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[1] The first open ocean deployment of the Skin Depth Experimental Profiler (SkinDeEP)
was from the R/V Melville in the Gulf of California during the Marine Optical
Characterization Experiment (MOCE-5). SkinDeEP is an autonomous, vertical profiler for
the upper few meters of the ocean. During MOCE-5, SkinDeEP was deployed on ten
separate occasions, and profiles were made at intervals of approximately 1 min each. A
total of 976 profiles was acquired during the cruise. The ocean skin temperatures were
measured by the Marine Atmosphere Emitted Radiance Interferometer (M-AERI), an
infrared spectroradiometer. Typical meteorological conditions were of low winds and high
insolation. The data set provided captures the near-surface temperature structure that
decouples the skin layer from the conventional in situ bulk sea surface temperature (SST)
measurements made at a depth of a few meters. Data from SkinDeEP showed strong
diurnal warming within the upper few meters, with one extreme case of 4.6 K. There were
large discrepancies when computing the skin-bulk temperature difference with bulk
temperatures at different depths. Results also show the strong dependency of the SST on
air-sea heat flux estimates, with warm-layer errors of almost 60 Wm ™2 associated with
intense stratification. This indicates the importance of the inclusion of the skin temperature
for accurate calculation of latent, sensible, and net longwave heat fluxes.

Citation:

1. Introduction

[2] Sea surface temperature (SST) is one of the key
parameters governing the air-sea exchange of heat [Fairall
et al., 1996a] and gas [Ward et al., 2004b]. Heat flux
estimates with accuracies of 10 Wm 2 are required to
reduce errors in atmospheric models. These estimates are
extremely sensitive to SST variability, especially in lower
latitudes [Fairall et al., 1996b].

[3] Historically, sea surface temperature was ascribed to
observations made from ships by measuring the bulk water
temperature within the mixed water column, usually some-
where within the top 10 m and often at an arbitrary and
imprecisely known depth, using bucket thermometers or the
ship’s cooling water intake. Donlon et al. [2002] classifies
the vertical structure of SST according to the depth of
measurement (Figure 1). The skin SST (7;,), is essentially
the temperature measured by a radiometer. The subskin SST
(Tyupskin) 1s representative of the SST at the bottom of the
conductive boundary layer. The subsurface SST (Tjepm)
represents the temperature within the water column beneath
the Typerin, and is most often the only available SST.

[4] Bulk formula heat flux calculations require SST for
the determination of sensible and latent turbulent heat
fluxes. It is also needed to calculate upwelling longwave
emission. The most appropriate SST for these formulae is
the skin temperature, as this is the temperature of water
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which is in direct contact with the atmosphere [Fairall et
al.,, 1996b]. When radiometric measurements during field
campaigns are unavailable, a model is required to calculate
Tixin from oceanographic and meteorological measurements.
The model in the work of Fairall et al. [1996a] takes into
account both cool-skin and warm-layer effects:

Tsin = Tdepth (Zr) + ATW(ZV) + ATu (1)
ATL = T\'kin — Lsubskin (2)
ATw = Tsubskin - Tdepth7 (3)

where AT,(z,) is the warm-layer correction resulting from
the measurement 7y, (z,) at some reference depth z,, and
AT. is the cool-skin correction.

[s] Figure 1 schematically represents the model in equa-
tion (1). There is a linear temperature gradient between 7y,
and Ty,pein> as the conductive boundary layer is embedded
in the viscous sublayer, and molecular processes dominate.
This figure also shows a SkinDeEP profile, which was
acquired during station 10 of this cruise at 1139 local solar
time (LST). There is a AT, of 2.5 K, and a AT, of —0.6 K,
which adequately represent oceanic conditions under low
wind speeds (Fairall et al. [1996a] suggests typical values
of 3 K for AT, and —0.1 to —0.5 K for AT,). Under
nighttime conditions, or when the water column is well-
mixed, Tyepin = Toupsiin and AT, is zero. However, under
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(a) Schematic showing the vertical temperature structure in the upper few meters of the ocean

under conditions of diurnal warming. This is a schematic representation of the model from Fairall et al.
[1996a], expressed in equation (1). (b) Actual profile taken in the upper 2 m with SkinDeEP during
station 10 (see section 3.6). The solid circle indicates the radiometric temperature measurement of 7y,

from the M-AERI.

conditions of near-surface stratification, AT, becomes very
dependent on the reference depth z,.

[6] This paper presents measurements of diurnal warming
taken by the SkinDeEP profiler, an autonomous, vertical,
temperature profile. Profiles were made at intervals of about
1 min over the uppermost few meters, with vertical spatial
resolutions of O(1 mm). The combination of high vertical
resolution and rapid profile intervals provided near-surface
temperature measurements with unprecedented detail. The
M-AERI spectroradiometer also provided high accuracy
skin temperature measurements. A brief description of the
cruise and available measurements are presented in section
2. Section 3 presents the results from each of the 10 stations.
In section 4, these results are discussed in relation to the
cool-skin and warm-layer temperature differences and the
errors in heat flux calculations from the vertical variability
in SST. Our conclusions are provided in section 5.

2. Cruise Data

[7] The MOCE-5 cruise was in the area of Baja Califor-
nia, both in the Pacific Ocean to the west of the peninsula
and in the Gulf of California (Figure 2). The cruise was
conducted in October 1999.

[8] High-resolution temperature measurements were pro-
vided by SkinDeEP, an autonomous vertical profiler. A
thorough description of the instrument is provided by Ward
et al. [2004c]. Some preliminary results from this cruise
were also presented by Minnett and Ward [2000], of which
see Figure 2 for a schematic of the MOCE-5 version of
SkinDeEP Ward and Minnett [2002]. SkinDeEP was
deployed on 10 separate occasions both inside and outside
the Gulf (Figure 2). The profiler was dropped from the stern
of the ship, and was attached to a surface spar buoy with a
50-m neutrally buoyant line. During SkinDeEP deploy-
ments, the instrument drifted while the ship remained on
station to conduct other operations.

[v] Once deployed, SkinDeEP made profiles continuously
at intervals of one minute, with the longest deployment
being 3 hours. There are a total of 976 profiles available
from this cruise (Table 1), during which temperature and
depth were the only parameters measured by SkinDeEP.

Data were recorded from within the water column to the
surface, and only during the ascent. The time response of the
temperature sensor on SkinDeEP (a Thermometrics FP07) is
7 ms (although this has a velocity dependence, where the
time response will vary as —1/2 power of the velocity
[Gregg and Meagher, 1980]). With a nominal rise velocity
~0.5 ms ', the spatial resolution of SkinDeEP is better than
3 mm, and so it is assumed that the surface measurement
from SkinDeEP provides Ty, With negligible error.

[10] Continuous skin temperature was provided by M-
AERI, a passive infrared radiometric interferometer which
makes radiance measurements in the 500—3000 cm ™' wave
number range with a resolution of 0.5 cm ™. A rotating gold-
plated mirror allows for both sea and sky views at comple-
mentary angles to nadir and zenith. Realtime calibration is
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Figure 2. Map of the Gulf of California showing the
positions of each of the SkinDeEP deployments and
corresponding station numbers.
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Table 1. Station Number, Yearday, Times (Local Solar Time),
Positions, and Number of Profiles for Each of the Ten SkinDeEP
Deployments®

Station Number of
Number Yearday Time, LST  Latitude Longitude Profiles
4 277 1059-1324 25°09.49N  112°59.52W 120
6 279 1536-1603 22°52.04N  107°10.02W 27
7 280 1401-1524 22°03.40N  105°46.06W 74
8 281 1402—1540 21°49.06N  105°47.20W 89
9 282 1311-1533  24°06.06N  107°44.29W 112
10 283 11121413 22°31.48N  109°35.43W 161
12 285 1422-1637 28°38.5IN  112°25.16W 114
13 286 1444-1634 28°38.06N  112°32.28W 95
14 287 0615-0744 28°36.15N  112°32.04W 78
15 287 1801-1948 28°34.57N  112°29.30W 106

*Latitude and longitude positions were taken from the ship’s navigational
data. Station numbers were derived from the experiment cruise log.
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accomplished by viewing two internal blackbody cavities,
one at 60°C and one at ambient temperature. Measurements
are integrated over several tens of seconds to obtain a
satisfactory signal-to-noise ratio, and a typical measurement
cycle including two view angles of the atmosphere, one to
the ocean, and calibration, takes about 12 min. The accuracy
of the derived SSTs from M-AERI is better than 0.05 K.
A more detailed description of M-AERI can be found in
the work of Minnett et al. [2001].

[11] The conditions encountered during the 10 deploy-
ments of SkinDeEP are presented in Figure 3. The down-
welling shortwave radiation reached over 800 Wm * on
every day except for YD 281. On days 277 and 278 it
peaked at over 900 Wm 2. The wind speed never exceeded
10 ms™ ', and during some of the deployments, it was below
2 ms™' (the mean wind speed for the period shown in
Figure 3 was 3.5 + 1.8 ms ).

[12] The heat fluxes were calculated using the bulk
aerodynamic equations with transfer coefficients given by
Fairall et al. [1996a]. These coefficients were derived from
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Figure 3. Time series of some relevant parameters during the MOCE-5 cruise. From the top:
(a) Downwelling shortwave radiation. (b) Wind speed. (c¢) Latent (thick lines), sensible (dashed lines),
and net longwave (thin lines) heat fluxes. (d) Skin temperature (thick) and air temperature (thin lines),
both from M-AERI. The vertical bars represent the time when SkinDeEP was deployed, with station
numbers indicated. All data were averaged over 60 min.

3 0of 18



C02004

Table 2. Mean (T) and Standard Deviation (7") of  Tyupskin
(SkinDeEP), Ts,, (SkinDeEP), and 7y, (M—AERI) for Each
Station

Station Tsubskim °C Tsubxkim °C TSm’ °C TSm, °C Tskim °C T.Ykim °c

4 22.07 0.19 21.65 0.04 22.09 0.04
6 29.94 0.04 29.70 0.01 29.91 0.08
7 31.13 0.03 30.64 0.01 30.88 0.06
8 31.47 0.05 30.87 0.11 31.06 0.06
9 30.55 0.02 30.54 0.02 30.38 0.06
10 29.16 0.26 27.03 0.01 28.85 0.18
12 25.66 0.21 24.33 0.34 25.67 0.27
13 25.47 0.35 22.40 1.20 24.87 0.26
14 22.98 0.03 22.96 0.01 22.88 0.08
15 24.75 0.12 24.28 0.22 23.88 0.36

measurements in the Tropical Western Pacific and are
appropriate for application to these conditions. TOGA-
COARE code version 2.0 was used for the heat flux
computations [Pawlowicz et al., 2001]. M-AERI sea and
air temperatures were used in the calculation of the fluxes.
The cooling at the surface (Figure 3) is dominated by the
latent heat flux, which reached a maximum of —228 Wm 2
on YD 282, when the highest winds were encountered. The
sensible heat flux is relatively low, due to the small air-
water temperature difference throughout the cruise. Toward
the end of the cruise, the net longwave dominated the heat
loss at the surface.

[13] The range in SST (Figure 3) was from about 20—
30°C, reaching a maximum at stations 6 to 9 south of the
Gulf. Air-sea temperature differences were negative until
about day 285, when measurements were conducted toward
the Gulf’s midriff (Figure 2). Here the proximity to the
land appears to have influenced the air-water temperature
difference.

3. SkinDeEP Measurements: Case Studies

[14] Table 2 presents mean and standard deviation values
of SkinDeEP surface data (7,,.,), SkinDeEP data at a
depth of 5 m (75s,,), and the skin temperature derived from
the M-AERI (Ty;,)-

[15] Table 3 presents mean values of sensible (Qy), latent
(Q.), net longwave (Q,, {) and total heat loss (Q) at the
surface, computed for this data set. Also presented in
Table 3 are measured downwelling shortwave radiation
(O, ) and wind speed (u). For each station, the data
were averaged over 10-min intervals, and the heat flux
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components were calculated using Ty, Toupskin, and sy,
The bulk formula for the heat flux components are:

Os = pupCou(Ty = ), 4)
Oc = pyLeCott(qa — ), (5)
O 0= Oy I —eoT?, (6)
0=0,+0+ 0 I, 7)

where Q;, | is the measured downwelling longwave
radiative flux, p, is air density, c, is the specific heat
capacity of air, Cy is the Dalton number (sensible heat
transfer coefficient), T is the sea surface temperature, 7, is
the air temperature, L, is the latent heat of vaporization, C,
is the Stanton number (transfer coefficient for latent heat),
(s is the interfacial value of the specific humidity, ¢, is the
atmospheric specific humidity, € is the sea surface
emissivity (~0.98), and o is the Stefan—Boltzmann
constant (5.67 x 107% JK™* m? s™'). SST-dependent
parameters in equation (2) have a bold font.

[16] The main display of data is presented in Figures 4a to
4j. All times shown are in LST, which defines local noon as
the time when the Sun is at its meridian. Graph I shows
temperature-depth plots of the SkinDeEP profiles. Wind
speed and downwelling shortwave radiation are shown in
graph II. Cool-skin and warm-layer temperature differences
(A, and AT, respectively) are presented in graph III. Also
shown is AT, defined as: AT,,, = Ty, — Tyepims this is the
skin-bulk temperature difference which is most often avail-
able during shipboard campaigns (i.e., with a typical ship
intake depth of about 5 m). The reference depth z,.in (1) is S m.
Graph IV shows the discrepancies in the heat flux associated
with these temperature differences:

AQC - Q(Tskin) - Q(Tsubskin)7 (8)
AQW = Q(Tsubskin) - Q(Tdepth)7 (9)
AQCW = Q(Ts‘kin) - Q(Tdepzh)- (10)

A negative heat flux error value indicates an under-
estimation of the heat flux.

3.1. Station 4

[17] Figure 4a shows data from the first day of measure-
ments made by SkinDeEP. The time of the deployment was

Table 3. Mean Latent (Q,), Sensible (Q;), and Net Longwave (Qy, {}) Computed With 7,55, (SkinDeEP), Ts,, (SkinDeEP), and Ty,

(M—-AERI)*

Station Number 4 6 7 8 9 10 12 13 14 15
Oc(Toupstin) (Wm—?) —47.10 —38.62 —125.30 —135.27 —165.70 —42.26 —25.10 —14.24 —5.06 —13.33
Oo(Ts,) (Wm™?) —39.34 —34.50 -107.39 —116.89 —165.17 —6.01 —6.37 0.20 —5.04 —6.92
0u(Topin) (Wm™?) —4750  -3833  —116.19  —12223  —157.80  —3833  —25.47 534 —4.95 -3.35
Oi(Toupsiin) (Wm?) —1.96 —0.12 —6.27 —8.56 —0.06 —1.74 441 2.07 1.64 431
Oy(Ts,) (Wm’zz) 0.16 0.61 —2.80 —4.93 0.04 0.60 3.27 3.35 1.64 4.67
Ou(Tygin) (Wm™?) —2.10 —0.06 —4.49 —5.98 1.37 —1.03 4.37 1.70 1.68 4.85
Ot D Toupstin) (Wm—2) —79.05 —40.05 —62.26 —68.01 —82.27 —64.60 —93.35 —94.42 —87.86 -97.32
O I(Ts,) (Wm™2) —76.69 —38.61 —59.18 —64.26 —82.20 —51.56 —85.44 —75.61 —87.81 —94.57
Oy P(Ttin) (Wm™?) —79.23 —39.90 —60.69 —65.35 —81.17 —62.66 —93.38 -91.23 —87.34 —92.45
Osr H(Wm™?) 902 243 629 605 653 795 430 473 102 0
u (msfl) 4.0 2.5 5.3 4.3 6.6 1.1 3.5 2.4 2.0 4.0

?Also shown is the mean downwelling shortwave radiation (Qy,, {}) and wind speed (u).
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Figure 4a.

Temperature-depth measurements from SkinDeEP (graph I). Wind speed (1) and

downwelling shortwave radiation (Q,,,) (graph II). Temperature differences: AT, (blue), AT, (red), and
AT, (green) (graph III). Heat loss errors: AQ, (blue), AQ,, (red), and AQ,.,, (green) (graph 1V).

just before 11:00 and lasted until about 14:00. The wind
speed during this period reached a maximum of 4.7 ms™'
and the maximum shortwave radiation was 920 Wm 2.
[18] The radiometric temperature 7Ty;, had a mean value
of 22.1°C, with little variation (Table 2). Ty,pstin Was
approximately the same as 75, until just after 12:00, when
a sharp gradient of 0.3 K was encountered, the most likely

>

cause being that SkinDeEP passed through a weak thermal
front. At this point, A7, changed sign from positive to
negative. There was also a sharp increase in A7, from about
0.3 K to 0.6 K. This was not apparent in AT, as neither
Tixin nor Ts,, experienced this abrupt change.

[19] The largest heat flux error was derived from the latent
flux. The uncertainties from both the sensible and longwave

50f 18



C02004

WARD: NEAR-SURFACE OCEAN TEMPERATURE

C02004

Station 06

Depth (m)

30

29.95

~29.9

—29.85

~29.8

29.75

297

-2
st (Wm™)

200

&0

£

=3

g 5

v
-10 ; T T T T T T ;
15.65 15.7 15.75 15.8 15.85 15.9 15.95 16
Hour (local)

Figure 4b. Same as Figure 4a.

fluxes were much smaller than those in the latent heat flux,
even though the largest absolute heat flux component at
the surface was the net longwave (Table 3). The total mean
heat loss errors were: —0.7 £4.5, —12.2 £ 6.7, and —13 +
2.6 Wm 2 for AQ,, AQ,, and AQ,,, respectively.

3.2. Station 6

[20] The deployment at station 6 (Figure 4b) was situated
just outside the mouth of the Gulf (Figure 2), with an average

water temperature of 29.7°C over the depth range sampled by
SkinDeEP. This was the shortest deployment of SkinDeEP,
lasting only 30 min from about 15:30 to 16:00. The average
wind speed was 2.5 ms™ ', but with a maximum of 3.5 ms™ .
The mean downwelling shortwave radiation was 253 Wm >
during the deployment, but had reached a maximum of
840 Wm 2 at noon, some hours before the measurements
occurred. The profiler data showed a warm-layer in the upper
2 m, and stratification was further enhanced in the top meter.
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Figure 4c. Same as Figure 4a.

[21] Typskin increased just after deployment from 29.8 to
about 30°C, and remained quite constant through to the end
of the deployment. There was an almost constant offset
between AT, and AT,.,, with mean values of —0.03 and
+0.2 K, respectively. AT, had a mean value of +0.24 K.

[22] The major source of heat loss to the atmosphere was
from the latent heat flux, which was marginally greater than
the longwave; the sensible heat flux was negligible during

this station (Table 3). AQ,, had the largest error with a
maximum of —8.1 Wm 2, followed by AT, at —6.6 Wm >,
and AT, with +3.2 Wm 2.

3.3. Station 7

[23] Station 7 (Figure 4c) was located about 20 km off the
Mexican coast. SkinDeEP measurements were made from
14:01 to 15:24. Downwelling shortwave radiation had an
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Figure 4d. Same as Figure 4a.

average value of 625 Wm ™2, with the peak insolation of

877 Wm™? occurring at 12:17, some hours before the
deployment. The average skin temperature was 30.8°C.
Wind speeds reached a maximum of 6.6 ms~', with an
average value of 5.4 ms™'. There was about 0.6°C thermal
stratification in the upper 2 m. The solid white line in the
SkinDeEP plot is the minimum temperature between 2 m
and 4 m, indicating a persistent cooler layer for the 70 min
of the profile time series. It is likely that stabilization by

reduced salinity was the result of fresh-water runoff, given
the proximity of the coast. The solid black line is a single
isotherm of 30.9°C.

[24] The AT, and AT,, had mean values of —0.25 and
+0.24 K, respectively. There was a warm layer with a mean
value of 0.5 K.

[25] The heat flux errors AQ. and AQ., were almost
symmetrical with mean values of +12.5 Wm 2 and
—12 Wm 2. The error associated with the warm layer
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Figure 4e. Same as Figure 4a.

AQ,, was —24 Wm 2 The latent heat flux was signifi-
cantly larger than the longwave, followed by relatively
small sensible heat fluxes (Table 3). The largest contrib-
utor to the heat loss error came from the latent heat flux.

3.4. Station 8

[26] The deployment at station 8 (Figure 4d) was in the
same area as station 7, and was conducted at the same time
of day, i.e., from about 14:00 to 15:40. The mean wind

speed was 4.3 ms~', and briefly reached a maximum of
5.8 ms~'. Insolation had an average value of 595 Wm 2,
from a maximum value of 720 Wm ™2 at 11:12. The lower
insolation compared to other days was due to cloud cover,
which persisted for several hours. There was a warm layer
of more than 1.2 K. There are two isotherms in the
SkinDeEP plot: 31.4 and 31.0°C, the vertical displace-
ments of which are in phase with each other. This is likely
due to internal wave activity.
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Figure 4f. Same as Figure 4a.

[27] The skin temperature was almost invariant, i.e.,
31.1 £0.06°, and AT, had a mean value of —0.41 K. There
was considerable variability in the 75, data, with a standard
deviation of 0.1 K producing a positive AT, with a maxi-
mum value of +0.54 K. The warm layer had the largest
temperature difference with a maximum value of +1 K.

[28] Heat loss to the atmosphere was dominated by
evaporation, followed by longwave and sensible heat flux:

AQ, reached a maximum value of +21.4 Wm 2, with a

mean value of +18.3 Wm™%; AQ.,, had a mean value of
—7.5 Wm™2. The warm layer resulted in a mean error of
AQ,, = —25.7 Wm

3.5. Station 9
[20] Station 9 (Figure 4¢) was located further north, about
323 km from station 8 (Figure 2 and Table 1). The wind
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Figure 4g. Same as Figure 4a.

speed was quite steady from the north, with an average
value of 6.6 ms ™' and a standard deviation of 0.7 ms~'. The
mean insolation was 654 Wm ™2, with a daily maximum of
890 Wm 2 at 12:18. The temperature range for the Skin-
DeEP data was less than 0.2 K, indicating a well-mixed
upper water column.

[30] The skin temperature varied by about 0.2 K during
the measurement period. The homogeneous subsurface

temperature field allowed for a depth-independent bulk
measurement when deriving the AT values. The mean
values for A7, and AT,, were —0.18 and —0.16 K,
respectively. There was no warm layer, with a mean AT,
of 0.01 K.

[31] Station 9 had the largest heat flux out of the ocean,
with latent heat fluxes of greater than 200 Wm 2 (Figure 3),
associated with the relatively high winds. Heat flux errors
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Figure 4h. Same as Figure 4a.

AQ, and AQ,,, had mean values of +10.4 and +9.7 Wm 2,
respectively. The sensible and longwave errors were no
more than +2 Wm ™2,

3.6. Station 10

[32] Figure 4f shows station 10, which was situated at the
tip of the Baja Peninsula, and was the longest SkinDeEP
deployment with 161 profiles. The measurements were

made from 11:12 to 14:13. The mean wind speed was
1.1 ms™". The peak shortwave radiation was 912 Wm >,
which occurred at 12:25. The SkinDeEP data are presented
with a log scale for the depth, as practically no variability
existed below 1 m. Within the upper meter, there was
temperature stratification of up to 2.7 K. During this
deployment, the warming was briefly interrupted by the
passage of clouds, which caused the insolation to decrease
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from 900 to 600 Wm 2 from about 11:30 to 12:00. The
upper few decimeters responded to this drop in down-
welling radiation, which is reflected in the SkinDeEP
measurements. The warming recommenced after the Sun
re-emerged from behind the cloud, and the stratification
developed to a depth of about 0.6 m. There are two
isotherms shown in the SkinDeEP subplot: 28 and
28.5°C, indicating the very strong gradient present at
~0.5 m.

Same as Figure 4a.

[33] The AT, had a mean value of —0.31 K, and AT,
was +1.82 K. The AT, data are predominantly negative,
except for a short period around local noon, when the cloud
passed overhead. The mean warm-layer temperature AT,
was 2.1 K.

[34] The errors resulting in the heat flux calculations were
large: the maximum value for AQ,,, was —52 Wm2, and
for Q. it was +16 Wm 2. AQ,, has the highest error with a
maximum value of —57 Wm 2. Although the absolute heat
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loss was dominated by the longwave flux (Table 3), the
largest error was associated with the latent heat flux.

3.7. Station 12

[35] Station 12, presented in Figure 4g was located at the
Midriff of the Gulf (Figure 2), and occurred from 14:22 to
16:37. The mean skin temperature was 24.9°C. There was a
linear decrease in downwelling radiation from 630 to
150 Wm ™2, although the day was perfectly clear with

Same as Figure 4a.

maximum insolation of 860 Wm™? at 11:30. The wind
speed was initially below 3 ms™', but at 15:30 it increased
to about 5 msfl, and reached a maximum of 8.1 ms™!
toward the end of the measurement period. The SkinDeEP
profiles showed significant diurnal warming: the difference
between the minimum and maximum SkinDeEP tempera-
ture was 2.4 K. Some cooling in the upper 1 m occurred
from about 16:00, probably associated with the increase in
wind speed. There is also significant variability in the
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SkinDeEP data, suggesting internal wave activity. The three
isotherms (24.2, 24.9, and 25.6°C) show very pronounced
vertical displacements with a periodicity of about 5 cph
during the first half of the station. The vertical displace-
ments appear to be coherent with depth, with amplitudes
diminishing toward the surface.

[36] There was considerable variability in the AT, and
AT, data, with standard deviations of 0.37 and 0.38 K, and
mean values of 1.34 and 1.33 K, respectively. The AT, had a
mean value of 0.01 K, going from positive to negative
during the deployment.

[37] The flux errors were once again dominated by the
latent heat flux, even though the largest component of the
absolute heat loss at the surface was through the net long-
wave, which was the highest during all the SkinDeEP
deployments (Table 3). The maximum AQ,, AQ., and
AQ, values were —32.1, —38.3 and +14.6 Wm . The
sensible heat flux error was negligible, but the longwave
error contributed a mean value of —10 Wm™2 to AQ,,.

3.8. Station 13

[38] The measurements at station 13 are shown in
Figure 4h. The deployment lasted just about 2 hours, from
14:44 to 16:34, and was again located in the Midriff of the
Gulf. The wind speed did not exceed 3.2 ms™' and the
downwelling shortwave reached a maximum of 600 Wm .
The profile data showed the largest diurnal warming event
on this cruise, which was at 15:02. The temperature at 5 m
was 21.3°C, with a surface temperature at 25.9°C, i.e., a
warm layer of 4.6 K. There are four isotherms shown in the
SkinDeEP plot: 21.8, 23.1, 23.9, and 25.6°C. These iso-
therms do not vary greatly with depth until 15:50, at which
point they plunge down with a cooling surface and a
warming of the waters at depth. The 25.6°C isotherm has
a stronger presence after 16:15, probably due to advection
rather than shortwave absorption, as the insolation dimin-
ished to ~200 Wm ™.

[39] There were very large AT,, and AT,,, values, reaching
maxima of >4 K each. There was a relatively small variance
in Ty, during this deployment (standard deviation of
0.26°C), and the AT, was mostly negative, except for a
short period at 15:40, with a mean value of —0.6 K.

[40] Absolute heat loss was dominated by the large net
longwave flux, with small values for sensible and latent
fluxes. Largest errors were —48, —33 and +24 Wm ™2 for
AQ,, AQ,,, and Q,, respectively.

3.9. Station 14

[41] Station 14 (Figure 4i) was unique in that SkinDeEP
was deployed just before sunrise at 06:15. Measurements
were made for 1.5 hours while the Sun rose, with the
shortwave radiation reaching 270 Wm ™ at the end of the
measurement period. The wind speed reached a maximum
of 3.5 ms™ ' during the deployment. Station 14 was located
in the same region as station 13, and no residual of the
diurnal warming from the previous day was apparent. The
temperature structure in the water was patchy, with a
maximum difference of 0.1°C between the coldest and
warmest patches. At 07:25, a warm patch of water appeared
which coincided with the insolation reaching 200 Wm ™2,
as well as a drop in wind speed from 3.5 ms™' to about
1.5 ms~". The surface appeared to be quite sensitive to the
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conditions, and there was little delay between the drop in
wind and the onset of warming.

[42] A cool skin existed throughout the deployment
except for a brief period around 07:10 when both A7, and
AT, reached +0.04 K. AT, was fairly constant during the
deployment, except toward the end of the measurement
period, when the AT records began to diverge due to the
onset of stratification.

[43] There were very small fluxes of sensible and latent
heat, and the errors from these heat loss components were
negligible. The net longwave flux had a similar value to the
previous station (Table 3), but the heat loss error was
negligible at less than 2 Wm 2.

3.10. Station 15

[44] Station 15 (Figure 4j) was again located in the
Midriff of the Gulf. The deployment was on the same day
as station 14, but after sunset. The R/V Melville followed
SkinDeEP during this deployment, and maintained the
instrument within 100 m from the starboard bow, directly
within the field-of-view of the M-AERI. SkinDeEP mea-
surements commenced at 18:00 and continued until 19:48.
The wind speed had an average value of 4.1 with a standard
deviation of 1.2 ms™".

[45] The AT, data showed an almost linear decrease, due
to the skin temperature decreasing from 24.5 to 23.3°C,
indicating significant heat loss to the atmosphere. The
Toupskin data were fairly constant during this period, and so
the change in AT, was primarily as a result of the change in
Toin- The AT, data had a mean value of —0.87 K. The AT,
values were more variable due to the breakdown in strati-
fication, and had a mean value of —0.39 K. There was a
mean warm-layer temperature difference of +0.48 K.

[46] The heat loss error was fairly small, until 19:30,
when AQ, jumped from +14 Wm 2 to +46 Wm 2 This
coincided with a sharp increase in the wind speed from
3ms ™' to 6.5 ms'. The increase in AQ.,, was smaller, with
an increase from +7 Wm 2 to +24 Wm 2. For AT, this
resulted in a sharp increase from —14 to —30 Wm . The
error associated with the latent heat flux was the largest
contributor to total heat loss error.

4. Discussion

[47] The measurements from SkinDeEP during the
MOCE-5 cruise provide a detailed record of diurnal
warming over several days and under a variety of condi-
tions. Early in situ studies of diurnal warming were con-
ducted by Stommel et al. [1969], who reported on
observations of nine diurnal cycles, and demonstrated a
good balance between insolation and the increase in heat
storage in the upper 60 m of the ocean. Stramma et al.
[1986] used both in situ and satellite measurements to
investigate diurnal warming and found maximum day-night
SSTs of 3.5 K, with good agreement between satellite and
in situ measurements. Soloviev and Lukas [1997] made
measurements of the diurnal thermocline with a free-rising
profiler and bow-mounted probes. Vertical warming of
more than 3 K in the upper 1 m and horizontal variability
of about 2 K over 0.2—6 km was observed. More recently,
Gentemann et al. [2003] analyzed satellite SSTs and found
that under favorable conditions, diurnal warming can begin
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Figure 5. (a) Mean cool-skin temperature difference A7,
(blue); mean warm-layer temperature difference AT, (red);
AT,, (green). (b) Mean heat loss errors (AQ) for the
corresponding AT above. Error bars indicate one standard
deviation about the mean.

at 8 AM and peak at 3 PM. An empirical model was
derived from the SST and wind speeds which accounted
for a significant part of the observed diurnal warming.
Stuart-Menteth et al. [2003] analyzed ten years of NOAA
AVHRR satellite-derived SST for global variations of
diurnal warming by subtracting daily nighttime from
adjacent daytime values. This study confirmed that diurnal
warming is associated with conditions of low wind and
high insolation. Other satellite observations have revealed
large amplitude SST (up to 3 K) variability in relation to
atmospheric convection in the Indian Ocean. Duvel et al.
[2004] stressed the importance of air-sea fluxes in driving
these SST anomalies. In a more recent study, J.-P. Duvel
and J. Vialard (Indo-Pacific sea surface temperature per-
turbations associated with intraseasonal oscillations of the
tropical convection, submitted to Journal of Climate,
2005) have shown that almost every winter (except in
early 1998), this region was home to a strong cooling of
SST, associated with very strong convective variability.

[48] Phytoplankton cause localized heating through in-
creased attenuation of light. Ramp et al. [1991] observed
temperature differences of up to 4.7 K between measure-
ments at depths of 4 cm and 2 m. Coincident measurements
of chlorophyll concentration were about 8 mg m™>. Areas of
lower chlorophyll showed less heating. Kahru et al. [1993]
used satellite SST and in situ data to show increases in SST
from surface accumulation of cyanobacteria. Both Ramp et
al. [1991] and Kahru et al. [1993] concluded that biolog-
ically induced heating occurred at low wind speeds. How-
ever, it is in the absence of wind mixing that near-surface
water optimally stratify, and so there is a complicated
relationship between biological heating and mixing (or lack
thereof). For example, the concentration of chlorophyll for
the measurements during station 10 (Figure 4f) is 0.15 mg
m°, and yet there was a warm layer of over 2.7 K.
However, wind speed was minimal (Table 3). On the other
hand, during station 8 (Figure 4d), the mean chlorophyll
concentration was 5.5 mg m > with a maximum warm layer
of 1.2 K, but the mean wind speed was 4.3 ms™ .

WARD: NEAR-SURFACE OCEAN TEMPERATURE

C02004

[49] Figure 5 is a summary of AT and AQ, showing the
mean values for each station. There were three stations
where the absolute value of |AT,| was greater than |AT,)|.
These were characterized by moderately high winds which
led to a breakdown in stratification (station 9); predawn
measurements where there was a ‘“clean slate,” i.e., no
vestiges of stratification from the day before (station 14);
and after sundown, where stratification breakdown occurred
due to heat loss to the atmosphere (station 15). During the
remaining stations, the warm-layer temperature difference
(|AT,,|) was greater, reaching 3 K during station 13. This
was much larger than |AT,|, which reached an absolute
maximum of 0.9 K during station 15.

[s0] Heat flux uncertainties associated with the warm-
layer temperature difference (AQ,,) are generally larger than
those associated with the cool skin (Figure 5), except for the
three cases mentioned above. The largest mean error of
51 Wm™? occurred at station 10, which had the lowest wind
speed and the highest stratification encountered. The con-
tribution of the latent flux error was 66% of the overall error,
followed by a net longwave error of 27%. The large errors in
the heat flux calculations were directly related to the large
differences in SST, and were not influenced by wind speed.
Under higher winds, the increased mixing would result in a
lower warm-layer temperature difference. For example,
during station 9 (Figure 4e), there was no warm layer
present due to the relatively high winds (Table 3), but the
error from the cool skin was 10 Wm 2. The results from this
station display the sensitivity of the heat flux calculation to
changes in water temperature; in this case, a 0.04°C differ-
ence between Ty, and Ts,,, produced a 2.3 Wm 2 error
in the total heat loss at the surface.

[s1] There were two “nighttime” deployments: one be-
fore sunrise (station 14) and one after sunset (station 15). For
the predawn deployment, there was an average cool skin of
only 0.1 K, although some heat loss occurred through the
longwave radiative flux. The corresponding heat loss errors
were negligible. For the evening deployment, there was
considerable heat loss to the atmosphere, and the heat flux
error associated with the cool skin was larger than the warm-
layer error. Many of the parameterizations for predicting AT
[e.g., Saunders, 1967; Hasse, 1971; Wick et al., 1996] are for
nighttime situations only. The most commonly used deter-
mination for nighttime conditions are during periods when
the solar insolation is zero, but the data from station 15
(Figure 4j) indicate that precautions must be taken when
assuming a nighttime well-mixed water column.

[s2] Wind speed affects AT, through the net heat flux and
turbulent mixing. Wind speed increases the net heat flux,
and according to the available parameterizations [Saunders,
1967; Soloviev and Schliissel, 1996; Fairall et al., 1996a],
this will increase the temperature difference. However, this
also leads to an increase in turbulent mixing, which will
serve to thin the skin layer and thereby decrease the
resulting temperature difference [Wick et al., 1996]. The
relationship between AT and wind speed is shown in
Figure 6, where the data were averaged over wind speed
bins of 0.5 ms~!. The A7., data show the effect of
stratification, especially at low winds, where values reach
>1.5 K. In contrast, the AT, showed a predominantly cool
skin. It is surprising to see that the A7, and AT, data do not
converge at the higher wind speeds. This may be an artifact
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Figure 6. SkinDeEP skin-bulk temperature difference
versus wind speed (bin averages) for AT, (blue), AT,
(red), and AT, (green). Also shown is the parameterized
relationships after Donlon et al. [2002] (black), Fairall et al.
[1996a] (cyan), and Soloviev and Schliissel [1996]
(magenta). These parameterizations predict only the tem-
perature difference across the conductive boundary layer
AT,. The latter two include a shortwave absorption
parameterization, whereas Donlon et al. [2002] is purely
empirical and was determined with nighttime data only.

and can probably be attributed to the measurements at
stations 12, where there was increased variability in both
the wind speed and AT data.

[s3] Also plotted in Figure 6 are three parameterizations
for the skin-bulk temperature difference, bin-averaged over
0.5 ms~' bin sizes. The relationship after Donlon et al.
[2002] (DON) is given by: AT= —0.14 — 0.3 exp(—u/3.7).
This expression is an empirical fit to several nighttime data
sets where radiometric skin temperature data were avail-
able, and was considered to be unsuitable for winds below
2ms ™. Fairall et al. [1996a] (FAI) used the Saunders [1967]
relationship, which was an argument based on dimensional
analysis given by AT = \vQ/ku~, where v is the kinematic
viscosity, and & is the thermal conductivity. Fairall et al.
[1996a] developed an expression for X\ which incorporated
the transition from the free convection to a shear-driven
regime at ~4 ms '. The parameterization from Soloviev
and Schliissel [1996] (SS) assumes that AT, can be derived
from a knowledge of the surface cooling, and absorption of
shortwave radiation across the conductive boundary layer.

[s4] For both the FAI and SS parameterizations, the AT
increases with wind (Figure 6). This would indicate that the
heat flux term, which will increase with wind, is causing
the increase in the A7. However, the DON parameterization
decreases from —0.3 K at 2 ms™' to —0.17 K at 9 ms .
There is no clear trend with the A7, data, although it has a
tendency to decrease as the wind speeds increase. The SS
parameterization exhibits a change in the rate of increase in
AT at ~4 ms~', which could be related to the change in
free to forced convection suggested by Fairall et al.
[1996a] (although the FAI parameterization in Figure 6
does not exhibit a transition at this wind speed). Veron and
Melville [2001] suggest that small-scale Langmuir circula-
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tions may be responsible for this change, as they observed
the onset of Langmuir circulation to occur at wind speeds
above ~3 ms .

5. Conclusions

[s5s] Results from the SkinDeEP profiler have been pre-
sented, which was deployed in the Gulf of California during
the MOCE-5 campaign. Profiles were made over a depth of
5 m, at an interval of about 1 minute. Simultaneous measure-
ments from the M-AERI provided high-accuracy skin tem-
perature data. SkinDeEP was deployed mostly in the early
afternoon, its schedule dictated by shipboard logistics. Gen-
erally the conditions included low wind and high insolation.

[s6] One of the obvious results from this study is the
depth dependency of the AT during daytime. The A7, data
show that the skin temperature is normally cooler than the
bulk (7y,pskin in this case). This would indicate that the
amount of shortwave radiation absorbed within the conduc-
tive boundary layer is insufficient to overcome the cooling
from the sensible, latent, and longwave heat fluxes, which
act immediately at the ocean-atmosphere interface. This
result agrees with Wick et al. [2005], who uses an improved
shortwave absorption parameterization after Ohlmann and
Siegel [2000] which resulted in the reduction of previous
overestimates of diurnal skin layer warming. On the other
hand, the AT, (i.e., the “conventional” skin-bulk temper-
ature difference) reflects a skin temperature that is usually
warmer than the 5 m bulk temperature.

[57] There can be no argument that the skin temperature is
the most physically appropriate SST for calculating air-sea
heat fluxes. However, often the only available SST during a
shipboard campaign is the temperature from the TSG, and in
these situations, this is used for the calculation of the air-sea
heat fluxes. This study has quantified the errors in the heat
flux components for both the cool-skin and the warm layer.
Figure 7 emphasizes the relative contributions from both
effects, with the warm layer resulting in a larger error than
the cool skin. There is considerable scatter in Figure 7, but
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Figure 7. Relationship between AT and AQ for warm-
layer (red) and cool-skin (blue). The data are averaged over
10 min. Note that one cool-skin data point at ~55 Wm >
(during station 15; section 3.10; Figure 4j) is not shown.
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fora AT, or AT, of 0.5 K, the resulting heat flux errors are up
to 20 and 30 Wm 2, respectively.

[s8] The results here provide an argument for routine
radiometric measurements. When radiometric measurements
are not available, models must be used. However, most AT
parameterizations require that the net heat flux be known a
priori. The DON relationship could be used for high wind
cases, where a constant offset of —0.17 K can be added to
the bulk temperature, with the assumption that the surface
waters are well mixed and T, is equivalent to Tgpein.
Under low wind, daytime conditions, it would be necessary
to eliminate the effect of stratification by employing a model
such as Fairall et al. [1996a] or Jenkins and Ward [2005].

[s9] Nighttime parameterizations are appropriate under
daytime conditions if a measurement of Ty, 1 available
(i.e., FAI and SS). This would be impossible to obtain as an
underway measurement, as it would require maintaining a
thermometer at the ocean surface from a moving vessel
(indeed it is difficult to obtain a SST measurement with the
TSG which is completely free of the ship’s influence).
Short-term deployments of SkinDeEP can provide an in-
sight into the behavior of AT during conditions amenable to
thermal stratification. For example, Ward et al. [2004a] have
presented results from a cruise in the Mediterranean where
SkinDeEP remained within the field-of-view of M-AERI for
three separate deployments, two of which captured a com-
plete diurnal cycle.

[60] Further studies are required to understand the effect
of biology on stratification in the near-surface layer, and if
the concentration of chlorophyll can attenuate the effects of
mixing.

[61] Under conditions of daytime low wind, the warm
layer will dominate the heat flux error, driven by the
differences in temperature across the diurnal thermocline.
Under high wind conditions, where the absolute latent and
sensible heat fluxes will be elevated, the heat flux error
associated with the cool skin will dominate. Heat flux errors
associated with the warm layer will be of O(10—-50) Wm 2,
whereas errors associated with the cool skin will approach
O(1-10) Wm ™2,
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