated convective cells were tracked with dedicated radar (RHIs
and PPIs) scans throughout their lifecycle. Radial Doppler velocity measurements near
the convective cloud top are used to provide estimates of convective updrafts. These data
are compared with the geostationary IR and VIS channels (from the GOES satellite) to
characterize the convection evolution and lifecycle based on cloud-top cooling rates.

Keywords: convection; TRACER/ESCAPE field campaign; parallax; convective updraft;
brightness temperatures; cooling rates

1. Introduction

Convective clouds play a critical role in the Earth’s climate system, acting as sinks
of total water in the atmospheric column through precipitation, thereby contributing
to the atmospheric energy balance and water cycle [1,2]. Updrafts are one of the main
characteristics of convective clouds, responsible for the convective mass flux and the
redistribution of energy and condensate in the atmosphere. Observations of the number
and magnitude of updrafts contributing to vertical transport in deep convection are not
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available over the tropical oceans and are rarely available over land. Subsequently, the
spatiotemporal properties of convective updrafts remain challenging to resolve in models
and observations [3]. These gaps limit our ability to constrain these important aspects of
model parameterization and verification.

In situ measurements of vertical air motion using aircraft penetrations are the most
direct method for estimating convective updraft strength [4,5]. However, such measure-
ments are difficult to obtain and, thus, are a valuable but limited dataset. Profiling Doppler
radar systems have the best sampling geometry (zenith pointing) to estimate the vertical air
motion in convection [6-8]. However, their sampling is sparse and limited over land. Multi-
Doppler radar techniques cover a wider sampling area (thousands of square kilometers);
however, such networks are available only in the context of large field experiments [9-13].
In general, measuring convective motions from surface-based observatories remains chal-
lenging owing to a shortage of profiling sensors and the shortcomings of multi-Doppler
radar retrievals [14].

Spaceborne radars offer global coverage and can estimate convective motions over the
remote oceans. In May 2024, the joint European Space Agency and Japanese Aerospace
Exploration Agency Earth Clouds, Aerosols, Radiation Explorer (EarthCARE) mission [15]
sent the first W-band Doppler cloud profiling radar into space [16]. In addition, the National
Aeronautics and Space Administration (NASA) Earth Venture Mission Investigations of
Convective Updrafts (INCUS) mission is scheduled for launch in 2026 and encompasses
three narrow-swath Ka-band profiling radar satellites and aims to study convective updrafts
from space [17,18]. The INCUS convective updraft measurements are not based on the
Doppler principle, but instead on time-lapse measurements of reflectivity over very short
times (termed “the At approach”) to sample the mass flux on a global scale across the tropics.

For decades, geostationary satellites (e.g., GOES, MeteoSat) infrared (IR) and visible
(VIS) channels have been used to improve our understanding of convection, and to bet-
ter identify, track, and forecast deep convective systems [19]. Passive sensors on board
geostationary satellites provide measurements of radiances (i.e., brightness temperatures)
of the surface or cloud tops at different wavelengths. Successive IR images were used
to estimate the vertical velocity from the cooling rate, using the lapse rate [20-24]. Con-
vection initiation detection algorithms have been developed over the years using GOES
data [25-28]; more recently, machine learning techniques have become a popular solution
for such applications [29]. Significant work has been done on the detection of Overshooting
Tops (OTs) as a signal of strong convection as well [30,31].

The nature of passive space-based and active ground-based observations is inherently
very different. The active radar sensor penetrates the cell from below; in principle, it can
see through the cloud, up to the cloud top. On the other hand, the geostationary passive
sensor looks at the scene from above, thus providing an advantage point for mapping the
high-level clouds over the entire dimensions of mesoscale systems, but with a limited ability
to penetrate inside convective cores, since ice clouds associated with deep convection are
very thick and behave like black bodies.

The potential of using consecutive geostationary IR brightness temperature (T{X)
measurements at convective cloud tops to estimate the near cloud-top convective updraft
velocity is evaluated. Observations from the Geostationary Operational Environmental
Satellite (GOES-16) Advanced Baseline Imager (ABI) are used to provide T,f R measurements
at convective cloud tops. The GOES observations were collected during the summer 2022
in the vicinity of Houston TX in conjunction with radar observations collected during
the National Science Foundation (NSF) field experiment entitled “Experiment of Sea-
Breeze Convection, Aerosols, Precipitation, and Environment” (ESCAPE, [5]) and the
U.S. Department of Energy (DOE) Atmospheric Radiation Measurement (ARM) funded
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TRacking Aerosols Convection interactions ExperRiment (TRACER) field campaign [32].
During that period, two research C-band dual polarization radars were guided by the
Multisensor Agile Adaptive Sampling (MAAS, [33]) framework to track the lifecycle of
isolated convective cells. Near coincident T} X and multi-Doppler-based vertical velocity
estimates will be used to evaluate the potential of the ascent rate of the convective cloud
top (%) to infer the near cloud-top convective updraft. In addition, statistics of the (%)
will be used to describe the domain-averaged convective activity in the vicinity of Houston.

2. Datasets
2.1. ESCAPE and TRACER Field Campaigns

ESCAPE occurred between 30 May and 30 September 2022 in the vicinity of Houston,
TX, because this area frequently experiences isolated deep convection that interacts with the
region’s mesoscale circulation and its range of aerosol conditions. ESCAPE overlapped with
the four-month Intensive Observation Period (IOP) of the TRACER field campaign. The
concurrent deployment of the DOE and NSF platforms resulted in significant leveraging
and synergy in radiosonde launches, aerosol characterization, radar-based convective cell
tracking, and daily forecast activities. In particular, here we will use observations from
two ground-based radars that conducted dedicated scans of convective cells: the second-
generation C-band Scanning ARM Precipitation Radar (C-SAPR2) and the CSU C-band
radar (CHIVO). The two systems were located 30 km apart from each other (Figure 1).

30°N

Latitude

29°30'N

29°N
96°W 95°30'W 95°W 94°30'W
Longitude

Figure 1. Location of ground-based radars during the TRACER/ESCAPE field campaign. Red circles
are centered on CSAPR2 and CHIVO radar locations, respectively, with 75km radius.

2.1.1. NEXRAD KHGX Dataset

The Next Generation Weather Radar (NEXRAD) system is a network of 160 high-
resolution S-band Doppler weather radars, operated collaboratively by the National
Weather Service (NWS), the Federal Aviation Administration (FAA), and the U.S. Air
Force. This system detects precipitation and wind, allowing for the mapping of precipita-
tion patterns and their movement. NEXRAD radars perform volume scans consisting of
Plan Position Indicator (PPI) scans with multiple elevation angles to prioritize collecting
data for large areas, every 5 to 7 min. The NEXRAD radar data used in this study are from
NEXRAD KHGYX, located in Houston (29°28'18.84""N, 95°4’45.12""W). Depending on its
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mode of operation, the maximum scan angle of the KHGX can vary between 0.5° and 19.5°.
During the IOP of the TRACER campaign, the data were processed using the Multi-Cell
Identification and Tracking (MCIT) algorithm [34]. For each scan, the Vertical Integrated
Liquid (VIL) over the scene was calculated and, by setting criteria on VIL values, valley
size between high VIL clusters, and a minimum number of pixels per cell (i.e., a minimum
area), cells are detected. The VIL is used as the tracking parameter instead of the reflectiv-
ity, thus considering the hydrometeor condensate at all levels instead of considering the
reflectivity at a given height. Considering reflectivity as a tracking parameter can be a good
way to detect and characterize convection embedded in stratiform regions, but it fails to
detect early convective stages initiating at lower heights. Also for decaying stages, VIL
tracking can better detect the presence of hydrometeor condensate along the column, while
reflectivity can already be reduced [35].

2.1.2. NSF and DOE Dedicated RHI Scans

Data acquisition during the campaign was performed based on the novel Multisensor
Agile Adaptive Sampling (MAAS) approach. The MAAS framework was first implemented
to control a dual radar network operating from the Stony Brook Radar Observatory [36].
In the TRACER/ESCAPE campaign, this versatile framework was adopted to control the
position of the Colorado State University C-band polarimetric radar (CHIVO, 29°40'12.4"N,
95°3/30.6”W) and the DOE 2nd Generation C-band ARM Precipitation Radar (CSAPR?2,
2°31'55.2""N, 95°17'2.4""W) towards a target convective cell after monitoring the KHGX
radar [37]. The two radars (CHIVO and CSAPR2) were aimed at the same convective cell
and were able to track convective cells throughout their life cycle, relying on real-time
positioning from subsequent NEXRAD scans. The MAAS strategy and the amount of data
collected produced a unique dataset that can be used for a wide range of applications. The
uniqueness of this dataset must be emphasized: dedicated ground-based radar instruments,
scanning a few selected cells at high temporal frequency, primarily provide the opportunity
to obtain a good reconstruction of the wind field in the scanned area, based on Doppler
data. In principle, a convective cell can be followed from its early stages, as soon as it is
detected by the ground-based radar, thus allowing analysis at both the case study level
and the overall statistical level. The MAAS frame has taken advection into account during
cell tracking to locate RHI and PPI scans at the core of the cell. Due to the complexity
of the convective events, the possibility of merging and splitting, and the selection of
the cells to be tracked based only on the NEXRAD monitoring, it often happens that the
tracking is not optimal. For example, the selected cell is not tracked until its decaying
stage because another cell appeared more interesting, the NEXRAD advection correction is
not very precise, and the RHIs often do not accurately capture the core of the cell. These
kinds of issues must be considered when analyzing the TRACER/ESCAPE field campaign
dataset, bearing in mind that there must be a good trade-off between the complexity of the
phenomena analyzed and the descriptive capabilities of this unique dataset.

2.2. GOES-16 Data

The GOES-16 satellite (operated by NASA and the National Oceanic and Atmospheric
Administration, NOAA; GOES-16 satellite was launched from Cape Canaveral, FL on 19
November 2016) hosts onboard the 16-channels ABI sensor and the Geostationary Lightning
Mapping (GOES-R Series Data Book, 2019). GOES-16 provides products with higher
spectral, spatial, and temporal resolution than its predecessors. Geostationary observations
have been extensively used to study convective initiation, using both reflectance and
infrared (IR) imagery, together with observations from the NEXRAD network and lower
orbit satellites carrying active sensors [28,29,38,39].
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Channel 13 (10.3 pm) brightness temperature (TJR) is used in this study. Channel 13
corresponds to one of the window IR longwave bands and thus provides an indication of
cloud-top temperatures for convective clouds. GOES-R provides scans of the continental
United States (CONUS) every 5 min, while fast scans are taken at 1-min intervals over a
mesoscale scene (500 km x 500 km). For 17 days in the second half of August, 1-min rapid
scans are available over the Texas area. Channel 2 (0.64 pm) radiances have also been used
throughout the study, taking advantage of the higher resolution of the visible (VIS) channel.
The horizontal resolution is 2 km for IR channels, 0.5 km for visible channels.

Given the resolution of the IR channels, it is possible that the convective cell detected by
the geostationary instrument does not completely fill the pixel, only partially contributing
to the final brightness temperature assigned to that pixel. This phenomenon is known as
non-uniform beam-filling (NUBF). The brightness temperature measured by IR channel 13
for convective cell tops can be assimilated to the brightness temperature of a black body
emitting at that temperature. Based on this assumption, different brightness temperatures
(weighted by footprint) contribute to the final brightness temperature of the pixel according
to Planck’s law, i.e., non-linearly. As an example, to assess the relevance of this phenomenon
and thus how resolution can strongly affect the detection and tracking of convective
cells and the estimation of cooling rates, let’s consider a cell whose minimum brightness
temperature decreases by 30 K in 15 min (example schematic in Figure 2). In principle, if the
cell has a uniform temperature and completely fills the pixel, then the recorded brightness
temperature will change from the “clear sky” here assumed equal to 280 K and will reach
250 K in 15 min, with a constant cooling rate of 2 K/min. If instead the cell covers only half
of the pixel and the other half of it maintains a temperature of 280 K, the T/R recorded for
that pixel after 15 min is 266.4 K. The final brightness temperature has been calculated by
adding the radiances produced by the two parts of the pixel in proportion to their footprint
size, and inverting Planck’s law to obtain T/X. The non-linear Planck relation makes even a
tiny fraction of the pixel free of cloud have a large effect on the pixel T/R (see Figure 2b).
The NUBF leads to an underestimation of the strength of the convective updrafts that tend
to occur at sub-km scale. Thus, the horizontal resolution of the geostationary channel is
crucial, and the radar can be fundamental in detecting several cells that could be missed by
the IR, especially if their dimensions are smaller than the geostationary grid resolution.
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Figure 2. (a) Schematic of the temporal evolution of a convective system. The updraft fills only
a fraction of the grid pixels. (b) Temporal evolution of the cloud cooling rate for different cloud
fractions (CF) as indicated in the legend. A cooling rate of 30 K/15 min is assumed for the convective
cell. The presence of NUBF causes a significant underestimation of updraft strength.

3. Methodology

Cells classified as trackable from the MAAS algorithm have been analyzed using a
combination of geostationary observations and ground-based radar data. The analysis aims
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to compare the evolution of a convective cell as seen from the passive geostationary sensors
and the active ground-based sensors. The objective is to analyze the cooling rate of the cell’s
top as a proxy of the vertical updraft velocity of the convective cores. To do so, detection
and tracking are set up on radar images, and then reported on geostationary observations.
In addition, for selected case studies, tracking on geostationary imagery only is performed,
relying on the geostationary software package (software version v2021.3) developed by the
EUMETSAT Satellite Application Facility (SAF) in support of Nowcasting and very Short
Range Forecasting (NWC SAF,; https:/ /www.nwcsaf.org, accessed on 30 January 2024). In
this study, the Rapidly Developing Thunderstorm-Convection Warning (RDT-CW) product
was exploited to identify convective cells, follow their evolution, phase of development,
and cooling rate (ATBD for the Convection Product Processors of the NWC/GEO, 2024).
Multi-Doppler wind retrievals are performed using dedicated almost simultaneous RHI
scans from CSAPR2 and CHIVO, taking advantage of the different radar locations.

3.1. Geostationary and Ground-Based Radar Comparison

As described in Section 2.1.1, detection and tracking of cells is performed on the
volumetric scans of the NEXRAD radar, relying on the MCIT algorithm. Contours of all the
cells that were classified as trackable were moved on the geostationary images to assess
how the two instruments behave in observing the same scene. In order to compare images
acquired by a geostationary spacecraft with images acquired on the ground, the correction
for the parallax is required [40—42]. In the presence of convection, cloud tops can be at
different heights in the same scene, so an appropriate shift in position is required to align
the position of each cell as seen by the spaceborne and the ground-based instruments. Based
on the cloud-top height, trigonometric corrections are made to align the geostationary and
ground-based products.

The GOES cloud-top height product, obtained from the combination of VIS/IR chan-
nels, has a horizontal resolution of 4 km, not fine enough to detect growing convective
cells, especially in the early stages. Radio soundings were made at the ARM AMF1 site
(29°40'12"N, 95°3'32.4""W) every 3 or 6 h throughout the campaign. Assuming that the
brightness temperature seen by the 10.3 um channel (“clean IR channel”) of the GOES at
convective cell tops is that emitted by a black body at that temperature, radio soundings
can be used to retrieve the cloud-top height according to the measured T/R. In this study,
the single-cell parallax correction was performed relying on cloud-top heights corrected
according to radio soundings, which have finer temporal and spatial resolutions. However,
the temperature profile is measured some hours in delay/advance of the event and most
likely in clear sky conditions, thus the height can be biased. It is also important to account
for the temporal sampling: since GOES images are acquired at a fixed time frequency of
5 min, whereas NEXRAD scans are acquired at intervals from 5 to 7 min, images with the
least time difference are matched.

The convex contour of each cell detected on the radar is mapped onto the geostationary
data field, searching for the minimum brightness temperature within each cell; then the
cloud-top cooling of the cells is calculated, and the cooling rates time-series are recon-
structed. For isolated cells, the time-series of the minimum of Tg R is expected to decrease
(i.e., negative cooling rate) and its height to increase as the cell grows. The cloud-top height
calculated from the ground radar at the same time is expected to increase, and the maximum
retrieved vertical wind velocity within each cell is expected to show several positive bursts
unless the cell starts decaying. Some case studies have been isolated to highlight the chal-
lenges faced in such analysis. The first criterion for the selection of consistent case studies
was to restrict the search to isolated cells that had been detected on at least three scans of the
NEXRAD. Isolated systems are easier to analyze, and, in principle, the whole development


https://www.nwcsaf.org

Remote Sens. 2025, 17, 2621

7 of 21

of the convection can be followed more consistently. Tracking of convective systems with
multiple cores developing at different initiation times is more complex, and ambiguities
can occur. The second criterion was that both CHIVO and CSAPR2 radars tracked the same
convective cells throughout their life cycle within the region where the multi-Doppler radar
wind retrieval had sufficient accuracy (elevation angle > 30°, range = 20-80 km).

Of all the cells detected by the radar, those worth tracking have a cooling rate of about
0.5-2 K/min for at least five minutes [23,28,38] corresponding to about 1.2-5 m/s updraft
speed. Taking advantage of the availability of GOES rapid scans, a significant cooling in the
early stages can be a good trigger to decide to track a cell. Dedicated scans should then be
performed until the end of the cell’s life, even if the cell is not sufficiently isolated or there
are other stratiform clouds above it, so that the IR does not record the updraft cooling.

3.2. Dual Doppler Wind Vertical Velocity

Vertical velocities within the convective cell volume above the 30 dBZ reflectivity level
(i-e., the core of the cell) are obtained from the CSAPR2 PPI and RHI scans [43] and CHIVO
RHI scans [44] collected by MAAS, targeting the same individual convective cells. For each
selected cell, CSAPR2 collected at least one scan bundle consisting of three sector PPIs and
four to six sector RHIs every approximately 2 min, while CHIVO collected at least one scan
bundle composed of four sector RHIs every approximately 40 s [33]. For both radars, the
azimuth angles for the RHI scans were determined by a combination of radar and satellite
observables (e.g., maximum reflectivity, maximum differential reflectivity, radial gradient
of Doppler velocity, GLM lightning strikes). Detailed criteria for the selection of the RHI
directions are presented in [33]. Consequently, the RHI scans included in each scan bundle
have an azimuth spacing of 0.5-3°.

Reflectivity and Doppler velocity data for each scan bundle from each radar were
interpolated into a co-grid of 8 km x 8 km x 16 km domain centered around the convec-
tive cell (latitude and longitude recorded by MAAS) with 100 m horizontal resolution
and 100 vertical spacings using the Barnes distance-dependent weights [45]. The vertical
velocity wind retrievals were performed using a three-dimensional variational (3D-Var)
multi-Doppler radar wind retrieval technique [10,35], using the CHIVO grid data created
every 40 s and the CSAPR?2 grid at the nearest time of the CHIVO grid. The details of the
3DVar retrieval settings are presented in [14]. There is an obvious trade-off between RHI
and PPI scans, with RHI scans better detailing the vertical structure thanks to their fine
vertical resolution and PPI scans enabling greater horizontal coverage of the convective
systems. This study took advantage of high vertical and temporal resolutions from the
MAAS RHI cell tracking.

4. Results and Discussion
4.1. Case Study: 7 August 2022

An excellent case study in terms of an isolated cell evolving to a remarkable height,
with a significant cooling rate, occurred on 7 August 2022 from 6 pm UTC (i.e., 1 pm
local time). The cell evolves in isolation, with a significant cooling rate throughout its
lifetime. This case study highlights the differences and the potential synergies between
the ground-based radar and the passive geostationary IR observations. In particular, the
relationship between the IR-based cooling rates and the behavior of the reflectivity and of
the vertical velocity derived from the dual Doppler data is investigated.

4.1.1. Cell Spatial Structure Characterization

Figure 3 shows successive radar reflectivity images of the evolution of the convective
cell, from NEXRAD volumetric scans. This cell was tracked throughout its life cycle by
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the ground-based radars using rapid dedicated RHI and PPI scans. Parallax-corrected IR
contours from the GOES images correspond to the NEXRAD regions of high reflectivity
(i.e., high VIL). Black contours represent the IR T, field: as the cloud-top height of the cell
increases, the parallax shift (i.e., shift of the red contour versus the black contour) increases.
After more than an hour since the first cell detection, two high reflectivity clusters reappear
(lower right plot in Figure 3). The green lines represent the location of the high-frequency
RHI scans from the dedicated CSAPR2 C-band radar. The blue lines are at the location of
the RHI scans from the CHIVO radar. Their position is determined according to the MAAS
methodology. Due to the complexity of the observed events and to the time needed to
perform the scanning, sampling issues arise: sometimes RHI scans are not centered exactly
within the core, and, depending on the cell’s core size, they can be too coarse to capture the
dynamics within the developing cell. This can cause discontinuities and abrupt jumps in
the cell properties’ time-series.

Based on this case study, some descriptors of the cell are presented, derived from IR
data and dedicated RHI radar scans. The aim is to characterize the cell and the convective
evolution along its lifetime. In particular, the time-series of the minimum IR TJR within
the cell and the cooling rate (as the time derivative of the TR minimum) are important
quantities to gain insights into the strength of the convection. On the radar side, the height
of given reflectivity levels can be used as descriptors of the convective cell evolution.
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Figure 3. Subsequent images depicting the time evolution of a convective cell that developed on 7
August 2022. The colors represent the maximum reflectivity in the column of the NEXRAD volume
scans; the red contour is the parallax-corrected IR area that has a brightness temperature lower than
the IR T/R minimum within the cell increased by 10K. Black contours represent the IR brightness
temperature from the GOES satellite, not corrected for the parallax (dashed line minimum Tlf R4 10K,
solid line minimum TlfR + 30K). The green lines are the RHI lines from the CSAPR2 dedicated scans.
The blue lines are the RHI lines recorded by the CHIVO radar.

Figure 4a shows the time evolution of the minimum of the T/ R within the cell and the
area of pixels colder than 230 K, whereas Figure 4b shows the time evolution of the height
corresponding to the minimum IR Tlf R'and of the maximum height of the 20, 30, and 40 dBZ
levels within the cell, as derived from the dedicated RHI radar scans. Higher reflectivity
thresholds correspond to locations close to the core of the cell. When RHIs are correctly
centered on the cell, the radar systematically detects higher cloud-top heights with respect
to the geostationary instrument. For example, the two peaks labeled 1 and 2 in Figure 4b
represent a situation where the radar detects a high plume with reflectivities above 20 and
30 dBZ (Figure 5 left and middle panels), while the GOES IR channel detects a much lower
temperature drop (with a cloud-top temperature more than 25K warmer than estimated by
the radar). This is probably due to NUBF effects (see discussion in Section 2.2) associated



Remote Sens. 2025, 17, 2621

9 of 21

with this small cell (core size of the order of 2 km). On the other hand, the low peak of
the 40 dBZ level around 18h45 UTC (labeled 3 in Figure 4b) is due to the misalignment
of the RHI scans of the CSAPR2 radar, which miss the core of the cell (see Figure 3, green
lines in the scan at time 18h44). Around 19h00 UTC, when the cell reaches its maximum
height (i.e., coldest temperature) as sensed by the GEO-IR, the radar again records higher
cloud-top heights for the cell. Note that the RHI scans do not capture the full vertical extent
of the cell (Figure 5, right panel) due to the limitation of the RHI maximum elevation angle
(which depends on the setting of each performed scan). Again, the underestimation of the
cloud-top height from the geostationary measurement can be attributed to NUBF effects
or due to errors in the conversion from TR to cloud height: during the updraft, the air
mass condensates, releasing latent heat, that can bias the estimation of the cloud-top height
when using atmospheric temperature profiles from radiosoundings launched in clear sky
conditions. In conclusion, the 40 dBZ level measured by the radar (expected to represent
the inner core of the cell) is the one that better corresponds to the cloud-top height as seen
from the geostationary sensor. Discrepancies between the two can be attributed to the
previously discussed sampling issues.
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Figure 4. Time-series of geostationary and radar ground-based characteristics of the case study
selected on 7 August 2022 from 6 pm UTC. (a) shows the minimum of the brightness temperature
(cyan line) recorded within the cell by the IR channel of the geostationary radiometer; the orange line
is the TbIR < 230K area (right vertical axis). (b) compares the height of the minimum TbIR within the
cell on the IR image (black line) and the maximum height of the 20, 30, and 40 dBZ levels from the
CSAPR?2 radar RHI scans. The red boxes identify features that are commented on in the text.

4.1.2. NWC SAF Software Application

In the field of meteorological research, several algorithms have been presented as
robust and well-tested for cloud tracking purposes, particularly in the context of convective
events. This study focuses on the tracking of convective cells using radar data, while
its broader scientific objective is to evaluate the effectiveness of geostationary satellite
data in detecting and tracking convection by analyzing the cooling rates of cloud-top
brightness temperature. To achieve this, the results of radar-based tracking are compared
with RDT-CW products developed by NWC SAF.

The NWC SAF software package (v2021) is a well-known and reliable tool allowing for
the generation of a wide set of meteorological products supporting nowcasting activities.
It can operate with data from all major geostationary satellite systems. However, the
current version of the software supported only data from the GOES satellite in full-disk
mode, providing imagery at 10-min intervals. This temporal resolution presents a limitation,
particularly when detecting the early stages of small convective cells, although it is adequate
for mesoscale systems, which constitute the primary design focus of the software.
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Figure 5. RHI scan bundles (with six different azimuthal angles per bundle) recorded by CSAPR2
radar around the times 18h17, 18h38, and 19h00 UTC on 7 August 2022.

For this study, convective events in the Houston area were detected, tracked, and
analyzed, with a focus on estimating cooling rates. Specifically, the software was applied to
a case study from 7 August 2022. Radar tracking successfully identified an isolated and
well-defined convective cell. However, the NWC SAF-GEO software struggled to detect the
cell during the early stages of its convective activity (Figure 6). This limitation is likely due
to a trade-off in the brightness temperature thresholds, which must balance the detection
of convective clouds against the risk of misclassifying stratiform clouds. Despite this
limitation, the software incorporates parallax correction, which ensures better alignment
between satellite observations and the actual geographic location of the detected features.

The software can detect and track convective cells, given a selected area and some
constraints that can be tuned to a certain extent. Even if the software was not able to
clearly identify the cloud top and cloud base of the cell before 19h20, products of bright-
ness temperature and cloud-top height, corrected for the parallax, are available. Relying
on the radar images to collocate exactly the cell, the timeseries of cloud-top height and
minimum brightness temperature within the cell was retrieved (Figure 7). From Figure 7b
it is possible to assess the correctness of the parallax correction: given the different time
frequency at which the products are generated, there is a very good match between the
minimum brightness temperature measured within the core of the cell, both from the direct
measurement and from the software product. This is what is actually expected since the
software is only supposed to regrid and correct for parallax across the whole scene. In
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Figure 7a, however, there is a difference in the heights of the cloud tops during the most
explosive convective activity. The SAF cloud-top product is actually able to capture the
increase in height of the cloud column top because it uses a combination of different passive
channels. The RHI radar scans fail to reach the actual cloud top due to sampling problems.
As expected, and already mentioned in previous sections, the cloud-top height calculated
with radiosounding underestimates the height at the top of convective cells due to various
microphysical reasons.
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Figure 6. Time series of geostationary T/R of the case study selected on 7 August 2022 after 6 pm
UTC, corrected for the parallax. The red contours represent the cloud base (solid line) and the cloud
top (dashed line) detected by the NWC SAF GEO software. The software detected the cell for the first
time at 19h20, assigning a growing stage. The software keeps following this cell until 21h00.
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Figure 7. Time-series of geostationary and radar ground-based characteristics of the case study
selected on 7 August 2022 from 6 pm UTC. (a) compares the height of the minimum Tl{R within the
cell on the IR image (black line) and the maximum height of the 20 dBZ level from the CSAPR2 radar
RHI scans (orange line) to the cloud-top product, parallax corrected, from SAF software (yellow line).
(b) shows the minimum of the brightness temperature (cyan line) recorded within the cell by the IR
channel of the geostationary radiometer and from the parallax-corrected product from SAF software
(orange line).
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4.1.3. Dual Doppler Vertical Wind Structure

To better visualize the 3D retrieved vertical wind field, Figure 8 shows profiles of it
at different times of the cell development. The plots in the first two columns of Figure 8
show, as expected, that the field expands in volume in all directions and that its intensity
increases in the core of the cell. In the plot on the right, however, the field is weaker and has
significant patches of negative vertical velocities (i.e., downdrafts). Although the area of the
cell is observed to continue to grow from the IR images (see Figure 3), by this time the cell
has already reached its maximum cloud-top height (Figure 4b) and begun the detrainment
as in its mature phase. Referring to Figure 4b, a few minutes after 19h00 UTC, the height of
the different dBZ levels starts to decrease. This is consistent with the downward motion
of the field. The high variability of vertical velocity within the field deserves comment:
considering the retrieval method and the data on which it is based, the uncertainty in the
vertical velocity is expected to be high, especially at mid and high elevations. However,



Remote Sens. 2025, 17, 2621

12 of 21

the order of magnitude and the evolution of the fields in Figure 8 are representative of the
complexity of convective events.
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Figure 8. Upper panels: profiles of the 3D vertical wind field at fixed latitude (left to right: 29.83°,
29.88°, 29.91°) of echoes exceeding 20 dBZ. The black solid and dotted lines correspond to the 30 dBZ
and 40 dBZ reflectivity contours, respectively. Lower panels: quasi-coincident GOES 10.8 pm TJR
for the area surrounding the convective cell tracked by the radars with acquisition time detailed in
the title. Red lines correspond to the contours where TlfR = mincell(TéR) + 10K, corrected for the
parallax. The red horizontal lines are the ground projections of the profiles shown in the upper panels.

In Figure 9a, the height of the maximum vertical velocity within the cell core (identified
by reflectivities greater than 30 dBZ) reaches its maximum almost 20 min after the minimum
height TJR. This happens because the sampling of the two dedicated radars does not exactly
cover the core of the cell, and there are discontinuities in the area covered by the scans. In
Figure 9b, the increasing trend of the heights of the different reflectivity levels is consistent
with the increasing height of the minimum of the IR T/R. As the height of the minimum
TR increases, despite the noisiness, the updraft velocity in the top layer also increases.
As the cell reaches its maximum height (from the IR observations) and enters the mature
stage (i.e., the detrainment phase, after 19h00 UTC), the velocity in the top layer decreases
significantly. However, around 19h15 UTC, an increase in the vertical velocity of the top
layer can be observed: this may be due to some convective activity still present in the tower
below the anvil of the cell. Figure 9b also shows the comparison between the maximum
vertical velocity within the core of the cell above 30 dBZ retrieved with dual Doppler and a
proxy of the vertical velocity from the geostationary scans, calculated as the time derivative
of the height of the IR minimum Tbl R within the cell (after a smoothing of the curve). While
the time derivative of the height of the minimum T/X flattens out, the radar-derived vertical
velocity maintains high values, even higher than during the previous 30 min, when the
maximum updraft of the cell is expected. As the GEO-IR T/R stop increasing, the area of
the anvil (area of T/R < 230K) is steadily increasing (orange line in Figure 9a), meaning an
anvil is forming at the tropopause and mass is detraining.

In conclusion, cooling rates derived from the IR T/ field are informative of convective
updrafts only for the growing phase of convection; as the convective cell reaches the
tropopause and continues detraining ice in the anvils in its mature stage, GEO-IR data
cannot map the strength of convection. In this mature phase, the radar has a crucial role in
the monitoring of convection in the tower beneath the growing anvil. However, problems
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arise when reconstructing the 3D wind field and other descriptors of the convective cell,
mainly due to the misalignment of dedicated RHI scans caused by sampling issues due to
the complexity of the convective phenomena: the sector scans are too narrow with respect
to the size of the cell, and the tracking is affected by advection estimation errors.
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Figure 9. (a) Temporal evolution of different parameters (as indicated in the legend) describing
the evolution of the convective cell shown in Figures 3-5 and 8. The black line is derived from the
GEO-IR Tlf R by the closest temperature profile sounding, whereas the other lines are based on radar
observables of the 3D structure of the convective cell. (b) The time derivative of the height of TlfR
minimum (cyan line) is compared to the maximum vertical velocity retrieved by the dual Doppler
radar measurements within the cell (orange line).

4.2. Limitations of the GOES-R in the Characterization of Convective Cells
4.2.1. Convection Initiation

Houston Bay is a region where convection is often initiated by sea-breeze convergence
in the morning (local time). This is the case for small, shallow cells that can then develop
into convective cores. A convective cell, which occurred on 21 August 2022 (cell 55 in
Figure 10), is used to demonstrate how radar can be critical in detecting cells, especially in
the early stages, when the geostationary IR sensor has limited skills in doing so. In fact, it
would be difficult to detect and track cell 55 using only GEO-IR, even with rapid scans at a
1 min interval, due to the coarse resolution of the IR images and the low contrast with the
background. As it is daytime, it is possible to consider the GOES-R VIS channel, which,
with its resolution of 500 m, allows a better characterization of the spatial structure and the
identification of situations affected by NUBF problems.

Cell 55, at time 13h13 UTC, has maximum columnar reflectivity around 20 dBZ,
increasing in the following 10 min. From the IR image, the cell is difficult to detect: the T/R
inside the cell 55 contour is around 280 K at time 13h13 UTC, decreasing by a few K in the
following 10 min with very little contrast. In this case, differently from the GEO-IR, the
NEXRAD radar VIL contours are very effective in detecting the cell.

4.2.2. Convection Final Stage

For the same reason that GEO-IR fails to capture the early stages of convection, it is
difficult to detect the decay phase of convective cells; cell 73 in Figure 10 supports this
statement. The case of cell 73 (Figure 10) can be interpreted as detaching from the bigger
system and moving northeast. The splitting, just before 13h13 UTC, is well visible from
the IR brightness temperature image as well. The reflectivity within the cell 73 contour
at 13h13 is around 40 dBZ and lower. The temperature of the top of the cloud is around
260 K. The cell has a fast decrease of maximum column reflectivity, while from the IR the
TR appears to be around 260 K for the following 10/15 min. Cell 73 has detached from the
larger system and is in the final stages of its life, but this evolution is not clearly visible in
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the geostationary IR image because the IR radiance is mainly from the glaciated part of the
cloud and cannot give any information about the evolution of the rain below.

21-Aug-2022 13:18:24 21-Aug-2022 13:24:24

21-Aug-2022 13:13:24

958 957 956

21-Aug-2022 13:24:07

Latitude [*]

Longitude [°]

Figure 10. (Top row) a sequence of TlfR from GOES channel 13, with a time resolution of 5 min.
Red contours represent the cells identified as trackable by the NEXRAD in the area, shifted on the
GEO-image after the parallax correction. The thicker contours refer to cells 55 and 73, discussed as
case studies. (Bottom row) time evolution of the maximum column reflectivity derived from the
NEXRAD volume scans, roughly matching the time stamps of the GEO-IR images. The red contours
are the same as in the row above.

4.2.3. Cells Masked by the Presence of Anvils

While the radar is detecting several smaller cells, it is common to see, in the IR
image, widespread cold (around 220-230 K) clusters associated with anvils formed below
the level of zero buoyancy from the detrainment caused by the underlying convection.
Depending on the atmospheric winds and the amount of mass detrained, the anvil spreads
around and masks what is happening underneath. This is one of the cases in which
geostationary sensors are not effective at all in the detection and tracking of convection,
unless overshooting tops occur in the scene [23,31].

In order to demonstrate how the presence of an anvil can affect the capability of
a geostationary IR sensor in detecting cells, a case study occurred on 13 August 2022
is presented in Figure 11. The focus is on cell 44, which is first detected and labeled as
trackable at 18h29 UTC. The top row plots show poor correspondence with the red contours
that are superimposed (radar VIL contours). The brightness temperature of the cloud top
in the four panels shows a colder area in the lower part of the image, around 230 K. Likely,
these are anvil clouds, developed from former convective activity. The cold area does
not match in shape and position with what the radar reflectivity image shows. Likely a
bigger cell located southward has produced an extended anvil which has expanded, thus
overlapping with cell 44. Therefore, from the IR image, it is impossible to see any cooling
that would be likely caused by cell 44 itself, due to the persistence of the anvil over it. The
sequence of images in Figure 11, mid row, shows the scans of the GOES visible channel 2
for the area surrounding cell 44. The finer horizontal resolution of the VIS channel clearly
highlights the presence of very bright spots with reflectance higher than 0.7 (mid left panel
in Figure 11) associated with deep convection appearing 20-30 min earlier than cell 44
in the south-west part of the scene. Ice is detrained from those convective cells towards
the North-East above cell 44. This cannot be confirmed by radar observations as there
are no RHI scans available for this sector. In any case, it is generally difficult to observe
anvil clouds from ground-based radar scans due to their location at large heights and their
low reflectivity.
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Figure 11. (Top row) 20 min time evolution of the IR brightness temperature from GOES channel
13. Red contours represent the trackable cells in the area, positioned after the parallax correction.
The thicker red contour refers to cell 44, discussed in detail. Mid row: 20 min time evolution of the
reflectances from GOES channel 2. The red contours are as above. (Bottom row) time evolution of the
maximum columnar reflectivity per pixel from the NEXRAD volume scans. The red contours are the
same as the row above.

4.3. Statistical Analysis

In order to make the best use of the unique TRACER/ESCAPE dataset, ten days of
data in the month of August were selected to perform some statistical analyses on the
convective systems detected and tracked by the system. The selected days are: 13 August
2022, 14 August 2022, 15 August 2022, 17 August 2022, 18 August 2022, 21 August 2022, 22
August 2022, 23 August 2022, 24 August 2022, 30 August 2022, 31 August 2022, These data
were selected because a significant number of cells were tracked during this period, and
the GOES mesoscale frame for rapid scan data collection at 1 min time resolution was over
the Houston area during this period.

General Statistical Analysis

The MCIT algorithm [34] was applied to the NEXRAD volumetric scans, and several
trackable cells were identified. Only cells that were tracked for 15 min were retained for this
statistical analysis, for a total of 1133 cells. The majority of the cells were tracked for less
than one hour (Figure 12a). These short tracking times are mainly associated with issues
related to the radar cones of silence and to additional constraints on size and clustering
of the tracking algorithm. A single NEXRAD radar is covering the area; thus, the range
of the radar and the advection of the developing cells represent a challenge for the RHIs’
collocation. Figure 12b shows the comparison between the cloud-top heights seen by the
geostationary instrument and by the ground-based radar (NEXRAD). The first variables
used as descriptors of cell developments for the radar and the GEO-IR were the cloud-top
height of the minimum T/R and the cloud-top height (CTH) of the maximum reflectivity
above the melting layer. However, as most of the cells tracked in this dataset appear to be
shallow events, it was considered more appropriate to compare the CTH of the minimum
T/R with the CTH of the pixel with the maximum VIL content. The VIL integrated over the
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whole cell area (calculated from NEXRAD volumetric scans) can also be a good indicator of
the evolution of the cell activity, taking into account the limitations of the volumetric scans
when the cells are moving away from the scanning radar. Although a higher correlation
should be observed between these two variables, the geostationary CTH is generally higher
with respect to the ground-based radar. In particular, the radar lacks the higher cloud tops
seen by the geostationary. The discrepancy can be either due to the presence of different
cloud layers (so the two instruments are not looking at the same cloud, see Section 4.2.3)
or to the inability of the radar scans to detect high clouds either because of low radar
sensitivity or because of the absence of measurements at high elevations.
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Figure 12. (a) Histogram of the tracking duration of all cells included in the trackable set. (b) Density

plot comparing the cloud-top height of the pixel with maximum VIL (seen by NEXRAD) and cloud-
top height of the minimum brightness temperature pixel (on the GEO-IR).

Taking advantage of the wide spatiotemporal coverage of the geostationary imagery,
a statistical analysis is performed using the tobacalgorithm [46,47] to track convective cells
on the IR channel of the GOES satellite. Data from the years 2018 to 2022, summer months
(June to September) were included in the analysis. The tracking was performed using the
minimum brightness temperature within each feature to reconstruct the history of the cells.
From the time-series of the minimum T}, the cooling rate of the cloud top was retrieved.
In Figure 13a the distribution of the tracking time for every cell is shown. Only cells that
were tracked for at least 25 min are included in the analysis. The longer tracking time
selected to filter the big statistics on geostationary data (with respect to 15 min used above
in Section 4.3) was chosen to filter out local splitting and merging cells, shallow cells, cells
appearing at the edge of the field, and lost due to the limited field of view to compare the
one of the ground-based radar scans.
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Figure 13. (a) Histogram of the tracking duration of all cells included in the trackable set. (b) Density
plot comparing the cloud-top cooling rate of the minimum brightness temperature pixel (on the
GEO-IR) along the hours of the day.
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As seen from Figure 13b, there is an expected diurnal cycle in the number of tracked
cells and cooling steps of the cells. Although strong cooling rates are uncommon due to
observation issues with geostationary instruments and the difficulty of tracking the initial
stages of convection, a consistent number of cells cool in the late morning/early afternoon
(local time).

5. Conclusions

The aim of this work is to investigate the potential for synergistic characterization of
convection using ground-based radar scans and geostationary data. The study has been
based on a groundbreaking dataset collected during the TRACER/ESCAPE field campaign.
This campaign is unique because during its 4-month duration, more than one million
cells were followed by the MAAS algorithm, performing dedicated RHIs and PPIS scans
with the CSAPR2 and CHIVO radars. For some of the cells, multi-Doppler observations
enabled the reconstruction of the 3D wind fields. Using several case studies from the
TRACER/ESCAPE field campaign, advantages and drawbacks of the radar-IR synergy
are enumerated. Our analysis focused on the tracking of isolated cells, which are easier
to detect and follow through their life cycle, and looked for relationships between cooling
rates derived from GEO-IR brightness temperatures and updraft velocities derived from
ground-based radars, but also between the GEO-IR cloud-top heights and radar-derived
heights of the maximum reflectivity and the maximum VIL.

The detection and tracking of convective cells performed via IR and/or ground-based
radars needs to tackle several challenges.

1.  When comparing ground-based radar and geostationary observations, the correction
for the parallax must be performed first. The correction becomes more complicated
when the scene presents systems with cells that are not isolated and have different
cloud tops.

2. Due to the coarse spatial resolution of IR geostationary sensors, NUBF can adversely
affect the cloud detection and the magnitude of the cooling rate of the cell. As it is the
horizontal resolution of the GOES IR channel 13 2 km, the cooling rates of convective
cells with characteristic size comparable or finer than the GOES IR resolution can be
seriously underestimated due to NUBF. In particular, convection initiation and final
stages are difficult to detect using geostationary data only; the radar scans play a
crucial role in detecting and tracking cells during these phases.

3. The comparison between the satellite cloud-top cooling rate and the ground-based
radar RHI scans for MAAS convective cell tracking data demonstrated that for ex-
tended and isolated cells, the cooling rate well represents radar echo top evolution,
vertical velocity evolution, and elevated vertical velocity in the early stage of convec-
tive cells.

4. The NWC SAF-GEO software demonstrates robustness and reliability in tracking
mesoscale convective systems. However, its performance in detecting smaller-scale,
early-stage convective activity is hindered by temporal resolution constraints and
threshold limitations. Future improvements could include higher temporal frequency
datasets and refined calibration techniques to enhance the detection of early convective
development.

5. The satellite cloud-top cooling rate was compared with the vertical velocity from
multi-Doppler wind retrievals using the ground-based radar RHI scans for a selected
case. The cooling rate generally captured the evolution of vertical velocity strength
and the elevation of the velocity core until the cloud top attained 12 km altitude.
Variability with short time scale shown in the retrieved vertical velocity was not
captured by the satellite: the satellite time and spatial resolutions are not sensitive
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to the short time scale cell evolution or small-scale spatial variability. However, it
was also possible that the variability resulted from uncertainties in the multi-Doppler
wind retrievals. Further analysis on more selected case studies will be needed for
better comparisons with the wind retrievals.

6.  Although the uniqueness of the TRACER/ESCAPE field campaign dataset for study-
ing convective updrafts, a number of sampling issues affecting the quality of the cells
tracking with the radar arose. Given the complexity of the convective events and their
spatiotemporal evolution, to have a good trade-off between the number of performed
RHI scans and the time of acquisition and radar repositioning, often the results are
coarse scans that do not follow the core of the cell properly. In addition, the choice of
following a cell with the dedicated RHI scans can be affected by new cells forming
in more advantageous locations for the radars or more promising ones: this results
in a loss of continuity in time on the tracking, not allowing a good match with the
geostationary observations.

7. Often, when observing organized convective systems, early developing cells with
their cold anvil can mask later developing convection. Under such conditions, the
geostationary sensor is blind to the cells developing beneath the anvil, and only
ground-based radars are effective in detecting the convective cores.

8.  Considering only longer tracked (at least 15 min) cells, there is a good agreement
between the height of the 20 dBZ echo top of the NEXRAD radar and the CTH of the
minimum TéR at low altitudes. However, when the CTH increases in height, the radar
fails to observe the upper parts of the clouds.

Some opportunities for future work are discussed in the paper.

1.  During daytime, the issue encountered for the GEO-IR data due to NUBF can be
flagged using the VIS channel of the GOES, which has a horizontal resolution of
0.5 km.

2. The analysis should be extended to different locations and to different types of con-
vective systems (e.g., MCS, hurricanes) to understand the capability of the proposed
techniques for the study of convective cells developing in different environments.

Despite the aforementioned issues, the potential of the geostationary IR T/X to charac-
terize convection, especially in the early phases, is clear. Thanks to their extended spatial
and temporal coverage, geostationary data can enable statistical studies over bigger areas
and longer periods than dedicated field campaigns.

The ground-based radar plays a very important role in detecting small cells and
convection that is partially or completely not visible from geostationary sensors. The
MAAS algorithm is being improved to better match the position of the cell’s core and for
cell selection, also relying on geostationary IR cooling rates. A number of field campaigns
planned for the coming years will enrich the current TRACER/ESCAPE dataset and
test the improvements of the MAAS algorithm. Synergistic analysis of convection from
geostationary passive and ground-based active instruments can unveil novel conclusions
about the early-stage characterization of convective updraft.
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