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ABSTRACT: In this work, the diurnal evolution of the radiation balance components over the tropical Atlantic Ocean
is described and analysed. The analysis is based on measurements carried out on board a Brazilian Navy ship during the
observational campaign of the FluTuA Project (‘Fluxos Turbulentos sobre o Atlantico’), from 15 to 23 May 2002. The
observations indicated that the albedo responds as expected to atmospheric attenuation effects with a diurnal evolution
similar to the Fresnel albedo. In general, the observed longwave radiation values agreed better with the estimated values
obtained without longwave reflection. In agreement with the literature, the average surface emissivity was around 0.97. The
net radiation, estimated from published equations for albedo, atmospheric transmissivity and surface emissivity, agreed with
the observations, indicating that these parameters are representative of the radiometric properties of the air-sea interface
in the region between Natal (6°S, 35.2°W) and the Sdo Pedro and Sao Paulo Archipelago (1°N, 29.3°W). Copyright ©

2008 Royal Meteorological Society
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1. Introduction

Climate change issues have brought attention to the
scarcity of information about the short-term variation
of ocean-atmosphere interactions. Discrepancies between
climate models are known worldwide and are particularly
important over the tropical and subtropical regions of
the South Atlantic Ocean. There, climate models diverge
about the intensity of the heat, moisture and momentum
fluxes between atmosphere and ocean (Wainer et al.,
2003). To assess the uncertainty of the air—sea flux
values and to improve the knowledge of the climatology
of the ocean-atmosphere interaction in situ measurement
data are necessary. However, there are very few field
measurements over the South Atlantic Ocean with the
time and space resolutions required to investigate the
atmospheric short-term variations (Dourado and Oliveira,
2001; Pezzi et al., 2005).

The EQUALANT 99 programme, a component of the
Etudes CLimatiques dans I’ Atlantique Tropical (ECLAT)
the French programme of the CLImate VARiability and
predictability (CLIVAR) programme, for instance, was
mainly dedicated to the study of oceanic circulation in the
tropical Atlantic basin (Gouriou et al., 2001). It was also
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devoted to the estimation of surface fluxes to obtain bulk
flux parameterization adapted to the mooring network
in this region (the Pilot Research Moored Array in the
Tropical Atlantic (PIRATA) programme; Servain et al.,
1998). Analysis of this experiment is still in progress
(Weill et al., 2003).

The Global Atmospheric Research Programme’s
(GARP) Atlantic Tropical Experiment (GATE) (Kuettner,
1974) was conducted over the north tropical Atlantic
Ocean, in the summer of 1974 and, more recently, the
AERosol and Ocean Science Expedition (AEROSE). The
fundamental purpose of the AEROSE mission was to
provide a set of critical measurements to characterize
the impacts and microphysical evolution of Saharan dust
aerosol transport across the Atlantic Ocean (Nalli et al.,
2006).

The PIRATA programme maintains an array of 12 next
generation Autonomous Temperature Line Acquisition
System (ATLAS) buoys with the principal objective of
describing and understanding the evolution of the sea
surface temperature, upper ocean thermal structure and
air—sea fluxes of momentum, heat and fresh water in
the tropical Atlantic. The oceanic and meteorological
observations are transmitted to ground station via satellite
by Service Argos and are available in near real-time on
the internet (http://www.pmel.noaa.gov/pirata).

Solar radiation is the primary energy source for the
atmospheric general circulation and the hydrological
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cycle. The coupling between atmospheric and oceanic
general circulation models depends strongly on the radia-
tive energy flux through the Earth-atmosphere system.
For the radiative energy balance near the surface the
shortwave solar energy accounts for most of the heat flux
transferred to the ocean. The solar radiation transferred
into the upper-ocean layers affects the stability of the
ocean mixed layer and the sea surface temperature. Con-
sequently, the oceanic surface albedo plays a key role in
determining the energy flux exchanged between atmo-
sphere and ocean and so it is an important issue for
the coupling of atmosphere and ocean models (Li et al.,
2006).

An exact knowledge of the components of the radiation
balance is also very important in both climate and weather
forecasting. Changes in the radiation balance can lead to
climate changes and because of that it is interesting to
monitor those balance components.

The present work describes the in situ radiation obser-
vations obtained during 15-23 May 2002, as part of the
FluTuA Programme (Soares et al., 2001). These obser-
vations were carried out on board the Brazilian Navy
Ship Comte Manhdes, between Natal (6°S, 35.2°W) and
the Sdo Pedro and Sdo Paulo Archipelago, approximately
1100 km off the coast of Brazil (1°N, 29.3°W), pass-
ing by the Fernando de Noronha Archipelago (3.8°S,
32.4°W) (Figure 1).

The FluTuA Programme intends to measure turbulent
fluxes at the atmospheric surface layer and vertical
profiles of meteorological and oceanographic parameters
over the western tropical Atlantic Ocean. The major
goals were to characterize observationally the interaction
between the atmosphere and the ocean on the micro, meso
and macro scales. The surface boundary layer fluxes were
determined from an instrumented tower located on the
SPSPA.

Very little is known about the atmospheric and
oceanographic conditions in the SPSPA region. During
1983-1984, in situ wind measurements were collected
at SPSPA, as part of Francais Océan Climate Atlan-
tique Equatorial/Seasonal Equatorial Atlantic Experi-
ment (FOCAL/SEQUAL) experiment. The wind velocity
showed a decrease in the periods from February through
April in 1983 and from January through May in 1984.
From April through November 1983 and from May to
the end of October 1984, wind velocities were practically
constant, with a mean velocity of about 6.9 m s~! in 1983
and 6 m s~! in 1984 (Colin and Garzoli, 1987). The wind
decrease is associated with the seasonality and position-
ing of the Intertropical Convergence Zone (ITCZ). From
February to April the winds became very weak because
the low wind confluence zone was positioned over the
SPSPA in 1983. According to Wainer and Soares (1997),
the sea surface temperature in the tropical Atlantic is in
phase with the meridional displacement of the ITCZ and
out of phase with rainfall in north-northeast Brazil.

This work compares the diurnal evolution of radiomet-
ric properties of the atmosphere (broad band transmissiv-
ity) and surface (albedo, emissivity and net longwave
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Figure 1. Trajectory described by Comte Manhdes during the obser-
vational campaign of FluTuA project and the geographic position of
Natal, Fernando de Noronha and Sdo Pedro e Sao Paulo Archipelago
(SPSPA). Geographic position of the ship during the observational cam-
paign, carried out between 15 and 23 May 2002. The ship left Natal
on 15 May at 0940 local time (LT) and arrived at Sdo Pedro and Sdo
Paulo Archipelago (SPSPA) on 19 May at 1025 LT. On 20 May at
1940 LT the ship left SPSPA and arrived in Fernando de Noronha on
22 May at 1150 LT and left on 23 May at 0910 LT (LT = UTC — 3).

radiation) with general formulations, tested for open
ocean conditions at tropical latitudes, available in the
literature (WGASF, 2001). The in situ observations and
the correction used for the solar heating effects on the
longwave radiation are described in Section 2. The main
results are displayed in Section 3 and the discussions and
conclusions are in Section 4.

2. Observations

The observations were carried out on board of the
Brazilian Navy ship Comte Manhdes. The ship was
set up with wind velocity, air temperature, air relative
humidity, radiation, and water temperature sensors. The
characteristics of the sensors are described in Table I.
The water temperature sensor was protected from direct
solar radiation and measured the water temperature
at 1 m depth. According to Kurzeja et al. (2005) the
measurements of water temperature correspond to the
bulk sea surface temperature (SST). The bulk layer is
between 1 and 5 m deep and is sampled by ships and
buoys. In this experiment, the bulk SST observations
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Table I. Sensor characteristics.

Sensor Manufacturer Accuracy Response time at 95% (s)
Net Radiometer, model CNR1 Kipp and Zonen 2.5% 18
Anemometer Gill Propeller R.M. Young 1 ms™! -
Air temperature Vaisala 0.2°C -
Air relative humidity Vaisala 4% 15
Water temperature Vaisala 0.2°C -

were periodically compared with the water temperature
collected using a bucket (not shown here). All the sensors
were connected to the data acquisition system Datalogger
21X, manufactured by Campbell Inc. The sampling rate
was set equal to 0.2 Hz and the 5-min average was
calculated for all variables.

The net radiation sensor was arranged in the up front
of the vessel, about 1 m from the ship, and 6 m above
the sea surface. The net radiation sensor was fixed in
respect to the ship and no compensation was carried out
for the ship movement. The air temperature and relative
humidity sensors were mounted at the upper level of
the ship, near to the wind sensors, at 11 m above the
sea surface. Two anemometers were set up in the boom
located at the upper level of the ship, also 11 m above
the sea surface. The anemometers were oriented in the
directions parallel and perpendicular to the ship.

The performance of the four radiation sensors, form-
ing the model CNR1 net radiometer manufactured by
Kipp-Zonen Inc., were, prior to and after the campaign,
individually compared with a PSP pyranometer (short-
wave sensor) and PIR pyrgeometer (longwave sensor),
both manufactured by Eppley Lab Inc. The Kipp-Zonen
net radiometer and Eppley radiometers were set side-by-
side measuring incoming solar and atmospheric radiation
at the surface during few days. Information about Epp-
ley sensors and calibration procedure can be found in
Oliveira et al. (2006). The results (not shown here) indi-
cated an agreement compatible with the accuracy pro-
vided by the manufacturer (Table I). Similar performance
tests were carried out for the other sensors used in the
observational campaign (Table I).

The solar heating effects on the performance of the
longwave radiation sensor were corrected using the equa-
tion proposed by Pérez and Alados-Arboledas (1999):

LWcOT — LWobS
—[0.033 +0.015 exp(—V/3.2)] SWpw. (1)

Here it was assumed that V = \/ U3 ship + Vair—ship 15
the absolute value of the wind velocity in respect to the
ship (m s~!), LWO® corresponds to the observed values
of longwave radiation emitted by the atmosphere or by
the surface and SWpw is the incoming solar radiation at
the surface.

Equation (1) was derived originally for direct horizon-
tal solar radiation, however, as pointed out by Pérez and
Alados-Arboledas (1999) it can also be applied using
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global solar radiation. This equation was also developed
exclusively to correct dome emission effects in pyrge-
ometer model PIR manufactured by Eppley Inc., which
has a bulged dome. The Kipp-Zonen longwave radiation
sensors are a CG3 model having a flat dome. Even though
the internal circuitry compensates heating effects on long-
wave radiation measurements, it will be shown in next
sections that the pronounced diurnal cycle in both upward
and downward longwave radiation was eliminated when
Equation (1) was applied.

The ship’s position and trajectory (Figure 1) were
obtained from an onboard GPS system. This information
was also used to estimate the ship velocity and direction.
The ship direction corresponds to the angle formed
between the ship and north, analogous to the horizontal
wind direction angle in meteorological convention. The
wind velocity and direction were estimated using the
wind velocity components measured on board the ship
and considered that the ship was in a straight line between
two consecutive GPS positions.

Most of the time the measurements were performed
at open-ocean conditions where the air temperature was
higher than the sea surface temperature. Only near the
continent (at the very beginning of the experiment, shown
as number 1 in Figure 2(a)) and near the Fernando
de Noronha Archipelago (shown as number 3 in the
figure) was the air temperature lower than the sea
surface temperature. It is interesting to note that near
the SPSPA (number 2 in Figure 2(a)) the environment
behaves like an open ocean. The SPSPA is an outcrop of
the mid-Atlantic Ridge; its largest island has an area of
approximately 7500 m? with the highest point at 17 m.
Therefore, the geographical location and low topographic
features of SPSPA characterize this site as an ideal place
to measure unobstructed weather parameters under open
ocean conditions. The air and water temperatures are also
shown in Figure 2(b) for year day 136.

The actual Sun position at different longitudes occu-
pied by the ship during the trip was taken into considera-
tion in the estimate of the extraterrestrial solar radiation.
All measurements and estimates were reported in terms
of the local time of Natal (6°S, 35.2°W) which corre-
sponds to the Brazilian standard time (= UTC — 3). In
this work, all radiation fluxes are positive when oriented
upward and vice versa.
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Figure 2. Time evolution of air (black line) and surface water tem-

peratures (grey line) observed during whole experiment and (b) year

day 136 of 2002. In (a) the numbers correspond, respectively, to when

the ship left the continent, arrived at the SPSPA and arrived at the
Fernando de Noronha.

3. Results

Here will be shown the radiometric properties (surface
emissivity, net sky transmissivity and surface albedo) of
the region and the net radiation at the surface.

3.1. Surface emissivity

Over the ocean, the longwave radiation emitted by the
atmosphere (LWpw) can be estimated as (Clark et al.,
1974):

LWpw = (RYY — &o0 Ts*) /(1 — oww), (2
where RLY is the net longwave radiation at the surface,
& is the surface emissivity assumed equal to 0.98,
o is the Stefan-Boltzman constant, 75 is the surface
temperature measured with the thermistor dropped in
the water (Figure 2) and opw is the longwave radiation
reflectivity of the surface set equal to 0.045 (Josey et al.,
1997).

Clark et al. (1974) gave an empirical equation to
estimate the net longwave radiation over open ocean
conditions:

RYY = (a — b Jex) ego Ts* (1 — A n?)

+4 g9 0 Ts>(Ts — Th), A3)
where e is the vapour pressure value in mb, Ty is the
air temperature measured on board of ship at 11 m above
the sea level (Figure 2), a and b are empirical constants
set equal to 0.39 and 0.05 respectively (Josey et al.,
1997) and n is the fractional cloud cover in oktas. The

Copyright © 2008 Royal Meteorological Society

latitude dependent cloud cover coefficient, A, assumes
the value of 0.51 at the equator (Clark et al., 1974).
The vapour pressure, used in Equation (3), was estimated
using observed relative humidity of the air at 11 m and
considering the atmospheric pressure constant and equal
to 1010 hPa (the averaged value obtained by the ship’s
barograph).

Figure 3 displays the observed and estimated values
of REY. The match between the observed values (grey
circles in the figure) and the estimated values improves
with the specification of a fractional cloud cover. Here n
was set equal to 2 oktas (the continuous line in Figure 3)
because some clouds were often present during short
periods, affecting the net longwave radiation even when
the atmospheric transmissivity was high (Section 3.2).

The observed values of LWpyw, corrected by Equa-
tion (1) and without correction, are displayed in Figure 4,
together with the estimated values of LWpw with apw
equal to 0.0. Using the estimated values as reference (the
continuous line in Figure 4) it is possible to verify that
the diurnal oscillations present in the observed values of
LWpy are not related to the diurnal cycle of the surface
and air temperatures (Figure 2(b)) but they are related to
the solar heating effects on the radiation sensor (Pérez
and Alados-Arboledas, 1999; Weller et al., 2004).

The diurnal evolution of the atmospheric downward
longwave radiation estimated using Equation (2) and
corrected using Equation (1) is indicated in Figure 5. The

'E 60 1 g —-— t

Local time

Figure 3. Diurnal evolution of the observed net longwave radiation

on year day 136. The grey solid circles show the observed values;

the dashed line the R™Wy estimated considering no clouds and the

continuous line the values estimated considering a fractional cloud
cover of 2 oktas.
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Figure 4. Diurnal evolution of the observed longwave radiation emitted
by the atmosphere without correction (grey solid circles) and with
correction based on Pérez and Alados-Arboledas (1999) (open black
squares) on year day 136. The continuous line corresponds to the
estimated values of L Wpw using arw equal to 0.0.
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observed L Wpw emission, at 6 m, is within the estimated
LWpyw using arw equal to zero (thin line in Figure 5) and
arw equal to 0.045 (thick line in Figure 5). The estimated
LWpw emission reproduced the observation regardless
the value of arw. A more conclusive figure about the
role of longwave radiation reflection at the surface will
be shown next.

The outgoing longwave radiation from the surface
(L Wyp) corresponds to the emission from the surface plus
the downward atmospheric emission reflected upwards by
the surface:

“)

LWUP = E()O’TS4 — oLw LWDw.

Figure 6 shows the diurnal evolution of the observed
and estimated values of LWyp, using Equation (4) and
corrected by Equation (1). Similarly to L Wpw the diurnal
oscillations present in the observed values of LWyp are
not related to the diurnal cycle of the surface and air
temperatures because they didn’t show any significant
variation during daytime (Figure 2(b)). However, they
can be related to the solar heating effects on the radiation
sensor. A similar solar heating effect was detected
in the TOGA-CORE experiment and removed from
the longwave radiation atmospheric emission using a
different method but with similar outcome (Weller et al.,
2004).

-
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Figure 5. Diurnal evolution of the corrected observed (grey solid

circles) and estimated (continuous line) longwave radiation emitted by

the atmosphere on year day 136. The thick and thin continuous lines

correspond, respectively, to the estimated values of L Wpw using opw
equal to 0.045 and 0.0.

6 12 18 24
Local time

Figure 6. Diurnal evolution of the observed longwave radiation emitted
by the ocean surface without correction (grey solid circles) and with
correction based on Pérez and Alados-Arboledas (1999) (open black
squares) on year day 136. The continuous line corresponds to the
estimated values of L Wyp using apw equal to 0.0.

Copyright © 2008 Royal Meteorological Society

The best match between the estimated and observed
values of the longwave radiation emitted by the surface
is obtained when the L Wyp values are estimated without
considering the longwave reflection of the surface (thin
line in Figure 7).

The corrected values of surface longwave radiation
emission were used to estimate the emissivity of the
surface (eops), following the equation:

EOBS = (L ng))r — LW LWS\?‘;) /G TS4.

®)

The frequency of the surface emissivity values
(Figure 8) shows that the most probable value of surface
emissivity is 0.97. This value, obtained using Equa-
tion (5) and apw = 0, is consistent with the surface emis-
sivity 0.98 used in net longwave radiation bulk formula.
Recent observations have indicated similar surface emis-
sivity over tropical open ocean conditions (Bhat et al.,
2003). The observed value also agrees with the emissiv-
ity observed by Smith ez al. (1996) between 8 and 13 pm
and near to nadir view.
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Figure 7. Diurnal evolution of the observed corrected (grey solid

circles) and estimated (continuous lines) longwave radiation emitted

by the ocean surface on year day 136. The thick and thin continuous

lines correspond, respectively, to the estimated values of L Wyp using

arw equal to 0.045 and 0. Corrections on observed values of LWyp
were based on Pérez and Alados-Arboledas (1999).

500

400

300

200

Freguency
N

100 ]

0 ' I 71717-17-!7- W
090 092 094 096 098 1.00
Surface emissivity

Figure 8. Frequency distribution of the surface emissivity values
estimated from the observed values of LWyp without reflection
(arw = 0). The highest frequency emissivity is 0.97.
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3.2.  Net sky transmissivity

In the absence of clouds the diurnal evolution of the
net sky transmissivity (I') can be estimated from the
following equation (Stull, 1988):

I' = (ar + brcos Z2), (6)

where ar and br are constants that take into consideration
the clear sky depletion and Z is the solar zenith angle,
defined to be the angle between the Sun and the vertical.

The broadband transmissivity of the atmosphere was
obtained as I' = SWpw/SWpy, where SWpyw is the
incoming solar radiation at the surface. The solar radi-
ation at the top of the atmosphere SWp, was estimated
using SWgW = —Iycos Z, with I; being the solar con-
stant given by Iy = Sy (D/ D)z, where S is the average
solar constant assumed equal to 1366 W m~2 (Frolich
and Lean, 1998), D is the average distance between the
Sun and the Earth, D is the actual Sun—Earth distance
and Z is the solar zenith angle. The ratio (D/D)? and Z
are calculated according to Igbal (1983).

Figure 9 displays the time variation of the sky atmo-
spheric transmissivity observed and estimated by Equa-
tion (6) using the coefficient set derived from observed
clear sky transmissivity data (ar = 0.5 and br = 0.3).
Unfortunately, there was no cloud observation during the
expedition.

The observed and estimated incoming shortwave radi-
ations at the surface using I' = 0.5+ 0.3 cos Z, and
the solar radiation at the top of the atmosphere, are dis-
played in Figure 10. Despite the unaccounted presence
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Figure 9. Diurnal evolution of the atmospheric ‘net sky’ trans-

missivity for year days (a) 136 and (b) 141 of 2002. The curve

I' =0.540.3 cos Z (continuous line) was interpolated through the

entire data set considering the clear sky values of transmissivity only.
The observed values are displayed as grey solid circles.
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Figure 10. Diurnal evolution of the observed (line-solid circles) and

estimated (continuous grey line) incoming shortwave radiations at the

surface for year day (a) 136 and (b) 141 of 2002. The solar radiation
at the atmospheric top is displayed in dashed line.

of clouds, the observed net sky transmissivity and, as
consequence, the global solar radiation at the surface are
well characterized using I' = 0.5 + 0.3 cos Z.

Li and Lam (2001) classified the sky condition, during
a particular period, according to the value of I" (or Kr,
as named in their paper). They found that the sky is
clear when I' is greater than 0.7; partly cloud when
0.15 < T < 0.7 and overcast when I' is smaller than
0.15. For instance, considering the period investigated
here (May, 2002), the minimum value of solar zenith
angle was around 20°, generating a I value of the order
of 0.78. The minimum Z for day 136 is 22.5° and the
minimum Z for day 141 is 20.8° resulting in I" values
of, respectively, 0.777 and 0.781. According to Li and
Lam (2001), these values can be classified as clear sky
conditions. Oliveira et al. (2002) also found close values
to clear sky conditions for polluted continental areas in
Brazil.

Therefore, despite the presence of some clouds, mainly
during the afternoon, most of the days are basically
clear sky days. The ITCZ positions at the beginning and
the end of the field campaign are located at slightly
higher latitudes than the area covered by the ship
(Figure 11).

The intensity of global solar radiation can be attenuated
by aerosol and moisture content of the atmosphere. Dust
transport from Africa can reach the tropical portion of the
Atlantic Ocean (Nalli et al., 2006). Unfortunately, there
were no measurements of air aerosol content during the
FluTuA expedition. However, the transmissivity values
obtained here indicate that the aerosol effects were not
too strong to affect significantly the solar radiation at the
surface, during the investigated period.
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Figure 11. Surface synoptic chart at May (a) 15 and (b) 22, 2002. The ITCZ position is located in the Northern Hemisphere. The area covered
by the field campaign is indicated by the rectangle.

3.3. Surface albedo

The surface albedo over the ocean () can be estimated
from the Fresnel equation:

: 2
7 —
w=050 | Z=D
sin“(Z +r)

tanz(Z —r)
+ tan’(Z + r):| ' ™

where r is the refraction angle of the light in the water
given by r =arcsin[(sin Z)/ni], ni is the seawater
refraction index equal to 1.33. In this equation the surface
of the water is considered flat and the contribution from
diffuse solar radiation reflection is not included (Cogley,
1979).

According to Jin et al. (2004), the surface albedo is a
function of the transmissivity (cloud cover, atmospheric
load of aerosol and water vapour), zenith angle, ocean
surface state (wind velocity) and chlorophyll water con-
tent. Payne (1972) found that the albedo does not depend
on the solar zenith angle when the transmissivity val-
ues are below 0.1. On the other hand, for transmis-
sivity between 0.60 and 0.65 the albedo shows a very
well defined variation with solar zenith angle, following
closely the behaviour described Equation (7).

Figure 12 shows the average surface albedo as a
function of solar zenith angle, calculated from the solar
radiation observations as o = —SWyp/SWpw, where
SWyp is the observed outgoing solar radiation from the
surface. The observed average albedo for lower zenith
angles, about 0.06, is compatible with the albedo value
found by Payne (1972) for conditions of light winds and
relatively smooth seas, however, it disagrees with the
predicted values from Equation (7). The albedo obtained

Copyright © 2008 Royal Meteorological Society
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Figure 12. Average surface albedo as a function of the solar zenith

angle, based on observations carried out during the entire campaign

(black solid circles). The vertical bars correspond to the statistical

error. The grey continuous line indicates the albedo estimated using

Equation (7). The black continuous line indicates the albedo proposed
by Jin et al. (2004).

by Jin et al. (2004), derived from 2 years of observations
and considering only clear sky conditions, agreed well
with the Fresnel albedo.

Considering the albedo diurnal evolutions during year
days 136 and 141, it can be seen that the discrepan-
cies between the observed albedo and the albedo esti-
mated using the Fresnel equation are more pronounced
in year day 136 (Figure 13(a)) than in year day 141
(Figure 13(b)). The discrepancies on year day 136 can
be caused by the anomalous larger values of albedo
observed when the ship was moving from SW to NE
directions, facing the Northern Hemisphere, towards the
SPSPA (Figure 1). During the entire field campaign, the
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Figure 13. Diurnal evolution of the surface observed (grey solid circles)
and estimated albedos (continuous line) for year day (a) 136 and
(b) 141 of 2002.

Sun was in the Northern Hemisphere and therefore the
incoming solar radiation reflected over the sensor posi-
tioned in the frontal part of the ship artificially increased
the albedo. During the return from SPSPA the ship was
facing the Southern Hemisphere and the reflection caused
by the ship was not significant. The observed albedo
dependence with the ship orientation can be more clearly
seen in Figure 14. For all solar elevation angles, the
estimated albedo, given by Equation (7), matches the
observed albedo during year days 141-143, when the
solar radiation sensors were not located between the ship
and the Sun. The afternoon discrepancies on year day
141 can be associated to cloud cover effects, as can be
seen in Figures 9(b), 10(b) and 13(b).

The ship reflection effect can also be identified consid-
ering the dependence between albedo and transmissivity.

0.30
0.25F;
0.20 %
0.15F % * A%
0.05 : , e
0.00 koxmz=-- po=spoe- pr=cpoe- 2 = S eamas procpne-
0 15 30 45 60 75
Solar elevation angle (degree)

Albedo

Figure 14. Albedo as a function of the solar elevation observed during
year days 135—138 when the ship was facing the Northern Hemisphere
(black open circles) and during year days 141-143 when the ship was
facing the Southern Hemisphere (grey solid circles). Grey thick line
corresponds to the albedo estimated from Fresnel equation. The black
continuous line is the albedo proposed by Jin ef al. (2004).
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According to Payne (1972) and Simpson and Paulson
(1979), for large transmissivity values the sea surface
albedo behaves in the Fresnel manner, varying with solar
elevation.

Figure 15 shows the observed albedo as a function of
the solar elevation angle for different transmissivity inter-
vals. The albedo values obtained, for mid-ocean (35 °N,
155°W), by Simpson and Paulson (1979) are also dis-
played in Figure 15. For low transmissivity conditions
(cloudy skies or 0 < I' < 0.33) the albedo values found
by Simpson and Paulson (1979) have a smaller depen-
dence with the sun position than the observed albedo
(Figure 15(a)). For partially cloudy (0.4 < T" < 0.5) and
clear (0.5 < I" < 0.6) sky conditions the observed albedo
response to the solar elevation follows the behaviour
found by Simpson and Paulson (1979). Larger discrepan-
cies in these two last conditions are found between year
days 135 and 138 (open circles in Figure 15(b), (c)) when
the ship was facing the Northern Hemisphere.

Figure 16 shows the albedo as a function of the atmo-
spheric transmissivity for two values of sun elevation
(10° and 70°). The results obtained by Payne (1972) in
the mouth of Buzzards Bay, USA (41.4°N, 71.03°W)
is one of the few long term observational studies of
albedo carried out on a fixed platform. The 10° and 70°
Sun elevation values were estimated considering, respec-
tively, the average albedo for Sun elevations between 5
and 15° and 65 and 75°. The observations carried dur-
ing FluTuA follow Payne’s (1972) prediction during the
return leg (year days 141-143), when the ship was facing
the Southern Hemisphere. During the expedition towards
SPSPA (year days 135—138) the discrepancies are larger
for a Sun elevation of 70° as a consequence of the ship
reflection effects.

As expected, the behaviour of the shortwave radiation
reflected by the ocean surface agrees with the estimated
values when the ship was moving back from SPSPA and,
therefore, facing the Southern Hemisphere (Figure 17).
The largest discrepancies between the observed and
estimated S Wyp were found during the year days 139 and
140 (not shown here) when the ship was practically not
moving (Figure 1). Therefore, these days were removed
from the analysis carried out for albedo and displayed in
Figures (12) and (14)-(16).

3.4. Net radiation at surface

The estimated net radiation at the ocean surface (Ry)
was evaluated considering the shortwave and longwave
atmospheric components at the air—sea interface:
R = SWpw + SWyp + LWpw + LWyp, (®)
where the shortwave radiation components SWpw and
SWyp were evaluated using the transmissivity coeffi-
cients given by I' and the surface albedo given by
Equation (7).
The daytime evolution of the difference between
estimated and observed values of net solar radiation
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Figure 15. Albedo as a function of the solar elevation for atmospheric transmissivity between (a) 0.0 and 0.33 (b) 0.30 and 0.40 and (c) 0.50
and 0.60. Observed during year days 135—-138 (open circles) and during year days 141-143 (solid circles). Grey line corresponds to the albedo
proposed by Simpson and Paulson (1979) for equivalent transmissivity intervals.
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Figure 16. Albedo as a function of the atmospheric transmissivity for average solar elevation of (a) 10° and (b) 70°. Continuous line corresponds
to Payne (1972), open circles to year days 135—-138 and solid circles to year days 141-143.

(RYY = SWpw + SWyp) and of the net longwave radia-
tion (RYY = LWpw + LWyp) is displayed in Figure 18.
The major differences can be due to the fact that in the
equations used cloud effects were not included because
no cloud cover observation was carried out during the
trip. The cloud effects, indicated by large negative values
of ARYY (ARYY = RYY |est — RYY|yy,,) in Figure 18(a),
are closely related to relatively large positive values of
AR (ARYY = RYY |gs — RY"|,,,) in Figure 18(b).
To evaluate the net radiation, the longwave radiation
components LWpw and LWyp were estimated using
Equations (2) and (4) considering emissivity equal to
0.97, arw equal to 0.0 and clear sky conditions. The time
evolution of the observed and estimated values of Ry for
year day 136 (Figure 19(a)) and for the entire experiment
(Figure 19(b)) shows that the estimative assuming a
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cloudless sky (n = 0) provides an envelope which agrees
well with measurements. It is possible that the scatter
within the envelope could be reduced by using the correct
amount of cloud.

4. Discussion and conclusions

The observational campaign carried out on 15-23 May
2002, as part of the FluTuA Programme, is described
here. During 9 days, 5 min averaged measurements
of (1) solar radiation fluxes (incoming and outgoing)
and longwave radiation fluxes (atmospheric and surface
emission), at 6 m above the sea level; (2) air temper-
ature, relative humidity and horizontal wind compo-
nents, at 11 m and (3) sea temperature were gathered
continuously.
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Figure 17. Diurnal evolution of the observed (grey solid circles) and
estimated (continuous line) outgoing shortwave radiation at the surface
for year day (a) 136 and (b) 141 of 2002.
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Figure 18. Daytime evolution of the difference between estimated

and observed (a) net solar radiation and (b) net longwave radiation.

Estimated values were obtained using I' = 0.5 4+ 0.3 cos Z, Fresnel

albedo, and LWyp and LWpw without surface reflection. Year day
136.

These observations were carried out on board the
Brazilian Navy Ship Comte Manhdes, between Natal
(6°S, 35.2°W) and the Archipelago of Sdo Pedro and
Sdo Paulo (1°N, 29.3°W).

According to MacWhorter and Weller (1991) when
shortwave solar radiation measurements are taken at sea,
the main sources of measurement error include mean tilt
error, rocking error and response time error. However,
evaluating the effects caused by the ship’s motion on the
measurements is not easy because it requires a description
of the ship’s motion. Even though no corrections were
made to remove the effects of the ship’s movement on

Copyright © 2008 Royal Meteorological Society
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Figure 19. Time evolution of observed (grey circles) and esti-

mated (continuous line) net radiation during (a) year day 136 and

(b) the whole experiment. The estimated values were obtained using

I' =0.54 0.3 cos Z, Fresnel albedo, and LWyp and L Wpw without
surface reflection.

the solar radiation received, the observations carried out
during the experiment indicate that the surface albedo
responds as expected to the presence of clouds and other
atmospheric attenuation effects.

The response time of the instrument can also lead to a
significant error in instantaneous radiation measurements:
however, if the mean radiation value over a number
of cycles is taken, the response time error becomes
minimal (MacWhorter and Weller, 1991). Even though
the sampling rate of the observations used here (0.2 Hz)
exceeds the actual response time of the Kipp-Zonen
sensors (18 s at 95%) the 5-min average applied to all
variables seems to smooth out most of response time
error effect.

The behaviour of the shortwave radiation fluxes indi-
cated that the major problem is the reflection and shading
caused by the ship on the radiation sensor. The best
agreement with the observed atmospheric transmissivity
was obtained from I' = (0.5 + 0.3 cos Z). The observed
albedo shows a very pronounced diurnal cycle, varying
from 0.05 around noontime to 1.0 at the end of the day. In
the first campaign leg spurious reflection from the vessel
increased the albedo.

The albedo varies with Sun elevation angle and atmo-
spheric transmissivity according to the observations made
by Payne (1972); Simpson and Paulson (1979) and Jin
et al. (2004). The observed albedo follows the Fresnel
equation during the second part of the experiment, when
the sensor was tilted away from the Sun. This indicates
that Fresnel equation can be used to estimate the albedo
over the tropical Atlantic Ocean for large solar elevation
angles, but not for angles less than 15°.

The difficulty of measuring the longwave radiation flux
is that the temperature compensated pyrgeometer from
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Kipp-Zonen neglects the dome emission. According to
Fairall et al. (1998) the exclusive use of the manufac-
turer’s instruction can lead to errors in the total flux
up to 5% (~20 W m~2). This error can be a serious
problem when the longwave radiation flux is used, for
instance, to perform energy balances or to recover surface
temperatures.

Here, the equation proposed by Pérez and Alados-
Arboledas (1999) removed the spurious diurnal oscil-
lations in the longwave emission from the atmosphere
and surface measured with the Kipp-Zonen CNRI1 net
radiometer during the field campaign.

In general, the longwave observed values agreed better
when the estimated values were obtained without long-
wave reflection. The estimated values of atmospheric
emission, obtained using air temperature and water
vapour pressure observed at 11 m above the surface,
underestimate the observed values of atmospheric emis-
sion by, on average, less than 6%. When this occurred
the presence of clouds was not used in the estimation
(there was no cloud type and cover information during
the trip). The difference between estimated and observed
longwave radiation emitted by surface was, in general,
smaller than 1%. Emissivity of the surface was estimated
from observed longwave emission from the surface and
blackbody emission obtained from the observed sea sur-
face temperature. The most probable value, 0.97, matches
with that reported in the literature.

Considering the order of magnitude of the downward
atmospheric longwave of 400 W m~2, the reflection
intensity is about 18 W m™2, which is within the error of
the radiometer used to measure incoming and outgoing
radiation during the experiment.

The time evolution of the net radiation estimated from
observed values of albedo, atmospheric transmissivity
and surface emissivity agreed with the observations
indicating that the parameters are representative of the
radiometric properties of the air-sea interface in the
region of the tropical Atlantic Ocean, between Natal and
Sédo Pedro and Sao Paulo Archipelago.
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