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ABSTRACT

The deployment and recovery of autonomous or remotely piloted platforms from research vessels have

become a way of significantly extending the capabilities and reach of the research fleet. This paper describes

the use of ship-launched and ship-recovered Boeing–Insitu ScanEagle unmanned aerial vehicles (UAVs).

TheUAVswere instrumented to characterize themarine atmospheric boundary layer (MABL) structure and

dynamics, and to measure ocean surface processes during the October 2012 Equatorial Mixing (EquatorMix)

experiment in the central Pacific and during the July 2013 Trident Warrior experiment off the Virginia coast.

The UAV measurements, including atmospheric momentum and radiative, sensible, and latent heat fluxes,

are complemented by measurements from ship-based instrumentation, including a foremast MABL eddy-

covariance system, lidar altimeters, and a digitized X-band radar system. During EquatorMix, UAV

measurements reveal longitudinal atmospheric roll structures not sampled by ship measurements, which

contribute significantly to vertical fluxes of heat and momentum. With the nadir-looking UAV lidar, surface

signatures of internal waves are observed, consistent and coherent with measurements from ship-based

X-band radar, a Hydrographic Doppler Sonar System, and a theoretical model. In the Trident Warrior ex-

periment, the instrumented UAVs were used to demonstrate real-time data assimilation of meteorological

data from UAVs into regional coupled ocean–atmosphere models. The instrumented UAVs have provided

unprecedented spatiotemporal resolution in atmospheric and oceanographic measurements in remote ocean

locations, demonstrating the capabilities of these platforms to extend the range and capabilities of the re-

search fleet for oceanographic and atmospheric studies.

1. Introduction

Measurements of sea state and air–sea fluxes have

historically been made from ships, buoys, and other

platforms, but these essentially fixed-point measure-

ments, over the time scales of surface wave and atmo-

spheric processes, provide no observations of the spatial

evolution and distribution of surface fluxes and the wave

field. Aircraft-based measurements are an effective

means to sample atmospheric and oceanic phenomena

over a wide range of conditions and locations, and are

also able to capture the effects of larger-scale structures

that may be missed by fixed or slowly moving platforms.

There is, however, limited availability of the long range–

capable research aircraft required for extendedmissions

or remote locations. Furthermore, the low altitude

necessary for accurate atmospheric flux measurements

(typically assumed to be 30m) is below the typical safety

limit for sustained flight of a manned aircraft.

Because of advances in electronics and sensor mini-

aturization, as well as improvements in positioning

accuracy and small-aircraft flight control, many

research-grade measurements that once required man-

ned aircraft can now be made from small unmanned

aerial vehicles (UAVs). In recent years, improved con-

trol and guidance technologies have permitted ship

launch and recovery of small fixed-wingUAVs, reducing

or eliminating transit time for oceanic flights. Pioneered

Supplemental information related to this paper is available at

the Journals Online website: http://dx.doi.org/10.1175/JTECH-D-

15-0019.s1.

Corresponding author address: Benjamin D. Reineman, Scripps

Institution ofOceanography, 9500GilmanDr., La Jolla, CA 92093-

0213.

E-mail: reineman@ucsd.edu

Denotes Open Access content.

SEPTEMBER 2016 RE INEMAN ET AL . 2029

DOI: 10.1175/JTECH-D-15-0019.1

� 2016 American Meteorological Society

http://dx.doi.org/10.1175/JTECH-D-15-0019.s1
http://dx.doi.org/10.1175/JTECH-D-15-0019.s1
mailto:reineman@ucsd.edu


as a strategy to improve situational awareness at sea,

decreased cost and improved reliability of capable

platforms permit ship-launched UAVs to make a foray

into atmospheric and oceanic research. An overview of

maritime UAV operations—past, present, and future—

can be found in de Sousa et al. (2014).

In this study, we demonstrate the results from two ex-

periments in which ship-launched UAVs provided spa-

tiotemporal atmospheric and sea surface observations,

supplementing and corroborating shipboard measure-

ments of local atmospheric, surface, and subsurface ob-

servations. Boeing–Insitu ScanEagles were flown from

the R/V Roger Revelle as a part of the October 2012

EquatorialMixing (EquatorMix) experiment. TheUAVs

provided marine atmospheric boundary layer (MABL)

measurements and remote sensing of the sea surface,

while instruments operated by other research groups

aboard the Revelle measured turbulence and mixing in

the upper water column. While Gee et al. (2008) used

similar ship-based UAVs for geomagnetic surveys,

EquatorMix marks the first use of ship-launched and

ship-recovered UAVs with payloads for ocean surface

observations and atmospheric flux sampling, done in the

context of a larger ship-based measurement campaign.

Photographs of UAV launch and recovery from the R/V

Roger Revelle are presented in Fig. 1.

Instrumented ScanEagles were also flown from the

R/V Knorr during the July 2013 Trident Warrior exper-

iment (TW13; 36.78N, 75.58W), where they were used to

demonstrate real-time assimilation of UAV meteoro-

logical data into a regional coupled ocean–atmosphere

model for MABL prediction. This experiment also

marked an important milestone in coordinating UAV

flights with the operations of a number of other autono-

mous surface and subsurface platforms.

In this study, we demonstrate the capability of the

UAV payloads to explore several phenomena revealed

by a novel combination of UAV and shipboard data.We

demonstrate the capability of the UAV payloads to

collect dense datasets of MABL structure and dynamics

with turbulent measurements of wind, temperature, and

moisture.With repeated sampling of theMABL, we find

evidence of persistent along-wind coherent structures,

and quantify their effects on vertical fluxes of momen-

tum and energy. In the context of these structures, we

compare ship- and UAV-based sampling strategies.

We also use a combination of UAV- and ship-based

instruments to detect surface signatures of internal

waves over the coastal Atlantic and in the equatorial

Pacific. We demonstrate the capability to identify and

track continental shelf internal wave packets using vis-

ible imagery transmitted in real time from the UAV,

consistent with surface signatures observed with the

shipboard radar. At the equator, previous observational

studies have examined these phenomena from station-

ary or towed vertical thermistor arrays (e.g., Gregg et al.

1985; Moum et al. 1992b, 2011). The present study is

distinguished by the fact that it permits the examination

of their spatiotemporal structure. This work demon-

strates novel ship and airbornemeasurement techniques

of surface signatures of these phenomena, which are

considered important in balancing the momentum

budget of the equatorial ocean (Dillon et al. 1989).

In thismanuscript we present a description of theUAV

payloads, and of flight operations aboard the Revelle and

the Knorr, in section 2. In section 3, we present a de-

scription of the ship-based instrumentation. In section 4,

we explore the UAV and ship-based measurements of

the MABL. In section 5, we investigate ship and UAV

observations of internal waves. In section 6, we describe

the use of the UAVs for real-time data assimilation in

regional atmospheric models. We discuss the results and

broader impacts of this technology in section 7.

FIG. 1. Photographs of ScanEagleUAV(a) launch and (b) recovery

aboard the R/VRoger Revelle during EquatorMix [photo (a) courtesy

of Jerome Smith].
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2. UAV payloads, supporting ship-based
equipment, and operations

In this section we describe the scientific payloads and

then discuss ScanEagle launch, flight, and recovery

operations, and the equipment and infrastructure re-

quired. A video of at-sea launch, in-flight operations,

and recovery can be found in the supplemental mate-

rials. During EquatorMix, 11 flights were conducted

for 71 total flight hours, with an average flight duration

of 6.5 h and a maximum duration of 10.9 h at airspeeds

of 25–28m s21. General meteorological conditions,

measured by instruments on the foremast of the Rev-

elle (Fig. 2), are presented in Fig. 3, along with a

timeline of UAV flights. During Trident Warrior 2013,

11 flights were conducted over 5 days for 45 flight

hours, with an average flight duration of 4.1 h and a

maximum of 6.5 h. During both experiments, we con-

ducted overlapping ‘‘stacked’’ flights, with two UAVs

in the air in vertically stacked formation: an at-

mospheric flux-measuring payload at low altitude

(30–90m), in the field of view of cameras on an im-

aging payload, flown at 300–900m.

a. UAV payloads

In both experiments, three UAV science payloads

were flown: ‘‘Flux,’’ with fast-response turbulence,

temperature, and water vapor sensors, made atmo-

spheric profile and flux measurements; ‘‘Radiomet-

ric’’ (RAD) made longwave and shortwave upwelling

and downwelling radiation measurements; and ‘‘Im-

aging’’ (IMAG) recorded visible and infrared imag-

ery. All three payloads perform bulk temperature and

relative humidity measurements, and have dedicated

radiometric sea surface temperature sensors. An ad-

ditional ‘‘Dummy’’ payload, with a steerable turret

camera, was used in the first flight in each experiment

for testing purposes. Table 1 summarizes the mea-

surements performed by the various payloads, gives

weight and power specifications, and tabulates flight

hours for both experiments. With maximum fuel for

the payloads, flights up to 11 h were possible. With

only 1–2 h between flights needed for refueling and

data transfer, we demonstrated the ability for near-

24-h coverage.

The critical sensor for atmospheric flux measurements

is the nine-port ‘‘turbulence probe,’’ installed in the Flux

payload to measure three-component relative wind.

Combined with the onboard coupled GPS–inertial mea-

surement unit (GPS–IMU) and fast-response water va-

por and temperature measurements, we can calculate

Earth-referenced winds, and momentum, latent, and

sensible heat fluxes. Details of turbulence probe cali-

bration and performance, and of all other sensors and

payloads, are found in Reineman et al. (2013).

b. Supporting ship equipment for UAV flights

The ScanEagle is launched with a pneumatic catapult,

which, for both the Revelle and the Knorr, was secured

on the forward 02 deck (8m MSL), directed 258 off the
bow. The ScanEagles use a unique ‘‘SkyHook’’ recovery

system: homing on the location of a GPS antenna at the

top of the SkyHook system, the UAV steers the leading

edge of the wing into a vertical recovery line. The line

slides toward the wing tip, where it is captured by a

locking hook mechanism. The SkyHook itself is based

on a modified personnel lift that supports upper and

lower booms, between which is suspended a 9.5-mm

(3/8 in.) nylon rope. The system was secured on the main

deck on the aft port quarter, with the end of the upper

boom 13m above the end of the lower boom, which in

turn was approximately 2m above the sea surface.

Photographs of the pneumatic launcher (just after a

launch) and the SkyHook (just before a recovery) are

FIG. 2. (a) R/V Roger Revelle and (b),(c) instrumented foremast

during EquatorMix.
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presented in Fig. 1. Launch and recovery operations are

detailed in the following sections.

One 20-ft container was configured as the ground

control station (GCS) for the pilots and scientific team,

and a second was used as a maintenance shed for air-

craft and parts storage. One pan-and-tilt directional

tracking antenna was positioned on top of the GCS,

and another was installed aft of the bridge. An

FIG. 3. (a)–(c) Time series of meteorological variables for the duration of the UAV operations during EquatorMix. Solar radiation, air

temperature, relative humidity, and wind are measured from theRevelle foremast at 17.6mMSL; sea surface temperature is measured by

the ship’s thermosalinograph at a depth of approximately 5m. (d) Friction velocity and significant wave height, the latter calculated from

foremast point lidar altimeter. For u*, black circles are measurements calculated with the sonic anemometer on the foremast from the

inertial dissipation method, red circles are from direct eddy-covariance calculations from Earth-referenced winds (using the sonic ane-

mometer and collocated GPS/IMU), and green circles are from low-level (30–60-mMSL) UAV flights. For foremast measurements, light

solid markers are from 20-min calculations and larger bold hollow markers denote 6-h averages. (e) Spectrogram of X-band radar

backscatter computed from east–west slices, showing power at wavelengths of 400–600 m during times of perceived IW activity.

(f) UAV flight table, along with periods where IW or atmospheric roll signatures were observed in the X-band radar imagery.
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omnidirectional antenna, for close-range communica-

tion, was also installed near each directional antenna.

Details and schematics of equipment layout on the

Revelle (similar to the configuration on the Knorr) can

be found in Reineman (2013).

c. Prelaunch and launch

During the prelaunch sequence, UAV pilots and op-

erators adhere to an extensive safety and operation

checklist for the aircraft. Additionally, the scientific party

followed a separate sensor and communications checklist

for the scientific payload. This checklist included verifi-

cation of pneumatic-tube pressure connections in the

turbulence probe, cleaning of optical sensors (fast-

response hygrometer, nadir lidar) and camera lenses, and

testing of all data and communication links. The en-

gine is started and run through a range of throttle

settings to ensure it is running smoothly. Separate

cooling airflow over the engine can be turned off and

on as needed while on the launcher, allowing the air-

cooled engine to be run indefinitely while the UAV is

stationary.

In preparation for launch, ship course and speed are

directed to give relative winds of approximately 10–20 kt

(5–10m s21) aligned with the launcher. The relative

wind speed and UAV takeoff weight determine the

pressure required by the launcher’s pneumatic cylinder,

which is pressurized just before launch. Once the pilot

gives the command, a manual launch cord is pulled by a

launch operator. After a few minutes of in-flight system

and performance checks, the UAV is ready for its sci-

entific mission.

d. In flight

Aircraft control is autonomous, with the pilot pre-

scribing waypoints, altitudes, descent and ascent rates,

and airspeed via a graphical interface. Missions can be

configured ahead of time, but more often, a rough mis-

sion outline is predetermined, and the UAV is directed

‘‘on the fly.’’ Specific lost-communication holding pat-

terns and engine failure-induced ditch areas are

prescribed a priori, and are relocated as necessary so as

to follow the moving vessel. At least one pilot is always

stationed in theGCS, monitoring and directing the flight

paths. For extended flights, pilots rotate through 2-h

shifts.

During flights, the science party stationed in the

GCS monitored real-time atmospheric data (1-Hz av-

eraged data were transmitted through the line-of-sight

communications link) and provided flight directives to

the pilots. Graphical monitoring included time series

of atmospheric data, the most recent vertical profiles

of temperature and relative humidity, and real-time

3D trajectory plotting in Google Earth, with a color

scale prescribable to any of the measured atmospheric

data variables. A sample 3D trajectory of one 11-h

flight during EquatorMix is presented in Fig. 4. Science

missions were directed well upwind or abeam of the

ship so that measured winds were not influenced by the

vessel, a distinct advantage compared to atmospheric

measurements from the vessel itself. Communication

range is stated as 100-km line of sight, and with the

UAV at 30m we found communication up to 30 or

40 km was attainable.

Though small amounts of precipitation did not in-

terfere with aircraft control, we attempted to avoid

precipitation and cloud formations when possible by

watching the nose camera video stream. During night

operations, we typically kept theUAVbelow the observed

cloud ceiling (approximately 500m for EquatorMix).

We monitored time series of turbulence probe individual

pressure sensors, which on several occasions showed

evidence of water obstruction that would typically clear

in less than 10min of flying in dry air.

During vertically stacked flights, the ScanEagles re-

quired one complete pilot station per aircraft (a separate

flight computer was configured in the GCS, with sepa-

rate tracking and omnidirectional antennas), with a

dedicated pilot for each. Waypoints were shared across

TABLE 1. Measurement summary for ScanEagle payloads

(‘‘Flux,’’ ‘‘Radiometric,’’ and ‘‘Imaging’’) used in EquatorMix (EQ)

and TW13. Payload weight includes sensors, acquisition electronics

and wiring, and internal aluminum framing. Total flights and flight

hours from each experiment are noted. Adapted from Reineman

et al. (2013), where tabulated details of sensors can also be found.

Payload

Measurement FLUX RAD IMAG

3D wind, flux

measurements

Yes No No

Fast-response

temperature, water

vapor

Yes No No

Slow-response

temperature, relative

humidity

Yes Yes Yes

Shortwave/longwave,

upwelling/downwelling

radiation

No Yes No

High-resolution nadir

visible imagery

No Yes Yes

Infrared imagery No No Yes

Nadir point lidar altimeter Yes No Yes

Sea surface temperature Yes Yes Yes

Payload weight (kg) 3.1 1.9 2.1

Payload power (W) 33 23 32

EQ, TW13 EQ, TW13 EQ, TW13

Total flights 6, 7 1, 1 3, 2

Total flight hours 48.0, 34.6 7.1, 1.9 11.4, 5.3
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a network between the two stations, and stacked for-

mation was achieved through careful adjustments to

course and airspeed.1

During the Trident Warrior experiment, as a safety

measure, an Automatic Identification System (AIS)

transmitter was installed in the ScanEagle GCS,

broadcasting the position and altitude of the UAV in

real time. The signal was purposely highly attenuated

such that it could be visible only by the Knorr’s AIS

receiver. The bridge of the Knorr was then able to

monitor the position of the UAV on radar displays

(along with other AIS-broadcasting vessels) without

additional infrastructure. The radar was repeated on a

dedicated screen inside the GCS, allowing pilots to

monitor ship traffic.

e. Recovery

Recovery is an autonomous operation, which uses the

positions of the UAV’s GPS and the GPS antenna

mounted on the SkyHook’s upper boom in line with the

capture line. In preparation, ship course and speed are

directed to give relative winds of approximately 10–20kt

(5–10ms21) from 158 off the port bow, in line with the

approach vector. During recovery, one dedicated

spotter makes the call to abort if the approach vector

appears abnormal. The pilot has the option to abort the

capture and ‘‘wave-off’’ at any time outside 5 s from

anticipated recovery. Though a particular location on

the starboard (ship-ward) wing is specified where the

vertical line should first contact, the airframe is de-

signed to accept a line hit anywhere on the span of ei-

ther wing. The engine is automatically shut down when

the inertial measurement unit registers a high yaw rate,

which occurs upon capture. For all SkyHook recoveries

in these experiments, there was never an unplanned

wave-off or a missed capture. This was facilitated by

the low winds (U10 , 10m s21) and calm seas (signif-

icant wave height Hs , 3m) experienced throughout

the experiments.

After capture, the UAV is hoisted up to the upper

boom to limit vessel- and wind-induced motion. The

SkyHook is then rotated inboard, the lower boom is

lifted over the bulwark, and the upper boom is lowered

until the ScanEagle can be securedmanually by the deck

crew. The ScanEagle is then unhooked, carried to its

stand, and defueled. Data backup can be completed ei-

ther wirelessly (over an ad hoc network), or over USB to

an external drive. The latter is required for the larger

imaging datasets.

Every attempted capture for these experiments was

successful. In one flight during EquatorMix, however, a

faulty avionics airspeed sensor forced a controlled water

landing that resulted in the loss of the Radiometric

FIG. 4. Sample 1-Hz real-time data in Google Earth during one 11-h flight (19 Oct 2012) in

EquatorMix (0.08N, 139.68W). Color scale can be chosen to correspond to altitude or to any

measured atmospheric variable, in this case relative humidity. The ship track is shown in white,

traversing eastward throughout the flight. (inset) A perspective view of two helical vertical

soundings.

1 This was in contrast to previous work in which multiple BAE

Manta platforms were controlled from one ground station

(Reineman et al. 2013).
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payload (8 October 2012).2 During another recovery

(16 October 2012), the UAV captured too low on the

line and struck the lower boom, resulting in minor but

repairable damage.

3. Ship-based instrumentation

a. Foremast meteorological and remote sensing
instruments

During EquatorMix, a sonic anemometer-based eddy-

covariance system, with a Campbell Scientific CSAT3

and LI-COR LI-7500, for water vapor measurements,

was installed on theRevelle foremast (Fig. 2). A NovAtel

Synchronous Position, Attitude and Navigation (SPAN)

CPT GPS/IMU was mounted on the mast adjacent to

the instruments. Position, orientation, and velocity

data are computed in postprocessing in NovAtel In-

ertial Explorer software, using ‘‘precise point posi-

tioning’’ (PPP) for improved positioning using refined

GPS clock and orbit files (publicly available online with

approximately 1-day latency). Velocity rms accuracies

after postprocessing are estimated to be 2 cm s21 in the

horizontal and 1 cm s21 in the vertical, and position

accuracies are 1 and 2 cm, respectively.3

The three-component wind is rotated into an Earth

reference frame with the GPS/IMU data. While this

removes most of the effect of the relative wind induced

by the shipmotion, there is still contamination due to the

presence of the vessel itself. This is a persistent problem

with ship-based flux measurements, and it has been ex-

amined in detail in previous studies (e.g., Oost et al.

1994; Yelland et al. 1998; Edson et al. 1998). We retain

the ship-based measurements in our analysis for com-

parison with measurements from the UAVs—platforms

that have the potential to overcome these issues with

accurate sampling of the uncontaminated MABL.

Direct eddy covariance fluxes from the foremast are

calculated (and detrended) over a 20-min averaging

time, corresponding to spatial scales of 5–12km, as-

suming mean wind speeds of 4–10ms21 (and upwind

ship speed of 1m s21). Friction velocity is computed as

u*5 (hu0w0i2 1 hy0w0i2)1/4 , (1)

where u and y are the horizontal wind components, re-

spectively; w is the vertical component, and u is aligned

with the mean wind direction over the 20-min record.

Primes indicate turbulent quantities, and angle brackets

are time averages. Friction velocity is also calculated by

the inertial dissipation method using the raw (not Earth

referenced) vertical velocity spectra, fitting a25/3 inertial

subrange to the 20-min spectrum over 0.3–3Hz. These

frequencies are higher than the O(10)-s period of ship

motion (see, e.g., Jones and Toba 2001). The estimate

from this dissipation method, averaged over data from

this experiment, is seen to be systematically 0.018ms21

higher (an 11% absolute bias on average) than that from

the direct Reynold’s stress measurement of (1) (Fig. 3d).

A Riegl LD90 (point lidar) and Q240i (fore–aft scan-

ning lidar) were also mounted on theRevelle foremast for

surface wave measurements. Sample surface elevation

wavenumber spectra from the foremast point lidar (Earth

referenced with the SPANGPS/IMU; cf. Reineman et al.

2009) are presented in Fig. 5. Spectra are Doppler cor-

rected for themovement of the ship and then transformed

into wavenumber space using the linear deep-water dis-

persion relation. There is good agreement between the

spectra measured by the foremast and those measured by

the UAV laser altimeter.

b. X-band marine radar

X-band marine radars can be equipped with digitiz-

ing and logging capabilities—for example, the Wave

FIG. 5. Surface wave spectra, from the 12-h period beginning 18

Oct 1200 LT, during EquatorMix. For the UAVs, the spectrum is

computed with 34 segments, each 5.5 km upwind, measured from

below 100mMSL. For the foremast LD90 point lidar altimeter, the

spectrum is computed from 5-min windows and then it is shifted

into wavenumber space and corrected for the speed of the ship

(1m s21, off the wind by 108–158). Slopes of 23 (saturation spec-

trum) and 25/2 (equilibrium spectrum) are shown.

2 The water landing was rougher than anticipated, and though

the airframe was recovered (having sustained moderate damage),

the payload and nose section separated from the fuselage on impact

and sank. An identical replacement payload was built for Trident

Warrior 2013.
3 This is the same position and velocity accuracy expected by the

NovAtel SPAN LN200 GPS/IMU aboard the Flux payload, as

discussed in Reineman et al. (2013), though now also using precise

point positioning GPS corrections. The fiber-optic LN200-based

SPAN has significantly better attitude performance, which is crit-

ical for Earth-referencing winds in the fast-moving UAV.
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Monitoring System (WaMoS; http://www.oceanwaves.

de/), a system developed for the estimation of surface

wave directional spectra and surface currents (the latter

by inverting the surface wave dispersion relation; see,

e.g., Nieto Borge et al. 2004). WaMoS has been installed

on a number of University–National Oceanographic

Laboratory System (UNOLS)-managed U.S. research

vessels. Though mainly intended for surface wave and

current extraction (similarly, inversion for shallow-water

bathymetry has also been demonstrated; see, e.g., Bell

1999; Hessner et al. 2014), by averaging out the surface

gravity waves, X-band radar can be used to reveal per-

sistent surface features, notably the surface signatures of

internal waves (e.g., Ramos et al. 2009; Lund et al. 2013).

Slight modulations in surface currents, as well as con-

verging and diverging surfactants, affect the O(1)-cm

surface wavefield—wavelengths at which X-band radar

returns (sea clutter) are very sensitive.

WaMoS, which uses a Furuno FAR-2117 BB marine

radar, is installed on the Revelle. The system was con-

tinuously recording 12-bit images at 42 frames per

minute throughout the experiment; each frame was

digitized with a resolution of 5mrad (0.2848) azimuthally

and 7.5m radially, out to a 4-km range (resulting in

approximately 7.5m 3 20m boxes at 4 km). Following

Ramos et al. (2009), data are corrected for azimuthal

and range signal dependence. Data aft of the ship (1458–
2158, assuming the bow is aligned with 08) is blocked by

the ship’s main mast (see Fig. 2), and a narrow band of

data straight forward is obscured by the foremast. Data

are converted into an Earth reference frame using the

ship’s gyrocompass and GPS and then interpolated

onto a 10-m grid. To reveal slowly moving features,

we compute time averages of the Earth-referenced im-

agery over several minutes. Higher-frequency features,

such as surface waves, are thus removed. Sample Earth-

referenced and time-averaged X-band images are shown

in Fig. 6, which give examples of phenomena to be dis-

cussed in detail in subsequent sections.

c. Subsurface instrumentation

A high-resolution Hydrographic Doppler Sonar Sys-

tem (HDSS) is installed on the Revelle (Pinkel et al.

2003), consisting of 50- and 140-kHz systems. Each of

the four beams is oriented 308 from vertical. The 140-kHz

system provides three-component velocity in 3-m vertical

bins down to about 250m (where noise overwhelms

the signal during EquatorMix) averaged over 1-min

intervals, while the 50-kHz system reaches about 600m in

14-m bins.

A rapidly profiling ‘‘fastCTD’’ (e.g., Rainville and

Pinkel 2006) was deployed from the Revelle for a ma-

jority of the time during EquatorMix, profiling to 300m

every 3min, punctuated by deep casts to 1500m every

6 h. Data from the HDSS and FastCTD are used to

identify the subsurface structure of internal waves, sur-

face signatures of which we find in UAV and X-band

radar data, as discussed in section 5.

4. Examples of MABL structure and dynamics

a. Vertical structure

Evolution of vertical atmospheric structure, as

measured by helical vertical soundings, during Equa-

torMix over 13–19 October 2012 is presented in Fig. 7,

FIG. 6. Examples of surface features seen in Earth-referenced, time-averaged X-band radar imagery measured

with WaMoS aboard the R/V Revelle during EquatorMix. (a) Crosswind surface signatures of IWs, computed with

a 30-min average of georeferenced X-band imagery. IW phase speed at this time is near zero (see Fig. 17), allowing

for long-term (30min) averaging without ‘‘smearing’’ the signal. (b) Along-wind surface signatures of atmospheric

rolls, computed with a 10-min average of georeferenced X-band imagery. Wind vectors (black arrows) shown are

measured at the Revelle foremast.
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binned in space and time for clarity. Winds under 300m

increased over the course of the experiment. A jet is

visible at about 500m on 13 October and then at 700–

900m on 16 October, and a well-mixed layer in the

bottom few hundred meters is prominent throughout,

increasing from 300m on 13 October to 550m on

19 October.

b. Observations of atmospheric rolls

Longitudinal rolls (helical structures oriented along

wind) in the atmospheric boundary layer are a common

feature with potentially a large influence on turbulent

transport (Etling and Brown 1993). Figure 8 visualizes

this phenomenon conceptually. Previous investigations

FIG. 7. (left to right) Vertical profiles of wind speed, wind direction (from), potential temperature, and water vapor concentration,

computed from helical vertical soundings made by the Flux payload throughout EquatorMix. Data are averaged into 100-m vertical bins

with 50% overlap; orbit diameter is 1 km. Profiles are then reduced by binning into 2-h intervals (LT given). During night operations,

profiles were typically capped at 500m.
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have shown they are visible in satellite synthetic ap-

erture radar (SAR) imagery because of the sea surface

roughness modulations induced by slight wind varia-

tions (e.g., Sikora and Ufermann 2004; Chen et al.

2001). Similarly, in this study, we often see evidence

of roll structures in the X-band radar as along-

wind streaks with transverse wavelengths of 1–2km

(Fig. 6b). Times of clear roll-like X-band signatures

are charted in Fig. 3f.

Several airborne studies have documented such heli-

cal structures in the MABL (e.g., Hein and Brown 1988;

Brooks and Rogers 1997; Chen et al. 2001). When flying

through the helical structures in a crosswind direction,

we would expect to see a 908 phase shift between vertical
and crosswind wind components, as is depicted sche-

matically in Fig. 8. A 908 phase difference between

vertical and crosswind components is observed in the

time series of 30–100-m altitude flights during the two

11-h back-to-back flights over 18–19 October. Wind

components also show a striking coherence between

vertical wind, moisture, and temperature (Fig. 9), re-

sulting in the positive latent and sensible heat fluxes

quantified in section 4c.

The y and w phase difference is quantified spectrally,

considering all straight-and-level legs under 200m from

18 to 19 October in Fig. 10, which shows a tendency

toward 6908 at low wavenumbers in crosswind flights,

with the sign dependent on the crosswind sampling di-

rection. As noted by Hein and Brown (1988) and Chen

et al. (2001), the 6908 phase behavior in crosswind

sampling is an indicator of helical structures with axes

aligned roughly with the mean wind. This coherence is

FIG. 8. Schematic of idealized longitudinal helical paired roll

structures of l in theMABL. Themean wind hUi is in the direction

shown. Also shown are idealized local vertical and crosswind

components as measured by a hypothetical aircraft transect across

the rolls (flying below the center of roll rotation). There is a 908
phase shift between the components: at location A, true wind as

seen by the UAV is in the direction of flight; at location B, true

wind is up; at location C, wind is against the direction of flight; and

at location D, wind is down. Color corresponds to the vertical wind

component, from negative (blue) to positive (red).

FIG. 9. Time series from a low-level (60-m altitude) crosswind flight segment through the boundary layer during EquatorMix, starting

0147 LT 19 Oct, showing (a) vertical and crosswind anomalies in a ‘‘quiver’’ plot, (b) potential temperature and vertical wind, and

(c) water vapor density and vertical wind. Time series (b) and (c) are low-pass filtered with a 3-s (85m) cutoff; the winds in the quiver plot

are low-pass filtered with a 5-s (140m) cutoff and an arrow is shown every 1 s, for clarity. Small blue arrows are added in (a) to help

visualize the direction that the wind vectors are turning.
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not discernible in the along-wind flight segments. The

squared coherence (Figs. 10a–c) suggests these features

havewavelengths of 1–2.5 km. If we assume the height of

these features to be h 5 450–550m, corresponding to

the top of the well-mixed layer seen in Fig. 7d, then we

compute aspect ratios of l/h ’ 2–5, which agree with the

theoretical value of l/h5 2 derived by Brown (1970) for

neutral stratification, and in the range of previous ob-

servations (l/h 5 2–6 in themajority of studies compiled

by Kelly 1984) and numerical simulations (Sullivan

et al. 2014).

c. Turbulent measurements and flux calculations

Spectra of wind components, temperature, and water

vapor density from all 10-km straight-and-level legs of

the 11-h flight on 16 October are presented in Fig. 11,

grouped by flight altitude and sampling direction and

binned in frequency for clarity. The turbulence probe is

seen to capture the inertial subrange of the turbu-

lence down to wavelengths of l’ 0:4 m. More energy

is seen at all wavelengths for lower legs, with the ex-

ception of temperature and moisture spectra at 395m,

coinciding with high temperature and moisture gra-

dients seen in Figs. 7g,h. Fluxes are quantified with

integrated cospectra, as described first by Friehe et al.

(1991), and in the context of UAV measurements by

Reineman et al. (2013). Mean cumulative cospectra

corresponding to vertical flux of along- and crosswind

momentum, latent heat flux, and sensible heat flux,

again grouped by flight altitude and sampling di-

rection, are shown in Fig. 12.

Figure 13 presents a timeline of flux measurements

from all 30–60-m altitude legs during the period 13–

19 October 2012 (differences in fluxes between 30 and

60m are within measurement standard errors). The

Webb effect (Webb et al. 1980; Fairall et al. 1996) is

included in the calculation, which accounts for 0.5–

7Wm22 (3%–5%) of the latent heat flux. Fluxes

measured during crosswind flight segments are nota-

bly larger than those measured during upwind and

downwind segments, as expected due to the presence of

the roll structures described in the previous section.We

consider 6-h bin averages of the flux measurements to

allow for direct comparisons between measurements

from the different sampling directions and the foremast

measurements, shown compared with a 1:1 line in

Fig. 14. Fluxes from crosswind sampling are larger than

those from along-wind sampling by 20% (momentum

flux), 8% (u*), 15% (latent heat flux), and 55% (sen-

sible heat flux), as indicated by the gray markers in the

inset plots of Fig. 14. There are similar differences

between measurements from crosswind UAV sampling

and those computed from the foremast eddy-covariance

station (red triangles in Fig. 14). Error bars indicate61

standard error within the 6-h bins.

Vertical profiles of fluxes are presented in Fig. 15,

with altitude-binned fluxes from all straight-and-level

flights. We focus on these two flight periods as they

show two clear regimes: one from low-wind conditions

(U10 5 5m s21), with a shallower boundary layer

(300m), and one from higher winds (U10 5 7–8m s21),

with a higher boundary layer (900m). We also include

FIG. 10. Squared coherence and phase between cross- and vertical wind components, computed from all straight-and-level flight seg-

ments (using 6-km spectral windowing) between 30 and 200mMSL for the 24-h period beginning 1200 LT (UTC2 10 h) on 19 Oct 2012,

during EquatorMix (in the vicinity of 08N, 1408W). Note the coherence at wavenumbers corresponding to 1–2.5 km in the crosswind flight

segments, and the corresponding phase approaching 6908, with the sign dependent on the crosswind flight direction. The significant

differences in coherence and phase between the upwind and crosswind segments are very clear.
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fluxes measured from within helical vertical soundings

(Reineman et al. 2013), which, though they are ex-

pected to underestimate the flux by 15%–50% as they

do not capture contributions of scales larger than the

1-km orbit diameter (estimated by examining the

crosswind gives values at 1 km21 compared to their

values at 1/8 km21 in Fig. 12), they do reveal the ver-

tical flux structure above the highest straight-and-level

measurements. Larger orbit diameters are expected to

capture these larger-scale structures. Fluxes computed

from the 17.6-m eddy-covariance station on the fore-

mast are included, averaged from the 20-min segments

of the corresponding sampling time. As was seen in

Figs. 13 and 14, the foremast eddy-covariance flux

measurements are an underestimate: they are smaller

in magnitude and more in agreement with the along-

wind measurements rather than the crosswind mea-

surements, especially for the windier conditions on

18–19October 2012. Larger fluxes are seen closer to the

surface, with magnitudes dropping to near zero above

the boundary layer (Fig. 7). There is a marked increase

in the magnitude of fluxes at all altitudes within the

boundary layer between 13 and 18 October 2012.

The density of atmospheric turbulence data and flux

measurements (in time and vertical space) in a central

ocean basin, as demonstrated here, is difficult to obtain

with traditional flux measurement methods from man-

ned aircraft or research vessels. Additionally, crosswind

spatial sampling over extended periods in these remote

locations, which reveals significantly larger fluxes asso-

ciated with atmospheric rolls, may be achievable only

with ship-launched UAV technology.

5. Examples of coincident ship- and UAV-based
observations of internal waves

In this section we present observations of internal

waves (IWs) from the equatorial Pacific and theAtlantic

continental shelf from UAV- and ship-based in-

strumentation. The present study is unique in that we

use both UAV and ship measurements to examine IW

temporal and spatial structure (specifically, examining

the surface manifestations of the internal dynamics),

whereas traditional local observations from research

vessels often have difficulty resolving temporal from

spatial variability.

a. Ship- and UAV-based observations of coastal
internal waves

During TW13, there were a number of identifiable

incidences of packets of internal waves visible in images

from the ship, from the forward-looking UAV naviga-

tion cameras and from the nadir-looking UAV cameras.

FIG. 11. Spectra of (a)–(c) wind components (u, y, w), (d) water

vapor density, and (e) temperature measured during straight-and-

level UAV legs (colors) for the 11-h period starting at 0000 LT 16

Oct 2012, generated from 2-km segments, during EquatorMix.

Darker solid curves are from crosswind segments and lighter dot-

ted curves are from along-wind segments (upwind and downwind).

Gray curves are computed from the eddy-covariance station on the

foremast (17.6m MSL) of the Revelle, using 20-min segments, av-

eraged over the same 11-h period, and shifted into wavenumber

space using the mean wind speed (assuming frozen turbulence).
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The visibility of these phenomena was lighting de-

pendent, and they were manifested as bands of ‘‘slicks’’

in sun glitter (e.g., Wang and Pawlowicz 2012). Packets

were also identifiable in themarine X-band radar.Knorr

was not equipped with a radar digitizing and logging

device (e.g., WaMoS), but photographs of the radar plan

position indicator (PPI) display documented several of

these events. Qualitative examples of internal wave

packet observations are shown in Fig. 16. Internal wave

packets have been documented and studied in this Mid-

Atlantic Bight region over the years, both from satellite

imagery (e.g., Jackson 2007) and from SAR (e.g., Porter

FIG. 13. Time series of (a) along-wind momentum flux tx,

(b) crosswind momentum flux ty, (c) friction velocity u*, (d) latent

heat flux QL, and (e) sensible heat flux QS as measured by low-

altitude (30–60m) UAV flights (colors) and by the eddy-covariance

station on the foremast (gray and black), during EquatorMix. Solid

black circles represent 6-h bin averages of foremast measurements.

Crosswind UAV legs are denoted by red triangles and along-wind

UAV legs are denoted by blue circles. Spectral windows of 8 km

are used for the UAV flux calculations and 20min for the foremast

(corresponding to 5–11 km when considering the mean measured

wind of 4–9m s21). The light gray bars indicate a time of fast (13 kt)

westward (downwind) transit, when foremast measurements are in

the wind wake of the vessel.

FIG. 12. Integrated cospectra (‘‘ogives’’) computed from straight-

and-level UAV legs (colors), corresponding to (a) along-wind mo-

mentum flux, (b) crosswindmomentum flux, (c) latent heat flux, and

(d) sensible heat flux. Ogives are computed from 8-km segments for

the 11-h period starting at 0000 LT 16Oct 2012, during EquatorMix.

Darker solid curves are from crosswind segments and lighter dotted

curves are from along-wind segments. Gray curves are as in Fig. 11.

The large latent heat flux at 395m is associated with the strong

gradient in water vapor seen in Fig. 7h.
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and Thompson 1999). During TW13, we were limited by

airspace and other mission priorities, and unfortunately

we were not able to pursue these features in detail. The

capability of identifying and tracking the evolution of

internal waves generated by topography (or subsurface

vehicles) across scales of the order of wide continental

shelves is of great interest to the oceanographic research

community.

b. Previous observations of equatorial internal waves

Narrowband oscillations in the Equatorial Under-

current, and associated bursts of turbulence well below

the ocean surface layer, have been examined by obser-

vational (Gregg et al. 1985; Moum et al. 1992b, 2011),

numerical (Pham et al. 2012, 2013), and analytical

(Smyth et al. 2011, 2013) studies. These phenomena are

the result of high background current shear combined

with wind stress and convection. Current research de-

scribes two different possible mechanisms for these os-

cillations: downward-propagating internal waves or

intermittent shear instabilities generated and dissipated

locally. These phenomena have been previously studied

by moored instruments (e.g., Moum et al. 2011), towed

vertical arrays, (Moum et al. 1992a), and high-resolution

profiling from slowly traversing vessels (S. Nguyen

2014, personal communication) While previous studies

estimate wavelengths of around 150–250m (Moum et al.

1992a), we observe wavelengths in the 400–600-m range,

consistent with recent large-eddy simulations with sim-

ilar stratification (H. Pham 2014, personal communica-

tion). For the present study, the features that are

coherent in depth and propagate in a manner consistent

withmode-1 internal waves in a stratified flow are simply

referred to as internal waves.

c. Ship-based observations of equatorial internal
waves

To track IW propagation during EquatorMix, space–

time (x–t) diagrams are generated from horizontal

(east–west) sections through the X-band imagery. Two

examples are presented in Fig. 17. A running cross

correlation between sections is used to estimate phase

speed. In the 15 October 2012 sample, IWs are seen to

propagate with a westward phase speed of 296 9 cm s21,

where the uncertainty is estimated as the 1s distribution

of speed estimates over the time range shown in Fig. 17.

In contrast, in the 19October sample, IWs are seen to be

quasi stationary in an Earth frame: 0.5 6 8.3 cm s21.

These phase speeds are marked with red lines in the x–t

diagrams in Figs. 17b,d. They are consistent with the

theoretical dispersion relations for these conditions, as

discussed in appendix A.

A long spatial series was generated over the 12 h be-

ginning 1800 local time (LT) 18 October by averaging in

time between the two dotted red lines. A wavenumber

spectrum of this series shows a prominent peak at 440m

(Fig. 18a). These wavelengths and phase speeds are

discussed in the context of a theoretical model in the

following section. A peak at l5 440 m in the spectrum

of sea surface temperature for the same 12-h period,

measured at z525m with the ship’s flow-through

thermosalinograph (Fig. 18d), is likely associated with

the vertical displacement of isotherms due to these

internal waves.

A spectrogram of east–west slices from individual

10-min-averaged X-band images (Fig. 3e) reveals a

predominantly nocturnal pattern of IW occurrence,

which is in agreement with coincident HDSS and

FIG. 14. UAV and foremast one-to-one comparison plots cor-

responding to Figs. 13a–e. Values are averaged into 6-h bins, with

foremast measurements on the abscissa and UAV measurements

on the ordinate (along-wind measurements in blue, crosswind

measurements in red). Mean differences between the UAV mea-

surements and the foremast measurements are shown in the insets

(units match the corresponding plot) for each quantity, with error

bars depicting 61 standard error. The gray triangles are the dif-

ference between cross- and along-wind measurements.
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FastCTD data (S. Nguyen 2014, personal communi-

cation) and previous studies in this vicinity (Moum

et al. 1992a, 2011), suggesting a coupling to surface

forcing. Following Ramos et al. (2009), Radon trans-

forms of the time-averaged X-band backscatter are

examined from 3.8 km 3 1.5 km boxes upwind of the

ship, from which IW direction and wavelength are

determined. Westward propagation direction ranged

from 2608 to 3008, with wavelengths ranging from 400

to 600m.

d. UAV observations of equatorial internal waves

Three passes of the Flux UAV over the X-band

footprint (within 4 km of the Revelle) were conducted

during EquatorMix. We examine the pass with the

most overlap and the most prominent IW features

here. Figure 19 shows the X-band footprint and UAV

flight track. Filtered and georeferenced X-band im-

agery has been averaged for 30min. Recalling from

Fig. 17, the IWs at this time were quasi stationary in

an Earth frame, and they did not move significantly

during the averaging time (,10m, assuming the

0.5 cm s21 phase speed computed in the previous

section). X-band backscatter along the UAV track

(the dark gray line in Fig. 19d) is estimated by taking

the cross-track mean of the time-averaged backscat-

ter over a 250-m stripe centered on the UAV track.

Examining the 50-m bin-averaged lidar backscattered

amplitude along this track, there is agreement with

the X-band backscatter as may be expected—both

are sensitive to the gravity–capillary-scale surface

waves that are modulated by the underlying internal

wave motion.

Though the Flux payload was equipped with a radio-

metric sea surface temperature device, the measured

variation in surface temperature at the wavelengths as-

sociated with internal waves was not significant. Tem-

perature at z525m, as measured at the shipboard

inlet, does show 60.028C variations associated with the

IWs, and there is a corresponding peak in the spectra as

discussed previously (Fig. 18d).

Surface elevation modulations measured with the

UAV lidar of around 10–30 cm are seen to be in phase

with the X-band signal (Fig. 19d). This signal is also

visible in the composite surface elevation spectrum

(Fig. 18c) computed from all low-altitude (#100m, due

FIG. 15. Vertical profiles of (a) along-windmomentumflux, (b) crosswindmomentumflux, (c) latent heat flux, and (d) sensible heat flux,

computed from straight-and-level UAV legs (triangles for crosswind, circles for along-wind) and helical soundings (squares), taken near

08N, 1408Wduring EquatorMix. Data from two different periods are shown: an 8-h flight starting 0830 LT 13 Oct (blue), and two back-to-

back 11-h flights starting at 1208 LT 18Oct and 0050 19Oct (red). From 13 to 19Oct,U10 winds increased from 5 to 10m s21 (Fig. 3). Fluxes

from helical soundings are computed from half-orbit segments (1-km diameter) and are averaged into 150-m vertical bins. Error bars for

each point show61 standard error. Diamonds mark fluxes computed from the eddy-covariance station on the foremast, with the mean of

all 20-min segments over the same period as the corresponding flight(s).
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to the range of the lidar) upwind legs in the 12h starting

18 October 1800 LT. For reference, the Doppler-

corrected spectrum is also shown (red curve in

Fig. 18c), which accounts for the speed of the UAV in

relation to the phase speed of the surface waves. Though

there is a peak in coherence between surface elevation

and X-band backscatter, it is sensitive to spectral win-

dow selection. The area under the surface elevation

spectrum’s peak at the IW wavelength suggests wave

amplitudes on the order of 10 cm, though the spectral

width of the peak is much larger than the peak observed

in the X-band and current spectra and, consequently,

the area depends strongly on the wavenumber range

used. Assuming sinusoidal surface elevation, the am-

plitude ranges from 5 cm for the wavelength band

l5 4416 20m to 11 cm for l5 4416 100m (cf. this

120% increase in signal amplitude to only a 38% in-

crease between these same wavelength bands for the

X-band spectrum, which has a much narrower peak).

This measured amplitude, however, is two to three

orders of magnitude larger than the surface amplitudes

predicted by simple mode-1 internal wave solutions.

As the lidar-derived elevations are based mainly on

precise GPS and time-of-flight measurements, we

have more confidence in the observations than in the

simplified model, which neglects critical layers and

nonlinearities. This discrepancy is discussed further

in section 7 and, along with details of the model, in

appendix A.

6. Real-time data transmission and assimilation

To the best of our knowledge, the use of ScanEagles

during TW13 marked the first use of UAVs for real-

time data assimilation into MABL models. A sample

3D trajectory of one 6.5-h flight is presented in Fig. 20.

Downsampled (1Hz) meteorological data from the

UAV was transferred during flight from the Knorr to

the Naval Research Laboratory for assimilation into

forecasting models [Coupled Ocean–Atmosphere

Mesoscale Prediction System (COAMPS)]. Histori-

cally, data from radiosonde balloons are used as

FIG. 16. Internal wave packets as seen during TW13 aboard the R/V Knorr. (a) Photograph

from 02 deck level of a passing IW packet. The image is a still from a movie, in which these IW

packets are seen to slowly propagate away from the ship as surface waves propagate toward the

ship. (b) Image of the X-band marine radar display (PPI) 9min prior to the photograph, from

which we estimate a wavelength of about 95m. (c) Image from the navigation camera of the

Flux UAV payload (1000mMSL), showing an IW packet in the sun glitter. The Virginia coast

is at the top of the photograph.
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inputs into these models, but UAVs provide several

advantages:

d UAVs are not limited to the airspace directly over

ships (nor are they at the whim of the wind), but rather

by the range of the platform.
d UAVs can (repeatedly) sample across gradients of

atmospheric quantities in regions of high spatial in-

homogeneity (e.g., atmospheric fronts).
d UAVs can selectively sample in regions of higher un-

certainty (as determined by model sensitivity analysis).
d Near-continuous sampling with UAVs is possible (com-

pared to less-frequent synoptic balloon soundings),which

is important in regions of high temporal variability.

Throughout TW13, balloon radiosondes were launched

several times per day, intended as ‘‘ground truth’’ points

for COAMPS model validation. The radiosondes in this

experiment also marked the first opportunity for in situ

independent comparisons to the UAV measurements, as

discussed in appendix B.

At the payload ‘‘ground station’’ (on the Knorr), 10-min

files of 1-Hz meteorological data were generated and up-

loaded via FleetBroadband, within a matter of tens of sec-

onds, to a server at the Scripps Institution of Oceanography

(SIO), which were then accessed by the Naval Research

Laboratory (NRL) and assimilated into a regional cou-

pled ocean–atmosphere model. Themodel was then used

by the NRL fleet for radar propagation prediction. An

unanticipated technical issue prevented winds from being

assimilated in real time; this issue, as well as an error in

relative humidity due to a temperature measurement

bias, was addressed and corrected in postprocessing.

Analysis of the postprocessed data suggests a sub-

stantial improvement of temperature and dewpoint es-

timation for the UAV data-assimilated case over the

nonassimilated case. In the lower 1000m, the rms error

(between the forecast model and balloon radiosonde

‘‘truth’’ profiles) of temperature decreases on average

by about 18C in the assimilated case and the rmse of

dewpoint temperature decreases by 18–38C (Doyle et al.

2016). This improvement is concentrated in the vertical

vicinity of the top of the atmospheric boundary layer

and just above—regions of large wind, temperature, and

humidity gradients. Prediction of modified refractivity

(a function of temperature and relative humidity, and

the important metric in radar propagation; Barclay

2003) is also improved in the assimilated case, suggesting

an important operational use of this technology, where

FIG. 17. (a),(c) Sample filtered and averaged georeferenced X-band images and (b),(d) corresponding sections of

x-t diagrams for times of persistent crosswind structures associated with IWs observed during EquatorMix. The x–t

diagrams are made by extracting the backscattered amplitude within the red box (averaged over the 200-m north–

southwidth) for each time step. At the time of case I (15Oct 2000 LT), the structures are seen tomovewestward in an

Earth frame at 296 9 cm s21 [the slope of the red line in (b)], whereas for case II (18Oct 2000 LT), propagation of the

IWs is near zero (0.5 6 8.3 cm s21) in an Earth frame. Averaging the backscatter signal in time between the dotted

lines in (d), extended to 12 h beginning 1800 LT, gives a long spatial series used for the spectrum in Fig. 18a. Wind

direction and speed are given in (a),(c). In both cases, the ship was tracking to the east at 1.0m s21.
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flights can be concentrated in regions of large gradients or

high model uncertainty. Doyle et al. (2016) rigorously

quantifies the data assimilation andmodeling in theTrident

Warrior 2013 experiment leading to these improvements.

7. Discussion

Much as the advent of the aircraft carrier in the first half

of the twentieth century allowed navies to ‘‘project force’’

beyond the range of traditional naval vessel operations,

UAVs now allow the oceanographic community to

‘‘project science’’ beyond what is feasible with traditional

oceanographic vessels. Ship-launched and ship-recovered

UAVs permit the study of surface phenomena within the

surrounding tens to hundreds of kilometers around the

ship, as well as atmospheric sampling up to the altitude

limitations of the platform (5km for the UAVs discussed

in this study) or as allowed by local airspace regulations.

With data sent back to the ship in real time, scientific

missions for the UAV or the ship can be directed ‘‘on the

fly.’’ Similarly, information from the ship’s nautical or

weather radars permits operators to direct UAV flight

paths around areas of interest, for example, atmospheric

or oceanic fronts, convective cloud systems, or rainbands.

With real-time UAV data assimilation into coupled

ocean–atmosphere models, it is conceivable that, in

coming years, science missions on research vessels could

be influenced or directed by findings from the real-time

models, with UAVs (or other platforms), in turn directed

toward regions of interest or the highest model un-

certainty. This was demonstrated on several occasions

during TW13 when logistically feasible.

In this study, we have detailed the use of ship-

launched and ship-recovered UAVs from the R/V

Roger Revelle during the October 2012 Equatorial

Mixing experiment and from the R/V Knorr during the

July 2013 Trident Warrior experiment, and discussed

novel measurements of atmospheric structure and ocean

surface structures. As far as the authors are aware, the

observations discussed in this study represent the first

direct air–sea flux measurements from a ship-launched

UAV. We are able to identify the presence of longitu-

dinal wind rolls, manifested in a predicted 908 phase shift
in vertical and crosswind components. Associated with

these rolls, fluxes from crosswind sampling legs were

significantly larger (20% for momentum flux, 15% for

latent heat, and 55% for sensible heat) than from along-

wind sampling legs, including those from the foremast of

the vessel. Fluxes are likely being undersampled in

along-wind ship tracks, and the typical speeds of the

vessels make it difficult to conduct along-wind and

crosswind sampling during changing winds. By adding

the capability of ship-launched instrumented UAVs

FIG. 18. Wavenumber spectra of (a) along-wind segments of

X-band backscattered amplitude, (b) eastward current at a depth

of 80m (computed from the HDSS), (c) UAV lidar–derived

surface elevation, and (d) ship thermosalinograph temperature,

all showing a peak (or local maximum) at l5 441 m. The red line

in (c) indicates the Doppler-shifted spectra that account for UAV

motion relative to the surface gravity wave speed, assuming a

deep-water dispersion relation and unidirectional waves (crop-

ped below 1/330 m21). All measurements are from the 12 h be-

ginning 1800 LT 18 Oct, while the Revelle was traversing to the

east at 1 m s21. The UAV surface wave spectrum (c) is computed

from 17 upwind flight segments, each 5 km, at low altitude (30–

100m), all within 15 km of the ship. Vertical bars indicate 695%

confidence intervals.
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instrumented for accurate flux measurements, this

problem could be mitigated in the future.

UAV imagery and lidar permit detection of surface

signatures of processes within the water column. Slight

modulations in surface roughness due to variations in

O(1)-cm gravity–capillary waves are measurable by

variations in the backscattered intensity of lidar data.

With data from EquatorMix, we have shown coherence

FIG. 19. (a) Flight track of the UAV (1901–1909 LT 18 Oct) over the concurrent X-band footprint averaged over the

30min starting 1850 LT 18 Oct (overlapping the time of the UAV flight with 11min on either side). (b) X-band

backscatter interpolated along the UAV track, with 50-m running mean of surface elevation (h; red) and lidar back-

scatter (B; blue) overlaid, as measured from the UAV. Thinner dotted colored lines in (a),(b) indicate UAV data from

regions not used in the coherence analysis. (c),(d) Squared coherence and phase between theX-band backscatter and the

lidar backscatter (blue) and surface elevation (red) (calculated with spectral windows of 2.4 km), showing peaks in

coherence near l 5 441m. The solid dots are bin averaged in frequency and are shown only in (d) where the squared

coherence is over 0.8. A small negative phase between lidar backscatter and X-band backscatter [blue mark in (d)]

corresponds to a small shift of the X-band backscatter to the left (2x) of the lidar backscattered amplitude.

FIG. 20. Sample 1-Hz real-time data in Google Earth during one 6.5-h UAV flight during TW13

(36.88N, 75.78W), starting 1633 LT (UTC2 4 h) 14 Jul 2013.Winds for this time, as measured from

the ship, were 4–5m s21 from the east. An aeronautical chart is overlaid on the surface.
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between the UAV lidar backscatter and the X-band

backscatter modulations at the wavelengths associated

with internal waves during an overlapping UAV pass.

Additionally, there are coherent fluctuations in lidar-

derived surface elevation, with amplitudes much larger

than predicted by linear internal wave–current interaction

theory. We have more confidence in the measurements

from the UAV than the simple internal wave model used

for comparison, which did not include critical layers nor

nonlinearity, but it appears to have accounted for the ki-

nematics of the waves to leading order (the dispersion

relationship) but not the dynamics (the amplitudes). The

UAVmeasurements were primarily very accurate time or

time-of-flightmeasurements by theGPS and lidar systems.

The comparison should motivate more studies of these

surface signatures and the underlying dynamics.

The successful use of the UAV operations in both the

EquatorMix and Trident Warrior 2013 experiments is an

important milestone in the use of unmanned vehicles in

atmospheric and physical oceanographic research. Low-

altitude flights permit accurate air–sea flux measurements

over large spatial scales for extended periods of time,

without introducing any significant human risk. The main

benefits over manned aircraft research flights also include

the reductionor eliminationof transit times and theopening

of central oceanic basins to long-duration, near-continuous

studies. UAVs can be important in observing and charac-

terizing larger atmospheric structures not observable in situ

by slowly moving ships, especially ships traversing upwind,

as is a common strategy for reducing errors due to vessel

flow distortion. The two experiments demonstrated that

UAVs can be integrated into larger field programs, pro-

viding important spatial measurements of the atmo-

sphere andocean surface,while ship-basedobservations can

provide complementary high-resolution measurements in

depth and time. Ship-launched UAVs, sampling the MABL

and ocean surface, greatly extend the scientific reach of a

research vessel, and, especially when combined with ship-

based surface and subsurface instrumentation, can be used to

explore many oceanographic and MABL phenomena.
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APPENDIX A

Comparison of Internal Wave Observations and
Theory

To analyze the equatorial internal waves seen during

EquatorMix, we construct a linearized eigenvalue prob-

lem. Given mean profiles of current U(z) and buoyancy

frequencyN(z) internal wave modes are calculated using

the form of the Taylor–Goldstein equation derived in

Kundu et al. (2012):

FIG. A1. Dispersion relations (wavelength vs phase speed) for

mode-1 IWs given different stratifications from two different times

(red, blue). Thick lines are model results using the mean surface

current determined from WaMoS during 13–19 Oct 2012

(20.25m s21), while the lower and upper thinner lines are calcu-

lated for the lower and upper surface current estimates for this

period (20.64, 0.32m s21, respectively). Only model solutions

without critical layers are presented. Circles are the observed

wavelengths and phase speeds using the X-band data presented in

Fig. 17. Error bars in sample observed phase speed and wavelength

are the 1s distribution of wavelengths and phase speeds de-

termined from cross and autocorrelations. The triangle is the

model presented in Figure A2.
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(U2 c)

�
d2

dz2
2 k2

�
ĉ2

d2U

dz2
ĉ1

N2

U2 c
ĉ5 0, (A1)

where ĉ is the vertical structure of streamfunction c (with

velocity components u5U(z)1 ›c/›z, w 5 2›c/›x),

which is assumed to have wavelike behavior in x and t,

c(x, z, t)5 ĉ(z) exp[ik(x2 ct)], and c is the phase

speed. A separate IW mode solver, written by W.

Smyth (and available online at http://salty.oce.orst.edu/;

see Smyth et al. 2011, their appendix A), is used to verify

the solutions.

We approximate the internal waves as two-

dimensional, in the 1x (east) and 1z (vertical) planes.

The eastward current profile is adapted from a 2-h mean

of the Revelle’s HDSS, with a decaying exponential fit

below 210m. Above 30m, the current is extrapolated to a

specified surface current. Surface current (unavailable

from the HDSS) is nominally determined from the

WaMoS/X-band radar system, which uses the observed

shift of surface waves from the deep-water dispersion

relation to calculate a mean surface current (Nieto

Borge et al. 2004). A 12-m smoothing is then applied in

depth. Density profiles are determined from hourly

means of fastCTD profiles, with a decaying exponential in

squared buoyancy frequency N2 below 150m, set to

N5 0:5 cphat z5 2600m. A 9-m smoothing is applied

in depth.

Given these currents and buoyancy profiles, mode-1

solutions are computed with small westward phase

speeds (20:8m s21 # c# 0:0m s21) and wavelengths of

450–1500m. Figure A1 presents sample modeled dis-

persion relations (phase speed vs wavelength) for two

observed stratifications during EquatorMix. The two

observed test cases from Fig. 17 are superimposed.

The surface current from WaMoS is considered a

preliminary product, especially in regions of expected

high shear.4 Because of the sensitivity of the model to

the upper-ocean current profile, a range of surface cur-

rent speeds are considered, based on the range of currents

estimated by WaMoS for that surrounding week of data

(20.64 to 0.32ms21). Additionally, only profiles with no

critical layers (depths atwhich phase speed equals current

speed) are considered, which accounts for the cropping of

the dispersion curves at higher (more positive) phase

speeds (Smyth et al. 2011).

Figure A2 shows sample depth profiles of density,

buoyancy frequency, eastward and vertical currents, and

the corresponding mode-1 solutions using the solvers de-

scribed above for the 2h beginning 2100 LT 18 October

2012—aperiodof strong surface and subsurface evidenceof

internal wave activity. Note the mode-1 IWs visible in the

depth-versus-time contour plot of filtered vertical velocity

wf , which has been high-pass filtered in the along-track

directionwith a cutoff of 2kmand low-pass filtered in depth

with a cutoff of 20m. The HDSS vertical velocity envelope

(Fig. A2e) is determined, assuming a sinusoidal velocity, as

ŵ
HDSS

(z)5 (2hw
f
(x, z)2i)1/2, (A2)

where angle brackets indicate averaging in x along each

depth interval over the 2 h shown in Fig. A2d. During

this time, the IWs are seen to be nearly stationary in an

Earth frame (recalling Fig. 17d), which agrees with

the 23 cm s21 phase speed of the numerical solutions.

While this analysis has several limitations (linear, two-

dimensional model, no critical layers, and an uncertain

surface current input), it suggests that the wavelengths

and phase speeds observed in theX-band andUAVdata

FIG. A2. Average (a) density and (b) buoyancy frequency measured with the fastCTD, (c) mean eastward current measured with the

HDSS, (d) filtered vertical velocity profileswf from the HDSS, and (e) theoretical mode-1 IW (blue) and measured (red) vertical velocity

envelope, all for 2000–2200 LT 18 Oct 2012. The maximum of the model vertical velocity envelope is prescribed as the peak of the

measured envelope. Data below 250m are masked off in (d).

4Methods for deriving depth-shear profiles from sequences of

X-band imagery are under development (Campana et al. 2016).
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are within the range of values estimated using the

analytical model.

Though themodel assumes a rigid lid, we can estimate

the sea surface height anomaly (SSHA) by assuming a

hydrostatic water column near the surface (Gill 1982;

Zhao et al. 2010). We first follow the polarization re-

lations presented in Smyth et al. (2011), neglecting vis-

cocity, to compute the pressure modulation envelope:

P̂(z) 5
rg

k
[U

z
ŵ1 (c2U)ŵ

z
]1C , (A3)

where ŵ(z) is vertical velocity envelope, U(z) is mean

eastward current, c is phase speed, r is density, g is ac-

celeration due to gravity, k is wavenumber, and constant

C is selected such that the depth-averaged pressure

modulation is zero:
Ð 0
z52600m

P̂(z) dz5 0 (Zhao et al.

2010). Pressure, like velocity, is assumed to have wave-

like behavior, that is, P(x, z, t)5 P̂(z) exp[ik(x2 ct)].

The vertical velocity modulation envelope of the mode-1

solution ŵ(z) is scaled such that the peak value equals

the peak value observed in the HDSS data [from (A2)]

(Fig. A2e). Sea surface height anomaly is then computed

using the pressure at the surface:

SSHA5
P
z50

r
0
g
. (A4)

By this method, surface elevation fluctuations for the

stratification and wavelengths observed during this ex-

periment are predicted to be on the order of 0.1–1 mm—

two to three orders of magnitude smaller than the fluc-

tuations observed by the UAV lidar, as discussed in

section 5d. We do not believe the large [O(10) cm]

signal measured by the UAV lidar to be a result of

errors in GPS positioning or lidar point georefer-

encing, as the signal is not evident in spectra of UAV

altitude or attitude, and is larger than the 2–3-cm

accuracy estimated by the system for 50-m binning.5

Internal wave–induced surface elevation modulations

from airborne lidar have recently been examined by

Magalhaes et al. (2013), but the approximately 1-m

change in relative scattering lidar height around the

IW crest observed in that study is attributed to possible

multiple reflections in surfactant foam.6 Additional

FIG. B1. Profile comparison between balloon radiosonde (blue) and UAV Flux payload (black), showing (a) wind speed, (b) wind

direction, (c) temperature, and (d) relative humidity. These soundings were performed during TW13, at 36.708N, 75.798W. Local times

(UTC2 4 h) on the morning of 16 Jul 2013 are given. A strong temperature inversion is notable at about 130m. The discrepancy in wind

speeds below 120m is discussed in the text.

5 Given uncorrelated error sources, accuracy is assumed to scale

by r21/2, where r is the ratio of samples—or in this case, bin sizes. In

Reineman et al. (2013), accuracy was determined to be 9 cm for

4-m bins, giving 2.5 cm for 50-m bins.
6 It is the opinion of the authors of the present study that this

change in scattering height measured by Magalhaes et al. (2013) is

likely instead due to erroneous target detection of the digitized

reflected light signal at regions of brighter reflectance.
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work is needed to determine a physical explanation for

the discrepancy between measured and predicted sur-

face elevations in the present study.

APPENDIX B

UAV Comparison with Radiosonde Balloons

During Trident Warrior 2013, balloon radiosondes

were launched both synoptically (every 6 h) and in

conjunction with nearby UAV soundings. Radio-

sondes were operated by investigators from the Naval

Postgraduate School (synoptic soundings, ascending

only) and by the Naval Surface Warfare Center,

Dahlgren Division (‘‘up–down’’ soundings). Over the

5 days of the experiment, there were 18 synoptic

sondes launched and 30 additional sondes around and

during UAV flights. The radiosondes were mainly in-

tended as ground truth points for COAMPS model

validation.

The radiosondes in this experiment also marked the

first opportunity for in situ independent comparisons to

the UAV measurements (no balloon soundings were

performed during EquatorMix). Root-mean-square

differences in wind, temperature, and relative humid-

ity between UAV and radiosonde measurements during

two flights on a typical day are 0.4–0.8m s21, 0.28–0.38C,
and 2%–4%, respectively (‘‘collocated’’ soundings of

balloon and UAV profiles are within 30min of each

other and less than 15 km apart).

Figure B1 shows a sample comparison of a vertical

sounding from the UAV with that of a descending bal-

loon radiosonde 11.5 km away. The discrepancy of wind

measurements in the high-shear region below 120m is

arguably partly due to the altitude difference between

the balloon and the sensor: the speed of the balloon (and

sensor) follows the wind speed at the height of the bal-

loon, while the sensor records the GPS altitude 30m

down the tether.
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