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ABSTRACT

To properly describe the interactions between the ocean and atmosphere, it is necessary to assess a variety
of time and spatial scales phenomena. Here, high resolution oceanographic and meteorological data collected
during an observational campaign carried out aboard a ship in the tropical Atlantic Ocean, on May 15-24,
2002, is used to describe the radiation balance at the ocean interface. Data collected by two PIRATA buoys,
along the equator at 23ºW and 35ºW and satellite and climate data are compared with the data obtained
during the observational campaign. Comparison indicates remarkable similarity for daily and hourly values of
radiation fluxes components as consequence of the temporal and spatial consistence presented by the air
and water temperatures measured in situ and estimated from large scale information. The discrepancy,
mainly in the Sao Pedro and Sao Paulo Archipelago area, seems to be associated to the local upwelling of
cold water, which is not detected in all other estimates investigated here. More in situ data are necessary to
clarify whether this upwelling flow has a larger scale effect and what are the meteorological and oceanographic
implications of the local upwelling area on the tropical waters at the Brazilian coast.
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INTRODUCTION

A modern and important concern that has worried the scien-
tists and the society as a whole is whether climate change of
the planet is due to anthropogenic action or to natural cli-
mate variability. The quantification of the possible effects
of these changes in the terrestrial climate has been made
through numerical models of climatic systems. An impor-
tant aspect of this simulation is the radiation balance between
the ocean and the atmosphere, which occurs by accounting
the short and long wave radiation components at the inter-
face. These fluxes are responsible by (and consequence of) a
significant fraction of the coupling between the ocean and
the atmosphere and therefore representing a key process in
the climatic system.

The ocean-atmosphere system is intrinsically coupled,
although feedbacks across the air-sea interface are often
masked by temporal and spatial differences in the dynamic
response of both systems. The difficulty of obtaining
measurements in the open ocean and the relationship between
point measurements and large-scale fields are of particular
importance when trying to apply the results of process studies
to large scale monitoring of the earth by satellites (Liu 1993).
The small-scale exchange processes are generally related to
the global-scale problems via parameterizations of the fluxes
using readily obtained mean quantities measured from
various platforms such as buoys, ships and satellites (Liu et

al. 1979). These parameterizations are also used extensively
in operational meteorological models as well as in many
research general circulation models of the coupled ocean-
atmosphere system (Meehl 1993, Ribeiro et al. 2011). Large
uncertainties exist in the derivations of parameteri-zations
due to the difficulty of measuring surface fluxes directly
(Bradley et al. 1991) and the difficulty of extrapolate this
information to scales larger than a few hundred kilometres
and several hours. The problems are particularly acute in the
tropics where low wind velocities and high sea surface
temperatures result in primarily buoyancy-driven fluxes that
are not well parameterized by most prevailing methods
(Wainer et al. 2003, Miller et al. 1992, Webster & Lukas
1992), Bonekamp 2001, Skielka et al. 2011) and coastal
regions where fetch, topography and water depth vary
considerably (Ribeiro et al. 2011a, 2011b, Geernaert 1990).
According to Hsu & Blanchard (2003) many more field
experiments are needed in order to further understand the
air-sea interaction.

Despite its enormous importance, observational studies
of the Brazilian maritime regions measuring radiation fluxes
in the surface interface of the ocean are practically inexist-
ent in the tropical region (Dourado & Oliveira  2011). In
1997 the PIRATA Program (Pilot Research Moored Array
in the Tropical Atlantic) started to collect oceanographic and
meteorological data in the Tropical Atlantic Ocean (Servain
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et al. 1998). PIRATA deployed and currently maintains an
array of next generation ATLAS (Autonomous Temperature
Line Acquisition System) buoys with the principal objec-
tive of describing and understanding the evolution of the
sea surface temperature (SST), upper ocean thermal struc-
ture and air-sea fluxes of momentum, heat and freshwater in
the tropical Atlantic (Servain et al. 1998). After 10 success-
ful years of the program, a synthesis paper has been pub-
lished in 2008 (Bourles et al. 2008) and the PIRATA initial
denomination has been modified in “Prediction and Research
Moored Array in the Tropical Atlantic”. Despite the impor-
tance, the buoys in the PIRATA Program measures only in-
coming solar radiation and all the other fluxes of the surface
energy balance at the interface had to be estimated from in-
direct methods. Therefore, the estimated fluxes need to be
compared with other products to assess their quality.

The objective of this work is to investigate how well the
high resolution (temporal and spatial) meteorological and
oceanographic data obtained on board of the Brazilian Navy
Ship compares to equivalent information compiled by satel-
lite and climate data available in the investigated region.

The expedition was conducted in the Tropical Atlantic
Ocean, during May 2002, near the Sao Pedro and Sao Paulo
Archipelago (SPSPA), as part of the FluTuA Program (Soares
et al. 2001, Bacellar et al. 2009, Oliveira et al. 2009). The
ship trajectory is illustrated in Fig. 1.

The Sao Pedro and Sao Paulo Archipelago is a group of
15 small islets and rocks in the central equatorial Atlantic
Ocean. It is located in the open sea at (00°55.01’ N, 29°20.76’
W), approximately 1100 km from the Brazilian continent
(Fig. 1). It is Brazil’s closest point to Africa, about 1820 km
from Guinea Bissau.

The next section presents the previous in situ measure-
ments carried out in the SPSPA. The data used in this work
are exposed in “dataset section”. The observational data ob-
tained onboard of the ship whenever possible have been com-
pared with the available data from buoys and satellites.

CLIMATE OF SPSPA REGION

Very little is known about the meteorological and oceano-
graphic conditions in the SPSPA oceanic region.

The SPSPA is an outcrop of the mid-Atlantic Ridge and
its largest island has an area of approximately 7500 m2 with
the highest point at 18 meters above sea level.

Previous measurements indicate the influence of the
Intertropical Convergence Zone (ITCZ), which is an area of
low pressure that forms where the Northeast trade winds meet
the Southeast trade winds near to the Equator, over the Sao
Pedro and Sao Paulo Archipelago. As these winds converge,

Fig. 1: Trajectory described by the ship (red circles) during the observa-
tional campaign carried out between 15 (year day 135) and 23 May (year
day 143) 2002 and the geographic position of Fernando de Noronha and
Sao Pedro and Sao Paulo Archipelago (SPSPA). The ship left on 15 May
at 09:40 local time (LT) and arrived at SPSPA on 19 May at 10:25 LT. On
20 May at 19:40 LT the ship left SPSPA and arrived in Fernando de Noronha
on 22 May at 11:50 LT and left on 23 May at 09:10 LT (LT = UTC - 3).
White and gray squares indicate, respectively, the PIRATA buoy at equa-
tor and, respectively, 23ºW and at 35ºW. Gray circles indicate the OA Flux
data, crosses the SRB data and gray circle designate the O&SI data.

moist air is forced upward causing water vapour to condense
as the air cools and rises, resulting in a band of clouds and
precipitation around the globe. This band moves seasonally
and from February to May it is over the SPSPA. The maxi-
mum accumulated precipitation of 370 mm occurs in April
(Soares et al. 2001, Bacellar et al. 2009, Oliveira et al. 2009).

During 1983-1984, in situ wind measurements were col-
lected at the SPSPA, as part of FOCAL/SEQUAL experi-
ment. The data indicated that the wind velocity shows a re-
laxation period observed from at least February through April
in 1983 and from January through May in 1984. From April
through November 1983 and from May to the end of Octo-
ber 1984, the winds were practically constant, with a mean
velocity of about 6.9 m/s in 1983 and 6 m/s in 1984 (Colin
& Garzoli 1987).

At the beginning of 2003, the Brazilian National
Meteorological Institute sets, at the SPSPA, an automatic
surface meteorological station in the middle of the island.
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However, sensors and/or communication problems have
prevented a complete data time series. The available data are
displayed in Fig. 2.

The monthly-averaged hourly values of atmospheric pres-
sure decrease from August to January (Fig. 2a) as a direct
consequence of the seasonal migration of the Intertropical
Convergence Zone or ITCZ (Soares et al. 2009, Skielka et
al. 2010). The hourly values of the wind velocity do not
present any diurnal cycle (Fig. 2b) and the wind direction is
always from southeast (Fig. 2c). The wind velocity data,
obtained in the SPSPA, experience considerable effect of the
highly heterogeneous fetch. The wind intensity seems to be
weaker in January when compared with the other investi-
gated month. These results are in agreement with Colin &
Garzoli (1987) and reflected again the seasonal migration of
the ITCZ. During Southern Hemisphere summer the ITCZ
moves towards north inducing northeasterly flow at the sur-
face. During southern hemisphere winter it moves towards
south inducing southeasterly flow at the surface levels.

The SPSPA automatic surface meteorological station also
measured air temperature and relative humidity but these data
are significantly affected by the SPSPA rocks and therefore
there are not representative of the oceanic conditions.

In situ observations of air-sea interface fluxes, near
SPSPA, are not available and estimates obtained from dif-
ferent climatology show important discrepancies among the
fluxes (Wainer et al. 2003). This indicates that the quality of
fluxes derived from various sources need to be assessed to
evaluate the impact of the different author parameterizations
on these discrepancies. Another factor requiring attention is
how the limitations in the spatial resolution of the observa-
tions affect the representativeness of surface air-sea interac-
tions in these estimates. In this work the latter issue will be
investigated comparing surface radiation balance high reso-
lution data with satellite and climate data estimates.

MATERIALS AND METHODS
The meteorological and oceanographic data obtained on
board of the Brazilian Navy Ship on May 2002 were when-
ever possible compared to (i) satellite (O&SI and SRB)
dataset, (ii) data collected by two PIRATA buoys, along the
equator at 23ºW and 35ºW and (iii) OAFlux dataset. In this
work all fluxes are considered positive when oriented up-
ward and vice versa.

Observational Campaign Data

The observational campaign was carried out between May
15 (year day 135) and May 24 (year day 144) of 2002 on
board of a ship between (60S, 35.20W) and Sao Pedro and
Sao Paulo Archipelago (10N, 29.30W).

The ship positions, displayed as red circles in Fig. 1, were
obtained from an onboard GPS system. This information was
also used to estimate the ship velocity and direction. The
wind velocity and direction were estimate using the wind
velocity components measured on board of the ship and con-
sidering the ship aligned with a straight line between two
consecutive GPS positions.

To reduce discrepancies between the sun actual positions
at different longitudes occupied by the ship during the trip,
all measurements were reported in terms of the Brazilian
standard time (45°W) by taking into account the longitude
variation of the ship.

The ship was set up with sensors of wind velocity and
direction, air temperature, radiation and sea surface tempera-
ture (Fig. 3). The sensors were connected to the data acqui-
sition system Datalogger 21X, manufactured by Campbell
Inc. The sampling rate was set equal to 0.2 Hz and 5-min
average was calculated for all variables. The characteristic
of each sensor is described in Bacellar et al. (2009).

The net radiation sensor was set up in the upfront of the
vessel, about 1 meter far from the ship and 6 meters above
the sea surface. The air temperature sensor was set up at the
upper level of the ship, near 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 (Fig. 3). The anemometers were oriented in the
direction parallel and perpendicular to the ship.

The measurements were performed, most of the time, at
open oceanic conditions where the air temperature was higher
than the sea surface temperature. Only near the continent
(very beginning of the experiment and near Fernando de
Noronha, Fig. 4) the air temperature was, during a relatively
long time period, lower than the sea surface temperature.
Fernando de Noronha is an archipelago of 21 islands and
islets in the Atlantic Ocean, 354 km offshore from the Bra-
zilian coast. The main island has an area of 18.4 km² being
10 km long and 3.5 km wide at its maximum and has a popu-
lation of around 3,012 people.

Prediction and Research Moored Array in the Tropical
Atlantic (PIRATA)

From PIRATA dataset it was selected values of sea surface
temperature, velocity and direction of wind (measured at 4
m above the mean sea level), air temperature (3 m above the
mean sea level) and downwelling shortwave radiation (3.5
m above the mean sea level), collected by two ATLAS bu-
oys with temporal resolution of 10 minutes (http://
www.pmel.noaa.gov/pirata/), along the equator at 23ºW and
35ºW (Fig. 1).

http://www.pmel.noaa.gov/pirata/)
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Ocean and Sea Ice Satellite Application Facility
(O&SI-SAF) dataset

This work uses surface incident shortwave radiation (SWDW)
and downward longwave radiation (LWDW) data from “Ocean
and Sea Ice Satellite Application Facility” (O&SI-SAF)
available in the same time and place of the ship data. The
input satellite data are the GOES-E + MSG and the data have
spatial resolution of 0.1 degree and frequency of three hours,
at 02:30, 05:30,...,23:30 UTC. O&SI-SAF dataset details can
be found in (http://www.osi-saf.org). Fig. 1 shows, with stars,
the places where there are simultaneous data from O&SI-
SAF and from the ship. The data utilized here were obtained
in the internet (http://www.ifremer.fr/las/servlets/dataset).

NASA/GEWEX Surface Radiation Budget (SRB)

The NASA/GEWEX Surface Radiation Budget (SRB) data
used here consist of three-hourly values of incoming and
outgoing shortwave (SWDW and SWUP) and longwave radia-
tion (LWDW and LWUP) at the surface estimated from satel-
lite data and provided by the SRB project of the Atmospheric
Science Data Center of NASA (http://gewex-
srb.larc.nasa.gov/). These estimates have a spatial resolution
of 1° of latitude by 1° of longitude and are derived from the
vertical structure of the atmosphere and surface properties
datasets combined with satellite observations and radiation
transfer equations for shortwave and longwave radiation
(Pinker & Laszlo 1992, Gupta et al. 1999, Stackhouse et al.
2000). Fig. 1 illustrates, with crosses, the places where there
are simultaneous data from SRB and from the ship.

Objectively Analysed Air-Sea (OAFlux)

Wind velocity at 10 m, air temperature at 2 m and sea sur-
face temperature data were obtained from “Objectively Ana-
lysed Air-Sea” (OAFlux). The data provided 1-degree glo-
bal analysis and temporal resolution of 1 day (http://
oaflux.whoi.edu/data.html). Details can be found in Yu &
Weller (2008). In Fig. 1 the OAFlux data are displayed as
gray circles.

RESULTS

The daily-average values of SST, air temperature and wind
velocity obtained by the ship show, in general, a good agree-
ment with the data collected by the PIRATA buoys and with
the OAFlux data (Figs. 5 a-c).

The daily-average SST values vary, during the
investigated period, from 26.1°C to 28.3°C (Fig. 5a). The
lowest SST value is obtained by the ship, at year day 140,
when the ship is near the SPSPA (Fig. 1). These smaller
values occur probably due the local upwelling induced by
the SPSPA presence, however, the spatial resolution of the
OAFlux data is not enough to solve small scale phenomenon.
Araujo & Cintra (2009) suggest that the interaction of
currents with the SPSPA topography can generate local

Fig. 2: Monthly-averaged hourly values of (a) atmospheric pressure (hPa),
(b) wind velocity (ms-1) and (c) wind direction (degree). The error bars
indicate the standard deviation of the average values. Data obtained in the
SPSPA by the Brazilian National Meteorological Institute.

Fig. 3. Scheme of the Brazilian Navy Ship illustrating the
instrument positions.

Fig. 4: Air (black line) and sea surface temperature (gray line) obtained
by the ship experiment.

http://www.osi-saf.org)
http://www.ifremer.fr/las/servlets/dataset)
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Fig. 5: Daily-average values of (a) sea surface temperature (ºC), (b) air temperature, (ºC) wind velocity (ms-1) and (d) wind direction (degree).
Red circle indicates the ship data, gray circle the OAFlux data and the white and black squares specify, respectively, the data

from the PIRATA buoy at equator and 23ºW and at 35ºW, respectively.

Fig. 7: Time variation of the longwave radiation emitted by the (a) atmosphere (LWDW) and (b) sea surface (LWUP) during the whole
observational campaign aboard of the ship (red circle), the O&SI data (white star) and the SRB data (black cross).

Fig. 6: Time variation of the (a) incoming shortwave radiation data (SWDW) and (b) reflected shortwave radiation (SWUP) collected during the
whole observational campaign aboard of the ship (red circle). The white stars represent the O&SI data, the black crosses the SRB data and
white and gray squares represent, respectively, the SWDW daily maximum values obtained by the 23ºW and by the 35ºW PIRATA buoys.
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upwelling. According to Diaz et al. (2008), the SPSPA area
is characterized by the presence of local upwelling that
induces the ascent of bottom waters rich in nutrients,
generating areas of larger productivity than the typically
oligotrophic equatorial Atlantic waters. Becker (2001) also
observed upwelling in the oceanic area close to the Sao Pedro
and Sao Paulo Archipelago, based on the elevations of the
isotherms, low oxygen and high superficial concentration
of the nutrients. According to Tiburcio et al. (2011) the
upwelling presence could explain the higher number of
phytoplankton in the SPSPA area.

After year day 142 the SST values from OAFlux dataset
and from ship increase due to the presence of Fernando de
Noronha. Fernando de Noronha is an archipelago of 21 is-
lands and islets in the Atlantic Ocean, 354 km offshore from
the Brazilian coast. The main island has an area of 18.4 km2

and has a population of around 3,012 people.
The SST values obtained by the PIRATA buoys decrease

during all the investigated period (Fig. 5a) because the bu-
oys are placed far from SPSPA and Fernando de Noronha to
feel their presence.

The higher daily-average air temperature values were
obtained by the PIRATA buoy at 23ºW but, in general, there
is a good agreement among the different dataset. During the
investigated period, the air temperature varies 1.5°C. The
small temperature was obtained by the ship near the SPSPA
(Fig. 5b).

In general, there is agreement among the daily-average
wind velocity values. The smallest value (4.5 m/s) and the
highest value (6.9 m/s) were obtained using OAFlux dataset
(Fig. 5c). The wind direction daily-average values are pre-
dominant from east, varying from 45° to 180° (Fig. 5d) in
all the investigated dataset.

The observational radiation fluxes obtained aboard the
ship are discussed in details in Bacellar et al. (2009). Here,
only the main results are presented.

The incoming shortwave radiation data (SWDW) collected
during the whole observational campaign aboard the ship,
the O&SI data, the SRB data and the SWDW daily maximum
values obtained by the 23°W and 35°W PIRATA buoys, are
displayed in Fig. 6a. In general, there is a remarkable agree-
ment between the ship and the satellite datasets. The agree-
ment among the maximum SWDW values obtained by the ship
and by the PIRATA buoys indicates that the incoming
shortwave radiation data collected by ship can be consid-
ered representative of the investigated region. The agreement
is also good between the reflected shortwave (SWUP) obtained
by the ship and by the SRB dataset (Fig. 6b).

The longwave radiation emitted by the atmosphere
(LWDW) indicates a reasonable agreement between the ship
data and the satellite data (O&SI and SRB), as indicated in
Fig. 7a. Most of the difference between them is less than
10%.

There is a good agreement between the longwave radia-
tion emitted by the sea (LWUP) measured by ship and the
SRB values (Fig. 7b). However, in the beginning of the in-
vestigated period there are some suspicious low values from
OAFlux. At year day 140, the longwave radiation emitted
by the sea (LWUP) measured by the ship (Fig. 7b) reflects the
low SST values observed near the SPSPA (Fig. 5a).

The time evolution of the net radiation (Rn) obtained by
the ship and from the SRB dataset shows a good agreement
between them (Fig. 8). It indicates that the radiation data
obtained by the ship are representative of the radiometric
properties of the air-sea interface in the region of the Tropi-
cal Atlantic Ocean.

SUMMARY AND CONCLUSIONS

The air-sea surface fluxes are characterized by a large spa-
tial and temporal variability and play an important role in
the atmospheric and oceanic circulation. Therefore, a good
knowledge of air-sea fluxes is required for the understand-
ing and prediction of climate changes.

The air-sea surface fluxes are characterized by a large
spatial and temporal variability and play an important role
in the atmospheric and oceanic circulation. Therefore, a good
knowledge of air-sea fluxes is required for the understand-
ing and prediction of climate changes.

Direct measurements of the air-sea fluxes, in general, are
not available in a number large enough to reduce the uncer-
tainties inherent to the calculation of the large-scale flux
fields over the ocean. Rather they are used for developing,

Fig. 8: Time variation of the net radiation (Rn) during the whole
observational campaign aboard of the ship (red line). The

SRB data values are displayed as black crosses.
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calibrating and verifying the parameterization formula used
to estimate the fluxes from basic variables. The accuracy of
the direct flux determinations thus represents a limit for the
accuracy of the indirect estimates (WGASF 2000).

The air-sea energy fluxes, near the SPSPA, obtained from
different climatology show important discrepancies among
them indicating the need of more intensive quality assessment
of the fluxes derived from different sources. An accurate de-
termination of exchanges between the ocean and the atmos-
phere is a prerequisite to identify and evaluate the mechanisms
of interaction that control part of the variability in both media
over a wide range of spatial and temporal scales.

The objective of this work was to investigate how well
the high resolution (temporal and spatial) meteorological and
oceanographic data obtained on board of a ship compare to
equivalent information compiled by satellite and climate data
available in the SPSPA area. It was considered a period of
almost 10 days in May of 2002 when it was performed 5-
min average measurements of (a) solar radiation fluxes (in-
coming and outcoming) and longwave radiation fluxes (at-
mospheric and surface emission), at 6 m above the sea level;
(b) air temperature, relative humidity and horizontal wind
components, at 11 m and (c) sea surface temperature.

The comparison between the ship data and other datasets
showed, in general, a good spatial representation of the data
collected during the observational campaign. However, lo-
cal phenomena were only captured by in situ measurements.

There are evidences from biological studies supporting
the inference that the SPSPA is located in an upwelling area
as indicated by the ship data. This small scale phenomenon
is not captured by all the other estimates investigated here.

More in situ data are necessary to clarify whether this
upwelling flow has an effect on larger area and what are the
meteorological and oceanographic implications of the local
upwelling area on the tropical waters at the Brazilian coast.
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