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Abstract The thermodynamic and emissive properties of the ocean thermal skin layer are crucial
contributors to air‐sea heat ﬂux. In order to properly observe ocean surface temperature without
disturbing any delicate ﬂuid mechanical processes, thermal infrared imaging is often used. However,
wind impacting the ocean surface complicates the extraction of meaningful information from thermal
imagery; this is especially true for transient forcing phenomena such as wind gusts. Here, we describe
wind gust‐water surface interaction through its impact on skin layer thermal and emissive properties.
Two key physical processes are identiﬁed: (1) the growth of centimeter‐scale wind waves, which increases
interfacial emissivity, and (2) microscale wave breaking and shear, which mix the cool skin layer with
warmer millimeter‐depth water and increase the skin temperature. As more observations are made of
air‐sea interaction under transient forcing, the full consideration of these processes becomes
increasingly important.
Plain Language Summary When a wind gust impacts an air‐water interface, two separate
processes work to increase the temperature sensed by an infrared camera. The shortwave‐roughened
surface becomes more emissive, and the skin layer (upper tens to hundreds of micrometers) becomes
warmer as it is mixed by microscale wave breaking. The present paper identiﬁes the effects of both
processes in a ﬁeld observational data set. This work is important to the quantiﬁcation of air‐sea heat ﬂux
from thermal infrared measurements.

1. Introduction
The ocean thermal boundary, or skin, layer (Ewing & McAlister, 1960; Saunders, 1967; Woodcock, 1941;
Woodcock & Stommel, 1947) is critical to the transfer of heat between the ocean and the atmosphere. The
temperature difference across the skin layer, ΔTskin, is dependent on the net heat ﬂux and the thickness of
the aqueous thermal boundary layer, which is related to the wind stress (Saunders, 1967). The quantity
ΔTskin is deﬁned as the skin sea surface temperature (SST) minus the subskin SST (Jessup et al., 2009).
The skin SST (Tskin) is the radiometric temperature measured across a very small depth of approximately
20 μm. The subskin SST (or Tsubskin) represents the temperature at the base of the thermal skin layer
(~1,000 μm; Donlon et al., 2014; Donlon et al., 2007). Typically, the ocean has a cool skin layer, with the skin
temperature being lower than that of the water immediately below (Katsaros, 1980).
Measurements of the thermal properties of the ocean skin layer are typically made with instruments sensitive to infrared (IR) electromagnetic radiation. As such, the emissivity ε of the ocean surface is critical to
the estimate of skin temperature (Donlon et al., 2014). Canonical values for ocean emissivity are determined
from the Fresnel complex index of refraction (Downing & Williams, 1975; Friedman, 1969). Additionally, the
emissivity of the ocean surface depends on electromagnetic wavelength and incidence angle according to the
Fresnel equations, temperature/salinity (Newman et al., 2005), and ocean surface capillary‐gravity waves
(Henderson et al., 2003; Masuda et al., 1988).
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Near‐surface ocean turbulence manifests itself as disruptions of the cool skin layer, bringing warmer subskin
water to the surface. This idea has been utilized to remotely quantify wave breaking dynamics of whitecapping (Jessup et al., 1997) and to detect and quantify microbreaking, the breaking of small‐scale waves which
does not entrain air (Jessup et al., 1997). Furthermore, it has been used to quantify the inﬂuence of microbreakers on air‐sea gas transfer (Zappa et al., 2001; Zappa et al., 2004). The cool skin layer has been shown to
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recover from disruptions as a function of the net heat ﬂux and strength of the turbulent disruption relative to
the background turbulence (Zappa et al., 1998). Simpson and Paulson (1980) observed the ocean surface skin
layer to thin on the upwind face of dominant gravity waves and suggested this to be due to enhanced wind
stress. Furthermore, they observed similar thinning immediately downwind of the crests of steep short gravity waves and suggested this to be due to surface instability. Jessup and Hesany (1996) proposed that small‐
scale wave breaking due to longwave/shortwave interaction may dominate the modulation of ocean skin
temperature by swell waves. Disturbances of the cool skin layer caused by small‐scale Langmuir turbulence
have been shown to increase the heat transfer across the air‐sea interface (Veron & Melville, 2001). Despite
these ubiquitous disturbances, the presence of an average ΔTskin has been observed to persist at wind speeds
of up to 20 m/s (Donlon et al., 1999).
Even without turbulent disruptions of the cool skin layer, electromagnetic modulation of the surface
emissivity will cause changes in the observed brightness temperature. The surface emissivity is insensitive
to changes in incidence angle, θi, for θi < 40°, although it becomes increasingly sensitive for greater
values of θi (Downing & Williams, 1975). For low incidence angle viewing, the average radiance is found
to be independent of ocean surface roughness. For high incidence angle viewing, the sensed radiance will
increase with roughness, even if the skin temperature remains the same (Saunders, 1968). The emissivity
of fresh water and seawater has been modeled for varying sea surface roughness as a function of the incidence angle and the surface wind speed in the infrared window regions, 3.5–4.1 and 8–13 μm. The effect
of surface wind was found to greatly affect emissivity for incidence angles >70° (Henderson et al., 2003;
Masuda et al., 1988; Wu & Smith, 1997). This behavior in emissivity was observed in ﬁeld measurements
determined over the 8‐ to 12‐μm window at incidence angles of 40° and 55° at wind speeds up to 13 m/s
(Hanaﬁn & Minnett, 2005).
Here, we examine the transient wind forcing on the water surface and the response of the thermal skin
layer. While the measurements herein were performed in an estuarine system, we expect the relevant
dynamics to be general and most applicable in the ocean environment. Additionally, we do not focus
on the larger‐scale atmospheric dynamics that generate wind gusts such as deep convection, downdrafts,
and ﬂow convergence in the atmospheric boundary layer. Figure 1 schematically shows the processes
relevant to thermal imaging at the air‐sea interface prior to and following a wind gust. A net outward
heat ﬂux sets up an ocean skin layer where the skin temperature (at 10 μm) is colder than the subskin
water immediately below (at 1 mm). Following the wind gust, the surface roughens, which leads to an
increased brightness temperature from both an increase in emissivity and direct disruption of the cool
skin layer due to shear and microscale wave breaking that mixes warmer water up to the surface. Our
results show that the observed response of the thermal skin layer is both thermodynamic/hydrodynamic
and electromagnetic in nature. In the work that follows, we present results for both the physical processes
important to thermal imaging of wind‐roughened ocean surfaces and the general propagation of wind
gust fronts in the wind direction.

2. Materials and Methods
2.1. Study Area
Field observations were made on the Hudson River on the nights of 18 and 19 November 2010 during ebb
tides. One set of imaging measurements was made from the State Line Lookout in the Palisades Interstate
Park, NJ, approximately 32 km north of Manhattan. Another set of imaging measurements were made from
aboard a barge that was moored in the river within the cliff‐based imager ﬁeld of view (FOV) during acquisition. The region of interest for this study lies outside of the tidal channel, in a region of relative bathymetric
uniformity where the water depth varied between 3.8 and 5.2 m during the survey period.
2.2. Data and Instrumentation
The State Line Lookout camera system consisted of a 1,024 by 1,024 pixel midwave IR (MWIR) camera
(FLIR System SC8000; 3–5 μm). The MWIR camera was ﬁtted with a 50‐mm lens providing a 20.6° horizontal by 20.6° vertical FOV. MWIR imagery was collected at 16 Hz and provides better than 25‐mK
temperature resolution.
ZAPPA ET AL.
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Figure 1. Two key physical processes at play as a gust impacts the water surface: (1) roughening of air‐water interface due
to incipient growth of short‐scale waves, increasing emissivity of the surface. (2) Fluid mechanical disruption of cool skin
layer due to shear processes and microscale wave breaking, increasing skin temperature.

The cameras were mounted on a heavy bench and anchored after initial alignment. The camera location
was surveyed with GPS to an accuracy of 10 cm. (40.98829°N, 73.90612°W at 131.87‐m WGS‐84). The
camera was pointed at 23.2 clockwise from due north. In the FOV of the cameras is an instrumented piling containing an array of sensors located at 40.98958°N, 73.90204 W. At an elevation of approximately
155 m above the water surface with a mean incidence angle, θi, of 65° (54.7–75.3°), the nominal MWIR
ground sample distance was 13 cm by 31 cm with an image swath on the river surface of 133 m by 372
m, while the ground sample distance of the visible camera is 9 cm by 22 cm with an image swath on
the water of 412 m by 1,314 m. A constant camera roll (tilt) offset was determined from ﬁducial markers
in the FOV.
At the start of each half hour collection, hot and cold calibration plates were placed in front of the MWIR
camera sequentially. These data were used for nonuniformity corrections and also removed banding in
the images. The lens distortion was measured in an optics laboratory prior to deployment, and corrections
were applied in postprocessing. The images were then mapped to the water surface with bilinear interpolation using the time‐varying elevation of the water surface provided by a U.S. Geological Survey gauge located
at Hastings‐On‐Hudson. The mapping resolution was 0.2 m. Finally, 16‐Hz mapped images were downaveraged to 4 Hz.
Concurrent with the cliff‐based MWIR image acquisitions, a series of 10‐min longwave IR (LWIR) videos
were taken of the river surface from the R/V Marguerite Miller that was moored near the piling with various
instruments mounted for atmospheric and subsurface measurements (Brumer et al., 2016). The LWIR data
were collected every 30 min between 0100 and 0600 UTC on 18 November and 0400–1000 UTC on 19
November for a total of 23 runs. The CEDIP model Jade III longwave (8.0–9.3 μm) camera was mounted
~5.5 m above the water level with an incidence angle of approximately 25°. This setup permitted the
LWIR camera to always view upstream of the barge into the tidal current. An Xsens Inertial Measurement
Unit was mounted next to the camera to measure the pitch and roll of the barge motion at a frequency of
10 Hz, allowing for projection correction. The FOV of the camera was 21.7° × 16.4°, giving an image area
of 4.6 m2 with an average pixel size of 0.6 cm2. The CEDIP Jade III was sampled at 60 Hz and provides better
than 15‐mK temperature resolution with 320 × 240 pixels.
Atmospheric boundary layer processes were sampled using a Campbell air‐sea ﬂux package set atop a piling
in the middle of the river at a height of 7.5 m from the riverbed. Relevant to this study, the wind velocity was
measured at 2.3–3.7 m above the mean water level. The sky brightness temperature was measured with a
Heitronics model KT‐15 (8–14 μm) radiometer from both the barge and the cliff at the corresponding zenith
angles. Broadband longwave downwelling (sky) radiation was measured at the piling using a Kipp and
Zonen model CGR4 (4–40 μm) pyrgeometer. The ship remained within 130 m of the piling during
data collection.

ZAPPA ET AL.
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2.3. Radiometric Calculations
We compute spectral radiance of an object for wavelength λ at temperature T using Planck's law, B(λ,T). By
integrating spectral radiance between high and low wavelength limits (determined by instrument spectral
response), we obtain the radiance in Watts·steradian−1·meter−2
λhigh

LðT Þ ¼ ∫λlow Bðλ; T Þ dλ

(1)

The radiance sensed by one of the infrared cameras in our setup is dependent upon the water‐leaving radiance, the sky‐leaving radiance, and the surface emissivity

Lwater;platform ¼ ϵplatform Lwater;skin þ 1−ϵplatform Lsky;platform

(2)

where the subscript “platform” refers to either barge or cliff. Using Planck's law, we compute Lwater,barge and
Lsky,barge given the observed surface and sky brightness temperatures, respectively. Lsky,platform increases
with increasing zenith angle because the sensor measures more of the warm atmospheric surface layer along
the path. Additionally, clouds (which are strong absorbers) will also increase Lsky,platform because they exist
in the lower troposphere and are therefore warmer than an open patch of sky that extends into the stratosphere. Independent of changes to emissivity, these effects will both increase the observed radiance from
the water surface.

3. Results
We present a case study to demonstrate the impact of transient wind forcing on the air‐water interface
and the response of the thermal skin layer. Figure 2 shows MWIR imagery from the cliff and LWIR imagery barge‐based systems during the passage of a single thermal front (see supporting information Movie
S1; note the observed bursts passing through the imagery that propagate for O(10 s) duration or more).
The cliff‐based images have incidence angles ranging from 54.7° to 75.3°, and the barge images have incidence angles ranging from 17° to 33°. The cliff‐based MWIR images show surface gravity waves roughly 3
m in wavelength propagating from the upper left corner toward the bottom right. The waves are more
prominent at the top of the imagery where the reﬂectivity is greater. Note the warm wakes generated
by the meteorological piling; these denote that a cool skin layer exists and indicate the direction of the
surface current. Also, note the warm reﬂection of the piling in the MWIR cliff‐based imagery. The red
trace in the cliff‐based imagery, determined by edge detection (described in the supporting information)
and conﬁrmed by manual inspection, highlights a thermal front at the water surface propagating across
the imaged region.
The higher resolution barge‐based LWIR images show classic ﬁne‐scale turbulent eddies impacting the skin
layer and ordered scalloped disruptions as the thermal front propagates over the barge (see supporting
information Movie S1). The middle panel in Figure 2 shows a time series of the average water surface brightness temperature computed over the whole barge image FOV and for the colocated barge region in the cliff‐
based imagery. Before the thermal front passes the barge, the mean brightness temperature sensed by the
barge‐based camera was roughly 0.8 °C warmer than it was for the cliff‐based camera. This mean difference
is attributed to the difference in emissivity of the water surface between the two camera systems. For the
barge LWIR camera with a spectral response between 8 μm < λ < 9.3 μm at θi = 25°, εbarge = 0.985; for
the cliff MWIR camera with a spectral response between 3 μm < λ < 5 μm at θi = 67°, εcliff = 0.876
(Downing & Williams, 1975). As the thermal front passes through the imaged patch on the water surface,
both the cliff‐ and barge‐based cameras show a slight dip in brightness temperature. Immediately afterward,
a sharp increase in brightness temperature is observed in both camera systems. Following the passage of the
thermal front, this increase persists in the barge‐based time series but decreases with time in the cliff‐based
time series.
The physical property sensed by both of the IR cameras is the water skin temperature. The LWIR barge
incident angle is small so the emissivity is not very sensitive to roughness, but the MWIR cliff incident
angle is larger and thus more sensitive to roughness. This incident angle disparity enables a derivation
of time‐varying emissivity for the MWIR cliff images. The skin temperature at the barge is determined
ZAPPA ET AL.
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Figure 2. Example of thermal front propagation as viewed by cliff‐based and barge‐based IR cameras. (a) Time series of thermal imagery. Color bars indicate brightness temperature in degrees Celsius. The red trace highlights the thermal front at the water surface propagating across the imaged region. (b) Time series of mean
surface brightness temperature around time at which thermal front propagates by barge. (c) Time series of cliff‐based camera emissivity computed from the two
infrared cameras and the skyward‐looking radiometers.

using equation (2) given the observed barge brightness temperature, observed sky temperature at the
corresponding zenith angle, and a constant emissivity, εbarge = 0.985 (which does not change for
θi < 40°; Downing & Williams, 1975). The temporal changes in MWIR emissivity for the cliff‐based
sensor may then be derived using (2) given the skin temperature measured at the barge, the observed
cliff‐based brightness temperature, and the sky temperature at the corresponding cliff zenith angle. The
bottom of Figure 2 shows the temporal variability in the derived MWIR emissivity. The derived MWIR
emissivity shows an increase which is coincident with the initial increase in brightness temperatures
seen in both cameras.

ZAPPA ET AL.
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Figure 3. Time series of (a) 10‐m wind speed as determined from piling‐mounted sonic anemometer (black) and wind
stress computed from wavelet coscalograms (Laxague et al., 2018), subjected to a 1‐s moving median ﬁlter. (b) Sky temperature as determined from upward‐looking KT‐15 radiometers mounted on the cliff (violet) and barge (teal) as well as
the pyrgeometer (yellow) mounted at the meteorological piling.

At the time that the thermal front passed the barge, the meteorological station on the piling recorded a dramatic increase in wind speed, that is, a wind gust (Figure 3a). Using the peak wavelet amplitude technique
(Laxague et al., 2018), the wind stress time series was estimated from the along‐stream and vertical wavelet
coscalograms. Data from the cliff‐based and barge skyward‐looking infrared radiometers as well as the
piling‐based pyrgeometer show that the sky temperature did not vary much during the time of interest
(Figure 3b). Based on the sky brightness temperature of approximately −3 to 1.5 °C, the sensors were likely
sampling the relatively warm lower atmosphere for an overcast sky.
We analyzed 20 gusty wind forcing periods with similar thermal front propagation behavior shown in this
case study. For each case, the thermal front propagation speed was determined (see supporting information)
and compared with the median wind speed over that time period. This information is shown in Figure 4: in
(a) as two distributions computed over a representative wind gust front passage and in (b) as a comparison of
median thermal front propagation speed and wind speed for all wind gust front passages. There is good
agreement between these two speeds computed from both sources (R2 = 0.68), with the speeds of the thermal
front propagation slightly less than those of the wind for greater values of wind speed (line of best ﬁt
sloped 0.77).

4. Discussion
The temporal developments shown in Figures 2 and 3 indicate the passage of a water surface thermal front
which coincided with a rapid increase in wind speed. The wind stress time series (Figure 3a) shows that this
increase in wind speed dramatically increased the wind stress for approximately 5 s. The slightly reduced
brightness temperature which precedes the thermal front shown in Figure 2b is owed to the immediate
increase in latent and sensible heat ﬂux which results from the initial wind gust prior to any disruption of
ZAPPA ET AL.
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Figure 4. (a) Probability density functions of thermal front propagation speed and wind speed for a representative wind
gust front event. (b) Comparison of median wind speed and median thermal front propagation speed for all cases, where
2
2
bars indicate one standard deviation. Coefﬁcient of determination R = 0.68 for 1:1 comparison and R = 0.79 for line of
best ﬁt, sloped at 0.77.

the cool skin layer (Veron & Melville, 2001). The impulsive wind stress grows and steepens short capillary‐
gravity waves that roughen the surface and lead to the disruption of the thermal boundary by shear
processes and microbreaking. This physical disruption affected the brightness temperature of both the
barge‐ and cliff‐based imagery (see supporting information Movie S1). Notice the elongated thermal
features which are oriented along the wind gust propagation direction in the barge‐based imagery. These
are consistent with what one would expect after the scalloped mixed regions resulting from microscale
breaking are stretched in the wind direction (Jessup, Zappa, & Yeh, 1997; Zappa et al., 2004). In addition,
the roughened surface resulted in an increased emissivity at the high incidence angles for the cliff imagery;
this emissivity effect was not substantial at low incidence angle for the barge imagery (Masuda et al.,
1988). Therefore, the increase in brightness temperature in the barge imagery of 0.2 °C is due to disruption
of the skin layer alone (and would equate to ΔTskin assuming the disruption is complete), while the cliff‐
based imagery increase of 0.34 °C is due to both disruption and electromagnetic effects (i.e., increased
emissivity due to increased surface roughness). Indeed, closer inspection of the meteorological piling's
wake shows that the disruption induces a 0.2 °C temperature difference (see Figure S1) that corresponds to
ΔTskin. The increase in surface brightness temperature in the cliff‐based imagery due to increased
emissivity is 0.14 °C, corresponding to a derived emissivity change of 0.02 using (2) as observed in Figure 2
bottom. This emissivity change due to wind forcing is higher than predicted by Masuda et al. (1988), who
modeled a negligible wind‐induced change to emissivity at θi = 67°. However, our results are comparable
with those of Henderson et al. (2003) who predicted an emissivity of 0.015 for our measurement
conditions. A reasonable explanation for this ﬁnding is that the young, strongly forced waves at the wind
gust front are steeper on their downwind face (i.e., more skewed) than they would be for fully developed
seas in equilibrium with the wind. The cliff‐based camera looking into the wind direction therefore sees
the strongly sloped downwind faces of the shortwaves, increasing the emissivity.
The increase in brightness temperature due to a wind gust front has been shown to be the result of the skin
layer disruption by microbreaking and shear in the LWIR regime at low to moderate incidence angles and of
the combined effects of skin layer disruption and increased emissivity with surface roughness at high incidence angle in the MWIR regime. The intensity of the wind gust front may impact the strength of the disturbing physical processes (i.e., microbreaking and shear) and therefore the strength and duration of skin layer
disruptions (Jessup et al., 2009; Zappa et al., 1998). The intensity of the wind gust front will also impact the
spatial extent of microbreaking and therefore the coverage of skin layer disruptions (Zappa et al., 2001;
Zappa et al., 2004). Furthermore, the electromagnetic (EM) effect may be linked to the level of wind forcing
in terms of the impact of wave growth on surface roughness and enhanced emissivity.
ZAPPA ET AL.
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After the wind gust front had passed the area of interest, the brightness temperature in the cliff‐based imagery decreased at a rate of 0.4 °C/min over ~20 s. However, the barge surface brightness temperature
remained roughly constant due to a persistent mixing of the cool skin layer. This difference in behavior
can be explained by a relaxation of short‐scale waves that results in a reduction in emissivity as suggested
by Masuda et al. (1988). This is supported by shortwave relaxation timescales of 0.1 to 10 s that are consistent
with the literature (Caponi et al., 1988). Note that this rate of decrease in temperature will also depend on the
strength of the original surface disturbance (Jessup et al., 2009; Zappa et al., 1998). Additionally, the downwelling irradiance did not vary during the observation period and the conditions were overcast as indicated
in Figure S2. Indeed, Figure S3 shows that the observed changes in sky temperature—given either specular
reﬂection or diffuse scattering (e.g., Niclòs et al., 2007)—are not responsible for the decrease in surface
brightness temperature. This description of the event ﬁts with theory and past observations of how waves
impact surface emissivity and disrupt the cool skin layer and effectively explains the disparate cliff‐based
and barge‐based views of the phenomenon.
As the two camera systems have different spectral sensitivities, they represent the photons emitted from
slightly different layers of the water skin layer. Speciﬁcally, the e‐folding depth in water for 3‐ to 5‐μm wavelength EM radiation (the cliff‐based camera) is 35.2 μm (Downing & Williams, 1975). For 8‐ to 9.3‐μm wavelength EM radiation (the barge‐based camera), it is 17.9 μm (Downing & Williams, 1975). This effect is likely
of second‐order importance: Even for a sharp aqueous skin layer vertical temperature gradient of order 1 °
C/mm (Ewing & McAlister, 1960; Katsaros, 1980; Saunders, 1967; Woodcock & Stommel, 1947), the two
camera systems would differ in their observation of skin temperature by order 0.01 °C. This is an order of
magnitude smaller than the brightness temperature increase observed during the wind gust front passage.
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The phenomena described here are general in nature and are expected to occur in the ocean environment.
However, the presence of dissolved salts in the ocean is known to play a role in infrared remote sensing of
skin temperature. Typical ocean skin layer vertical salinity gradients are on the order of 1 practical salinity
unit (psu)/mm (Zhang & Zhang, 2012). In the event of a wind gust which disrupts the saline sublayer, we
would expect a reduction in skin salinity of 0.05–0.15 psu. It has been shown that the change in LWIR emissivity from fresh water (0 psu) to ocean water (35 psu) is of order 0.001 (Friedman, 1969; Newman et al.,
2005; Pinkley & Williams, 1976). The change in emissivity for ~0.1 psu should be negligible. Therefore, we
expect the role of salinity in processes described here to be of minimal importance to infrared sensing when
compared with the phenomena of wave growth and thermal disruption via breaking.

5. Conclusions
We have presented the observation of water surface thermal front passages from two different infrared imaging platforms. Measurement of the sky brightness temperature and a comparison of wind and thermal front
propagation speeds allowed us to deduce that the imaged front was the result of wind forcing on the water
surface. The observations represented here ﬁt the description of the air‐water interface when subjected to
transient wind forcing. Two physical processes were identiﬁed in those observations: The roughening of
the surface through wave growth increases emissivity at large incidence angles; microscale wave breaking
and shear lead to the ﬂuid mechanical disruption of the cool skin layer and mixing with warmer
millimeter‐depth water, presenting a thermal signature which is sensible at all incidence angles.
Understanding the thermodynamic processes at play in the aqueous thermal skin layer is essential to the
proper description of air‐sea heat ﬂux. As technological development enables the widespread usage of thermal infrared imaging in this ﬁeld, it is important to take into account the different physical processes which
ultimately impact the observations. The present work was designed to serve in partial fulﬁllment of that purpose and is intended to support future studies of the role of wind gusts in air‐sea interaction.
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