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Abstract This paper describes observations and analysis of Doppler radar data from a down-looking
94GHz (W-Band) system operated from a NOAA WP-3 Orion research aircraft in Tropical Storm (TS) Karen.
The flight took place on 5 October 2013; Karen had weakened with maximum winds around 20m s�1.
Doppler spectral moments from the radar were processed to retrieve sea-spray microphysical properties
(drop size and liquid water mass concentration) profiles in the height range 75–300m above the sea surface.
In the high wind speed regions of TS Karen (U10> 15m s�1), sea spray was observed with a nominal
mass-mode radius of about 40μm, a radar-weighted gravitational fall velocity of about 1m s�1, and a mass
concentration of about 10�3 gm�3 at 75m. Spray-drop mass concentration declined with height to values of
about 10�4 gm�3 at 300m. Drop mass decreased slightly more slowly with increasing height than predicted
by surface-layer similarity theory for a balance of turbulent diffusion vs fall velocity.

1. Introduction

Present parameterizations of air-sea turbulent fluxes are reasonably valid up to wind speeds of about
25m s�1 [Fairall et al., 2003; Drennan et al., 2007; Edson et al., 2013]. This wind speed range covers the vast
majority of oceanic wind climatology. Extrapolations of the current parameterizations to hurricane wind
speeds are inconsistent with theoretical analyses of the potential strength of tropical cyclones [Emanuel,
1995]. One major issue is the relative balance of momentum and scalar (heat/moisture) transfers—usually
expressed as the ratio of the enthalpy transfer to themomentum transfer coefficients. It is speculated that the
heat and moisture balance is affected by evaporation of sea-spray droplets at very high wind speeds
(U10> 25m s�1). At high wind speeds, the ocean is a major source of droplets produced by bursting bubbles
and spume (i.e., from sheared-off wave tops) to the lower troposphere [Andreas et al., 1995]. Because of their
much larger sizes (and larger mass flux), spume droplets are expected to dominate the droplet aspects of the
hurricane flux problem.

Droplets may play a significant role in latent heat transfer between the ocean and atmosphere [Andreas et al.,
1995] and, under extremely high winds such as found in hurricanes, may also have a large effect on the
air-sea exchange of momentum [Andreas and Emanuel, 2001; Andreas, 2004; Kudryavtsev and Makin, 2011].
Recent numerical modeling studies have shown hurricane intensity to be quite sensitive to representation of
surface fluxes and sea spray [e.g., Bao et al., 2011]. From a modeling perspective, there are two fundamental
problems: (1) specification of the sea surface droplet source strength and (2) computation
(or parameterization) of the thermodynamic effects of the sea spray [Fairall et al., 1990, 1994; Kepert et al.,
1999; Bianco et al., 2011; Richter and Sullivan, 2014].

The fundamental parameter used for representing the effect of sea spray on air-sea exchange processes is the
size dependent source function, Sn(r), or the number of droplets of a given size produced at the sea surface
per unit surface area per unit time, as a function of the surface forcing (wind speed, wave breaking, surface
stress, etc.)—see Fairall et al. [2009] for a summary. Because the source function cannot bemeasured directly at
present, it is typically estimated from the height (z)-dependent size concentration (radius, r) distribution of
droplets, n(r,z). The relationship between the source strength, the atmospheric turbulence profiles, the forcing,
and the profiles of droplet concentration as a function of droplet size is key to this approach.

Extreme storm conditions over the ocean are experimentally challenging to near-surface observations of
aerosols and turbulence. Ships prefer to avoid such conditions, research aircraft prefer to avoid low-level
operations in hurricanes, and fixed platforms offer rare sampling opportunities and likely disturb the
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observations. In 2003, the Earth System Research Laboratory (ESRL) made droplet measurements with an
optical spectrometer from a NOAA WP-3 from level runs at altitudes from 66 to 750m in hurricanes Fabian
and Isabel as part of the Coupled Boundary Layer/Air-Sea Transfer (CBLAST) project [Black et al., 2007]. Wind
speeds were on the order of 23m s�1 and, at the nominal aircraft altitude ( ̴100 m), droplet concentrations
were close to the sensitivity threshold of the instrument. Furthermore, it was quite difficult to ensure the
observations were not contaminated by precipitation. Ironically, after problems with aircraft engines
ingesting sea salt during the low-level runs in CBLAST, NOAA has put a hold on low-level flights in hurricanes.
Thus, high-quality in situ measurements of sea-spray drop size spectra at winds exceeding 25m s�1 are
essentially non-existent [see the recent review by Jones and Andreas, 2012], and, barring a breakthrough in
remotely-piloted or disposable vehicles, prospects for future data at wind speeds of 50m s�1 are quite poor.

Following the CBLAST experience, we began to explore airborne remote sensing approaches to observing
sea spray in high winds. Lidar have some potential [Toffoli et al., 2011], but rely on a clear-air line of sight to
the surface andmay be too sensitive to more abundant small aerosols. Airborne millimeter-wavelength radar
offers an attractive option for such measurements [Esteban-Fernandez et al., 2010; Yurovsky and Malinovsky,
2012]. Compared to conventional centimeter-wavelength radars, they offer advantages in greater sensitivity
to sea-spray droplet sizes, finer vertical resolution, and faster sample rates. In this paper, we will present
results from a single flight with the ESRL 94-GHz (3.17mm wavelength) W-Band Doppler radar [Moran et al.,
2012] in Tropical Storm (TS) Karen in October 2013. The analysis is complex, but we offer clear evidence that
sea spray is observed by the radar in the altitude range 75–300m above the surface. The 25m range
resolution and contamination of the signal by the strong surface return restrict our retrieval to a minimum
altitude of 75m. Deduced liquid water concentrations are small but comparable to the limited estimates
available in the literature.

2. Observational Details

This study was done in TS Karen (see http://www.nhc.noaa.gov/data/tcr/AL122013_Karen.pdf for details). The
observations were taken with the aircraft at an altitude of 2300m during a 6 h flight on 5 October 2013.
Flight track and altitude in the period of data sampling are shown in Figure 1. The aircraft operated
from the Tampa, FL area; TS Karen was centered at 27.5 N lat. and 91.5W lon. The high wind region for
Karen was in the NE quadrant of the storm; maximum 10m wind was 20m s�1 with 25% of the U10 values
in the experimental area exceeding 15m s�1. A second NOAA WP-3 made flights on 3 and 4 October
measured surface wave properties using a scanning radar altimeter [Walsh et al., 1985]. On 4 October,
maximum significant wave heights were about 4.5m (see http://prosensing.com/wsradisplay/index.php?
hurricaneID=20131004H_Karen).

The WP-3 observing systems used for this study include the ESRL W-Band radar, the Stepped Frequency
Microwave Radiometer (SFMR), dropsondes, and the aircraft flight-level meteorology and navigational data.
TheW-Band radar is described extensively byMoran et al. [2012], so we offer only a brief summary here. It was
repackaged from its original ship-based form to fit in a small windowed compartment on the WP-3, but the
basic operation is similar to the ship (except it is down-pointing on the aircraft). The W-Band is a coherent,
pulsed Doppler radar with a beam width of 0.7° operating at 94GHz; a 128 point Doppler spectrum is
produced every 0.3 s at 150 range gates with 25m range resolution; the first range gate is 500m below the
aircraft, and the last is 4250m below. For each spectrum, standard spectral processing is used [Moran et al.,
2012]. The peak of the return is identified, and the spectral noise level is computed. The first three moments
of the Doppler spectra are computed and archived with the raw spectra. These moments correspond to the
0.3 s and 25m returned radio-frequency power (zeroth moment spectral density above the noise level), mean
Doppler shift (first moment), and the Doppler width of the return (second moment about the mean).

An example of the three moments is shown (Figure 2) as a time-height cross section for 1 h beginning at
0700UT—height is positive upward referenced to the surface. The radar is fixed to the airframe, so aircraft
motion and orientation from the WP-3 flight level and navigational measurements must be used to infer
physical variables (see below). The SFMR is used to estimate the 10m wind speed from the upwelling
microwave radiance. The wind speed algorithm is effective in the 15–75m s�1 range [Uhlhorn et al., 2007]. A
total of 16 dropsondes were deployed on 5 October; these were used to check wind profiles but were not
actually used in the processing except to compute radar attenuation by water vapor absorption.
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3. Data Processing

For this study we have used the Doppler moment files only (i.e., we have not reprocessed or re-analyzed
the raw spectral files). From the radar calibration, the zeroth moment is related to the radar reflectivity
factor, Z (usually expressed in log-form as reflectivity factor, dBZ). The radar total system (including the
antenna) is calibrated to about ±1 dB [Moran et al., 2012]. We have applied a correction to Z for the
dielectric window the radar transmits through (1.6 dB) and an attenuation correction (about 4.0 dB) based
on the column-integrated water vapor concentration from the aircraft to the range gate [Li et al., 2005].
Attenuation by rain is well characterized and is not an issue because we are using nearly rain-free profiles.
Uncertainty in these adjustments suggests that dBZ values are no better than ±2 dB, which is consistent
with calculations of the radar cross section [Li et al., 2005] for the ocean surface at W-Band obtained in
light winds from a test flight (not shown).

The first moment of the Doppler spectrum (see section 4) is the Doppler shift in the radar beam radial
direction. This shift is caused by motion of the scattering entities (clouds, rain, sea spray, insects, etc.)
relative to the aircraft. Note, small drops essentially follow the air motions, but drops larger than a few 10’s
of micrometer radius have a mean (gravitational) slip velocity, Vg, relative to the air. Because of its short
wavelength, the radar is essentially insensitive to Bragg (clear air) returns associated with atmospheric
refractive index fluctuations [White et al., 1996]. The second moment is related to the width of the droplet
size spectrum [Frisch et al., 1995] but with contaminating factors associated with turbulence and shear. We
have estimated the broadening effects using Shupe et al. [2008] and found them negligible compared to
the measured Doppler widths. The finite angular width of the radar beam (0.7°) convolved with the
relative horizontal speed of the of the droplets (principally the speed of the aircraft) causes a Doppler

Figure 1. (Upper panel) Flight track for NOAA WP-3 aircraft on 5 October 2013. The color represents the wind speed from
the Stepped Frequency Microwave Radiometer; colorbar indicates values of U10 (m s�1). New Orleans is in the top of the
map. The aircraft altitude during the sampling period is shown in the lower panel.
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broadening of about 0.45m s�1 [Heymsfield
et al., 1996]. A complicating factor occurs
because the retrieved values of Doppler
width are increasingly underestimated as
signal-to-noise ratio (SNR) approaches the
detection threshold. We have computed a
simple correction as a function of SNR
obtained through Monte Carlo simulations
of a Gaussian signal added to white noise.

We are analyzing for sea spray, so our
emphasis is on signals obtained near
the sea surface.

1. For each profile, we identify the surface
return as the maximum Z in a range
window computed from the aircraft alti-
tude and pitch/roll. The vertical ordinate
(height above the surface) is indexed
from that point. The surface return con-
taminates the first one or two range
gates above the maximum, so we con-
sider the first usable data to be from a
height of 75m above the surface.

2. To eliminate contamination by rain, we
exclude profiles where any range gate
in the height range 500–1000m has
dBZ>�18. The threshold for light driz-
zle is normally �15 dBZ.

3. We are interested in obtaining values for
Vg (a key microphysical parameter), but
aircraft pitch and roll cause the measured
radial Doppler velocity to be contami-

nated by the horizontal wind and the aircraft air speed. To correct for this, we use a standard rotational
matrix method to relate the velocity components in the tilted frame to those in the earth frame [Edson et al.,
1998]. The measured Doppler velocity, VDop, is given by

VDop ¼ V radial ¼ î r • G� Uw � Vg îz
� �

(1)

where G is the ground speed of the aircraft, Uw is the wind vector at the appropriate range gate, î r is the unit
vector in the radar beam (radial) direction, and î z is the unit vector in the vertical direction. For this paper we
have neglected the vertical components of G and Uw. Quantities in (1) are expressed in earth coordinates.

The radar radial is downward pointing in the aircraft frame. In the earth frame, it is given by

î r ¼ T θ;ϕ;ψð Þ• 0; 0;�1ð Þ (2)

Here T is a matrix that rotates the radar radial to the earth frame [Edson et al., 1998]. The aircraft orientation is
specified by its pitch (θ), roll (ϕ), and heading (ψ). After multiplying the terms, we can solve for Vg

Vg ¼ VN þ VE � VDop
� �

= cos θð Þ cos ϕð Þ½ � (3)

Here VN and VE are the N and E components of G�Uw dotted into î r ; we assume that the mean vertical
components of G and Uw are negligible. Because the dropsondes show weak shear in the 75–300m region,
we have used U10 from the SFMR to estimate Uw. The navigation information is unbiased to a few tenths of a

Figure 2. Time-height cross section of 1 h of Doppler moment data
at 0.3 s time resolution from the ESRL radar on 5 October 2013:
upper panel, radar reflectivity factor (dBZ); middle panel, raw Doppler
radial velocity,�Vr; bottom panel, Doppler width. Height is measured
positive upward with 0 being the surface; the white area between
z=1.8 and z=2.3 km is because the first radar range gate is 500m
below the aircraft. The surface is seen as the bright horizontal line at
height = 0 (the aircraft is at 2.3 km altitude). Bright red vertical bands
on the upper panel denote precipitation; reflectivity less than
�18 dBZ are principally clouds
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degree and about 0.5m s�1. We have
propagated these uncertainties through
the equations to evaluate the sensitivity
of the fall velocity retrieval. Only the
pitch angle (which is directly convolved
with the aircraft ground speed)
contributes significantly to the
uncertainty in Vg. To reduce this
uncertainty, we determined the relative
misalignment of the radar and the
navigation system pitch measurement
by comparing the measured Doppler
velocity as a function of pitch for cloud
returns (dBZ<�25, negligible fall
velocity) in the range gates closest to
the aircraft. We determined that the
radar has a 1.1° tilt relative to the pitch
sensor; a correction was applied for
this analysis

4. Microphysical Analysis

The Doppler spectral moments have
been processed to estimate sea-spray
properties. To isolate the sea-spray
signal, we eliminate contamination by
rain by requiring that the reflectivity

between 500 and 1000m altitude does not exceed �18 dBZ. Weak rain is allowed above 1000m altitude,
provided that it does not attenuate the return from the surface. We assume that sea spray occurs in the high
wind speed region, so we require U10> 15m s�1. The wind speed threshold limits the data to hours 7, 9, and
10UT. In these three hours, 24% of the profiles pass the rain-free, high wind speed requirement (call these
RFHW). We have computed averages for the moments when sea spray is present in concentrations sufficient
to yield good moment estimates. Thus, we identify all RFHW profiles with a signal-to-noise ratio
(SNR)>�12 dB at z= 75m. This SNR threshold assures good estimates of Doppler velocity. Only 2.3% of the
RFHW profiles passed this criterion; if we look instead at U10< 15m s�1, then no sea-spray return is obtained.
The low fraction of sea-spray observations confirms the anticipated intermittent nature of spume drop
production and the concept that there is a wind speed threshold for significant production. At these winds
speed, we expect less than 1% areal coverage of actively breaking waves [Hanson and Phillips, 1999].

To assure a linear average of reflectivity, we convert the dBZ to Z, average, and then convert back. The
average moments and SNR for the profiles containing surface-based returns
(e.g., sea spray) are shown in Figure 3. Note, we have converted the first moment to Vg via (3) before
averaging. We have shown mean profiles for each hour and the total average.

The next stage of analysis is based on the Gaussianmoment-retrieval method of Frisch et al. [1995]. It is assumed
that the drop size distribution, n(r), can be represented by a log-normal distribution, which has three
parameters: the mode drop radius, r0; the total drop concentration, N; and the logarithmic width, σx. The k-th
moment of this distribution is

< rk >¼ rk0 exp k2 σ2x=2
� �

(4)

The radar backscatter cross section per unit volume, η, is related to the droplet concentration via the standard
Rayleigh approximation

∂η
∂r

¼ 4π 2π=λð Þ4 Kj j2r6n rð Þ (5)

Figure 3. Mean profiles of radar moments from all valid data on 5 October
2013: SNR>�12dB at z =75m, no rain in the column, andU10> 15ms�1.
Upper panel shows profiles of mean SNR and the mean reflectivity. Lower
panel shows profiles of mean observed Doppler width (x’s) and mean
droplet fall velocity deduced from mean Doppler velocity via equation (3).
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Here λ is the radar wavelength, and
|K|2 = 0.93 is the refractive index factor of
liquid water at the radar wavelength. Thus,
η is the integral of (5) over all droplets:

η ¼ ∫ ∂η∂r dr ¼ π5λ�4 Kj j2Z (6)

Z is the reflectivity factor usually expressed
in dBZ = 10 × LOG10(Z ) + 180. Thus, the
reflectivity (sixth moment of the size
distribution) and liquid water content, ql
(thirdmoment), are easily related. For drops
in the 40–400μm radius range, Vg is
approximately linear in radius

r ¼ aVg þ b (7)

so the mean fall velocity of the distribution
is the first moment of the droplet
distribution. We used a= 1.2 × 10�4 s and
b=1.0 × 10�5m.

The fundamental measurement of a
Doppler radar is the Doppler spectrum, ∂η/
∂V, defined as the backscatter detected
between Doppler velocities V� dV/2 and
V+ dV/2. Thus, the Doppler spectrum is
related to the droplet spectrum (neglecting
broadening effects) by

∂η
∂V

¼ ∂η
∂r

∂r
∂Vf

¼ 4π 2π=λð Þ4 Kj j2r6 ∂r
∂Vf

n rð Þ (8)

For the sea-spray radius region, the Doppler spectrum is linearly proportional to the size spectrum weighted
by r6. Frisch et al. [1995] show that Doppler spectral moments can be used to relate the Gaussian width, modal
radius, and liquid water concentration.

σx ¼ ln 1þ σ2v= < Vg > þb=a
� �2� i

1=2
h

(9a)

< Z >¼ 48
π

a < Vg >
� �3

ql=ρwð Þ exp �6σ2x
� �

(9b)

a < Vg > þb ¼ r0 exp 13σ2
x=2

� �
(9c)

The measured parameters are the mean reflectivity (<Z>), the mean fall velocity (<Vg>), and the mean
Doppler width (σV) shown in Figure 3. From these, we compute the logarithmic width (9a), the liquid water
(9b), and the mode radius (9c). The observed Doppler width, after correction for its SNR dependence, is
0.82±0.04ms�1 (independent of height). Correction for beamwidth broadening (0.44ms�1) gives σv=0.70ms�1.
In the samples with spray, there are approximately 100 drops L�1 with a mode radius of about 25μm
(mass-mode radius about 40μm). These represent typical properties of the spray in those periods (2.3% of the
time) when it is present; we assume zero liquid water in the other 97.7% of the samples. The true area-averaged
liquid water content would be 2.3% of the retrieved value to account for the periods when no liquid is
present. The profile of the final LWC area-averaged values is shown in Figure 4. The largest value shown here
( 1̴0�3 gm�3) is about a factor of 100 less than a typical stratus cloud (105 drops L�1 of 10μm radius).

5. Discussion

We can compare our results to other observations (admittedly limited) and examine the height dependence
of concentration in the context of simple theory. The ±2 dB uncertainty in radar Z translates to a 60%
uncertainty in our LWC retrievals. Uncertainty in Vg is more difficult to estimate. The VN and VE corrections are

Figure 4. Sea-spray liquid water concentration (LWC) profile corre-
sponding to data in Figure 3 (data are the circles and a least squares
fit is the dashed line). The dotted line shows the parameterization of
Jones and Andreas [2012] for U10 = 18ms�1. The x’s are from the
numerical model study of Shpund et al. [2011] for U10 = 25ms�1. The
diamond is the mean results from the Cloud Imaging Probe (CIP) from
ten rain-free level runs (<U10>=23m s�1

) on the NOAA WP-3 during
Hurricanes Fabian and Isabel. The thin lines through the diamond
denote the range of heights and LWC values.
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about ±1m s�1, so their uncertainty is probably a small fraction of that. Note the variability between hourly
retrievals at z< 200m is fairly small—the uncertainty in mean retrieved Vg is on the order of ±0.2m s�1.
The Gaussian droplet size distribution assumption requires three parameters, which is convenient given our
basic three moments—but other three-moment distributions might be better. Given the uncertainties in
Z and Vg, it is unlikely that more sophisticated statistics are justified. In summary, for good SNR values
(z< 200m), the uncertainty in retrieved LWC at a given height is no better than a factor of two. There is also
some sensitivity of the values in the upper part of the profiles to the criteria used to select valid data.

The simplest scaling approach for drops produced at the surface follows from assuming a balance between
the fall velocity (downward) and upward turbulent transport against a negative vertical concentration
gradient [Fairall et al., 1990; Chamecki et al., 2007] so the net flux of drops is zero. In the surface layer, the
turbulent eddy diffusion coefficient is given by K= κzu* where κ = 0.4 is von Karman’s constant and u* is the
friction velocity (estimated to be 0.8m s�1 for our observations). At heights above the drop production
region (say, z greater than wave height), the balance gives a simple differential equation

�K∂n r; zð Þ=∂z ¼ Vgn r; zð Þ (10)

The integration of (10) gives a relationship between the concentration at height z and another height h:

n zð Þ ¼ n hð Þ z=hð Þ�
Vg
κu� (11)

Because Vg is a strong function of radius, this implies steeper gradients as particle size increases. Using
Vg = 1.2m s�1, u* = 0.8m s�1, and ql= 8× 10�4 gm�3 at z=75m, equation (11) yields ql=4× 10�5 gm�3 at
z=300m. This is a somewhat steeper decrease with height than the dashed line in Figure 4.

Jones and Andreas [2012] have published a simple scaling model that combines a wind speed-dependent
lognormal drop distribution at wave height and equation (11) that is tuned to their database of observations
from the literature. Shpund et al. [2011] have used a surface source function from Fairall et al. [2009] in a 2-D
large eddy turbulence model and given profiles of drop LWC for a specified U10= 25ms�1. These estimates are
shown in Figure 4 with the radar retrievals. The Jones and Andreas [2012] parameterization is based on 31
publications of in situ aerosol observations in the near-surface layer (z=0.1–20m)withwind speeds 0–29ms�1.
Laboratory measurements provide a different perspective. At similar forcing, Fairall et al. [2009] found ql values
on the order of 2× 10�2 gm�3, but this was at 15 cm height above 10 cm waves in a wind tunnel. At stronger
forcing, wind tunnel LWC values were nearly two orders of magnitude greater. Also shown in Figure 4 is a single
point computed from the average droplet size spectrum of all usable observations from the CIP taken during
the CBLAST flights near the surface in two hurricanes (nominal 10m wind speed 23ms�1).

Our results are summarized in Figure 4 in which the retrievals of radar-derived LWC are comparable to several
different estimates of varying applicability. The Jones and Andreas [2012] results are likely the most robust at
heights on the order of 10m, since they are based entirely on in situ observations of n(r) near the surface. The
CBLAST results are made at ̴100 m heights, but some uncertainty remains because of the difficulty of
eliminating rain without information on the column above. Given the uncertainty in the radar retrievals, it is
apparent that our data are within the envelope of other estimates—but a more definitive conclusion is
elusive. The differences in the vertical gradient suggest that our radar observations imply somewhat larger
drops than Jones and Andreas [2012] but smaller than Shpund et al. [2011]. Regardless, this paper
demonstrates the potential of airborne Doppler millimeter-wavelength radar to greatly expand
understanding of sea-spray production at high wind speeds. It is also important to note the limitations,
particularly the inability of the current system to see drops close to the surface (z< 75m). Clearly, more
observations at true hurricane wind speeds are required.
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