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Abstract Horizontal wind, temperature, and moisture observations are presented from two Coyote
unmanned aircraft system (UAS) flights in the boundary layer of Hurricane Edouard (2014). The first
flight sampled the meteorological conditions in the eye and eyewall at altitudes from 900 to 1500 m while
Edouard was a major hurricane (105 kt) on 16 September 2014. The following day, a second Coyote
sampled the inflow layer outside of the storm core at ~760 m altitude, when Edouard had weakened to
an 80-kt hurricane. These flights represent the first deployments of a UAS from an airborne manned
aircraft into a tropical cyclone. Comparisons between the Coyote data and the Lockheed WP-3D Orion
(WP-3D) flight-level measurements and analyses constructed from dropsonde data are also provided. On
16 September 2014, the Coyote-measured horizontal wind speeds agree, on average, to within ~1ms™"
of the wind speeds observed by the WP-3D and reproduce the shape of the radial wind profile from the
WP-3D measurements. For the inflow layer experiment on 17 September, the mean wind speeds from the
Coyote and the dropsonde analysis differ by only 0.5ms™", while the Coyote captured increased
variability (6=3.4m s~ ") in the horizontal wind field compared to the dropsonde analysis (c=2.2m sh.
Thermodynamic data from the Coyote and dropsondes agree well for both flights, with average
discrepancies of 0.4°C and 0.0°C for temperature and 0.7°C and 1.3°C for dew point temperature on 16
and 17 September, respectively

1. Introduction

The open-ocean tropical cyclone (TC) boundary layer requires intensive scientific observation because it con-
trols the exchanges of heat, moisture, and momentum that ultimately modulate TC intensity. However, low-
altitude (z < 1 km) measurements of the TC boundary layer by manned aircraft are rare and exceptionally
dangerous due to the hazards posed by large waves, convective downdrafts, and sea spray. Save for a few
notable exceptions [Black et al., 2007; Zhang et al., 2008], hurricane reconnaissance aircraft, such as the
Lockheed WP-3D Orion, do not typically descend below ~3 km in hurricanes. As a result, the only data that
are routinely collected in the TC boundary layer are (1) limited point thermodynamic and kinematic measure-
ments made by dropsondes [Hock and Franklin, 1999] and ocean buoys [Cione et al., 2000; Cione et al., 2013],
and (2) remote kinematic measurements by airborne radar [Jorgensen, 1984] and stepped frequency micro-
wave radiometry [Uhlhorn and Black, 2003; Uhlhorn et al., 2007]. The deployment of an unmanned aircraft
system (UAS) within the TC boundary layer therefore has the potential to address the critical data gaps that
currently exist in this understudied region. To this end, two Coyote UASs were launched into Hurricane
Edouard (2014) and collected low-altitude thermodynamic and kinematic measurements in the eye, eyewall,
and inflow layer of the hurricane from 16 to 17 September 2014. These missions mark the first time a UAS was
deployed into a TC using a manned aircraft as the delivery vehicle. A primary goal of this research will be to
compare Coyote UAS observations with other known measurement platforms and sensors in Hurricane
Edouard using NOAA’s WP-3D aircraft.

Prior to the Coyote deployments in Hurricane Edouard (2014), only three UAS flights had been conducted in
TCs: a 2005 flight into the inner core of Tropical Storm Ophelia at a height of ~760 m [Cione et al., 2008;
Cascella et al., 2008], a 2005 flight that penetrated the eyewall of Typhoon Longwang at 3000 m [Lin and
Lee, 2008], and a 2007 flight into the eyewall of Hurricane Noel at heights as low as ~90 m [Cascella et al.,
2008]. These landmark missions illustrate the potential of UASs to make measurements in the severe and
varied conditions of the hurricane environment. However, all of the aforementioned studies were deployed
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from land and did not utilize a manned aircraft for launch. In addition, the earlier cases did not compare UAS
data with measurements from any other observing platforms. As such, the accuracy of UAS measurements in
TCs remains unknown.

In this paper, we take the data obtained from the two Coyote UAS flights in Hurricane Edouard and compare
them with more conventional data sources, which include dropsondes and the WP-3D flight-level wind mea-
surements. Specifically, comparisons for air temperature, dew point temperature, and wind speed measured
by UAS during the two missions are presented. We begin by providing an overview of the life cycle of
Hurricane Edouard and the Coyote UAS missions in section 2. Section 3 describes the methods used to create
the analyses that are compared against the Coyote data presented in section 4. Results are summarized and
concluding remarks are provided in section 5.

2. Coyote UAS Operations in Hurricane Edouard

2.1. Hurricane Edouard

The area of low pressure that eventually became Edouard formed from a tropical wave that exited the coast
of western Africa in the Intertropical Convergence Zone. The National Hurricane Center issued the first advi-
sory on the storm at 1500 UTC on 11 September 2014. Over the next 2 days, the system gradually became
more organized as it moved northwestward over the open tropical Atlantic. Edouard attained tropical storm
status at 0000 UTC on 12 September and hurricane status at 1200 UTC on 14 September. The hurricane con-
tinued to intensify steadily, and its maximum sustained winds reached an estimated peak speed of 105 kt
(~54ms™") at 1200 UTC on 16 September. Thereafter, Edouard encountered increasing vertical wind shear
and cooler ocean temperatures as it accelerated to the north. The storm underwent a gradual weakening
trend, losing hurricane status on 18 September and weakening to a remnant low on the following day.
Further information on the life cycle of Hurricane Edouard can be found in Stewart [2014].

Edouard posed no serious threat to land areas during its 9-day lifetime. The storm passed ~1300 km to the
east of Bermuda at its closest approach on 16 September. Because the island experienced no direct impacts
from Edouard but was within aircraft reconnaissance range of the storm from 15 to 17 September, Bermuda
served as an ideal location to conduct research missions into the hurricane. In the next section, we summarize
the operations related to the Coyote deployments.

2.2. Description of the Coyote UAS and Hurricane Edouard Deployments

Manufactured by Raytheon Missile Systems, Coyote has a length of 0.79 m, a wingspan of 1.47 m, and a mass
of 6kg. It is capable of carrying a payload of up to 1.8kg. Its maximum cruising airspeed is ~36ms™'. To
facilitate deployments from the WP-3D, the wings of the Coyote are folded and the Coyote is placed inside
a canister that is subsequently released from the sonobuoy chute aboard the WP-3D. Once deployed, a
parachute slows the descent of the canister. After ~15 s (enough time for the turbulent motion of the canister
to stabilize), the Coyote releases the canister, the Coyote’s wings deploy and the UAS begins sampling the
environment. The flight path, altitude, and airspeed are controlled by commands issued remotely from the
WP-3D. In 2014, data were transmitted in real time back to the WP-3D using (1) an Iridium satellite connection
and (2) a 900-MHz data stream.

Two Coyote deployments were conducted in Hurricane Edouard. The first Coyote was released at a height
of ~3km from NOAA’s WP-3D into the eye of Hurricane Edouard on 16 September at 1433 UTC. This
marked the first time that a UAS was air deployed into a hurricane and the first ever Coyote hurricane flight.
Following its release, Coyote collected data in the eye and, later, in the western eyewall of Edouard for
~27 min while the storm was at its estimated peak intensity of 105 kt (~54ms~"; Table 1). Limited data
(~7% of the total number of 1-s samples) were retrieved from the eyewall because the Iridium satellite
connection proved to be unreliable, and the 900-MHz data stream required the WP-3D to remain within
8-11 km range of the Coyote.

The second Coyote deployment occurred the following day at 1508 UTC on 17 September. Unlike the pre-
vious mission, the second Coyote was air deployed ~280 km from the storm center to collect low-altitude
(~760m) kinematic and thermodynamic data in the hurricane inflow layer (Table 1). The Coyote flew for
~68 min (a platform endurance record) before exhausting its onboard battery and ditching into the ocean
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Table 1. Coyote Missions in Hurricane Edouard

Date Coyote Flight Times (UTC) Locations and Heights Targeted Hurricane IntensityWind (kt)/Pressure (hPa)
16 September 2014 1433-1500(27 min) Eye and eyewall(900-1500 m) 105/955
17 September 2014 1508-1616(68 min) Clear air and rainband in inflow layer (~760 m) 80/957

~150 km from the storm center. Based on lessons learned from the previous day, the WP-3D remained within
~6 km range of the Coyote, allowing for more continuous data to be collected.

2.3. Coyote Measurements

Both of the Coyotes were equipped with meteorological sensors that measured temperature, relative
humidity, and atmospheric pressure. Table 2 provides details on each of the meteorological sensors.
According to the manufacturer, the maximum expected errors for the temperature and humidity sensors
were +0.3°C and +5%, respectively, while the sampling rates were 2Hz and 1 Hz, respectively. At a speed
of 40ms™' (representative of the Coyote ground speed during these missions), these sampling rates
resulted in a temperature (humidity) measurement for every 20 m (40 m) of horizontal distance traveled.

Instantaneous wind speed and direction (also reported at 1 Hz) are computed by vector subtraction of the
true air velocity from the ground velocity. The ground velocity vector is computed via a 50-Hz GPS/INS
extended Kalman filter implemented within the autopilot. Inputs to the filter are IMU, air data and GPS posi-
tion, and velocity. To determine the true air velocity vector, the equivalent airspeed (EAS) is first calculated
using EAS = 1/2Q/p,, Where pg is the air density at mean sea level pressure, equal to 1.225 kg m~3,and Q
is the dynamic pressure (Pa; the air pressure induced by the wind-relative motion of the Coyote). The dynamic
pressure is the difference between the pitot pressure and the static pressure, both of which are measured
directly by onboard sensors. EAS is assumed to be equal to indicated airspeed, because air compressibility
is negligible at the relatively slow speeds (~28 ms™') flown by the Coyote. The magnitude of the true air
speed (TAS) vector is then computed from TAS = IAS/p,/p, where p is the local air density (kg m~). The
direction of the TAS vector is also an output of the Kalman filter, as it requires deriving the Euler angles of
the vehicle using all of the autopilot’s onboard sensor data (IMU, air data and GPS). The details of this
Kalman filter are proprietary and are therefore not available for publication. However, future advances to
the Coyote platform should allow for more customized tuning of this filter to provide a deeper and more con-
fident understanding of how these values are computed.

It is important to note that the sensor accuracies and response times listed in Table 2 were determined in a
laboratory setting, not in the strong winds, turbulence, and heavy rainfall characteristic of a tropical cyclone.
In such an environment, the sensors might not perform as indicated in Table 2. Thus, an extensive portion of
this manuscript is devoted to comparing the Coyote measurements to other data sets, including dropsonde
data and flight-level wind measurements, to estimate the Coyote data accuracy.

3. Comparison Method
3.1. GPS Dropsonde Data

GPS dropsonde measurements of temperature, dew point temperature, radial wind, and total wind formed the
basis for comparison to the Coyote data, except for the WP-3D flight-level wind measurements used in the
wind speed comparison on 16 September 2014 (described in section 3.2). Figure 1 shows the drop-to-splash
paths of the dropsonde data relative to the Coyote track. For each of the relevant variables, the dropsonde
data were used to construct an analysis that could then be compared to the Coyote measurements. For the
eye/eyewall mission on 16 September, dropsonde observations from two WP-3D flights (N42RF: 1357-1800

Table 2. Specifications for the Meteorological Sensors Aboard the Coyote

Sensor ManufacturerModel Range Tolerance Response Time (s) Sampling Rate (Hz)
Pressure HoneywellSCCP15ASMTP 5-1070 mb +0.5 mb <1.0 3
Temperature SHIBAURAPB5 —80-60°C +0.3°C <20 2
Humidity E+EHC103M2 0-100% +5% <5.0 at 25°C 1
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Figure 1. Dropsonde tracks, from launch to splash, included in the analyses on (a) 16 September 2014 and (b) 17
September 2014. The colors indicate the amount of time that elapsed between the Coyote and dropsonde launches.
The Coyote tracks are shown in black.

UTC and N43RF: 1903-2202 UTC) and a Global Hawk mission (16 September 2014 1506 UTC to 17 September
2014 0828 UTC) were used to construct the analysis. For the inflow layer mission on the following day, drop-
sonde observations from one WP-3D flight (N42RF: 1258-1653 UTC) and the Global Hawk mission (16
September 2014 1506 UTC to 17 September 2014 0828 UTC) were considered.

Dropsonde measurements were interpolated to the Coyote flight track in storm-centered, storm-relative
radius, azimuth, and altitude as functions of time [r(t), A(t), z(t)] using a weighted average of surrounding
observations. The weights were assumed to be Gaussian and nonisotropic, that is

w; = exp(—d;), (1

where d; is the sum of squared normalized distances in space and time from a grid point to the ith

observation:
2 2 2 2
o)) -+ ()]
Sr S) Sz St

The factor In(2) ensures that the weight decreases to 0.5 at the specified scale distance. The analysis value (Y,)
at the flight track grid point was then computed from the observations (y) as

ZWiYi
= Zwi .
i

The scaling parameters (s) were chosen empirically depending on whether the analysis was for the eyewall or
inflow layer experiments. For the eyewall, the storm structure was assumed to be more azimuthally
symmetric with large gradients in the radial direction, and so we chose s, =5 km and s, =45°. Conversely, well
outside the eyewall for the inflow analysis, we assumed radial gradients to be smaller and set s,= 10 km and
5, =10° For both the eyewall and inflow experiment analyses, s,=100m and s;=1h.

Ya 3)

3.2. WP-3D Flight-Level Measurements

For the eye/eyewall mission on 16 September 2014 (section 4.1), the large wind speed gradient in the transi-
tion region between the eye and the eyewall precluded using the wind speed from the dropsonde analysis
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Figure 2. An overview of the Coyote eye/eyewall mission on 16 September
2014, showing (a) a visible satellite image of Hurricane Edouard taken by
the Terra Moderate Resolution Imaging Spectroradiometer (MODIS) at 1420
UTC and (b) equivalent radar reflectivity (color fill; dBZ) and retrieved hori-
zontal winds (barbs; knots) at z=1 km from the N43RF Tail Doppler Radar at
1720 UTC. The green line in Figure 2a is the flight track of N42RF, while blue
and red pins indicate the launch locations of dropsondes and dropsonde

+ airborne expendable bathythermograph pairs, respectively. Black flags and
green stars show the locations of TC center fixes and Coyote launch/splash
points, respectively. Numbers and range rings indicate distances to L.F. Wade
International Airport, the takeoff and landing location for N42RF. The black
line in Figure 2b is the approximate Coyote flight track. Satellite image is
courtesy of http://www.nrimry.navy.mil/tc_pages/tc_home.html.

for comparison purposes. Instead, we
used the 1-s flight-level wind mea-
surements made by the WP-3D dur-
ing the inbound and outbound
flight legs that were closest in time
to the Coyote launch. These data
were collected from 1358 to 1417
UTC (inbound flight leg; northwest
eyewall) and from 1502 to 1525 UTC
(outbound flight leg; southern eye-
wall), as seen in Figure 2a (green
flight track). The Coyote flew from
1433 to 1500 UTC in a counterclock-
wise semicircle from northwest of
the eye to the southern eyewall
(Figure 2b). Due to the proximity of
the Coyote to the TC center on this
day, only the total horizontal wind
speed was compared between the
two platforms, since the magnitude
and sign of the radial component
were highly sensitive to the exact
location used for the TC center at
such close range.

4. Comparisons Between
Coyote and
Dropsonde/WP-3D
Flight-Level Data

4.1. 16 September 2014
Eye/Eyewall Mission

From 1433 to 1500 UTC on 16
September 2014, the first Coyote mis-
sion into Hurricane Edouard was con-
ducted (Figure 2). This 27-min flight
collected meteorological data from
the eye and eyewall regions of the
TC at altitudes that gradually
decreased from 1500m to 900 m
(Table 1 and Figure 3a). The Coyote-
measured wind speed as a function
of radial distance from the TC center
is shown in Figure 3b. During the first

~10 min of the flight, the Coyote circled through the light-wind region of the eye (Figure 2b) and measured
wind speeds of 2-8 ms™" (Figure 3b). The Coyote then moved northwest to slowly exit the eye and to sample
the eye-eyewall transition region from 10 to 20 km. During this time, the measured wind speed increased
markedly from 8 to 32 m s~ (Figure 3b). The Coyote then proceeded to enter the western eyewall of Edouard

(Figure 2b), and at a radial distance of ~22 km, the Coyote recorded a wind speed of 51.5ms

record; Figure 3b).

~' (a platform

Figure 3b presents a comparison between the Coyote-measured wind speed and the WP-3D flight-level
(z~3km) 1-s wind speed data (section 3.2). The Coyote and the WP-3D wind measurements depict similar
trends (Figure 3b), with a light-wind region (0-10ms™") from 0 to 10 km, a region where the wind speed
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Figure 3. (a) Flight altitude and (b) wind speed measured with respect to radial distance for the Coyote (red) and the WP-3D
inbound (blue) and outbound (green) legs during the 16 September 2014 mission. The green square indicates a measurement
made by a dropsonde located 16 km from the Coyote (Table 4). The vertical black lines indicate the approximate boundaries
between the eye, transition region, and eyewall.

increased from ~10 to 50m s~ from radial distances of ~10 to 20 km and, finally, a region where the wind
speed slowly decreased by ~5ms™' beyond the eyewall from 20 to 30 km. The mean difference in wind
speed between the Coyote and paired WP-3D measurements is 1.2ms™ ' and 0.8ms™' for the inbound
and outbound WP-3D flight legs, respectively (Table 3). Also available for comparison was a dropsonde
deployed within the southwest quadrant of the eye at a radial distance of 7.8 km (Table 4), which recorded
a wind speed of 6.4ms~" (green square in Figure 3b) at the Coyote’s altitude (z=1.06 km). The dropsonde
measurement suggests that the Coyote, which measured winds of ~5ms™" between radial distances of 6
and 9 km in the northwest quadrant of the eye, reported realistic wind measurements there.

The peak winds measured by the Coyote and the WP-3D were 51.5ms™" (Coyote), 47.9ms~' (WP-3D
inbound leg), and 51.3ms™' (WP-3D outbound leg). In the eyewall, winds at the Coyote flight level
(z=1km) are expected to be ~16% faster, on average, than winds at the WP-3D flight level (z=3 km), based
on an analysis of 429 eyewall vertical wind profiles collected by GPS dropsondes in 17 hurricanes [Franklin
et al, 2003]. If the WP-3D peak winds are increased by this amount, the values are 55.6ms™' and
59.5ms~ . Although the peak wind speed measured by the Coyote was 4-8 m s~ slower than these esti-
mates, communication issues between the WP-3D and the Coyote resulted in limited data retrieval from
the eyewall, and it is therefore unlikely that the Coyote documented the peak wind that it encountered.

In addition to wind observations, the Coyote also measured air temperature (Figure 4a), relative humidity,
and pressure. These measurements were used to calculate dew point temperature (Figure 4b), and the air
and dew point temperatures were then compared to the dropsonde data analysis (section 3.1). Both the

Table 3. Comparison Between the Coyote Measurements and the Wind Speed From the WP-3D and the Temperature and Dew Point Temperature From the
Dropsonde Analyses for the 16 September 2014 Eye/Eyewall Mission®

Variable Coyote WP-3D Data or Dropsonde Analysis Difference(Coyote-Analysis)

Wind speed (m 571) 94+11.0 8.2+11.386+12.1 1.2-0.3 (inbound leg) 0.8-1.1 (outbound leg)
Temperature (°C) 204+0.8 20.0+0.9 0.4 —0.1

Dew point temperature (°C) 195+1.2 188+1.2 0.7+ 0.0

@Means (standard deviations) are listed to the left (right) of the + symbols. Differences that are statistically significant at the 95% level are indicated in bold.
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Table 4. Characteristics of the Dropsonde Data Shown in Figures 3, 4, 6, and 8 (Green Squares)a
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Dropsonde Launch Coyote/Dropsonde Horizontal Distance Between
Date/Time (UTC) Height (m) Coyote/Dropsonde (km)

16 September 20141439 1060 16.1

17 September 20141529 750 184

17 September 20141543 760 8.08

17 September 20141605 460 18.5

*The horizontal distances between the dropsondes and the Coyote correspond to when the two platforms were at the
same height.

Coyote measurements and the analysis reflect 2-3°C of warming (Figure 4a) as the Coyote gradually des-
cended from 1500 m at the beginning of the flight to 900 m at t = 15 min (Figure 3a). This trend then reversed
as the Coyote entered the western eyewall and climbed back to 1500 m. In a quantitative sense, 75% (46%) of
the temperature data agree to within £1°C (0.5°C). Discrepancies on the order of ~1°C are likely due to a com-
bination of instrument noise and small-scale environmental variability measured by the Coyote, but not by
the coarsely-spaced dropsondes. The mean difference between the two measurements is 0.4°C (Table 3).
An individual temperature measurement made by a dropsonde in the southwest quadrant of the eye
~7.8 km from the center (Table 4; green square in Figure 4a) agrees well with the Coyote, as both platforms
recorded a temperature of ~21°C at the same altitude. In regards to dew point temperature, there is slightly
less agreement (Figure 4b), with 67% (40%) of the data within +£1°C (0.5°C), with a mean difference of 0.7°C.
The data within the transition region (10-20 km), an area where moisture gradients are likely to be large, are
mostly responsible for the increase in disagreement. Even within the transition region, however, the average
discrepancy is ~1°C.

4.2, 17 September 2014 Inflow Mission

From 1508 to 1616 UTC on 17 September 2014, a second Coyote was used to measure the air temperature,
moisture, and winds in the inflow layer of Hurricane Edouard (Figure 5) at an altitude of ~760 m (Figure 6a).
This 68-min flight documented the meteorological conditions between radial distances of 275km and
150 km from the TC center in the northwestern quadrant of the storm. Figure 6 shows a comparison between
the total wind speed (Figure 6b) and the radial wind speed component (Figure 6¢) measured by Coyote and
those obtained from an analysis of dropsonde wind measurements (section 3.1). The wind speeds obtained
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Figure 4. (a) Air temperature and (b) dew point temperature measured by Coyote (red) and from an analysis (blue) of
dropsonde measurements for the 16 September 2014 Coyote flight. Green squares indicate measurements made by a
dropsonde located 16 km from the Coyote (Table 4).
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from the Coyote and the dropsonde
wind analysis are in good agreement,
with mean differences of 0.5ms™"

1500 nmi B . 1
A R (total wind; Figure 6b) and 0.8 m's
(radial wind; Figure 6c). Individual
g Coyote measurements that were
Q i o nearly coincident in time and space
99 % -
9 A with measurements made by three

individual dropsondes (Table 4;
green squares in Figure 6) also agree
to within ~2ms~". These metrics
suggest that the Coyote obtained
wind measurements accurate to
2ms™ or better within the TC inflow
layer. Figure 6 also suggests that the

Figure 5. As in Figure 2a bgt for the Coy(?te inﬂowhlayer mis.sion on 17 Coyote was able to measure the
September 2014. The approximate Coyote flight track is shown in black.
The visible satellite image was taken by Aqua MODIS at 1640 UTC. Satellite fine-scale structure and variability
image is courtesy of NASA Goddard MODIS Rapid Response Team. present within the wind field, which
is difficult to accomplish using coar-
sely spaced GPS dropsondes. This is reflected by comparing the standard deviations in the radial wind speeds
measured by the Coyote (2.1 ms™'; Table 5) and from the dropsonde wind analysis (0.6 ms~ ). The former is
3.5 times larger, indicative of the increased variability in the wind field that can be detected with UAS plat-

forms such as the Coyote.

The ability of the Coyote to finely sample the structure of the TC boundary layer allows for the identification
of meteorological features that might otherwise be missed by more conventional measurement platforms.
On 17 September, for instance, the Coyote sampled an outer rainband and its surrounding environment
between 225 km and 190 km radial distance from the TC center. This rainband is apparent in imagery from
the WP-3D lower fuselage (LF) radar (Figure 7), which measures radar reflectivity (but not Doppler velocity).
The prerainband environment resulted in an increase in the Coyote-measured total wind speed from
18ms~' to 25ms~ ' (red points in Figure 6b from 225 to 190 km). This feature was not resolved by the
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Figure 6. (a) Time series of Coyote altitude and comparison between (b) wind speed and (c) radial wind measured by
Coyote (red) and from an analysis (blue) of dropsonde measurements for the 17 September 2014 mission. Green squares
indicate measurements made by three dropsondes located within 20 km of the Coyote (Table 4).
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Table 5. As in Table 3 but for the 17 September 2014 Inflow Layer Mission

Variable Coyote Analysis Difference (Coyote-Analysis)
Wind speed (ms™ ") 207+34 212422 —0.5+1.2

Radial wind speed (m s —82+2.1 —74+0.6 —0.8+1.5
Temperature (°C) 209+1.0 209+1.2 0.0-0.2

Dew point temperature (°C) 19.8+1.3 185+1.6 1.3-03

dropsonde wind analysis (blue points in Figure 6b). Therefore, the Coyote was the only measurement
platform that documented the full (i.e, kinematic and thermodynamic) boundary layer characteristics of
the rainband and its environment on this day.

Figure 8 presents a comparison between the air (Figure 8a) and dew point (Figure 8b) temperatures mea-
sured by the Coyote and those obtained from the dropsonde analysis. The temperature comparison
(Figure 8a) reveals that the data always agree to within £2°C, but the agreement is often much better. In fact,
93% (59%) of the data agree to within £1°C (0.5°C). The mean temperature of both time series is 20.9°C
(Table 5), and three individual dropsonde measurements (Table 4; green squares in Figure 8a) lend confi-
dence to both the analysis values and the Coyote measurements. However, a greater discrepancy is present
in the dew point temperature comparison (Figure 8b; mean difference of 1.3°C), mostly between 260 km and
195 km from the center. In this region, the Coyote measures dew point temperatures 1-2.5°C greater than the
dropsonde analysis indicates. There were three dropsonde measurements within 20 km of the Coyote that
were taken during the Coyote flight (Table 4; green squares in Figure 8b). The dropsonde and Coyote mea-
surements made at the same altitudes at radial distances of 238 km and 210 km differ by 1.4°C and 3.3°C,
respectively. However, the Coyote measurements reveal that the latter dropsonde was near a sharp radial
gradient in moisture (Figure 8b; second green square from left). When the same dropsonde measurement
at 210km is compared to the Coyote measurement at 208.8 km, the measurements differ by only 0.3°C.
Since the dropsonde and Coyote measurement locations were 8 km from each other (Table 4), it is conceiva-
ble that the radial location of the sharp moisture gradient differed slightly between the two platforms.

The fine-scale variations in temperature and moisture documented by Coyote may offer key insights into TC

thermodynamic structure within the poorly observed hurricane boundary layer. Currently, only dropsondes

and ocean buoys can be used to retrieve thermodynamic data from these critical areas of the open ocean,

and such measurements are rare in both time and space. UAS such as Coyote therefore offers the scientific
community a unique opportunity
for improved documentation within

1552UTC - 3 these data sparse regions.
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Figure 7. Radar reflectivity observed by the lower fuselage (LF) radar aboard
N42RF at 1552 UTC on 17 September 2014. The approximate Coyote and
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A rainband from Hurricane Edouard is outlined in black. ments and those made by NOAA's
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Figure 8. As in Figure 6 but for (a) air temperature and (b) dew point temperature.

WP-3D and GPS dropsondes were presented. Results illustrate that measurements of Coyote UAS winds,
atmospheric temperature, and moisture generally compare favorably with observations obtained from the
WP-3D and GPS dropsondes.

For the 27-min eye/eyewall flight conducted on 16 September, Coyote observations compared exceptionally
well within the light-wind eye environment of Hurricane Edouard. Here winds, temperature, and dew point
were found to match up very well with comparable estimates from dropsondes and the WP-3D
(Figures 3b, 4a, and 4b). An individual GPS dropsonde was also found to have wind speeds that matched
those of the Coyote at their common altitude. Within the ~10km transition region between the eye and
the eyewall, both the Coyote and the WP-3D flight-level wind measurements illustrate a gradual increase
in the wind speed, which eventually peaked in the eyewall at 51.5m s~ (Coyote), 55.6 ms~' (WP-3D inbound
leg; adjusted to Coyote altitude), and 59.5 ms™' (WP-3D outbound leg; adjusted to Coyote altitude). Limited
temperature and dew point comparisons within the transition and eyewall regions illustrate good overall
agreement between individual and composite GPS dropsonde analyses and Coyote measurements.

On 17 September, the Coyote UAS collected data for 68 min at altitudes ranging from 760 to 250 m. This
experiment was conducted within a region of the storm that was not dominated by large horizontal gradi-
ents and served as a proxy for simulating inflow into a hurricane. This longer-duration mission enabled a
more detailed comparison of Hurricane Edouard’s winds, temperature, and moisture fields. On 17
September, analyses comparing the Coyote winds with GPS dropsonde-derived analyses of total and radial
wind were particularly robust (Figures 6b and 6c). In addition, the mean difference in the Coyote and
dropsonde-measured air temperatures was less than 0.1°C (Table 5). While average dew point temperature
differences were found to be 1.3°C, it is worth noting that two of the three individual dropsondes closest
to the Coyote in time and space exhibited much smaller differences of 0.3°C (when the sharp radial gradient
in moisture was considered) and 0.4°C. These results suggest that averaged analyses, while useful in deter-
mining a baseline, realistic range for these comparisons, may have limited utility when it comes to accurately
assessing the absolute validity of individual in situ observations. It is also worth noting that the average 1.3°C
difference in dew point temperature illustrated in Table 5 and shown in Figure 8b represents a Coyote “moist
bias” relative to the dropsonde dew point temperature measurements. However, it is currently unclear
whether the relatively larger Coyote dew point temperatures are due to an actual moist bias from the
InterMet sensors, a previously documented GPS dropsonde dry bias [Vance et al., 2004], an artifact of the
composite analysis itself, or a combination of these factors. It is believed that further testing and additional
Coyote-dropsonde data comparisons are required to answer this question more completely.
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Future work using the Coyote platform will include chamber testing of the InterMet payload to further docu-
ment sensor performance (and better assess the wet/dry bias question described previously). Additional
Coyote UAS in-storm flights are planned for 2016 along with clear-air testing early in 2016. In 2016, Coyote
hurricane missions will also utilize a new downward-looking infrared sensor that will be capable of measuring
sea surface temperature. This new measurement will expand the Coyote’s existing suite of instrumentation
that already includes atmospheric pressure, temperature, moisture, and wind speed and direction. Coyote
measurements will also be used to compare and validate physical fields simulated by NOAA’s coupled
Hurricane Weather Research and Forecasting operational modeling system. Observing System Experiments
and Observing System Simulation Experiments are planned to optimize observing strategies and quantify
the impact that these unique data may have on hurricane intensity forecasts.

Longer-term goals include plans to transform today’s Coyote UAS into a hybrid platform that leverages
existing GPS dropsonde and Airborne Vertical Atmospheric Profiling System technologies with advanced
UAS targeting capabilities. It is possible that a next generation “UASonde” system could be built and tested
for future operational applications within the next few years.
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