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Abstract Ocean warming trends are observed and coincide with the increase in concentrations of green-
house gases in the atmosphere resulting from human activities. At the ocean surface, most of the incoming
infrared (IR) radiation is absorbed within the top micrometers of the ocean’s surface where the thermal skin
layer (TSL) exists. Thus, the incident IR radiation does not directly heat the upper few meters of the ocean.
This paper investigates the physical mechanism between the absorption of IR radiation and its effect on
heat transfer at the air-sea boundary. The hypothesis is that given the heat lost through the air-sea interface
is controlled by the TSL, the TSL adjusts in response to variations in incident IR radiation to maintain the
surface heat loss. This modulates the flow of heat from below and hence controls upper ocean heat content.
This hypothesis is tested using the increase in incoming longwave radiation from clouds and analyzing
vertical temperature profiles in the TSL retrieved from sea-surface emission spectra. The additional energy
from the absorption of increasing IR radiation adjusts the curvature of the TSL such that the upward
conduction of heat from the bulk of the ocean into the TSL is reduced. The additional energy absorbed
within the TSL supports more of the surface heat loss. Thus, more heat beneath the TSL is retained leading
to the observed increase in upper ocean heat content.

1. Introduction

The ocean'’s role in the climate system is very important. Oceans cover about 70% of the Earth’s surface and
contain 97% of all the water on Earth. The large specific heat of water and its storage capacity of carbon
dioxide (compared to the atmosphere) means that the ocean acts as a heat and carbon sink, modulating
the surrounding air temperatures and atmospheric carbon dioxide (Bigg et al., 2003). The time scales for
changes in the vast amount of energy stored in the ocean can be of order of seconds to centuries depend-
ing on depth, interaction with the atmosphere and ocean circulation. The ocean’s energy influx to the atmo-
sphere fuels weather patterns and the climate system. Thus, the ocean’s forcing of the atmosphere plays a
pivotal role in the Earth’s energy budget, and understanding ocean-atmosphere coupling is vital in studies
of the ocean, atmosphere, and the climate system.

Given that the ocean is a large heat sink, the observed increase in upper ocean heat content (OHC) is thus a
concern as this would lead to an upset of the energy budget of the Earth’s climate system. Ocean warming
has been shown to account for over 90% of the increase in energy accumulated in the climate system
between years 1971 and 2010 (IPCC, 2014). Levitus et al. (2012) showed evidence of a consistent increase in
upper OHC from 1955 to 2010 and stated that two thirds of the increase in OHC occurs in the upper 700 m
from the ocean surface corresponding to an increase in the surface heat flux into the ocean of 0.27 W m ™2
over the World Ocean, and a volume mean warming of 0.18°C while the remaining one third is accounted
for in the 700-2,000 m depth range. The total calculated volume mean warming is 0.09°C indicating an
average change in the surface fluxes of 0.39 W m~ 2 for the 1955-2010 period over the World Ocean. Such
small changes in the average atmospheric infrared (IR) emission incident at the sea surface occurring over
decades are not feasible to measure with currently available instruments.

It is understood from the greenhouse effect that the increase in atmospheric greenhouse gases (GHGs)
would result in an increase in the absorption and emission of thermal IR radiation which subsequently
warms the Earth’s surface. The 2014 Intergovernmental Panel on Climate Change (IPCC) report states that
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T since the preindustrial era, there has been an increase in atmospheric
concentrations of anthropogenic GHGs, principally carbon dioxide
(CO,), methane (CH,), and nitrous oxide (N,O) at a rate of 1.3%/yr
from 1970 to 2000 and at 2.2%/yr from 2000 to 2010 (IPCC, 2014). The
effect of this increase of GHGs on the climate system has a 95-100%
probability of causing the currently observed and unprecedented
warming of the climate since the mid-twentieth century. Emissions of
] CO, from the burning of fossil fuels and industrial processes are most

disconcerting, contributing to about 78% of the total anthropogenic
] GHG increase from 1970 to 2010.

It is, however, not clear how the greenhouse effect directly affects the
1 ocean’s heat uptake in the upper 700 m of the ocean. This is because
the penetration depth of IR radiation in water is within submillimeter
scales (Figure 1) thereby implying that the incident longwave radia-

0 =
| |
1 1

-0.005 ! ! 1
£ 1 1
(6] | |

£ .0.01 | | -
= ‘ ‘
o \ |
(] I |
© 0.015 l 1
o | |
© \ I
T -0.02 1 l
c | |
(V] | |
< 1 1
-0.025 } !
1 1
| [

_003 | 1 1 | 1

Figure 1. The penetration depth versus wave number, v. Red dashed lines indi-
cate v =500 and 3,000 cm ™ ". The penetration depth obtained from I(-
z) = lp exp(-a(-2)) (equation (1)) with Ri,q obtained from Bertie and Lan (1996).
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tion does not directly heat the layers beyond the top submillimeter of
the ocean surface. The objective of this study is therefore to under-
stand and provide an explanation of how increasing levels of anthro-
pogenic GHGs in the atmosphere, which raises the amounts of
incident longwave radiation on the ocean surface, causes the upper
OHC to rise. Furthermore, at submillimeter scales below the air-sea
interface, the mechanism for the transport of heat is through molecular conduction and not by turbulence
(e.g., Soloviev & Lukas, 2014). Given the mean vertical temperature gradient of the TSL, heat typically flows
from the ocean to the atmosphere, therefore heat from the absorption of longwave radiation will be con-
ducted upward, back to the sea surface. This raises questions about the cause of the observed increase in
upper OHC as it suggests that all heat due to the absorption of increased longwave radiation should be
concentrated in the upper submillimeter from the interface. We hypothesize that variations in the tempera-
ture gradient within the TSL, which is directly affected by the absorption and emission of longwave radia-
tion, modulates the amount of heat loss from the air-sea interface. Thus, any changes in the vertical
temperature gradient in the TSL due to variations in the absorbed longwave radiation could provide an
explanation of the mechanism as to how the OHC increases through the retention of heat from the absorp-
tion of solar radiation within the bulk of the ocean.

2. Ocean Skin Layers
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The near-surface ocean comprises three types of skin layers each
defined by different physical processes. The first we consider is the
thermal skin layer (TSL). The TSL exists directly on the aqueous side of
the air-sea interface, extending to only about a tenth of a millimeter
from the top of the ocean’s surface (Katsaros et al., 1977; Wong & Min-
nett, 2016a). The direction of flow of heat is almost always from the
ocean to the atmosphere meaning that the surface temperature is
cooler than the temperature below the TSL (Figure 2). The tempera-
ture difference ranges from ~0.1 K during high wind speeds of >7
m s~' to ~0.6 K during low wind conditions of <2.5 m s~' (Donlon
et al, 2002; Minnett et al., 2011). The TSL is almost always present,
with occurrences of momentary disruption caused by wave breaking.
Its creation and destruction are also influenced by rainfall, however,
the TSL's disruption by such processes is able to completely restore

(A) night or daytime
well mixed

(B) daytime stratified

Figure 2. Cartoon of thermal skin layer during different conditions. (a) Night-
time or daytime with high wind conditions. (b) Daytime with thermal stratifica-
tion resulting from the absorption of insolation in low wind speed conditions
(Gentemann & Minnett, 2008).

itself in a matter of seconds (Jessup et al., 1997).

It is thus important that the TSL be considered during the analysis of
any processes involving sea-surface temperatures (SST) and interfacial
heat fluxes. This is because the energy flow down the TSL's tempera-
ture gradient sustains the latent, sensible and net IR radiative energy
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Table 1
Table of the Main Properties and Depth Scales of the Three Skin Layers

Depth scales Properties

Sustains the overall heat loss from
ocean to atmosphere through
molecular conduction.

Due to absorption and emission

Thermal skin layer ~0.1 mm

Electromagnetic <0.1 mm within

skin layer wavelengths of of IR radiation.
500-3,000 cm ™'
Viscous skin layer ~1 mm Viscosity suppresses turbulent

velocity fluctuations.

losses by means of molecular effects (Jessup et al., 1997; McAlister &
McLeish, 1969; Minnett et al., 2011). Therefore, a strong temperature
gradient is established due to the poor efficiency of heat transfer by
molecular conduction. The mean TSL's properties are not influenced
by processes such as turbulence or convection as turbulence occurs
within the ocean’s mixed layer which lies beneath the TSL and con-
vection is driven by heat flowing from the ocean surface which occurs
within the atmospheric and oceanic boundary layers (Wong & Min-
nett, 2016a).

The second skin layer to consider is the electromagnetic (EM) skin
layer. The EM skin layer exists due to EM properties of water which
control the absorption and emission of IR radiation and therefore con-

trol heat losses and gains by IR radiation at the air-sea boundary. Ignoring the complicating factors of the
disruption of the TSL by rain drops or the absorption of solar radiation in the TSL, the exponential profile of
emission and absorption of IR radiation leads to a nonlinear TSL temperature profile (e.g., Khundzhua &
Andreyev, 1974 cited in Liu & Businger, 1975) as opposed to a linear temperature profile which has been
assumed by many prior studies of the TSL (e.g., Fairall et al., 1996; Saunders, 1967). The exponential decay is
defined by Beer-Lambert’s law, equation (1).

I(—2) = lpe~ %2 M

where I(-2) is the radiant intensity at depth z, |, is the radiant intensity at z= 0, and « is the absorption coef-
ficient determined from the imaginary component of the refractive index of water, Rimg (o = 47VRimg, Where
v =wave number in cm™"). The vertical ordinate, z, is defined positive upward with z= 0 being the ocean
surface, thus all values of z are negative since we are analysing depths beneath the ocean surface and the
intensity of radiation decreases with negative depth. The penetration depth, D, is defined as %cos 0, which
is indicative of the depth at which the incident radiant intensity falls to 1/e of its original value. 0 is the
zenith angle of propagation of an EM wave off-vertical, taking into account refraction by water at the inter-
face. The penetration depth is also the emission depth by the time reversal symmetry of electromagnetic
waves interacting with matter. Thus, from Figure 1, it is noted that the majority of the emissions originate
from depths of less than 0.1 mm, within the TSL. This property is the basis of the use of IR radiometers on
ships, aircraft and satellites as the radiation measured by these instruments originates from this layer
thereby facilitating the estimation of surface temperatures, referred to as the skin temperature.

The viscous skin layer is the region adjacent to the air-sea interface in which turbulent velocity fluctuations
are suppressed by viscosity. The flow within this layer is therefore intermittently laminar given the presence
of sea-surface renewal events (Soloviev & Schlussel, 1994). However, in this paper, we will be considering a
mean viscous sublayer, therefore surface renewal events are averaged out and we only need to account for
the mean viscous shear stresses. The viscous sublayer is typically of order of a millimeter (Veron et al.,, 2011).
The TSL and EM skin layers are therefore embedded in the viscous sublayer. Table 1 highlights the main
properties and depth scales of the three skin layers discussed.

Studies of the skin layers at the air-sea interface are largely directed toward obtaining the temperature dif-
ference across the TSL or depth of the viscous sublayer by using well known models which govern molecu-
lar heat fluxes and assuming a fully viscous flow close to the boundary layer (e.g., Fairall et al., 1996; Liu
et al., 1979; Saunders, 1967; Soloviev & Schlissel, 1994). However, these models do not consider the expo-
nential decay of IR radiation. In reality, the exponential decay from the absorption and emission of radiation
must be considered as this accounts for the TSL's nonlinear vertical temperature gradient (Wong & Minnett,
2016a) which is important for this study.

3. Methods

3.1. Thermal Skin Layer Temperature Profile

Wong and Minnett (2016a, 2016b) demonstrated the retrieval of the mean TSL vertical profile from spectral
measurements of a highly accurate IR spectrometer, the Marine-Atmospheric Emitted Radiance Interferome-
ter (M-AERI). The M-AERI is a sea-going, well-calibrated, Fourier Transform Infrared (FTIR) Interferometer

WONG AND MINNETT

2477

85U8017 SUOLUIWOD BAIE8.D) 3|ded ! jdde ay) Aq peusenob afe Sojo1e O ‘8sN Jo Sa|nJ Joj Aeiq1 8uljuO /8|1 UO (SUOTIPUOI-pUe-SLLBW0Y" A3 | I Aleld Ul |uo//:Sdxy) SUonIpUOD pue swie | 8y} 88s *[20z/80/c2] Uo AkiqiTauliuo A|IM ‘TSEETOOCLTOZ/200T OT/I0p/wod A8 im ARe.q1jpuljuo'sgndnbey/sdny wouy pepeojumod ‘v ‘8T0C ‘16266912



~1
AGU

100

ADVANCING EARTH
/AND SPACE SCIENCE

Journal of Geophysical Research: Oceans 10.1002/2017JC013351

(Minnett et al., 2001) and was developed from the Atmospheric Emitted Radiance Interferometer (AERI; Knu-
teson et al,, 2004) at the Space Science and Engineering Center, University of Wisconsin-Madison for the
Department of Energy’s Atmospheric Radiation Measurement Program (Stokes & Schwartz, 1994). The M-
AERI measures radiances (units: mW m™2 sr™' (cm~")"") emitted in the wave number range 500-
3,000 cm ™" (~3-20 pm in wavelength) using two IR detectors to attain this wide spectral range. It has an
effective spectral resolution of 0.5 cm™' that resolves many gaseous absorption and emission lines in the
atmosphere (Minnett et al., 2001). The measurements of the spectra of the emission from the ocean
and the atmosphere are bracketed by measurements of two internal blackbody cavities that are at
well-monitored temperatures to provide real-time calibration (Minnett et al., 2001). The field of view of the
M-AERI at the sea surface is ~1.1-1.5 m? based on an instrument installation height of 10 and 14 m above
the water, and each spectrum is derived from measurements averaged over 46 s.

The radiation measured by the M-AERI when its field of view is directed toward the sea surface consists of
the radiation emitted from the sea surface, Re,(v) where v is wave number, and the reflected sky radiance,
(1 = €(v))Rsiy(v), where € is the wave number dependent sea-surface emissivity. As the distance between the
M-AERIs and sea surface is small, the contribution from atmospheric emission to our signal along this path-
length is negligible. Interests lie in Rse4(v) as it is emitted from the EM skin layer and thus contains informa-
tion from the TSL profiles. Thus, to remove the reflected sky radiance, the spectral emissivity values, €(v), are
determined using a piecewise linear variance minimizing (VarMinT) technique (Hanafin, 2002), equation (2).
The assumptions for the VarMinT are that the sky radiance, Ry, is not correlated with €(v), and €(v) is a
smooth function of v.

Rsea (V) - Rsky (V)

G(V): B(V7 Tskin)_Rsky(V) @)

After obtaining the emissivity corrected sea-surface emission spectrum, Rs4(v), we can retrieve the TSL pro-
file by solving equation 3) which consists of an integration of the radiance emitted from each infinitesimal
layer attenuated by the intervening layers to the sea surface, with an attenuation factor defined by Beer-
Lambert’s law:

00 dez(fz)
Rsea(V)=— J B(v,T(-2)) P dz 3)
0 z
B(v,T(2)) is Planck’s function with T(-z) being the vertical temperature profile of interest. The term % is

the weighting function given by Beer-Lambert’s law. For measurements of emission with nonzero zenith
angle, the path length is scaled by the cosine of the subsurface angle of propagation.

The highly nonlinear T(-z) (e.g., Liu et al.,1979) poses a problem in solving equation (3) as the equation
becomes highly ill conditioned (Eyre, 1987; Rodgers, 2004). To overcome this issue, Wong and Minnett
(2016a, 2016b) used the Truncated Singular Value Decomposition (TSVD) regularization technique com-
bined with an iterative method to obtain physically reasonable boundary values for the first-guess profile
required in the regularization technique. In the application of this technique to field data, it was established
that there is an additional requirement to perform averages in the spectral measurements to reduce noise
and allow the solution to converge. The noise-added synthetic data results show a brightness temperature
error of <0.016% and <0.11% when calculated at 300 K between wave numbers 800-1,200 and 2,640-
2,800 cm ™', respectively (Wong & Minnett 2016a).

3.2. Infrared Radiation From Clouds

Detecting changes in the downwelling IR irradiance resulting from increases in anthropogenic GHGs is diffi-
cult since consistent data sets with long timeframes and exceptionally good calibration are required to pro-
duce a significantly detectable signal, expected to be <1 W m ™2 over several decades (Levitus et al, 2012).
Seeking indirect evidence of the effects of increasing IR radiation incident at the sea surface through
changes in the SST is also very challenging. Ohring et al. (2005) have determined that an accuracy of 0.1 K
and a stability of 0.04 K decade™" are required for satellite-derived SST fields to detect climate change sig-
nals, and the situation is rendered more challenging by the sampling errors that are introduced by the pres-
ence of clouds (Liu et al., 2017; Liu & Minnett, 2016). For in situ measurements, the time series of subsurface
temperatures from drifting buoys are perhaps the most promising data set, but these do not have the
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Figure 3. Sample M-AERI spectra measured at zenith under tropical conditions.
The black line is a spectrum taken in cloud-free conditions; blue line denotes a
spectrum in the presence of low-level clouds.

presence of an atmospheric window (where the atmosphere is more transmissive) from ~800 to 1,250 cm™ .

required accuracy (O'Carroll et al, 2008) and have large sampling
errors caused by irregular deployment locations and times, and the
subsequent drift of each buoy (Lumpkin et al,, 2016). Even though the
M-AERIs are likely to be able to meet the accuracy requirements, there
are only about two decades of measurements at sporadic locations,
which introduce significant sampling errors when seeking the evi-
dence of the effects of increasing IR radiation at the surface. Thus, we
have exploited the variability of clouds overhead during sequences of
M-AERI measurements as a surrogate for an increase in atmospheric
IR emission due to rising levels of GHG. As this is an indirect approach
to the problem, there are pros and cons to the technique of using
clouds as the IR forcing. This section addresses whether the spectral
signature of clouds is representative of the spectral signature of GHGs
and if the analyses from cloud forcing is a suitable tool for under-
standing the effects of increasing concentrations of GHGs.

Under clouds, there is an increase in downwelling IR radiation at the sea
surface from the emission from clouds radiating at higher temperatures
than of the upper atmosphere in cloud-free conditions. Figure 3 shows
the atmospheric spectrum when the M-AERI is measuring radiation at

zenith. When no clouds are present overhead (black line), we note the
1

When a low cloud is overhead (blue line), the M-AERI senses radiation emitted from the cloud base which occurs
at a higher temperature and results in a closure of the atmospheric window and a higher IR emission.

The advantage in using cloud cover as a surrogate of GHG's is the large signal in incoming longwave, LW;,
(about an increase of 200 W m™2) produced in short time intervals, as compared to a typical forcing of 3.7
W m™ 2 anticipated for a doubling of CO, (IPCC, 2014; MacDougall et al., 2017; Ramanathan et al., 1979). This
higher signal enables us to detect the response of the curvature of the TSL resulting from increased LW;,
and therefore provides an approach to address the problem.

An issue that needs to be addressed is the difference in spectral composition between the downwelling IR
spectrum due to the presence or absence of clouds and contributions from each GHG. The different spectral
compositions of the four main GHGs (H,O, CO,, Os, and CH,) are shown in Figure 4 calculated using an
emission temperature of 300 K, chosen as being a reasonable value for the tropical conditions used in this
study. The first spectral difference noted between Figures 3 and 4 is the absence of data for wave numbers

<500 cm™!

in the M-AERI spectra. In this region, we observe that H,O has an absorptivity of ~100% (~0%

transmittance) while CO,, O3, and CH,4 show the reverse (low absorptivity and high transmittance). Changes
in atmospheric H,O would therefore have a minor effect in the downwelling IR spectrum from 0 to
500 cm ™~ ". The field data in this study were taken in the tropics, with a typical relative humidity of 75%.

Thus, the absence of data from 0 to 500 cm™

! within M-AERI spectra is not of major concern due to the

high humidity with relatively small variability, and low transmissivity in the tropical atmosphere.

Other prominent differences in spectral composition are the narrow absorption bands in CO,, Os, and
CH, emission at approximately 520-800 and 2,200-2,400 cm ™~ for CO,, 560-880 and 920-1,240 cm ™' for
03, and 1,080-1,490 cm ™' for CH,4 where the transmissivity approaches zero implying that the atmo-
sphere is essentially opaque at these wave numbers. H,O does not contribute to the absorption in these
spectral regions as it has a transmissivity approaching unity. This means that in these bands, when an
increase in CO,, Os, or CH, occurs, there will be an increase in absorption and emission of radiation result-
ing in an increase in the downwelling radiation within these wave number ranges, whereas this effect will
not be observed if there is an increase in H,O. How the spectral features of CO,, O3, and CH, modify the
response of the TSL's gradient compared to increasing clouds or H,0O vapor concentration requires further
study, but a thorough assessment would require full radiative modeling through the atmosphere and in
the TSL, which is beyond the scope of this paper. Therefore, to address this issue, we perform a simpler
analysis by considering atmospheric spectra under a cloudy and clear sky situation simulated by a line-
by-line radiative transfer model (LBLRTM; Clough et al., 2005) and assuming only a beam of radiation
impinging onto the sea surface from zenith.
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Figure 4. Calculated emission spectra of four different greenhouse gases. The black line shows the spectrum calculated
using Planck’s function at 300 K. The blue lines show the contributions of selected GHGs at a surface temperature of
300 K. Molecular data are taken from the high-resolution transmission absorption database (HITRAN; Rothman, 2013).

Heating rate profiles were generated using US Standard atmosphere profiles and assuming conditions
under (a) clear sky spectrum (1 X CO,; 356.9 ppm), (b) cloudy sky spectrum, (c) 2 X CO, spectrum gener-
ated from (a), and (d) 3 X CO, spectrum generated from (a). The differences in heating rate profiles are
shown in Figure 5 along with the differences in atmospheric spectra.

From Figure 5, we note that the difference between cloudy and clear sky spectra has a much higher magni-
tude and broader spectral range compared to the difference between a 2 X CO, or 3 X CO, and clear sky
spectra. Clouds generate a radiance difference of up to ~40 mW m~2sr™ ' (cm~") ™", about 8 times that of
the 3 X CO, spectrum (~5 mW m 2 sr™ ' (cm~")""). Thus, we expect to see a much larger change in the
heating rates for cloud forcing. The bottom plot of Figure 5 shows that the cloud forcing produces a total
difference in absorbed radiation of ~9 W m~2 sr~ ! at the surface whereas 3 X CO, forcing only gives ~500
mW m~2 sr~ . In addition, CO, forcing is observed to vary the top 0.01 mm of the TSL while the effect of
cloud forcing extends much deeper (to about 0.09 mm). Thus, in comparison with greenhouse gas radiative
forcing, cloud forcing amplifies the vertical temperature profile in the TSL resulting in signals that are
detectable in M-AERI sea-surface emission spectra.

It is also important to consider the effects of an increase in water vapor due to the warming of the atmo-
sphere through a doubling of CO,. With Earth’s warming, the saturation vapor pressure increases exponen-
tially from the Clausius-Clapeyron equation: e, = e, X exp((L,/R)(T,' - T~"), where e, is the saturation
vapor pressure at T, ey is the vapor pressure at temperature Ty, L, is the latent heat of vaporization and
R, =8.314 J mol~' K. This means that at warmer temperatures, more water vapor can be present in the
atmosphere without reaching saturation. Thus, even though climate models introduce a typical forcing of
doubling CO, concentrations (Ramanathan et al., 1979) in the atmosphere, which is very small compared to
cloud forcing, to analyze its effects on global warming, the increase in anthropogenic GHGs would also
increase the capacity of the atmosphere to hold more water vapor in the lower troposphere, generating a
positive feedback. Our analysis using variations in cloud cover is therefore seen to be a good, but imperfect,
tool for studying the consequences of increasing concentrations of GHGs.

4. Data

This section presents the measurements taken at sea during two research cruises in tropical and equatorial
conditions used in our research.
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Figure 5. (top) Difference in atmospheric spectra with respect to a 1 X CO, (clear sky) atmospheric spectrum. (bottom)
Difference in heating rate profiles with respect to a heating rate profile derived from a 1 X CO, (clear sky) spectrum. Con-
centration of CO, used is 356.9 ppm.

4.1. Field Data

We use M-AERI measurements from two field programs (NAURU99 and the African Monsoon Multidisciplin-
ary Analyses [AMMAO6]) chosen because of the relatively low wind speeds (<10 m s~ '), variable cloud
cover, and infrequent precipitation. The low wind speeds and precipitation ensure plentiful readings in
which there will be no disruption of the TSL by breaking waves or raindrops. A sufficient number of clear
sky spectra are important as we rely on these data to determine the spectral emissivity which utilizes the
atmospheric absorption features reflected at the sea surface (masked by low-level and midlevel clouds) for
its derivation (Hanafin, 2002; Minnett et al., 2001). For our analysis, only nighttime data (20:00-05:00 h local
time for NAURU99 and AMMAO6, about 2 h after sunset) were used to avoid possible contamination of the
higher wave number measurements by reflected and scattered solar radiation.
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The Nauru 1999 (NAURU99) was a joint program between the Department of Energy’s Atmospheric Radia-
tion Measurement program, the National Oceanic and Atmospheric Administration (NOAA) and the Japan
Marine Science and Technology Center (JAMSTEC). It was conducted in the tropical western Pacific Ocean
in June and July 1999. An M-AERI installed on the research vessel (RV) Mirai, left Yokohama, Japan on 5 June
and headed south to Nauru. The Intensive Observation Period (IOP) took place near the island of Nauru
from 17 June to 4 July 1999. The IOP was characterized by fair weather with light to moderate winds with
air temperatures ranging from 299 to 302 K and SSTs from 301 to 303 K. The wind speed ranged from 0 to 9
m s~ ' with a relative humidity of 65%-82% and air pressure of 1,008-1,014 hPa.

Measurements taken by the M-AERI during the AMMA 2006 cruise (AMMAOQ6) of the NOAA Ship Ronald H.
Brown (RHB) took place in the tropical Atlantic Ocean from 28 May to 14 July 2006. AMMAO6 was a coordi-
nated international project conducted to improve knowledge and understanding of the West African Mon-
soon, its variability and impacts. There were two legs to the cruise: Leg 1 was from 28 May to 17 June where
the RHB left San Juan, Puerto Rico, heading south-east with majority of the time being spent off West Africa.
Leg 2 was from 22 June to 14 July, leaving Recife, Brazil, and returning to Charleston, SC. Measurements
from the M-AERI began on 28 May and ended on 14 July 2006. A gap from 17 June to 22 June corresponds
to a port call in Recife, Brazil, while other larger time gaps found in M-AERI data were due to instrument fail-
ure or periods of bad weather. The skin SST temperature ranged from 295 to 305 K. The ranges of meteoro-
logical variables were: air temperatures from 295 to 302 K, air pressures from 1,010 to 1,030 hPa, relative
humidity from 50% to 80% with wind speeds from 0 to 20 ms™ .

4.2, Definitions

To analyse the dependences of the retrieved TSL profile on air-sea fluxes, we have extracted and defined vari-
ables from the retrieved profiles which will be used in the analyses. These variables are shown in Figure 6.

The longwave variables are defined as follows: (a) LW;,, the broadband hemispheric radiance incident at
the sea surface from the hemisphere above; (b) LW, the broadband hemispheric radiance emitted at the
sea surface into the hemisphere above; (c) LWi @zenith, the integrated spectral irradiance measurements
measured at zenith from the M-AERI.

Figure 6 shows that the subskin temperature and depth are defined as the lower boundary of the TSL and
below this boundary occurs the isothermal, well-mixed layer. Implicit in Figure 6 is the assumption that the
isothermal mixed layer at night extends at least to a depth of 5 m, and that the measurable quantity SSTs,
is a good representation of SSTyypskin, Which is difficult to measure. There are possible effects of residual
warming from the diurnal thermocline caused by absorption of solar radiation from the previous day espe-
cially during very light wind situations. There are few studies which focus on the erosion of the diurnal ther-
mocline during nighttime conditions as most focus on the daytime response to solar heating. The
availability of reliable at-sea in situ measurements of the nighttime temperature structure in the top few
meters are rare given the difficulty in obtaining such measurements which require high vertical resolution
data taken beyond the influence of the ship. Near-surface measurements thus require instrumentation

SSToin Temperatus
Z=0imm =~ N 7 [ variable Meaning
_ AETM-D-IM ; SSTekin Temperature at z = 0 mm; close to the air-sea interface.
el \ S5To.1m Coldest temperature in the TSL profile derived from M-
0 SSTeypexin AERI measurements.
: SSTeubskin Temperature at lower boundary of the TSL, where the
: TSL profile transitions to the water below.
1 SSTo.1mm Temperature at the maximum penetration depth of the
: EM skin layer within wavenumbers 500-3000 cm-?; the
1 depth of 0.1mm is notional. The warmest temperature
: in the TSL profile derived from M-AERI measurements.
: : SSTsm Thermosalingraph measurement atz =5 m.
\ ATuwinsm (1 ATginsm Temperature difference between SST,, and SSTs..
Z=5.m v H. SSTsm AT s Temperature difference between SSTﬁ and SST:n:mm.
Depth 1 AToamn/ATsy | Ratio of ATgin03mm t0 ATginsm-

Figure 6. Cartoon of the thermal skin layer profile during nighttime conditions with properties and description of the
thermal skin layer indicated.
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mounted ahead of the ship (Soloviev & Lukas, 1997) or at the top of surface-piercing autonomous vertical
profilers (Caldwell et al., 1985; Ward et al., 2004, 2014). Using measurements of an autonomous profiler in
the equatorial Pacific, Moum et al. (1989) reported at night “in this region, turbulence appeared to propa-
gate vertically at 5 m h™', and sometimes persisted past daybreak.” Their analysis focused on the density
and turbulent kinetic energy structure in the upper ocean, but the generation of an isopycnic surface layer
can be presumed to create an isothermal layer. All in situ measurements show the presence of an isother-
mal layer to 5 m and deeper (in so far as can be determined from published plots) forming soon after sunset
and persisting through the night. Thus, to increase the likelihood that there are no temperature differences
above 5 m from residual diurnal warming on the previous day, nighttime data have been defined as starting
2 h after sunset (as mentioned in section 4.1; Scanlon et al., 2013; Soloviev & Lukas, 1997; Sutherland et al.,
2014, 2016). However, there are cases where the diurnal heating effects persist beyond 2 h after sunset,
especially for low wind speed, and in these conditions, additional noise will be introduced into our analysis.

4.3. Surface Heat Fluxes

The incoming IR radiative flux at the surface, LWi,gzenith, Was calculated by integrating the spectral M-AERI's
calibrated irradiance measurements at zenith in a narrow beam, with a full angle of 45 mrad, and covering
a wave number interval ranging from 500 to 3,000 cm ™~ '. Given the good calibration of the M-AERI, LWin@ze-
nith Provides an accurate measurement of the incoming longwave flux as opposed to a hemispheric broad-
band incident radiation LW;, measured using commercially available pyrgeometers which are difficult to
calibrate (Miyahara & Aoshima, 2015; Philipona et al., 1998), especially at sea. The units of LW @zenith are
W st~ ' m~2 The advantages in using LWin@zenith are further discussed in section 6.1.

The outgoing longwave flux, LW, is calculated by Stefan-Boltzmann'’s law, eaT*, where T is the retrieved
SSTskins € is the spectrally averaged surface emissivity, and o is Stefan-Boltzmann’s constant. Turbulent fluxes
of sensible (SH) and latent heat (LH) are calculated using the bulk aerodynamic formulae where the
exchange coefficients are derived by Kara et al. (2005). SH is calculated from the skin SST values and air tem-
perature values retrieved from the M-AERI where the absolute uncertainty of the values is <0.1 K. Similarly,
LH is calculated using skin SST and air temperature values from the M-AERI (with a similar uncertainty) using
the Bolton formula to obtain the water vapor pressure (Bolton, 1980) from relative humidity measurements
from meteorological stations mounted forward on the ship. Relative humidity was measured by Vaisala
Humicap™ sensors, which have typical uncertainties of <5%. The wind speeds are from anemometers on
the ships, R M Young wind monitors with speed and direction accuracies of 0.3 m s~ ' and 3°; the effects of
ship motion have been removed using navigation data, but no correction has been applied for flow distor-
tion caused by the ship. All fluxes are defined negative for an upward flow (heat loss from the ocean to the
atmosphere).

5. Results

We present the results of our study in three parts. First, we show that the increased energy in the E-M skin
layer that is caused by the absorption of greater incident IR radiation is not immediately returned to the
atmosphere through increased turbulent or radiative heat losses. These results are not surprising, but are
important in establishing the basis of our interpretation of the behavior of the TSL under conditions of vary-
ing incident IR radiation. Then we present evidence of the TSL thickness increasing at lower wind speeds,
and finally we argue that the curvature of the vertical temperature profile within the TSL is dependent on
the incident IR radiative flux.

5.1. Relationship Between Incoming Radiative Flux and Outgoing Fluxes

To ensure that the hypothesis is well-framed, we need to ensure that the incoming radiative flux, LWi,@zenith
is decoupled with the immediate changes in the outgoing turbulent and radiative fluxes, LH, SH and LW,;.
To repeat, the hypothesis we are investigating is to test whether internal adjustment of the TSL in response
to changing infrared radiation at the sea surface can provide a mechanism for the retention of heat in the
water beneath. Scatterplots of SH and LH versus LW,gzenith (N0t shown) yielded a coefficient of determina-
tion, R?, of 0.0097 and 0.013 for SH and LH, respectively. The lack of correlation, at least to first order,
between SH and LH with LWi,gzenitn is €xpected given the different physical processes involved. This
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Figure 7. Rate of change of sensible and latent heat fluxes with the rate of change of incident IR radiation at zenith.

indicates that the additional energy from the absorption of increased LW;, is not immediately released to
the atmosphere through enhanced turbulent heat fluxes.

Because cloud forcing is used as a surrogate to GHG forcing, we also need to ensure that there is no cou-
pling between the effect of clouds and turbulent fluxes, such as increased winds due to the presence of
convective clouds resulting in an increase of LH and SH (Jabouille et al., 1996). The rate of change of turbu-
lent fluxes with the rate of change of LW,genith i given in Figure 7. For Figure 7, the period for the rate of
change calculations are within 1 h intervals. The same analysis was performed for ~10 min intervals with
similar results. No correlation is found between these parameters thus indicating the turbulent heat loss
does not immediately respond to increased LW, gzenitn for our data set.

With respect to LW, a simple analysis shows that the absorption of increased LW;, does not increase the
SSTskin temperature such that LW, compensates the release of heat back into the atmosphere. For exam-
ple, assuming an initial SSTg;, of 300 K which corresponds to LW, of 459 W m™2 from Stefan Boltzmann’s
law, if the LW, increases by 20 W m ™2 and assuming all this energy is to be released back into the atmo-
sphere through LW, this implies that SST;, would increase by ~3 K, which is not observed. LW, there-
fore does not respond immediately to increase in the incident IR radiation.

The results therefore rule out the immediate release of heat from the absorption of the cloud IR irradiance
back into the atmosphere through processes such as evaporation and increased IR emission. There is thus
an increase in the rate of heat production in the skin layer, while the heat sink at the top of the skin layer
remains essentially unchanged. Figure 8 illustrates the fluxes at the surface and the heat flow through the
TSL at low wind speeds with and without the presence of clouds. The flux values are averages from both
research cruises. Figure 8 shows that since the outgoing fluxes of LW, LH and SH do not immediately
change with increased LW;,, the additional heat from the increased radiative forcing has “replaced” part of
the heat flux input from the mixed layer below resulting in the contribution of heat from the mixed layer to
be reduced. Therefore, less heat is supplied from the mixed layer to the base of the TSL. The next question
we address is how does the TSL respond to the increased heating in the EM skin layer?

5.2. Wind Speed Dependence

In this section, we establish the relationships between retrieved temperature differences across the TSL,
ATgin-smr ATskin-0.1mm and ATo1mm/ATsy, with wind speed, Uq. Uy is derived assuming neutrally stable
atmospheric conditions.
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Figure 8. Time-averaged heat balance of the TSL with and without clouds. These are average values for both cruises used

in this study.

Figure 9 shows the dependence of ATn-5m aNd ATgin-0.1mm With Uqo. The magenta triangle line shows the Don-
lon et al. (2002) parameterization of ATgnsm against U, based on measurements from six research cruises from
multiple investigators in which the skin temperature was defined as the temperature measured by sea-going

A Tskin-0.1mm (K)

A Tskin-5m (K)

U,, (m/s)
° A Tskin-Sm
A Toinsm = 70-2-0-24"exp(-U ,,/3.6)
= A Tgyin-0.1mm = 0-21-0.017"exp(-U ,4/2.2)

—A—Donlon2002: -0.14-0.3"exp(-U ;1/3.7)
e Minnett2011: -0.13-0.724*exp(-U , /2.86)

Figure 9. Scatterplot of (top) ATkin-0.1mm (grey +) and (bottom) ATgyin-sm (solid
grey dots) versus U;o. Red line represents least squares fit to the mean values
(red triangles) of ATyin-0.1mm- Blue line represents least squares fit to the mean
values (blue triangles) of ATgin-sm. Both averages are calculated at every 1

m s~ " interval and the blue and red error bars corresponds to 1 standard
deviation. Magenta triangle line denotes the Donlon et al. (2002) parameteriza-
tion while green triangle line denotes the Minnett et al. (2011)
parameterization.

radiometers of several different designs, and the temperature at ~5 m
depths were measured by thermosalinographs on the ships. Only night-
time data were used to avoid the confusing signal from diurnal heating
that is strongly wind speed dependent, especially at low winds (Minnett,
2003). The line with the green triangles shows the Minnett et al. (2011)
parameterization of ATn.scm against U;o based on field measurements
from a research cruise off New Zealand with ATin5cm defined to be the
temperature difference between the ocean’s skin temperature measured
by an M-AERI and the temperature at 5 cm depth measured by a ther-
mometer on a small, surface-following float tethered close to the foot-
print on the sea surface of the M-AERI field of view. Measurements taken
during both day and night were used. A least squares approximation to
our field data, binned to every 1 m s~ ', using the same form of the equa-
tion Donlon et al. (2002) and Minnett et al. (2011) used for their parame-
terizations: AT = A + B X exp(-U;¢/C), was performed and is denoted by
the blue and red lines. The mean and =1 standard deviation are repre-
sented by the blue and red triangles and error bars in Figure 9.

Comparing first the coefficient A, which signifies the asymptotic value
when U, is large, the values are similar for both ATgins5m and ATggin.
0.1mm Meaning that at high wind speeds, both ATyin.5m and ATin-0.1m
tend to —0.2 K and indicates there is close agreement between
SSTo.1mm and SSTs.,. This implies that at high winds, the temperature
profile is essentially isothermal between depths of 0.1 mm to 5 m
thereby suggesting that the TSL profile is within the deepest emission
depth of the EM skin layer of ~0.1 mm (Figure 1) and SSTg.1mm is mea-
suring the value of SST¢ypskin. This result is expected under higher
wind conditions as the wind driven shear erodes the viscous skin layer
and the TSL resulting in the mean skin layer being thinner (e.g., Saun-
ders, 1967; Soloviev & Schlussel, 1994) and we expect an isothermal
mixed layer beneath the TSL, i.e. no solar heating, since our data are
confined to nighttime conditions.
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Donlon et al. (2002) suggested that coefficient C is indicative of a threshold value that signifies the transition from
free convective and molecular heat transfer processes (at lower U, ) to wind-induced shear-driven turbulent heat
transfer (at higher U, ). Donlon et al. (2002) mentioned that their value of 3.7 m s~ “marks the onset of ubiquitous
small waves on the sea surface” and noted the stronger wind speed dependence of AT at Ujg<2m's™ ' which is
similarly seen in our data of AT-5m. Our C value of 3.5 m s~ for ATgn-sm is closer to the Donlon et al. (2002) C
value than that of Minnett et al. (2011). This may be due to the latitudinal variations between data sets as that of
Minnett et al. (2011) was taken at higher southern latitudes during the end of the summer months (March-April
2004), whereas that of Donlon et al. (2002) is derived from wider geographical and temporal ranges.

The parameterized ATgin-0.1mm (red line) shows that the absolute temperature difference between the skin
and at a depth of 0.1 mm does not change with wind speed. It is interesting to note the increased deviation
between ATein-o0.1mm and ATginsm as the winds decrease (from about Uy < 3.5 m s~ ). This suggests that
the TSL profile has extended deeper than the deepest emission depth of the EM skin layer of ~0.1 mm
within wave numbers 500-3,000 cm™ " and that SSTg 1mm is NOt measuring SST.upskine thereby limiting the
retrieval of SSTpskin from the M-AERI spectra.

This issue is illustrated further by plotting AT 1mm/ATsy with Uq (Figure 10). ATg 1mm/ATsm represents the
fraction of the total temperature change across the TSL that is sampled by the M-AERI profile retrievals. A
smaller ratio means a larger difference between SSTy 1mm and SSTs,,, which implies that more of the vertical
temperature gradient of the TSL lies below the emission depth. ATgyin-0.1mm deviates from ATgyin-sm at ~3.5
m s~ ' and approaches a value of ~0.5 below ~2 m s~ . This suggests that as winds increase from 2 to 3.5
m s~ ', wind effects start eroding and thinning the TSL through increased levels of turbulence below. For
wind speeds below 2 m s, the TSL is thicker. This also shows that in order to remove the effect of winds

for our analysis, there is a need to focus on data with wind speeds of less than 2m s~ .

Moreover, analysis of the net flux, Q, with LWingzenith (Figure 11) shows that below 2 m s™', Q is primarily
dependent on LW, gzenith @and not well correlated with the turbulent fluxes. As the winds increase, the net
heat flux out of the ocean correlates with the turbulent fluxes and the effect of winds as turbulent fluxes
play a larger role in the interfacial heat loss. This is expected as the magnitude of the turbulent fluxes is
dependent on wind speed. Thus, to focus our analysis to the response of the TSL to radiative effects, we
analyze data with U;g< 2 m s~ . This reduces the effects of wind-driven shear and allows the focus to be
on effects due to interfacial fluxes and molecular heat transfer processes.
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Figure 11. (top four plots) Plot of net flux, Q, against LWi,ezenith Segregated into wind speed regimes of <2, 2-4, 4-6, and
6-10m s~ . (bottom four plots) Plot of net flux against sensible heat (SH) and latent heat (LH) fluxes segregated into
wind speed regimes of <2, 2-4, 4-6, and 6-10 m s~ . Black lines represent least squares fit to the scatterplots.

It is unfortunate that SSTy ;mm does not fully capture the TSL temperature difference at low winds. However, the
agreement between ATg;mm and ATs,, at high winds provides evidence to support existing TSL models that the
thickness of the TSL is inversely proportional to wind speed (e.g., Fairall et al., 1996; Saunders, 1967; Soloviev &
Schlussel, 1994) and indicates that the retrieved ATgyin-0.1mm are accurate. Because our retrievals are limited by the
emission depth of the EM skin layer thereby restricting the retrievals to the top ~0.1 mm, the divergence between
ATgin-0.1mm and AT sm at low winds tells us that the subskin temperature occurs beyond a depth of 0.1 mm.

5.3. Surface Fluxes
In this section, we focus on data with U;o <2 m s~ ' where it has been established that Q is dominated by
radiative fluxes, reducing the effects of turbulent fluxes.
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Figure 12. (top left) ATgin-sm versus LWi,ezenith at winds <2 m s~ 1. (top right) ATqyin-0.1mm Versus LWin@zenith at winds <2

-1

m s~ . (bottom left) ATo 1 mm/ATsm versus LWigzenith at winds <2 m s~ . Blue dots show the scatter. Solid black dots rep-

resent points binned every 2 W sr™’

line to the solid black dots.

m~2 of LWin@zenith With £1 standard deviation. Black solid lines denote the regressed

As established above, the turbulent fluxes are independent of the radiative fluxes and no coupling was
found between wind speed variability due, for example, to convective clouds and the turbulent fluxes, at
least over averaging periods of a few minutes to an hour. We analyze the dependence of TSL properties on
LWin@zenith- The first conclusion from Figure 12 is the lack of correlation between ATgin-sm With LWinazenith
(left top plot) for both cruises. This means that the changes in radiative fluxes do not affect the total tem-
perature difference across the TSL (SSTskin-SSTsubskin)- Our result is further supported by Donlon and Robin-
son (1997) who did not find any dependence between the amount of cloud cover with the temperature
difference between the bulk (measured by a SeaBird thermosalinograph at 5.5 m) and skin sea-surface tem-

Temperature
0.1 mm
oI5 1 Y PP g g [
\ 4
Depth

Figure 13. Cartoon of TSL profile under nighttime conditions. Solid black line
represents TSL profile under high incoming longwave radiation at low winds
(<2 ms™"). Dashed black line represents TSL profile under low incoming long-
wave radiation at low winds (<2 m s~ ). Dash-dotted line represents TSL profile
under high winds (>2 m s™"). Yellow star denotes retrieved temperature at

0.1 mm, SSTy.1mm- Red cross denotes subskin temperature, SSTpskin- Green
stars denote skin temperature, SSTin. The vertical scale is nonlinear.

perature measured radiometrically.

The top right and bottom left plots of Figure 12 show significant cor-
relations (using a t test at a 5% significance level) between ATgn-
0.1mm and ATo1mm/ATsy With LWingzenith. It is observed that as LWiq-
zenith iNCreases, ATgino01mm becomes more negative while ATgqmm/
ATs,,, increases to approach unity. This result, together with the inde-
pendence found with AT, s, indicates that there is an adjustment
of the curvature of the TSL rather than variations in the temperature
difference due to increased longwave radiation from cloud closing
the atmospheric window.

Figure 13 illustrates our findings of the response of the TSL profile to
increased cloud IR radiative forcing. From the results above, we expect
the TSL profile curvature adjusts as the incident IR radiation
increases—from the dashed black line to the solid black line in Figure
13. This curvature change agrees with our observations: ATkin-0.1mm
increases, ATgin-0.1mm approaches ATgn.sm, and there is no change in
ATgkin-sm- Thus, we interpret our results to indicate that as LWi,gzenith
increases, the TSL profile varies from a lower to higher gradient near
the interface and higher to lower gradient at subskin depths. The
adjustment of the TSL profile to a smaller gradient at subskin depths
implies that the upward transfer of heat from beneath the TSL
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decreases. This finding agrees with our analysis of the independence found between the outgoing fluxes
with the incoming flux (section 5a). Figure 13 further shows the situation with higher winds, >2 m/s (dash-
dotted line), where the winds have led to the erosion of the TSL resulting in a thinner TSL with a smaller
temperature difference thereby allowing SSTypskin to be retrieved from the measured spectra as the sub-
skin depth occurs within 0.1 mm of the surface. As opposed to a thicker TSL at low winds (solid and dashed
line) which results in the discrepancy in our retrieved SSTg 1 mm With the measured SSTs,.

The curvature adjustment of the temperature in the TSL shows that the additional heat due to absorption
of the increased LWingzenith has modified the TSL profile to reduce the transfer of heat from the mixed layer
to the atmosphere. This modification, therefore, provides an explanation for the immediate indirect heating
of the ocean even though the increased LW;,@zenitn is NOt absorbed throughout the upper few meters of
the water column. Thus the heat (which is a product of the absorption of solar radiation during the previous
days) within the uppermost few meters of the ocean is unable to escape into the atmosphere, resulting in
the retention of heat in the upper ocean.

6. Discussion

The physical processes within and around the skin layers on the aqueous side of the air-sea interface are
complex, and occur on a wide range of temporal and spatial scales, some of which are revealed by images
taken by IR cameras that show thermal structure in the E-M skin layer (e.g., Jessup et al., 1997; Veron et al,,
2011). However, technology does not currently exist to probe the full 3-D structure of the near-surface vari-
ability and its dependence on various forcing processes. Here we exploit the spectral measurements of a
very well-calibrated IR spectroradiometer, the M-AERI, to study the vertical characteristics of the TSL. To
obtain accurate measurements with a sufficiently high signal-to-noise ratio (~5,400 to ~3,200) at the high
emitting temperatures of the surface of the topical ocean, with lower values at higher wave numbers, Min-
nett et al. (2001) require averaging of interferograms that are taken at 1 Hz. The data used here are averages
over 46 s for the sea-view. The field of view of the M-AERI at the sea surface is ~1 m? At typical speeds of
the research ships, the field of view is swept along a path on the sea surface of up to several hundred m.
Thus, the measurements analyzed here are time and spatial means that do not resolve the smaller and
faster variability in the TSL.

6.1. Incident IR Radiation Measurements

Measurements of the incoming IR radiation were taken from the ships using Eppley Labs Precision Infrared
Radiometers (PIRs) mounted on gimbals to reduce the effects of ship motion. PIRs are simple instruments
and difficult to calibrate. Even though the PIRs measure the hemispheric, broadband (wavelength range ~4
to ~50 um) incident radiation is an appropriate parameter for this study, we found that the measurements
were too noisy to reveal the dependences. The M-AERI is a well-calibrated instrument and each measure-
ment cycle included spectral measurements at zenith: integrating the spectra provides a measure of the
normally incident IR radiation at the surface. Such measurements are used here to represent the changes in
the incident IR radiation caused by the presence of clouds overhead.

6.2. Influence of Solar Radiation

The analysis of the TSL with the interfacial radiative fluxes has shown how the absorption of longwave
radiation modifies the TSL profile resulting in heat beneath the TSL being retained. The deepest tempera-
tures derived from the M-AERIs are derived from the part of the spectra with the deepest emission depth
(Figure 1) at wave numbers of ~2,600 cm ™', wavelengths of ~3.8 um, where there is significant contamina-
tion of the signal by solar radiation reflected at the surface during the day. Thus, our analysis was limited to
nighttime measurements, but the physics of the response of the TSL to changes in IR radiation will be the
same during the day. However, during the day, the TSL is also influenced by the insolation. Assuming still
waters, the heat beneath the TSL is largely a product of the absorption of solar radiation during the day
given the penetration depth of solar radiation occurs at meter scales (Lee et al., 2013).

The influence of solar radiation on the TSL can be shown to be small through analysis of the absorptivity of
solar radiation in the upper 10 mm of the ocean. The decay of solar irradiance can be calculated from equa-
tion (4) (Paulson & Simpson, 1977) to a depth of 10 mm assuming normally incident solar radiation of 1,000
Wm 2
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The coefficients ag; are the weights corresponding to the spectrally distributed absorption coefficients, f3;,
obtained from ibid. SR(0) is the solar radiation at z= 0 m, while SR(-z) is the solar radiation at depth -z from
the water surface. Assuming the clearest Jerlov water type | (Jerlov, 1968) and with a tropical sun overhead,
the amount of solar radiation absorbed within the upper 0.01 mm was calculated to be 4.9 W m ™2 (0.049%).
The total absorbed solar radiation increases quasi-exponentially with depth with 37 W m™2 (3.7%), 132
W m~2(13.2%), and 261 W m ™2 (26.1%) of solar radiation absorbed at a depth of 0.1 mm, 1 mm, and 1 cm,
respectively. As our focus is on the top 0.1 mm from the sea surface, the absorbed solar radiation 37 W m ™2
in these conditions are therefore an order of magnitude smaller than the energy from atmospheric IR emis-
sion (~400 W m~?) absorbed in a similar depth. For nonzero solar zenith angles, the ratio is yet smaller.

6.3. Distribution of Wind Speed

It was found that our analysis needed to be constrained to low winds of less than 2 m s~ to observe signifi-
cant correlations between the properties of the TSL and radiative fluxes given the limitations of the data
and instruments currently available. Above this threshold, wind shear erodes the viscous sublayer which in
turn causes the TSL to be thinner, and the ratio of ATy ;m/ATsm becomes insensitive to wind speed.

Despite imposing a wind speed threshold of 2 m s~ in our study, the physics underlying the modification

of the TSL with the absorption of incoming IR radiation will be applicable at winds >2 m s~ . As the signal
we seek between the downwelling IR radiation and the TSL is very small, and because of the limitations of
current technological capabilities we had to limit the data to very low winds as this gave us a workable TSL
signal to establish significant correlations. The limitation in wind speed does not mean that our findings are
also limited to such conditions. Although the stronger winds will increase the turbulent transfer of heat to
the atmosphere and will thin the TSL (Figure 10), we expect the response of the TSL to changes in incoming
IR radiation to be as indicated by our findings. Breaking waves would disrupt the TSL at wind speeds of
>~7 m s . However, Jessup et al. (1997) showed the TSL reestablishing itself in the wakes of breaking
waves in the open ocean through analysis of video and IR images, which means the TSL will modify almost
immediately following wave breaking. The recovery times of the TSL are less than 1 s and these results
were supported by laboratory measurements. Microscale wave breaking can occur at lower wind speeds,
but again, the recovery time of the TSL is very short. Thus, even under breaking wave conditions, the spatial
mean TSL is almost always present and will behave as indicated by our findings.

We considered a wind speed threshold of 7 m s~ and analyzed 18

years of wind speed data over the entire ocean, constructed from the

Special Sensing Microwave Imager (SSM/I) data version 6 from 1 Janu-

ary 1988 through 31 December 2006 (Figure 14). The probability dis-
- tribution function (PDF) and cumulative distribution function (CDF)
are obtained from Woods et al. (2014). Figure 14 also shows the com-

bined wind speed for NAURU99 and AMMAO06 during the night and
day. The percentages calculated show that the majority of winds for
our cruise data (81.04%) occur below 7 m s~ ', and almost half of the
global ocean wind speed distribution (47.13%) is included. Further-

more, a large fraction of wind speeds below 7 m s~ occurs within the
equatorial and midlatitude regions (Woods et al., 2014). Our findings
on the response of the TSL to increasing IR radiation are therefore rep-
resentative of the equatorial and midlatitude regions which comprise
much of the area of World’s Oceans.

l'110

15 20 25 30
(ms™") .
7. Conclusions

Figure 14. (top) The probability distribution function and (bottom) cumulative
distribution function for wind speed data collected from NAURU 1999 and
AMMA 2006 and 18 years’ histogram of measurements over the entire ocean
constructed using Special Sensing Microwave Imager (SSM/1) data version 6.
SSM/I wind speed distributions are obtained from Woods et al. (2014).

In summary, we analyzed measurements from two cruises in the
tropics held during the summer months and through the analysis of
nighttime data with winds less than 10 m s~ ', confirmed that the tur-
bulent fluxes (LH and SH) are independent of LWi,gzenith and no
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significant dependence was found between cloud IR radiative effects and the turbulent fluxes on the spatial
and temporal scales of our spectral measurements. Neither was a significant dependence found between
LWout and LWin@zenith- Establishing these independences is important because it allows us to focus our anal-
ysis on the radiative fluxes and supports our hypothesis of the properties of the TSL influencing the heat
flow at the interface as it indicates the heat from the absorbed additional IR radiation is not immediately
returned to the atmosphere through the upward fluxes of LH, SH, and LW,,. Our results also provide initial
evidence of the mechanism for increased heat storage in the upper ocean resulting, indirectly, from the
absorption of increased IR radiation in the EM skin layer. Since there is no immediate, observable increase
in surface heat loss associated with increased absorption of incoming IR radiation from the atmosphere,
there is therefore an increase of heat available within the TSL to supply energy for the surface heat losses. It
is also not possible for the additional energy in the TSL to be conducted into the bulk of the ocean (i.e.,
beneath the viscous skin layer) as that would require conduction up a mean temperature gradient in the
TSL.

Cloud IR radiative effects were used as a surrogate of the slow increase in downwelling IR radiation on the
ocean'’s surface caused by increasing levels of GHGs. Cloud IR radiative effects were used because of the
much larger downwelling IR radiation signal within short time scales (as opposed to attempting to analyze
the slow and small GHG signal) which allows the problem to be tractable. However, the spectral emission
varies for different atmospheric gases and the absorption coefficients of water also vary with wavelength.
Thus, it was necessary to assess whether the downwelling radiative effects on the TSL would be the same
under cloud IR radiation and that from GHGs. As discussed in section 3.2, heating rate profiles simulated
under different atmospheric gas emission scenarios indicated that cloud cover is an adequate tool for this
study as the heating rate profiles of cloud forcing and GHGs are similar. The major difference is the greater
magnitudes of the heating rate profiles of cloud forcing as the signal is so much larger; this works to our
advantage in addressing the problem at hand.

The additional energy generated from the absorption of IR radiation has been shown to support the change
in the TSL temperature gradient. Our results indicate the mean curvature of the TSL has adjusted such that
the gradient at the bottom boundary of the TSL adjusts from a higher to lower gradient. This was estab-
lished through the lack of correlation between LWiygzenith With ATgin-sm and LW, indicating that the
absorption of LWi,gzenith is independent of ATgyin-subskin and the correlation observed between LWi,gzenith
with AT 1mm and ATg 1mm/ATsm Which illustrates that more of the TSL profile exists within the EM skin
layer’'s emission depth of ~0.1 mm as LWi,gzenith increases.

Our findings provide an explanation of the mechanism for retaining upper ocean heat content as the inci-
dent IR radiation increases. The absorption of increased longwave has been deduced to compress vertically
the curvature of the TSL, with a higher gradient forming close to the interface and a lower gradient at sub-
skin depths. The smaller vertical gradient at subskin depths impedes the transfer of heat from the mixed
layer into the TSL. Because the heat sink at the interface does not change measurably on the scales of our
individual measurements, this means that less heat from the mixed layer contributes to the loss of heat at
the interface. This analysis was based on the immediate changes of the TSL to the heat fluxes due to the
instantaneous response of the TSL. Greater downwelling infrared forcing would alter the upper ocean heat
budget by adjusting the TSL such that more heat beneath the TSL, resulting from the absorption of solar
radiation, is retained. This thus provides an explanation for the indirect heating of the ocean by increasing
levels of incident infrared radiation and the observed increase in upper ocean heat content.

Attempts to relate directly the curvature of vertical temperature gradient in the TSL and EM skin layer, as
developed by Wong and Minnett (2016a, 2016b), to changes in the incident IR radiation did not produce a
convincing dependence, at least on the time scales of our measurements. Revealing such a relationship will
require more sensitive instruments than are currently available.
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