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Abstract 

Remote sensing has become an increasingly popular way to use the absorptivity, 

emissivity, and scattering of several key atmospheric constituents to estimate relevant properties 

of various meteorological and oceanographic phenomena, such as precipitation, sea surface 

temperature (SST), surface vector winds, and ocean surface currents. However, because many of 

the techniques are sensitive to rain, surface observations suffer from considerable ‘rain 

contamination’ during heavy rain events that make it difficult to view the surface. In these 

conditions, high resolution surface observations typically come from operational aircraft that are 

used to observe and study tropical cyclones (TCs) and other weather systems. Furthermore, most 

current satellites either measure with long wavelengths over an area much larger than desired 

hurricane features, or with too short a wavelength and can’t see the surface through the clouds or 

rain. Other techniques that provide high resolution surface observations through rain also suffer 

somewhat from rain contamination and are very sparse in space and time. One characteristic that 

has not been studied is the distribution of gap sizes in moderate to heavy rainbands that circulate 

around the main low pressure center of a TC. Aircraft data from the National Oceanic and 

Atmospheric Administration’s (NOAA’s) WP-3D turboprop aircraft will be used to create Lower 

Fuselage (LF) radar snapshots in plane-relative coordinates to determine the spatial distribution 

and size estimation of moderate to heavy rainband gaps, or near-zero reflectivity regions, near 

and around the core of hurricanes. The distribution of these gap sizes will provide very useful 

information on the satellite instrument characteristics needed to see the surface through these 

gaps. This information is expected to aid in hurricane-related applications of a new higher-

resolution satellite.  
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1. Introduction 

Hurricane rainband gaps provide an exciting and potentially useful remote opportunity to 

view the ocean surface in tropical cyclones (TCs). Unfortunately, two crucial problems arise 

when utilizing remote sensing to analyze these gaps. First, there is considerable rain 

contamination during heavy rain events that make it difficult to see through these bands 

(Stephens and Kummerow 2006). In other words, wavelengths from active aircraft 

instrumentation and satellites are scattered or absorbed much easier in heavy rainbands than 

lighter ones, making observations of the surface difficult in heavy rain events (Marks 1985). This 

problem can be mitigated by observing with wavelengths much longer than the size of rain 

drops. Unfortunately, the resulting resolution is typically too coarse to observe key features of a 

TC. A second approach to mitigating the rain problem is to fly closer to the surface. However, 

the data are only observed where research and operational aircraft are used to observe and study 

TCs, or at the rare times when Synthetic Aperture Radar (SAR) observations are available 

(Lauknes 2011). 

 

In conjunction, most satellites either measure with long wavelengths over an area much 

larger than desired to capture the features of interest or they measure with too short a wavelength 

to see the surface through the clouds or precipitation (Bourassa et al. 2019). Hypothetically, 3-5 

km footprints or finer are desired to see these smaller-scale features while also learning more 

about any changes in rainband gap formation. The National Academies of Sciences, Engineering, 

and Medicine (2018) recommended the launch of future NASA Earth Explorer missions in the 

coming years. Therefore, aircraft observations of rain will be utilized to determine if surface 

observations can be taken through gaps in rain, within the range of capabilities that are expected 
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to be fundable under a future mission. The proposed instrument would use improved antenna 

technology with a moderately shortened wavelength to visualize the surface between rainy 

locations. Such observations have not currently been made from satellite.  

 

2. Objectives 

Remote sensing provides great potential, especially for TC structure analysis, as many of 

the observations that come from aircraft, such as dropsondes and flight-level data platforms – 

Stepped-Frequency Microwave Radiometer (SFMR), Air Force Reserve Command (AFRC) – 

provide greater detail than satellite platforms, but are too sparse in data coverage (Barnes and 

Barnes 2014). Large lapses without data make it cumbersome to draw any meaningful 

conclusions about a TC’s anatomy. As the funds available for satellite development are strongly 

dependent on the perceived success rate of the mission goals, the level of confidence of new 

imagery in various environments needs to also be quantified, such as those during heavy rain 

shearing and low shear in strong, organized storms. The lack of scientific research on a 

hurricane’s smaller-scale eyewall features illustrates the need for a more comprehensive study on 

the dynamics and their representations by current satellite missions. Improvements to these 

technologies will allow forecasters and meteorological analysts to construct more accurate 

representations of the atmosphere in these dynamic weather systems. The specific objective of 

this project is to determine instrument design characteristics that allow the satellite concept to 

offer knowledge of surface under TCs. These characteristics depend on knowledge of rainband 

gaps and how these gaps change depending on the type of storm. A possible side benefit to this 

study is improving the understanding of the spatial scale of rainband gaps since this TC feature 

has had noticeable impacts on storm intensity, as evidenced by the work of Willoughby et. al 
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(1982) which analyzed the behavior of Hurricane Allen’s rainbands and how they evolved into 

the eyewall. 

 

3. The Tropical Cyclone Environment 

The distribution of gaps in these moderate to heavy rainbands that circulate around the 

main low pressure center with respect to current satellite technology has not been studied in 

copious detail. To study this characteristic, it is important to first understand the traditional 

structure and dynamics of hurricane rainbands themselves. Marks (1985) defines a classic 

rainband to be a precipitation region with large vertical and small radial gradients of reflectivity 

and pronounced “bright band” level indicative of stratiform precipitation. Senn & Hiser (1958) 

estimated the lifetime of a spiral band to be a measure of the crossing angle that supports a 

clearly established identity apart from the main convective activity of the storm, which usually 

yields lifetimes of only one or two hours. The lifetime of this band could be extended by several 

hours if a band’s head and tail protrude from the larger rain shield. Kepert (2018) utilized a 

diagnostic TC boundary layer model to conclude that this atmospheric phenomenon is dependent 

on a number of factors, namely geographical location, temperature gradients, frictional 

convergence, boundary layer mean flow, and amplitude.  

 

The aforementioned factors not only influence the relative strength of any given 

rainband, but also induce most of the precipitation in tropical cyclones to be organized in spiral 

circulations around the main low pressure center under a wide range of spatial scales. These 

spiraling bands form near the ring of maximum convergence close to the eye as a result of 

gravity waves or strong vertical upthrust at the wall cloud (Kepert 1958). Additionally, the 
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rainband typically remains in a quasi-conservative position relative to the quadrants in which it is 

formed (Fig. 1), causing the rainband to not rotate about the storm center and remain in the 

quadrant of formation (Senn and Hiser 1958; Kepert 2018).  

 

Fig 1 | Generic example of an echo movement along an outward moving rainband spiral. Larger 

integers are indicative of the temporal progression of these bands (Senn and Hiser 1958). 

During this process, energy is released as it oscillates around the wall cloud and one portion of a 

spiral band is created in a given quadrant at a given time, as evidenced by the work of Barnes 

and Barnes (2014) in Fig. 2. Thus, both the gravity wave and the hurricane’s upper level circular 

or outward wind field could provide the mechanism for the outward propagation of the spirals. 

Senn and Hiser (1959) discussed how the outward propagation of individual echoes and cross 

band shear of the upper-level winds further contributes to outward relative motion of rainbands 

away from the storm’s center of circulation.  
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Fig 2 | Schematic eye and eyewall based on mean traits determined from the Lower Fuselage 

(LF) radar aboard the NOAA WP-3D aircraft for 209 cases from 37 tropical cyclones (Barnes 

and Barnes 2014). 

These types of bands have various classification schemes, namely inner, dynamic, and 

convective, and are often analyzed with regard to reflectivity, equivalent potential temperature, 

and radial and tangential wind components as referenced by the work of Marks (1985). Using 

reflectivity observations, Barnes, Zipser, Jorgensen, and Marks (1983) demonstrated that a 

rotating rainband consists of a mix of stratiform and convective precipitation. More generally, 

the upwind end of the band is mostly convective from the stronger observed vertical velocities 

and wind shear. Downwind, however, the band transitions into a band of stratiform precipitation 

due to the weaker convective forcings. Their work also concluded that there are substantially 

lower equivalent potential temperatures on the exit side of a rainband in contrast to that on the 

inflow side, which can be attributed to a partial mesoscale barrier. While this general structure 

holds true for most cases, it is important to note that there still exists considerable spatial and 

temporal variability across any particular rainband or case study (Kepert 2018). 
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 Due to the spiraling rainbands’ relatively short lifetime, they frequently undergo 

dissipation and integrate into the main rain shield. Barnes and Stossmesiter (1986) speculated 

that one of the main reasons for the enhanced dissipation of organized rainbands is the 

entrainment of stable air into the outer edges of the band. This, in turn, returned subcloud-layer 

air into the band that was unable to initiate moist convection and forced the zone of convergence 

outward away from the strongest cells near the bands’ inner edges. They also postulated that 

changes in the vertical environmental winds may be partially responsible for the observed 

intensification or dissipation of this convergence zone adjacent to the hurricane’s rotational 

airflow.  

 

4. Future Satellite Considerations 

 The Winds and Currents Mission (WaCM) instrumentation has been demonstrated by 

Rodriguez et al. (2019) to accurately measure ocean vector winds and surface currents. This 

approach is able to measure true ageostrophic surface current vectors, by utilizing a Ka-band 

pencil-beam Doppler scatterometer, as referenced in Fig. 3.  

 

Fig 3 | Scheme of WaCM measurement concept which measures winds from Ka or Ka/Ku sigma 

measurements at multiple azimuth angles (Bourassa and Coauthors 2019). 
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This method was proved to lessen the aliasing  (misidentification of the wind direction) of time-

averaged winds and currents as well as their derivatives by simultaneously measuring vector 

winds and currents. A wide swath of observations was found to result in more frequent sampling 

in space and time, which allowed higher spatial and temporal resolution to be achieved for 

gridded averages of the satellite observations (Fig. 4).  

 

Fig 4 | Simulated relative vorticity fields in the California Current System averaged for 4 days. 

(A) is the same average field sampled by the NASA/CNES SWOT mission, showing the 

problems with small swath coverage. The same fields sampled by WaCM assuming a 1,800km 

swath and 50 cm/s or 40 cm/s speed noise at 5km sampling. The impact of swath width is shown 

in (B), to be compared with (C), where only a 1,200 km swath was used for sampling. (D) shows 

the impact of reducing measurement noise from 50 cm/s to 25 cm/s (Rodriguez, Bourassa, 

Chelton, Farrar, Long, Perkovic-Martin and Samelson 2019; Chelton and Coauthors 2018). 

 

Traditionally, currents are measured utilizing radar systems and instruments that measure the 

average speed of ripples of a wavelength dependency on the radar wavelength. Winds, however, 

are derived from stronger radar signals scattered back to the satellite by ripples, with a greater 
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signal associated with greater wind speeds. Existing systems for measuring surface currents are 

based on land, and hence provide only coastal observations.  

 

The satellite’s planned viewing angle, or degrees from the vertical axis perpendicular to 

Earth’s surface (i.e., degrees relative to the normal of the smoothed ocean surface) is currently 

planned to be approximately 56 degrees (Rodriguez et al. 2019). Our methodology (Sections 5.1-

5.3) has a limiting case, which we must use in our assessments because of the way the aircraft 

radar data are stored (Section 5.1). Furthermore, we will be testing various rain rate thresholds 

(all corresponding to light rains because the proposed WaCM wavelength is very short and is 

very sensitive to rain) to determine the effects of a changing rain-related threshold on the 

sampling of the surface. This will enable us to analyze the probability of seeing the ocean surface 

between rain bands of varying storm shear conditions and rain thresholds – light, medium, and 

heavy. 

 

These findings will enable forecasters to deduce the probability of seeing the ocean 

surface through a variety of hurricane structures and to determine the spatial scales that can be 

seen through gaps in the rain. More generally, this can be utilized to justify the application of 

WaCM as one of NASA’s Explorer satellites to measure ocean surface winds and currents in 

hurricane environments. The mission concept (including three main mission science goals) is 

expected to compete with other Explorer class mission concepts, for one of three missions to be 

funded by NASA. If successful, it would enable forecasters to see the small-scale features (i.e. 

surface currents, winds, and precipitation) in strongly sheared hurricane eyewalls. More 

generally, meteorologists will be able to better understand rainband dynamics and their impacts 
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on localized wind magnitudes and directions, and to deduce the probability of seeing the ocean 

surface between rainy areas in TCs.  

 

5. Characterizing Spatial Gaps in Tropical Cyclone Rain 

The approach to this assessment is to compare a variety of plausible satellite footprints to 

gaps in rain as seen in airborne radar observations. Spatial gaps within hurricane rainbands are 

being investigated in an attempt to determine if a future NASA Explorer mission satellite’s 

capabilities are sufficient to make a substantial contribution to surface observations in a 

hurricane environment. Section 5.1 will provide a basic overview of NOAA’s WP-3D (P-3) 

turboprop aircraft Lower Fuselage (LF) radar with the vertical assumptions. Section 5.2 will 

discuss the process by which reflectivities were converted to rainrates and why certain thresholds 

were selected. Section 5.3 will present several viewing angle considerations made to construct 

four footprint sizes. 

 

 5.1 - NOAA WP-3D Lower Fuselage Radar  

To meet the aforementioned objectives, aircraft radar data from NOAA’s P-3 turboprop 

aircraft were analyzed. Each NOAA P-3 hurricane aircraft was equipped with three types of 

radar, associated with different operational purposes. The nose radar is a solid-state C-band radar 

with a 5 degree circular beam, that is used strictly for flight safety and performs no research 

purposes. The other two radars were the LF and a Tail Doppler Radars (TDR), which support 

multiple research purposes and record measured atmospheric data on Digital Audio Tape (9-

track tapes prior to 1993). Table 1 presents the main characteristics for the transmitter, antenna, 

and radar in use for the LF and TDR (Barnes and Barnes 2014). It is important to note that the 
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LF radar system was changed in 2018, but LF radar data collected using the previous system 

were used in this study as all selected case studies occurred in 2017. For the purposes of this 

study, LF radar snapshots were constructed in plane-relative coordinates, which place the plane’s 

current geographical position at the center of the Cartesian coordinate system. The results do not 

depend on the location of the origin in our coordinate system: this was an arbitrary but very 

convenient choice.  

Table 1 | Airborne radar parameters for the three kinds of radar systems (nose, lower fuselage, 

and tail doppler) aboard standard WP-3D operational flights (Jorgensen 1983). 

Parameter Nose Radar Lower Fuselage Radar Tail Radar 

Transmitter Frequency 5445 ± 6.6 MHz 5370 ± 6.7 MHz 9315 ± 11.6 MHz 

Transmitter Wavelength 5.51 cm 5.59 cm 3.22 cm 

Transmitter Pulse 3.0 航s 6.0 航s 0.5 航s 

PRF 400 PPS 200 PPS 1600 PPS 

Peak Transmitter Power 70 kW (min) 70 kW (min) 60 kW (min) 

Receiver Dynamic Range 80 dB 80 dB 80 dB 

Gain, main beam 34 dB 37.5 dB 40 dB 

Gain, sidelobe 23 dB down 23 dB down 23 dB down 

Horizontal beam width 3.6° 1.1° 1.35° 

Vertical beam width 3.6° 4.1° 1.9° 

Antenna stabilization ± 20° (pitch and roll) ± 10° (pitch and roll) ± 25° (pitch and roll) 

Maximum range 185 km 371 km 93 km 

 

 The data to produce these snapshots consisted of LF sweeps which have the file 

descriptor ‘.swp’ and follow the internal Hurricane Research Division (HRD) composite format 

convention. With one data file per respective LF sweep. A sweep is defined as a single 360 

degree radial and azimuthal scan at the level with which an aircraft is flying (HRD 2014). These 
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sweeps are stored internally as two-dimensional binary data files written using FORTRAN90 

software. The first record on the files was the radar header containing 128 bytes of general 

information followed by 16 bit packed words containing reflectivity values. In this dataset, 

reflectivity data were packed 2 per word with the overall range of the data spanning from -31.5 

dBz to +95.5 dBz in half dBz steps. Table 2 presents information relating to the radar’s headers, 

which provides more information on the data structure used by the HRD. A more complete 

documentation of the radar header can be found on the HRD’s public website1. 

Table 2 | Description of Radar Header information. The left column contains variable types and 

sizes, the middle two columns describe the variable contents and units, and the right column 

shows sample values from Frances N43RF flight on (Hurricane Research Division 2014). 

Type Content Units Example 

1: real Start time of the Cartesian plane seconds 65450.81 

2: real End time of the Cartesian plane seconds 65482.76 

3: real Reference for latitude position degrees 19.40 

4: real Reference for longitude position degrees -59.46 

5: real X scale resolution km/bin 1.50 

6: real Y scale resolution km/bin 1.50 

7: real Z scale resolution km/level 0.50 

8: real X or horizontal distance with respect to origin km 180.00 

9: real Y or vertical distance with respect to origin km 180.00 

10: real Z distance of first level or standard deviation of track km 0.00 

11: real Rotation angle or average track for cross section degrees 0.00 

12: real  Radar altitude meters 2773.00 

13: real Calibration coefficient 1 1/16 dBz -27.13 

14: real Calibration coefficient 2 1/4096 dBz 0.33 

15: real Azimuth correction degrees 0.00 

 

1 https://www.aoml.noaa.gov/hrd/format/lfsweepfileformat.html 
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16: real Elevation correction degrees 0.00 

17: real dBz noise threshold dBz -99.00 

18: real Peak power or dBz range for thresholding kw or km -99.00 

19: real Pitch correction degrees 0.00 

20: real Drift correction degrees 0.00 

21: real Roil correction degrees 0.00 

22: real Maximum range of the radar km 384.00 

23: real Spare for LF, height of bright band for TAIL km 0.00 

24: real Spare for LF, depth of bright band km 0.00 

 

One drawback to using this type of radar is the large zenith angle (vertical) bandwidth 

(4.1 degrees), which causes inadequate illumination of targets in the beam. That is, only part of 

the beam is filled by the object being sensed. Inadequate beam filling is a severe problem in the 

estimation of the reflectivity of a storm at spatial ranges greater than 60-90 km. The critical 

parameters that determine the beam illumination of the target storm are the beam’s vertical 

dimension and orientation, and the aircraft altitude (HRD 2017; Barnes and Barnes 2014). At 

close range there is little loss because the radar beam is narrow enough to be totally within the 

strong reflectivity region at lower altitudes in the storm. As the range increases, the width of the 

radar beam increases and more of the beam is likely to be partially filled with rain or open air 

with very different reflectivities, making the measured average reflectivity difficult to interpret. 

Additionally, the sea surface can also be within the beam’s view at the larger scales, and the 

signal from the surface is much larger than the signal from rain (known as sea clutter). This 

problem can be greatly reduced by compositing a number of radar sweeps in time over a fixed 

domain (in both storm- or Earth-relative coordinates).  
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HRD’s MATLAB plotting function was converted to Python to aid in limiting any 

inconsistencies in storm tracks and improving the processing of LF sweep data files entitled 

“tar’d and gzipped sweep data” (tar and gzip are methods of compressing files), which are 

formatted as two-dimensional .swp binary files. The complete documentation for the file headers 

and physical interpretations are listed on the HRD’s website and are used for the meteorological 

computations described in Sections 5.2 and 5.3. Although HRD is devoid of fuselage data after 

2018 because of the radar system change, this organization has archived all such radar data from 

years prior. Storms with sufficient TDR (used below) images and LF radar sweeps will be 

selected to create a diverse array of varying strengths, sizes, structures, and lifetimes to test for 

the various distributions of rainband gaps. 

 

Unfortunately, HRD’s .swp LF data files are devoid of information on the radar’s vertical 

tilt and reflectivity distributions. In light of this, a constant height column reflectivity was 

assumed for the vertical dimension using HRD’s TDR imagery for the selected case studies and 

their respective flight legs. This type of radar scans perpendicular to the aircraft ground track 

using 3.22 cm (X-band) wavelengths to show the reflectivity evolution over approximately 3.5 

hour observation periods (Reasor et al.2000). Despite changing precipitation type (snow, ice, 

water) with increasing altitude, Awaka and Coauthors (2016) demonstrated that there was no 

statistical evidence to suggest that these main precipitation types significantly influence 

measured reflectivities between 700 and 950 mb, the average levels NOAA’s P-3 aircraft fly. 

Figure 5 illustrates this assumption whereby three cross sections from Hurricane Irma 

demonstrate a constant vertical reflectivity below the observed freezing level at approximately 
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700 mb. However, this assumption appears to fail above the freezing level as the reflectivities 

vary with altitude. Similar results were observed for the four additional case studies. Despite the 

lack of vertical reflectivity data, the LF horizontal reflectivity fields will still allow us to 

determine the spatial distribution of rainband gaps in this plane.  

 

 

 
Fig. 5 | Vertical cross sections of Hurricane Irma (AL112017) for three different aircraft passes 

through the storm’s rotating center (Hurricane Research Division 2014). These passes are used to 
determine the upper and lower bound approximations in the vertical dimension.  
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Since these bands form as a function of distance from the center of the storm (Kepert 

2018), we plan to test large storms vs. small storms and symmetric storms vs. antisymmetric 

storms. In total, the following five LF sweeps were selected: (1) Harvey (AL092017) - 2017-08-

25 16:54:53 UTC, (2) Irma (AL112017) - 2017-09-05 09:45:00 UTC, (3) Jose (AL122017) - 

2017-09-18 01:57:11 UTC, (4) Maria (AL152017) - 2017-09-24 08:14:29 UTC, and (5) Nate 

(AL162017) - 2017-10-07 10:48:44 UTC. These specific case studies for the five previously 

mentioned storms were selected to provide a diverse array of environmental stresses on the 

storm’s intensity, including mid-level vertical wind shear, moisture content, land interference, 

and dry air intrusions. Hurricanes Irma and Maria were chosen to represent axisymmetric storms 

that mirror a classic hurricane structure. Hurricanes Jose and Nate, on the other hand, were 

picked to highlight storms with strong vertical wind shear negatively impacting the storm’s 

ability to keep or maintain strength. Hurricane Harvey’s case provides an example of a storm 

undergoing rapid intensification with simultaneous possible land interference. 

 

5.2 - Determination of Rainbands 

A relatively simple metric to identify hurricane rainband gaps is applying a rainrate 

threshold, in units of millimeters per hour, to individual radar sweeps. This approach is a bit of 

an oversimplification: a columnar integrated rain rate would be a more accurate metric, but the 

coarse vertical resolution and the similarity of rain rates in most of the atmospheric column 

means that using a simple rainrate will likely serve as a good metric in this case. A good 

approximation for this metric can be computed by dividing a particular rainrate (mm/hr) 

threshold by the height of the column (km). For the purposes of this study, this can be ignored 

since the rainrate has been shown to be approximately constant with height and can yield useful 
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information on potential impacts to satellite systems. The HRD’s LF radar data are stored as 

reflectivity, therefore, they must be converted to rain rate. While there are many pre-existing 

conversion factors linking the two quantities (Jiang, Black, Zipser, Marks, and Uhlhorn 2006), 

the Marshall-Palmer formula (Marshall, Langille, and Palmer 1947)  

迎迎 噺 岫など岫鳥長佃【怠待岻にどど 岻待┻滞態泰 

will be applied to the existing reflectivity data where dBz is the reflectivity in dBz and RR is the 

rain rate in mm/hr. This formula was chosen based on its commonality across various fields of 

radar meteorology and relatively simple computation with regards to computing power. 

 

Our goal is to determine if the satellite radar’s footprint fits inside a rainfree area. By 

ignoring the satellite’s angle of view and working solely with the horizontal reflectivities map, 

for many applications, a good approximation of rain-free locations is attained using a 0.5 mm/hr 

threshold for determining rain-free regions. This threshold is based on estimates of rain impacts 

on Ku-band radar (Draper and Long 2004), adjusted by a factor of approximately 16 to account 

for the increased sensitivity at Ka-band. Draper and Long found that 3 km mm/hr was a plausible 

threshold for wind speeds greater than 20 m/s. Assuming other instrument design factors are not 

changed, that would make 0.2 km mm/hr a reasonable threshold. Greater power in the radar 

would allow for a higher threshold, as would longer wavelengths. For the TCs examined, the rain 

column is roughly 5 km deep, indicating that a rain rate threshold would be 0.04 mm/hr. This 

threshold was slowly increased and decreased to see if it substantially influenced the rain-free 

area. The full range of thresholds applied in this study vary between 0.1 and 1.0 mm/hr in 0.1 

increments. This diversified array of thresholds allows for the investigation of a hurricane’s 
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small-scale features, specifically the regions directly adjacent to the eye and eyewall. Another 

line of motivation for changing the original threshold is attempting to minimize the effect of 

erroneous (excessive) rain rates in the aircraft radar data due to backscatter from the surface (i.e. 

sea clutter), which is typically present near the regions of weaker stratiform precipitation in the 

peripheries of hurricanes. In the areas of heavy rain, changing the threshold will have no 

meaningful impact. It is predicted that changing the initial threshold may improve the accuracy 

of diagnosing rain-free regions in the outer parts of the TCs, and that it will be useful information 

if the design of the satellite radar changes.  

 

5.3 - Rain-Free Footprint Application 

The comparison of multiple aircraft viewing angles is preferred to characterize which 

angles yield the most detailed radar sweeps and to provide a more comprehensive three-

dimensional profile of these bands. We originally planned to identify two bounding cases that 

would bracket the real-world viewing angles of the satellite radar. The first case would mimic a 

satellite looking straight down at the surface and would provide an upper limit on the sizes of the 

rain-free regions. The other case would block out areas with any rain within the satellite’s 55 

degree viewing angle. This would be overly restrictive as the satellite views any location on the 

surface from only two tight clusters of angles, rather than from all possible angles. However, the 

radar data provided by NOAA was in a two-dimensional format; hence we can look only at the 

first set of limiting cases. This case slightly overestimates the visibility from the satellite. The 

grid spacing of the aircraft radar data is 2.75 km, therefore our simulated footprint sizes are 

limited to increments of 1.375 km. The proposed footprint size for WaCM is between 2.2 and 5.5 

km (Rodriguez et al. 2019). The relevant spatial scale is twice the length scale of the footprint.  
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This is because the footprint refers to the area where the radar return falls off by a factor of e, 

however, there are areas outside this region from which there are substantial returns. These areas 

extend less than a factor of two further out, as seen in many assessments of land and ice on 

estimates of surface winds (Ardhuin and Coauthors 2019; Remund and Long 2014; Portabella 

and Stoffelen 2009). Therefore, we examined footprints from 1.375 km to 5.5 km with 

intermediate sizes to obtain results for a diverse range of footprint sizes.  

 

For the purposes of this study, the constructed footprint sizes were dependent on the 

horizontal grid spacing of the data, which is 2.75 km per bin. Hence the four footprint sizes to be 

analyzed were 1.375, 2.75, 4.125, and 5.5 km, or rain-free areas with diameter 2.75, 5.5, 8.25, 

and 11 km respectively. To maintain the typical geometric design of what a radar device would 

“see”, the footprints were organized to be as circular as possible. These shapes are described in 

terms of integer offsets from the center of the area being tested. These integer i's and j’s represent 

the i’th or j’th index in the longitudinal or latitudinal position in the gridded aircraft radar data, as 

shown in Figs. 6(a)-(d). Once the rain rates for each point within this region were determined, 

one of the ten aforementioned rainrate thresholds was applied to the entire viewing area. Only 

footprints that had rain rates below the rain threshold for every grid point were considered rain-

free for the purposes of a satellite retrieval. Finally, for the two viewing areas with an even 

number of grid spacings in its diameter, namely the 2.75 and 5.5 km footprints, a longitudinal 

and latitudinal offset were applied to move the original centers (red highlighted text in Figs. 6(b) 

and 6(d)) to the actual geographical center of the constructed footprints. An important note is that 

an edge buffer was included in the looping process to ensure that the edges of the footprint did 

not leave the 240 by 240 mesh grid of aircraft radar data. 
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Fig 6 | Shapes of the constructed viewing areas with diameters of (a) 2.75, (b) 5.5, (c) 8.25, and 

(d) 11 km. The dots represent the center of a respective grid with the red text outlining the 

starting grid upon which steps were applied in the i and j directions to complete the relevant area.  

 

6. Results 

 Examining the base reflectivities of several case studies under a variety of environmental 

stresses provides the ability to conduct a preliminary analyses of the satellite radar’s ability to 

view the surface between rain features. As shown in Fig 7(a)-(e), larger, more axisymmetric 

storms with more organized convective activity circulating around the main area of low pressure 

result in a potentially larger spatial domain for rainbands to form. However, a smaller proportion 

of the computed rainrates meet one of the ten thresholds. These reflectivity plots seem to indicate 

that there are strong bunches of signals of heavy precipitation spiraling around the storm center.  
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     (a)                                                                               (b) 

 
             (c)                  (d)  

 
(e) 

Fig 7 | Base reflectivities for the following case studies: (a) Harvey - AL092017, (b) Irma - 

AL112017, (c) Jose - AL122017, (d) Maria - AL152017, and (e) Nate - AL162017. 

 

While banding features are present in all storms, the number of bands appears to be a function of 

the storm’s intensity and overall structure. As an illustration, Irma (Fig. 7(b)) and Maria (Fig. 

7(d)), storms which contain large wind fields, axisymmetric rotation, and organized precipitation 
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regions, present banding features extending farthest radially from the storm center. There are less 

rainband gaps with these low vertical wind sheared storms as the regions of stratiform 

precipitation are too strong to meet any of the rainrate thresholds. The base reflectivities of 

Hurricanes Jose (Fig. 7(c)) and Nate (Fig. 7(e)) demonstrate evidence of strong vertical wind 

shear as their southeast and northwest quadrants, respectively, are devoid of reflectivities greater 

than 20-25 dBz. These storms also appear to possess larger rainband gaps and thus more 

opportunity to see between precipitation structures.  

 

One final observation are reflectivities ranging from 10 to 20 dBz in the outer peripheries 

of all quadrants for all storms. This signal denotes rain contamination as a result of sea clutter 

whereby light rain is being falsely predicted. Sea clutter tends to appear as a very smooth overall 

response with increased levels of total radar return caused by precipitation, waves, and sea spray 

(Bole, Wall, and Norris 2014). This is a problem for radar systems because the intended targets 

could be masked by other intermediate objects that cause the reflected signal to rise suddenly and 

remain high over a large range. False return signals to the radar negatively impact precipitation 

metrics, such as rainrates, and make it more cumbersome for forecasters to analyze true areas of 

precipitation or cloud cover in the atmosphere.  

 

 Figs. 8(a)-(e) present similar plots of the 1-minute sustained marine surface winds for the 

five selected case studies. A diverse array of platforms (aircraft, buoys, scatterometers, weather 

stations, and ships) were assimilated to construct wind fields using Risk Management Solutions 

HWind’s Quality Control (QC) application. This tool allows for an analyst to flag erroneous data 

and improve historical analyses of tropical cyclones.  
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(a)                                                                             (b)  

 
    (c)                                                           (d) 

 
(e) 

Fig 8 | Risk Management Solutions HWind historical wind fields for (a) Harvey - AL092017 , 

(b) Irma - AL112017, (c) Jose - AL122017, (d) Maria - AL152017, and (e) Nate - AL162017.  
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After conducting historical reanalyses he juxtaposition of the regions of strongest winds and 

reflectivity for each respective storm are in the same horizontal geographical location. To 

continue, the radius of maximum winds for more symmetric storms, namely Harvey (Fig. 8(a), 

Irma (Fig. 8(b)), and Maria (Fig. 8(d)), varies between 11 and 19 nautical miles. The same radii 

for Jose and Nate are larger at 36 and 32 nautical miles, respectively. These two heavily sheared 

storms contain nearly no winds stronger than tropical storm force upshear, which is expected 

given that Senn and Hiser (1959) proved that precipitation, convective activity, and general 

circulation around the low pressure center are inhibited by strong vertical wind shear 

magnitudes. Harvey’s wind field (Fig. 8(a)) demonstrates that although there is slight land 

interference in the storm’s western quadrants, the regions of strongest winds still align with the 

precipitation in the outer peripheries. 

 

While these first two sets of plots provide a comprehensive synoptic-scale overview of 

the precipitation and winds for each case study, Figs. 9-12 present the results of applying the four 

footprints. Fig. 9 demonstrates that the rain-free regions and observable footprint areas are 

identical for the smallest footprint (1.375 km). In other words, the footprint can see the surface 

wherever the rainrate threshold is achieved, which can be directly attributed to the shape of this 

footprint being identical to the individual grid spacing and resolution of the LF radar sweeps. 

More generally, the regions of rainband gaps as determined by the reflectivity plots (reflectivity 

less than 20 dBz) in the stratiform regions of each storm do not have as strong a rain-related 

signal. Moreover, Hurricanes Jose (Fig. 9-12(c)) and Nate (Fig. 9-12(e)) have the greatest 

percentage of rain-free areas in comparison to the other three storms for any given rainrate 

threshold or footprint size.  
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                                                (a)                                                                            (b) 

 
                                               (c)                                                                             (d)  

 
(e)  

Fig 9 | 0.5 mm/hr rain rate threshold applied to reflectivity data following a conversion using the 

Marshall-Palmer expression for (a) Harvey - AL092017, (b) Irma - AL112017, (c) Jose - 

AL122017, (d) Maria - AL152017, and (e) Nate - AL162017. The red shaded regions indicate 

areas of rain while the green translates to predicted rain-free areas. 
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The differences in results is almost negligible for the smallest rain rate thresholds. The 

spatial differences quickly become more apparent with higher rainrate thresholds. However, the 

higher threshold would be applicable only if there is much greater power in the satellite’s radar. 

For more thresholds that are more realistic with the constraints of current technology, the 

threshold for rain rate has little impact on the results.  In contrast, the results are very sensitive to 

the size of the footprint. As evidenced by Figs. 10-12, the spatial extent of observable rain-free 

regions decreases exponentially with a linear increase in footprint radius, when examining 

regions near heavy rain features: in near or adjacent to the hurricane eye, periphery outer 

rainbands, and intermediate gaps in rain cover near the stratiform regions of precipitation. These 

rain free but unobservable regions are highlighted with a yellow color, distinct from rainy 

regions (red) and observable regions (green). Thus, the largest decrease in rain-free regions is 

observed between the 4.125 and 5.5 km footprints. The largest footprint (Figs. 10-12) is 

associated with the smallest observable regions in all five case studies. The key findings are that 

considerable radar power or a long wavelength is needed to reduce the rain threshold to the point 

(around 0.8 mm/hr) where much more of the surface becomes visible to the satellite radar. 

Furthermore, smaller footprints (which also require more power, or a shorter wavelength) are 

also highly desirable to see the most interesting parts of the storm.  Despite these conflicting 

needs, it is clear that the surface is likely to be visible in much of the eye. Such observations 

would be informative about intensity changes (Ahern et al. 2020). 
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(a)  

(b)  

(c)  

(d)  

(e)  

Fig 10 | 0.2 mm/hr rainrate threshold applied to reflectivity data for (a) Harvey - AL092017, (b) 

Irma - AL112017, (c) Jose - AL122017, (d) Maria - AL152017, and (e) Nate - AL162017 with 

three shades: (green) rainrate threshold met and surface observable, (yellow) rainrate threshold 

met but surface not observable, and (red) rainrate threshold not met.  
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(a)  

(b)  

(c)  

(d)  

(e)  

Fig 11 | 0.5 mm/hr rainrate threshold applied to reflectivity data for (a) Harvey - AL092017, (b) 

Irma - AL112017, (c) Jose - AL122017, (d) Maria - AL152017, and (e) Nate - AL162017 with 

three shades: (green) rainrate threshold met and surface observable, (yellow) rainrate threshold 

met but surface not observable, and (red) rainrate threshold not met.  
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(a)  

(b)  

(c)  

(d)  

(e)  

Fig 12 | 0.8 mm/hr rainrate threshold applied to reflectivity data for (a) Harvey - AL092017, (b) 

Irma - AL112017, (c) Jose - AL122017, (d) Maria - AL152017, and (e) Nate - AL162017 with 

three shades: (green) rainrate threshold met and surface observable, (yellow) rainrate threshold 

met but surface not observable, and (red) rainrate threshold not met.  
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7. Conclusions 

This rainband gap analysis has provided a brief introduction into the dynamics involved 

with the representation of hurricane rainband analysis using HRD’s LF radar sweeps and how it 

could be used to inform the design of future satellite equipment. One strength of the chosen 

approach was the ability to select and to visualize any state of the storm sampled by the LF data 

sweeps. This gives a future analyst more control over the ability to test numerous environmental 

conditions, stresses, and thresholds. This diversity of sweeps also largely reduces the bad 

instances whereby the radar image is severely contaminated by a poor viewing angle or 

interference from other instruments on the aircraft. When observing Harvey’s LF sweep (Fig. 

9(a)), for example, radiofrequency interference from one of the instruments aboard NOAA’s P-3 

aircraft is seen in the northwest quadrant of the LF sweep, which contributes additional signal 

into the sensor’s field of view. While this abnormality altered a portion of the reflectivities in the 

NW quadrant, all other aspects of this plot are unaffected by other kinds of interference. This 

study confirms that having an ability to control many of the control parameters, such as rainrate 

thresholds and footprint size, facilitates a future analyst’s ability to better understand the spatial 

scale of rainband gaps in TCs. For instance, rain contamination from sea clutter could be 

significantly reduced by applying a higher rainrate thresholds, which suggests that the area for 

which this would work is biased low because of these initial contaminations. The presented 

results are also consistent with the fact that smaller footprints will yield the best observation of 

the rain-free regions for a TC.  

 

This research could be useful in future satellite and radar engineering, especially 

improving WaCM technologies. These results provide thresholds for designing an instrument 
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that would observe surface winds and currents in a TC environment,  which should provide 

numerous benefits to forecasting and operational applications, ideally without compromising 

other goals of the satellite mission. Rodriguez (2018) proposed a new design approach for a 

sensor aimed at improving the measurement of wind stresses and surface currents. The 

characteristics he specified included the ability to measure winds and currents simultaneously 

using a large swath (~1,800 km), high spatial resolutions (less than 5.5 km), and continuous 

spatial coverage without any statistically significant gaps within the swath, excepting areas of 

substantial rain, land and ice. Our findings support using the instrument design presented in 

Rodriguez’s analysis, with the lower range of footprint sizes and ideally more power. These 

results presented herein strongly indicate that such a design would likely be useful for 

operational applications related to TCs. The largest 5.5 km footprint does provide sufficient rain-

free coverage in the inner meshes of the eyewall to make practical conclusions about storm 

winds, but substantially more coverage would occur with smaller footprints. As shown in Figs. 

10-12, all of the tested rainrate thresholds demonstrate regions of significant rain contamination 

within all quadrants, both radially and azimuthally, of each case study. While the specific 

distribution of hurricane rainband gaps, structure, and organization are all dependent on the 

specific case study being analyzed, the input parameters for yielding the most accurate images 

has been shown to be independent of the TC structure. This analysis helped demonstrate that the 

ideal parameters to test for rain-free areas using this radar system are a rainrate threshold 

between 0.6-0.8 mm/hr and any footprint size less than 4.125 km. These parameters have been 

shown to produce the least sensitivity to the aforementioned problems, such as sea clutter 

contamination, coarse grid spacing, and radio frequency interference. More generally, this 
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satellite instrument is predicted to be more useful for highly sheared or more antisymmetric 

storms as a larger fraction of the surface can be detected.  

 

8. Future Work 

 Using the results from this study as a starting point, there are innumerate additional 

measures to test the validity of implementing this new satellite tool. One could conduct a more 

expansive list of case study analyses, which includes more radar sweeps from storms in the HRD 

database that extend decades into the past. Furthermore, simulations could be conducted that 

predict multiple satellite viewing angles to better parameterize and represent a satellite’s field of 

view under a wider range of differing storm structures. If vertical resolution reflectivity data 

were available, the other bounding case that incorporates more of the radar’s actual plane of view 

could also be tested. The authors plan to produce a detailed technical report for the National 

Aeronautical and Space Administration outlining some of the aforementioned details for how 

well the hypothetical new satellite with higher resolution, smaller footprints, could sample 

surface winds in TCs. It is hypothesized that the presented results provide meaningful insight 

into rainband gaps and support science and operation objectives of a satellite mission that is 

planned to be submitted to NASA. 
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