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Abstract— Airborne measurements of ocean skin temperature, 

Ts, are presented from the Coupled Boundary Layers, Air-Sea 
Transfer in Low Winds (CBLAST-Low) Pilot Experiment in 
August 2001 off Martha’s Vineyard, MA.  We used an infrared 
(IR) camera with a spatial resolution of 1 m or less and 
temperature resolution of roughly 0.02°C.  Using sub-frame 
sampling of the IR imagery, we achieve lower noise and higher 
spatial resolution than reported by previous investigators using 
IR radiometers.  Fine-scale maps of Ts exhibit horizontal 
variability over spatial scales ranging from O(10 km) down to 
O(1 m) that are related to atmospheric and sub-surface 
phenomena under low to moderate wind conditions.   Based on 
supporting measurements of wind and waves, we identify 
coherent ramp-like structures in Ts with stratification 
breakdown and meandering streaky features with internal 
waves.  Regional maps of Ts show the standard deviation for the 
region is ±1.04°C while the meridional and zonal variability is 
0.23°C km-1 and 0.27°C km-1, respectively.  This temperature 
variability results in meridional and zonal scalar heat flux 
variability of 7.0 W m-2 km-1 and 7.6 W m-2 km-1, respectively.  
Our results demonstrate the potential for airborne IR imagery 
accompanied by high-quality ocean data to identify Ts features 
produced by subsurface circulation. 
 

Index Terms—Airborne infrared imaging, ocean skin 
temperature, air-sea interaction, upper ocean processes, internal 
waves.  

I. INTRODUCTION 
ESULTS from the Tropical Ocean-Global Atmosphere, 
Coupled Ocean-Atmosphere Response Experiment 

(TOGA-COARE) have demonstrated the importance of ocean 
skin temperature, Ts, in air-sea interaction.  Accurate 
knowledge of Ts has been shown to be critical to estimating 
surface fluxes [1] and as a result its spatial variability 
influences the small-scale distribution of those fluxes [2], [3].  
The focus of our observations is the spatial variability of Ts 
under low wind conditions. 

Results reported by Hagan et al. [2] were derived from 
airborne measurements made with a narrow field-of-view 

(FOV) infrared (IR) radiometer.  They reported an effective 
spatial resolution of 100 m with a resulting temperature 
resolution of 0.1°C.  For wind speeds less than 4 m s
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found diurnal warming of the skin layer that preceded 
subsequent increases in subsurface temperature.  Horizontal 
gradients of 1°C in 10 km were observed under conditions of 
low wind and high solar insolation.  Walsh et al. [3] reported 
on concurrent measurements from a different aircraft that 
included mean square wave slope.  They observed horizontal 
variability in Ts on 5-km scales that was anticorrelated with 
the slope.  The patterns propagated with a speed and direction 
that was similar to internal gravity waves detected by 
moorings.  They suggested that coupling between the internal 
waves and the diurnal surface layer might be responsible for 
their observations, which implies that subsurface temperature 
patterns penetrate into the skin layer.  

Early demonstration of the potential of IR imagery of the 
ocean surface from aircraft were reported by McAlister and 
McLeish [4] and McLeish [5], [6].  They performed some of 
the first measurements of the horizontal structure of Ts using 
an IR scanner and recorded signatures of apparent fronts, 
large-scale ocean eddies, free-convective patterns, wind 
streaks, surface slicks, and whitecapping.  However, there 
were no upper ocean measurements to corroborate the 
processes responsible for the IR signatures.  Furthermore, the 
scanned IR images show indications of significant fixed 
pattern noise and were not corrected for sky reflection.  
Peltzer et al. [7] used an airborne IR imaging system for the 
detection of ship wakes during the day, when the diurnal 
thermocline was well established.  The thermal wake 
signatures recorded by the imaging system depict the contrast 
between the cool center of the ship wake produced by the 
upwelling of the underlying water and a warmer undisturbed 
surface layer. 

Marmorino et al. [8] have also recently reported airborne 
measurements with an IR imager showing distinctive banding 
structures in Ts under low wind speed conditions.  They found 
that the temperature patterns propagated in a manner similar to 
those of internal waves found in SAR imagery and present 
evidence for thinning of the cool skin layer by straining due to 
internal wave currents.  They concluded that the streaky 
features they observed were likely the IR signature of internal 
waves, although no in-situ measurements confirming the 
presence of internal waves was available. 

Here, we report on the spatial variability of Ts using 
airborne IR measurements during the field campaign of the 
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Coupled Boundary Layers, Air-Sea Transfer in Low Winds 
(CBLAST-Low) Pilot Experiment in August 2001.  The 
airborne measurements were made in conjunction with 
detailed in-situ measurements of wind, waves, subsurface 
temperature, and currents.  The extensive spatial coverage and 
fine spatial and temperature resolution of our systems allows 
us to examine spatial scales in Ts from processes that span the 
atmospheric boundary layer of O(1km) down to wave-related 
processes O(1m).  We produced thermal maps of the study 
site using spatial series of Ts and compared these with the 
fine-scale structures observed within the IR imagery to 
investigate a variety of processes with varying scales in the 
coastal zone.  We combine the airborne IR data with upper 
ocean measurements to relate horizontal variability in Ts to 
sub-surface phenomena. Our results demonstrate the 
significance of the Ts spatial variability for regional heat flux 
estimation as well as the value of combining high resolution 
IR imagery with in-situ measurements.  

II. EXPERIMENT 
The CBLAST-Low study site was off the south coast of 

Martha’s Vineyard, MA and covered a rectangular region of 
roughly 40 km along the south shore and 50 km offshore.  Our 
instrumentation was flown on the LongEZ [9] operated by the 
National Oceanic and Atmospheric Administration Air 
Resources Laboratory.  The flights occurred on days with light 
to moderate winds (< 10 m s-1) under a variety of atmospheric 
stability conditions. The flights considered here were made 
before/near sunrise or near/after sunset and at the nominal 
altitude of roughly 400 m with occasional flights at lower 
altitudes down to 100 m.  In-situ measurements of 
meteorological and wave conditions were made at the 
Martha’s Vineyard Coastal Observatory (MVCO), which 
includes the South Beach meteorological mast and a 
subsurface node mounted in 12-m water depth approximately 
1.5 km offshore.  The SecNav and CBLAST surface 
moorings, located in 27 m and 47 m water depth, respectively, 
provided high-resolution temperature, salinity, and velocity 
measurements throughout the water column as well as surface 
meteorological data [10].  The flight surveys quantified the 
horizontal mesoscale variability in Ts from the coast to the 
CBLAST surface mooring 40 km offshore, as well as utilized 
the in-situ data sets to directly compare sea-surface IR 
signatures with the oceanic surface layer processes and 
atmospheric boundary layer fluxes. 

Airborne measurements of Ts were made using two 
complimentary IR sensors.  A model Radiance HS IR imager 
(Amber Engineering, Goleta, CA) containing a 256x256 
element focal-plane detector array operating over 3-5 µm  
provided high spatial and temporal resolution imagery.  A 
model KT-15 narrow FOV radiometer (Heitronics, 
Wiesbaden, Germany) operating over 8-14 µm provided 
calibrated Ts at lower resolution.  A sky correction was 
implemented [11] with an upward-looking model 4000GL 
narrow FOV radiometer (Everest Interscience Inc., Tucson, 

AZ).  A downward-looking model 9701 digital video camera 
(Pulnix America Inc., Sunnyvale, CA) was also used.  Prior to 
each flight, the IR imagery was corrected for non-uniformity 
and calibrated using a model 2004S blackbody (Santa Barbara 
Infrared Inc., Santa Barbara, CA).  The KT-15 radiometer was 
calibrated pre- and post- experiment in the laboratory and was 
used to calibrate the IR imagery.   

The IR imager was operated concurrently in two distinct 
modes identified as Full Frame and Sub-Frame (Averaged) 
mode.  In the Full Frame mode, complete images acquired at 1 
Hz provided an instantaneous 2-D map of Ts with spatial 
resolution of less than 1 m and thermal resolution of roughly 
0.02°C.  In the Sub-Frame mode, point measurements were 
made by taking the average of a subset of each image (3x3, 
16x17, and 256x256) at a frame rate of 30 Hz.  Since each 
subset of N pixels can be regarded as N independent 
measurements, averaging the values within a subset will 
reduce the noise by a factor N1 .  This averaging technique 
increases the signal-to-noise ratio (SNR) while retaining a fast 
sample rate.  In Sub-Frame mode with the 3x3 subset, the 
imager provided a “spot” measurement of Ts with a 
temperature resolution of less than 0.02°C and a spatial 
resolution of O(1m). 
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tra for Ts for the radiometer (17.7 m resolution) and three imager
b-Frame mode (2.9 m, 17.7 m, and 245 m resolution).
III. RESULTS 
b-Frame mode technique provides lower noise and 
atial resolution than can be obtained using IR 
rs, which require significant temporal averaging that 
atial resolution when operated from aircraft.  Figure 
ower spectra for Ts comparing the IR radiometer to 
ub-frame resolutions for the IR imager.  These data 
 at night on 3 August, 2001 from about 0100 - 0300 
l = UTC - 4 hours) when the wind speed ranged 

10 m s-1 and the direction was from the SW.  At the 
 389 m, the spatial resolution for the radiometer was 
he effective spatial resolution for the imager subsets 
7.7 m (IR radiometer resolution), and 245 m.  The 
r for the IR radiometer is an order of magnitude 
n that for the IR imager in Sub-Frame mode with the 
patial resolution.  The noise-equivalent temperature 
 for the radiometer is greater than 0.15°C, while that 

http://www.whoi.edu/science/AOPE/dept/CBLAST/low/cblastlow.html
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of the imager is less than 0.01°C.  In cases when spatial 
resolution is crucial, the noise floor for the imager in Sub-
Frame mode at the finer resolution of 2.9 m was still nearly an 
order of magnitude lower than the radiometer.  In cases when 
high spatial resolution is not required, using the full image in 
Sub-Frame mode (245 m resolution) reduced the noise floor to 
nearly 3 orders of magnitude below that of the radiometer.  
The observed SNR for the three subset matrices was of the 
same order as the theoretical SNR.  These results confirm that 
the Sub-Frame mode provides higher spatial resolution and 
lower noise than can be achieved using radiometers from 
aircraft. 
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dependent on the development of the boundary layer height 
and wind speed and is typically of O(1-10 km).   

We estimated the heat flux variability due to Ts alone by 
implementing the TOGA COARE algorithm for the scalar 
fluxes.  The standard expressions for the sensible and latent 
scalar heat fluxes are 
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where ρa is the density of air, cp is the specific heat of air, U10 
is the wind speed at 10 m, θ is the potential air temperature, Le 
is the latent heat of vaporization, q is the water vapor mixing 
ratio, and qs is the interfacial value of the water vapor mixing 
ratio that is computed from the saturation mixing ratio for 
pure water at Ts.  The transfer coefficients for sensible and 
latent heat, Ch and Ce, are nonlinear and calculated using the 
TOGA-COARE model [1].  The model input parameters (U10, 
q, θ) were relatively uniform within the CBLAST-Low study 
site.  The sum of the sensible and latent fluxes has been 
calculated according to (1) using the map of Ts in Figure 2 and 
the appropriate buoy data.  The standard deviation in total 
scalar heat flux for the region under low wind speeds is ±31.4 
W m-2.  The meridional scalar heat flux variability is 7.0 W m-

2 km-1 and the zonal is 7.6 W m-2 km-1.  Therefore, these 
results suggest that the heat flux variability is dominated by Ts 
and will be crucial to accurately estimating the regional heat 
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. 2.  Typical map of Ts from the imager in Sub-Frame mode.  The black
e is the flight track and the symbols show the MVCO subsurface node (■;
 20.2' N, 70° 33.4' W), and the SecNav (▲; 41° 15.4' N, 70° 35.2' W) and
LAST (●; 40° 59.5' N, 70° 35.8' W) surface mooring. 

n interpolated map of Ts produced using a standard 

ngulation algorithm on the Sub-Frame data is shown in 
ure 2.  The data were taken at dawn on 31 July, 2001 from 
0 - 1200 UTC from an altitude of 390 m.  The wind speed 
ged from 4 to 6 m s-1 during this flight and the direction 
 from the NE.  The example in Figure 2 is typical for the 
1 pilot study and shows large-scale spatial variability of 
eral degrees over 10 km.  Two quantitative measures of 
 variability in Ts are its standard deviation and the root-
n-square (RMS) of its spatial derivative.  The standard 
iation for the region is ±1.04°C while the RMS derivatives 
 0.23°C km-1 and 0.27°C km-1 for the meridional (North-
th) and the zonal (East-West), respectively.  The 
izontal gradients of more than a 2°C change in 10 km 
erved here are significantly greater than those observed in 
 equatorial Pacific over the same spatial scales [2].   

ne of the goals of CBLAST-Low was to examine the 
uence of spatial variability of Ts on the regional heat flux 
iability and the development of transfer coefficient 
tionships.  Skin temperature variability is important to the 
ional estimates of heat fluxes extrapolated from individual 
ations since regional flux estimates require an accuracy of 
ter than 10 W m-2 [1].   The spatial heat flux variability is 
 important to modeling the heat transfer coefficients since 

 spatial variability of the region is integrated into direct 
ariance flux measurements [12].  The integrated area that 
cts the covariance fluxes, or the flux footprint, is 

fluxes and to modeling the heat transfer coefficients. 
Mechanisms that drive or enhance air-sea exchange under 

low wind speed conditions are suggested by small-scale 
structures that are apparent in the Full-Frame imagery.  Figure 
3a is an example of the IR signature that was observed during 
the passage of a discrete internal wave packet at the SecNav 
buoy site [10].  These data were taken at dawn on 1 August, 
2001 from 1000 - 1230 UTC from an altitude of 190 m in the 
vicinity of 41° 11.4' N, 70° 34.8' W.  The wind speed ranged 
from 2.2 to 3.2 m s-1 and the direction was from the NNW 
(see Figure 3b).  The image is roughly 100 m by 100 m with a 
resolution roughly 0.4 m.  Figure 3a shows distinctive banding 
streaks of various scales that are aligned with the bathymetry 
and perpendicular to both the wind and wave directions.  
Lighter shades of gray are warmer temperatures.  These long 
parallel features exhibit an alternating thin cool region 
(roughly 1 to 5 m wide) followed by a broad warm region 
(roughly 20 to 35 m wide).  Based on concurrent wind and 
wave measurements and coincident video imagery, it is 
unlikely that these features are due to surface gravity waves or 
Langmuir circulation.  Wave data at the MVCO subsurface 
node show that the surface gravity waves, while propagating 
perpendicular to the streaks, had a dominant wavelength of 
105 m, which is significantly greater than the streak spacing.  
The wind was perpendicular to the orientation of the streaks, 
making it unlikely that Langmuir circulation was the cause.  
Furthermore, coincident video imagery confirmed that the 
short-crested wind-wave direction was roughly perpendicular 
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to the orientation of the streaks.  The streak orientation 
relative to the wind, waves and bathymetry imply that these 
band-like features observed are likely the surface 
manifestation of the internal waves of elevation observed to 
be propagating shoreward at the SecNav buoy site. 

Internal tides generate interfacial waves of depression at the 
shelf break that propagate cross-shelf onshore into the 
CBLAST-Low region.  The waves of depression shoal, break 
and transform into waves of elevation [13] that are observed 
in the SecNav buoy data [10].  In Figure 3c, subsurface 
temperatures from the SecNav subsurface vertical thermistor 
array show the evolution of a propagating internal wave train 
with peak to trough amplitude swings of nearly 0.7°C, or 
several meters in amplitude of isotherm excursion.  Near-
surface current meters demonstrate the existence of coherent 
variability in velocity, as shown in Figure 3c, indicating 
convergent/divergent zones that may modulate the small-scale 
surface roughness and/or accumulate surfactant as has been 
suggested by Kropfli et al. [14].  The streak spacing of 25 m 
to 40 m is consistent with the characteristic length scale of the 
internal waves estimated at the SecNav site to be roughly 30 
m according to Korteweg-de Vries theory [10] and roughly 50 
m from a separate three-dimensional mooring array deployed 
during this study [15]. 

The subsurface temperatures in Figure 3c indicate that the 
near-surface was well-mixed following an evening of cooling 
and small-scale overturning, and thus the temperature 
signature in the buoy data associated with the internal waves 
of elevation does not intrude into the top 3 m.  Early work by 
Osborne [16] indicated that near-surface currents could 

modulate Ts by straining of the skin layer—thinning of the 
skin layer due to divergence leads to warmer regions and 
thickening due to convergence leads to cooler regions 
(assuming constant heat flux).  Marmorino et al. [8] 
demonstrated that the magnitude of the observed Ts 
modulation was consistent with the strain rate that occurred 
for internal waves propagating within Tampa Bay.  While the 
near surface here is observed to be well-mixed down to 3 m, 
measurements of the net interfacial heat flux (= 83.5 W m-2 
out of the ocean; sum of latent, sensible, longwave, and solar 
heat fluxes across the skin layer [17]) demonstrate that a cool 
skin layer exists.  Thus, the modulation of Ts of order 0.3°C in 
the IR imagery suggests that the internal waves cause surface 
straining of the cool skin layer by varying the near-surface 
convergent/divergent flow field.  In addition to the straining 
of Ts by surface currents, the effect of accumulated surfactant 
may also contribute to the IR signature.  To the best of our 
knowledge, these are the first such digital airborne IR images 
accompanied by high-quality in-situ data that indicate the 
direct modulation of Ts by internal waves. 

We also observed the evolution of fine-scale features within 
the IR imagery during a nighttime transitional wind speed 
period.  Figure 4 shows a comparison of IR imagery (a, b, c) 
taken before, during, and after the stratification breakdown 
that is demonstrated in the temperature time series (d) from 
the SecNav vertical thermistor array 9 km away.  These IR 
data were taken at night on 3 August, 2001 from about 0100 - 
0300 UTC from an altitude of 390 m in the vicinity of 41° 
10.4' N, 70° 32.3' W.  The wind speed was steadily increasing 
from 5 to 8 m s-1 and the direction was from the WSW.  The 
images are roughly 245 m by 245 m with a spatial resolution 
roughly 1 m.  The mean current was 36 cm s-1 to the SSE.  
Figure 4a shows a roughly uniform region of sea surface 
temperature and was taken when the upper ocean was well 
stratified (Yearday 215.02).  As the wind-speed picked up, 

Fig. 3.  (a) Example of banding features in IR imagery during the passage of
internal waves.  The arrows highlight the spacing of 20 m to 35 m between
dark bands, which correspond to cooler temperature.  (b) Map showing the
location of the image in (a) and the directions of the wind (cyan), surface
waves (magenta), and current (green) at the appropriate mooring site (see
Figure 2 for key). Wind speed was 2.5 m s-1 from 307° at MVCO, 3.2 m s-1

from 331° at SecNav, and 2.2 m s-1 from 332° at CBLAST.  The surface
wave direction was from 156° with an 8.2 s period and height of 0.8 m
measured at MVCO while the mean current at 4m depth measured at SecNav
was 0.09 m s-1 to 246°.  (c) Temperature and velocity time series measured at
the SecNav buoy site showing the structures characteristic of the passage of
internal waves.  The time of the IR image is denoted in (c).  The image scale 
is 100 m by 100 m (North is to the top of the page). 

Fig. 4.  IR images (a, b, c) showing the evolution of coherent ramp-like 
features observed on 3 August, 2001 stratification breakdown as indicated by
wind speed and temperature (d).  (e) Map showing location of the images in 
(a, b, c) and the directions of the wind, waves, and current (see Figure 2 for
key).  Wind speed was from 247°, 251°, 238° at MVCO, SecNav, and 
CBLAST, respectively.  Wave direction was from 220° with a 4.4 s period 
and 1.1 m height at MVCO. Mean current at 4m depth at SecNav was 0.36 m 
s-1 to 150°.  The times of the IR images are denoted in (d).  The image scale 
is 245 m by 245 m (North is to the top of the page). 
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Figure 4b (Yearday 215.06) shows distinctive successive 
ramping features that steadily increase in temperature and 
abruptly drop by up to 0.5°C.  These coincide with the 
complete near-surface layer mixing down to roughly 7.5 m 
and the ongoing abrupt mixing down to 9 m.  The spatial scale 
of these coherent ramps structures is roughly 40 m, and the 
structures are oriented perpendicular to the current and 
roughly parallel to the wind and waves.  Figure 4c (Yearday 
215.09) shows a roughly uniform region of Ts and was taken 
following the abrupt mixing of the ocean down to 10.5 m.   

These coherent ramp structures may be the IR signature of a 
mechanism in the near-surface layer that leads to the 
stratification breakdown under conditions when the turbulence 
transitions from a buoyancy- to a shear-driven state.  Soloviev 
[18] has observed coherent ramp-like structures in a 
convectively unstable surface ocean where shear played an 
important role.  Thorpe [19] observed similar coherent 
structures under stably stratified conditions as during 
CBLAST-Low and suggested that temperature ramps are 
likely due to large eddies with axes predominantly across-
current caused by an instability in the shear flow.  Our IR 
measurements demonstrate the ability to quantify these 
structures to determine their significance for the vertical 
fluxes of heat and momentum in the ocean. 

The fine scale variability presented here is not resolved by 
satellite SST products, which have spatial resolution of 
roughly 1 km and 50 km for IR and passive microwave, 
respectively.  When fluxes are estimated using sea surface 
temperature (SST) from satellites, the unresolved variability 
will degrade the accuracy of the flux estimate.  The loss of 
accuracy is due to the non-linear dependence of the fluxes on 
the sea-air temperature difference.  Specifically, the 
unresolved SST variability may lead to errors in the 
determination of the transfer coefficients where a satellite-
averaged SST specifies a particular stability while the actual 
SST variability could specify both stable and unstable 
conditions.  The unresolved SST variability may also lead to 
errors in the calculation of the specific humidity that evolve 
from the nonlinear Clausius-Clapeyron relationship.  High-
resolution airborne IR imagery in combination with in-situ 
measurements of heat flux can provide the means of assessing 
the magnitude of the error.  

IV. CONCLUSIONS 
The IR techniques presented can quickly characterize the 

spatial and temporal scales of a wide variety of processes that 
are important to the air-sea fluxes of heat, mass, and 
momentum.  The results demonstrate the capability to provide 
Ts measurements with fine spatial (< 1 m) and temperature 
(0.02°C) resolution.  The horizontal variability in the air-sea 
heat flux due to Ts alone has been shown to be at least 60 W 
m-2 over scales of 10 km.  Internal waves propagating up the 
shelf produced band-like features in the IR imagery with 
temperature variability of 0.3°C and spatial scales of 25 to 40 
m.  Coherent ramp-like structures observed in the IR imagery 

with variability of 0.5°C and spatial scales of 40 m are likely 
due to stratification breakdown.  Processes detectable using 
high-resolution IR imagery directly affect the thermal 
boundary layer and therefore are important to upper-ocean 
mixing, transport dynamics, and the magnitude and 
distribution of air-sea fluxes. 
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