'.\' frontiers

in Marine Science

ORIGINAL RESEARCH
published: 15 January 2021
doi: 10.3389/fmars.2020.612842

OPEN ACCESS

Edited by:

Simon Josey,

University of Southampton,
United Kingdom

Reviewed by:

Benjamin Rabe,

Alfred Wegener Institute Helmholtz
Centre for Polar and Marine Research
(AWI), Germany

Manuel Bensi,

National Institute of Oceanography
and Experimental Geophysics (OGS),
Italy

*Correspondence:
Sebastien P. Bigorre
sbigorre@whoi.edu

Specialty section:

This article was submitted to
Physical Oceanography,

a section of the journal
Frontiers in Marine Science

Received: 30 September 2020
Accepted: 14 December 2020
Published: 15 January 2021

Citation:

Bigorre SP and Plueddemann AJ
(2021) The Annual Cycle of Air-Sea
Fluxes in the Northwest Tropical
Atlantic. Front. Mar. Sci. 7:612842.
doi: 10.3389/fmars.2020.612842

®

Check for
updates

The Annual Cycle of Air-Sea Fluxes in
the Northwest Tropical Atlantic

Sebastien P. Bigorre* and Albert J. Plueddemann

Upper Ocean Processes Group, Woods Hole Oceanographic Institution, Woods Hole, MA, United States

In this article we analyze 11 years of near-surface meteorology using observations
from an open-ocean surface mooring located in the Northwestern Tropical Atlantic
(51°W, 15°N). Air-sea fluxes of heat, freshwater, and momentum are derived from these
observations using the Coupled Ocean-Atmosphere Response Experiment (COARE)
bulk parameterization. Using this dataset, we compute a climatology of the annual
cycle of near-surface meteorological conditions and air-sea fluxes. These in situ data
are then compared with three reanalyses: the National Centers for Environmental
Prediction-Department of Energy [NCEP-DOE (hereafter referred to as NCEP-2)], the
European Centre for Medium-Range Weather Forecasts (ECMWEF) Interim and the
Modern-Era Retrospective analysis for Research and Applications, version 2 (MERRA-
2) reanalyses. Products from the Clouds and the Earth’s Radiant Energy System
(CERES) and the Tropical Rainfall Measuring Mission (TRMM) are also used for
comparison. We identify the agreements and characterize the discrepancies in the
annual cycles of meteorological variables and the different components of air-sea
heat fluxes (latent, sensible, shortwave, and longwave radiation). Recomputing the
reanalyses fluxes by applying the COARE algorithm to the reanalyses meteorological
variables results in better agreement with the in situ fluxes than using the reanalyses
fluxes directly. However, the radiative fluxes (longwave and shortwave) from some
of the reanalyses show significant discrepancies when compared with the in situ
measurements. Longwave radiation from MERRA-2 is biased high (too much oceanic
heat loss), and NCEP-2 longwave does not correlate to in situ observations and other
reanalyses. Shortwave radiation from NCEP-2 is biased low in winter and does not track
the observed variability in summer. The discrepancies in radiative fluxes versus in situ
fluxes are explored, and the potential regional implications are discussed using maps of
satellite and reanalyses products, including radiation and cloud cover.

Keywords: annual cycle, surface meteorology, air-sea fluxes, tropical, Atlantic

INTRODUCTION

The northwest tropical Atlantic hosts a multitude of air-sea interaction phenomena that
impact the climate, ecosystem and society on a wide array of temporal and spatial
scales. Numerous hurricanes are created or intensified there, due to high sea surface
temperature (SST) and low wind shear (Wang et al, 2006). Oceanic barriers layers in
the Northwest Tropical Atlantic are the thickest in the world (Mignot et al, 2012) and
contain subsurface heat anomalies that intensify hurricanes (Balaguru et al., 2012). Anomalies
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of the meridional migration of the Intertropical Convergence
Zone (ITCZ) lead to interannual to decadal variability of
SST’s meridional gradient (“dipole mode”) which are linked
to droughts in Northern Brazil and the Sahel region (Servain
et al., 1999). The trade winds converge in the region, giving
rise to the Hadley circulation, which then feeds the atmospheric
meridional heat transport from Equator to poles. The Gulf
of Mexico, Caribbean Sea, and Northwest Tropical Atlantic
form the Atlantic Warm Pool (AWP). Anomalous ascent in
the upper troposphere above the AWP leads to an anomalous
Hadley-type circulation, with interhemispheric exchange and
anomalous subsidence in the Southeast Pacific (Wang et al,
2010). The westward trade winds also carry aerosols from Sub-
Saharan Africa (Weinzierl et al., 2017), which affect albedo, cloud
nucleation, and fertilization in the ocean and Amazonian forest
(Bristow et al., 2010).

One of the most prominent features of the regional climate
is the ITCZ, where the trade winds from the Northern and
Southern hemispheres converge. Precipitation has a meridional
maximum at the ITCZ (Chiang et al., 2002), which is surrounded
by a large cloud cover that influences Earth’s albedo and the
regional radiative forcing. The ITCZ has a latitudinal extent
of about 5°and is located near, although slightly north of the
Equator over most of the ocean basins. Waliser and Gautier
(1993) used 17 years of visible and infrared satellite observations
to infer the climatology of cloud convection associated with
the ITCZ. Their study indicates that in the Atlantic ocean, the
mean ITCZ is centered near 6° N, but moves meridionally
from near the Equator in February-March to 10° N in August
through October when the convection also increases in intensity.
Servain et al. (1999) showed that the northward migration of
the ITCZ influences not only the seasonal cycles but also inter-
annual modes of variability. Using a 9 years record of satellite
precipitation data from Tropical Rainfall Measuring Mission
(2001-2009), we computed a monthly climatology. This Tropical
Rainfall Measuring Mission (TRMM) climatology is shown in
Figure 1 as maps of the daily precipitation accumulation in
the Northwest Tropical Atlantic in April and October. The
Northwest Tropical Atlantic Station (NTAS) site is free of the
ITCZ influence in April, but notably impacted by the northern
edge of the ITCZ in October, with expected precipitation of 3-
5 mm/day.

To circumvent the scarcity of observations in the ocean,
air-sea interaction studies often rely on Numerical Weather
Prediction (NWP) products such as reanalyses. Reanalyses
blend model forecasts with observations that are assimilated
in a physically consistent manner in order to produce gridded
datasets (Dee et al., 2011; Gelaro et al., 2017). For each reanalysis,
the assimilation scheme, including the forecast model, remains
the same. Reanalyses are therefore often used for climate studies.
Comparison between reanalyses and independent datasets is
valuable to detect and quantify the uncertainties or possible
biases in the reanalyses but also to complement limited available
observations. Note that NTAS data is withheld from assimilation
in forecast models. Since NTAS is located in a region with
otherwise sparse data, the NTAS dataset provides an opportunity
to test the performance of reanalyses in the region. In this

study we compare in situ data from the NTAS buoy with three
commonly used reanalyses: the NCEP-DOE (hereafter referred
to as NCEP-2), the European Centre for Medium-Range Weather
Forecasts (ECMWF) Interim and the Modern-Era Retrospective
analysis for Research and Applications, version 2 (MERRA-2).

The self-consistency of reanalysis products is of significant
benefit, but different products do not always give consistent
descriptions of climate phenomena or agree with observations,
pointing to the need for an assessment of errors and their
effects on climate simulations. For example, Brunke et al. (2011)
compared meteorological variables and air-sea fluxes from 11
Numerical Weather Prediction products (six reanalyses, four
satellite based analyses and one hybrid product) to in situ
observations collected during 12 cruises in the tropics and mid-
latitudes. They found that MERRA reanalysis performed best
among all products, with small biases in latent and specific
heat, and momentum fluxes, and small standard deviation error.
In comparison, ECMWF Re-Ananalysis Interim (ERA-Interim),
and NCEP-2 were among a group with larger standard deviation
errors compared to in situ fluxes. Some of the errors were
attributed to bulk variables, and some to residual effects (model,
assimilation, and bulk algorithm). Wen et al. (2017) analyzed the
sensitivity of an ocean general circulation model (OGCM) forced
with NCEP-2 and NCEP Climate Forecast System Reanalysis
(CESR). They showed that different zonal wind stress and wind
stress curl between the two reanalyses lead to different biases in
the subsurface ocean in the outer tropical Atlantic. Comparison
between the OGCM simulations and in situ observations at the
PIRATA mooring at (38°W, 15°N), indicated a warm bias of
4°C below 150 m when using the NCEP-2 forcing. Comparison
with satellite SST indicated that discrepancies in surface flux
caused cold (warm) SST biases in NCEP-2 (CFSR) in the central-
eastern tropical Atlantic. The authors concluded that more in situ
observations were crucial around the North Equatorial current
and near the Caribbean Sea.

In this article, we use 11 years of in situ observations to
describe the mean and seasonal cycle of near surface meteorology
and air-sea fluxes in the northwest tropical Atlantic. This method
provides insight into important climate timescales with well-
known physics. This dataset is then compared to estimates from
reanalyses; discrepancies are characterized using time series and
spatial maps. The paper is organized as follows: section “Materials
and Methods” presents the in situ data and the reanalyses;
section “Results” presents the results of the comparison, section
“Discussion” discusses the results and their relevance to the
regional tropical Atlantic, section “Summary and Conclusion”
summarizes and concludes.

MATERIALS AND METHODS

In situ Meteorology and Fluxes

The NTAS is an open ocean (5,000 m water depth) surface
mooring with a nominal location of 51°W, 15°N, roughly
1,000 km east of Martinique in the lesser Antilles. It is north of
the Equatorial currents system, but in the trade wind system.
From September through November the site is influenced by
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FIGURE 1 | Tropical Rainfall Measuring Mission daily precipitation accumulation (mm) in color shading and white isolines every 2 mm (label locations denoted by
black crosses): averages for April (left) and October (right) during period 2002 to 2011. Green arrows are 10-m wind vectors, averages for same months, using
Seawinds data from 2000 to 2012. White cross indicates the NTAS buoy location near 51°W, 15°N. Coastlines in black lines.

the ITCZ (Figure 1). The NTAS mooring is an air-sea flux site
and an Ocean Reference Station (Cronin et al., 2012) within
the OceanSITES network' maintained by the Upper Ocean
Processes Group at the Woods Hole Oceanographic Institution.
The in situ data collected at NTAS are not distributed to the
Global Telecommunications System (GTS) and withheld from
data assimilation into the reanalysis models. The in situ NTAS
observations are therefore a truly independent dataset that can
be used to evaluate reanalyses and help improve their physical
models and assimilation schemes. The work presented here
offers such an evaluation and suggests some possible leads for
improvement. In addition, Josey et al. (2014) showed that data
assimilation of mooring observations can sometimes create non-
realistic local anomalies in reanalyses.

Mooring turn-arounds (recovery and replacement with a
refurbished system) are conducted at nominal annual intervals
to ensure that data are collected from freshly calibrated
instrumentation. For each turn-around, the replacement
mooring is deployed typically a day or more before recovery
of the existing mooring to ensure overlap of the observations

Uhttp://www.oceansites.org

and validation of the data. The new and existing moorings are
deployed near two fixed nominal sites that are 11 km from
each other. Comparison of buoy data during the period of
overlap, along with shipboard measurements meteorology
and conductivity-temperature-depth  (CTD) profiles, in
combination with pre- and post-deployment calibrations,
allow the identification and correction of errors and drifts on
both moorings (Bigorre and Galbraith, 2018). Using corrected
data from the first through eleventh NTAS deployments (NTAS
1-NTAS 11) we create an 11-year contiguous record for analysis
(April 1, 2001 until March 31, 2012). Note that there was no
overlap between the third and fourth deployments; the 2 days
gap was filled by repeating data from the last day of NTAS 3 to
first day of NTAS 4.

The NTAS buoys are outfitted with two sets of Air-Sea
Interaction METeorology (ASIMET) instrumentation (Hosom
et al., 1995) that measure: air temperature (ATMP) and relative
humidity (HRH), wind speed (WSPD) and direction (WDIR),
barometric pressure (BPR), precipitation (PRC), downward
longwave (LWR) and downward shortwave (SWR) radiations,
and sea surface temperature (SST). ASIMET measurements are
made at roughly 3 m above the sea surface; SST is measured about
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0.8 m below the air-sea interface. The raw observations are either
single or multiple samples during each minute; when multiple
samples are taken, they are averaged to produce a 1-min record.

The accuracy of the ASIMET data has been characterized
using comparisons with measurements from ships, fixed
platforms and satellites (Colbo and Weller, 2009; Bigorre
et al,, 2013; Weller, 2018; Schlundt et al., 2020), as well as
Computational Fluid Dynamics simulations (Emond et al,
2012). Colbo and Weller, 2009 describe the accuracy of
ASIMET measurements at NTAS and from similar moorings
in trade winds regions. The ASIMET measurement errors are
summarized in Table 1, which includes recent improvements on
error characterization. Typical sources of errors include sensor
drift, solar heating (air temperature and humidity), platform
motion and flow distortion. Drifts are evaluated using post-
calibrations and field validations (Bigorre and Galbraith, 2018).
Solar heating may induce high temperature bias during the day
in low wind conditions (Anderson and Baumgartner, 1998).
Using data from a mooring deployed in the Gulf Stream, where
high winds and currents induced significant platform motion
and tilt, Bigorre et al. (2013) showed that the total wind speed
error could reach up to 10% of the true wind in these extreme
conditions. Schlundt et al. (2020) compared satellite and ASIMET
wind measurements from other Ocean Reference Stations in
the trade winds regions, including NTAS, and observed that
wind speed discrepancies were less than 5% and consistent with
flow distortion from CFD simulations (Emond et al., 2012). An
empirical correction to the flow distortion exists that reduces the
wind speed error to 5% of the true wind (Bigorre et al., 2013;
Schlundt et al., 2020). This correction was not implemented here,
as the flow distortion and platform motion errors are small at
NTAS and do not impact our conclusions. However, the present
work does use wind velocity relative to the water surface, thanks
to the near-surface current meter deployed under the NTAS
buoy that provides a proxy for surface current. Platform motion
also influences radiation measurements. The ASIMET 1-min
shortwave measurements are an average over six samples taken 10
s apart, which decreases the tilt error. Longwave measurements
are a snapshot at the end of each minute, but are also less sensitive
to tilts since radiation in the infrared band is more diffuse than
the shortwave signal.

The ASIMET meteorological 1-min data are hourly averaged
and input in the version 3.0 of the COARE bulk flux algorithm
(Fairall et al., 1996, 2003; henceforth COARE-3). COARE-3 is
a bulk algorithm for air-sea fluxes that was initially calibrated
with datasets from tropical regions and later extended to extra-
tropical regions with mid-range winds. The COARE algorithm
includes a physical model of the upper-ocean thermal evolution
(warm-layer and cool skin), based on the diurnal cycle of the
heat fluxes. This allows for the conversion of SST from its bulk
measurement below the surface to its skin value at the air-
sea interface. Through an iterative procedure, better estimates
of the air-sea heat fluxes can then be computed. For example,
while the downward component of longwave radiation (Qr,,) is
measured by ASIMET, the upward component of longwave (Qr 1)
is computed as the product of seawater emissivity (0.97) with
the Stefan-Boltzmann constant (5.67 1078 W m~2 K~*) and the
fourth power of the skin SST. The difference (Qr; -Qr4) is the net

TABLE 1 | ASIMET measurement errors for daily averages on the NTAS buoy.

Measurement Errors and Biases

Specific humidity (g kg~ Total: 0.4 g kg~

Air temperature (°C) Total: 0.1 (°C)

Wind speed (ms~") Flow distortion: < 4% Tilt: < 4% Total: 8% or
04msT

Wind direction (deg) Compass accuracy: 5 (deg) Flow distortion: 5
(deg) Total: 10 (deg)

Accuracy: 8 10~4 (°C) Flow distortion (high
bias): < 0.1 (°C) Total: 0.1 (°C)

Accuracy: 0.083 (mb) Drift: 0.11 (mb) Total: 0.2
(mb)

Flow distortion (low bias): < 10%

Accuracy: 3.1 (W m~2 Tilt: < 5% Total: 4 (W
m~2)

Accuracy: 1.5 (W m~2) Tilt: < 5% Calibration
low bias: < 5% Total: 6 (W m~2)

Bulk SST (°C)
Barometric pressure (mb)

Precipitation rate (mm hr—1)
Incoming longwave (Wm~?2)

Incoming shortwave

(Wm=?)

Latent heat flux (W m—2) 12 Wm~2
Sensible heat flux (W m—2) 25Wm~2
Net heat flux (W m~2) 15.5Wm~2

Momentum flux (N m~2) 0.01 Nm~2 or 14%

longwave radiation flux Qr.. The upward component of shortwave
(Qs+¢) is computed using a daily average albedo of 0.055, so that
the net shortwave radiation flux Qs = 0.945 Qg , where Qg is
the downward shortwave flux measured by ASIMET. Since some
of the reanalyses used in this work provide only Qg and Qr,, the
comparison with ASIMET will focus on the net radiative fluxes.

In addition to Qs and Qp, the COARE algorithm also
computes the turbulent fluxes of sensible heat (Qg), latent heat
(Qu), and wind stress (t). Together, these provide the net
fluxes of heat, momentum and freshwater exchanged between
the atmosphere and ocean. Here we use the oceanographic
convention, with positive fluxes being downward (e.g., positive
net heat flux warms the ocean). COARE is also used to adjust
the meteorological variables (wind speed, air temperature, and
humidity) to a standard height of 10 m. The in situ observations
are adjusted from their original measurement height (about 3 m
above sea level), as well as reanalysis data when necessary (e.g., air
temperature and humidity in NCEP-2 and ERA-Interim are valid
at 2 m). It is the ASIMET and reanalyses values adjusted to 10 m
that are presented in section “Results.”

The errors associated with ASIMET measurements in the
trade wind region have been documented by Colbo and Weller
(2009) using the first two deployments at NTAS, as well as
the first three deployments at a site in southeast Pacific, off
Chile. These authors note that the daily and annual errors are
reduced by averaging compared to the instantaneous errors.
The ASIMET measurements of air temperature and relative
humidity are collocated and the errors induced by radiative
heating are partially anti-correlated, leading to a reduced error
in specific humidity (Anderson and Baumgartner, 1998). Colbo
and Weller (2009) estimated the annual biases for net radiation
fluxes (downward minus upward components) were mostly
from the errors in the downward components, which were one
order of magnitude larger than errors in skin temperature and
albedo. The ASIMET errors discussed by Colbo and Weller
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(2009) are reproduced in Table 1, with the updated wind
speed error.

The turbulent flux errors were computed by adding a random
noise to the meteorological variables, which were then input
into the COARE algorithm. The random noise was modeled
with a normal distribution (zero mean, standard deviation
from Table 1). Each derived turbulent flux therefore included
a random contribution, whose standard deviation was used
to quantify its associated measurement error. These errors are
reported in Table 1 and are 12 (2.5) W m~? for latent (sensible)
and 0.01 N m~? for the momentum flux. The error for the total
(turbulent plus radiative) net heat flux is 15 W m~2.

To compare in situ ASIMET data with the reanalyses and
satellite observations, all variables were daily averaged. The
annual cycle was then computed by averaging together the 11
members of the 11-year record. We use the median of each
11-member ensemble to decrease the impact of outliers.

Reanalyses Products

The National Centers for Environmental Prediction (NCEP)
produces the NCEP-DOE reanalysis, often referred to as NCEP-
2 (Kanamitsu et al, 2002); it is an updated version of the
initial NCEP-NCAR (NCEP-1) reanalysis but uses the same
210 km horizontal resolution with 28 vertical levels and
outputs data at 6 h intervals. Some of the corrections include
reduction of the albedo over the ocean [from unrealistically
large values in NCEP-1 (around 0.15) to values of 0.06—
0.07], better orography representation (especially in Amazonian
basin), and improved parameterizations (addition of non-local
vertical diffusion scheme to avoid undesirable vertical eddy
flux convergence of heat, moisture, and momentum within the
planetary boundary layer; better shortwave radiation scheme that
reduced surface insolation).

The National Aeronautics and Space Administration (NASA)
produces the Modern-Era Retrospective Analysis for Research
and Applications (MERRA). The MERRA-2 forecast model is
run on 72 layers with 50 km x 50 km spatial resolution but
output is produced on 0.625° x 0.5° longitude-by-latitude grid.
The atmospheric model has a time step of 30 min for its
physics parameterization, although the dynamics time step is
considerably shorter (Rienecker et al., 2008). MERRA-2 improves
on MERRA (Molod et al., 2015; Bosilovich et al., 2016; Gelaro
et al., 2017) through assimilation of additional data, such as
aerosols, and upgrades of parameterizations in the forecast model
(e.g., background gravity wave drag, relationship between the
ocean surface stress and the ocean roughness). Details and
evaluation of the forecast model in MERRA-2 are presented
in Molod et al. (2015). In MERRA-2, SST is from the daily
1/4° resolution data from National Oceanic and Atmospheric
Administration (NOAA) Optimal Interpolation Sea Surface
Temperature (OISST) (Reynolds et al., 2007) from 1982 through
March 2006; and daily 1/20° resolution data from Operational
Surface Temperature and Ice Analysis (OSTIA) (Donlon et al,
2012) from April 2006 onward. After January 2003, the
NOAA OISST product is a blended product between infrared
Advanced Very High Resolution Radiometer (AVHRR) and
microwave Advanced Microwave Scanning Radiometer — Earth

Observing System (AMSR-E), while prior to that date the data is
from AVHRR only.

ERA-Interim’s atmospheric model has a 30 min time step,
uses 60 layers in the vertical and 79 km horizontal resolution
for surface fields (Dee et al., 2011). Compared to its predecessor
ERA-40, the ERA-Interim reanalysis benefited from a better cloud
scheme, which increased convection and improved atmospheric
stability, wind in the tropical band and timing of precipitation
events. Other modifications included a moist-boundary layer
scheme, which increased stratocumulus cover in upwelling
regions, orographic and surface roughness effects, and the
impact of salinity on humidity at the ocean surface. This led
to decrease in tropical ocean total cloud cover, and increase
in land cloud cover, especially high clouds (Dee et al., 2011).
For dates between 1981 and 2001/12, ERA-Interim used the
same SST input data as ERA-40 (two-dimensional variational
interpolation analysis of the most recent 24-h buoy and ship data,
and satellite-retrieved SST data with bias removed). According
to Fiorino (2004), the NCEP 2DVAR SST product (Reynolds
and Smith, 1994) is very similar to the operational product
OISST.v2 (Reynolds et al., 2002), except in eastern equatorial
regions, western boundary currents and high latitudes, and the
latter SST product was actually used in ERA from 2001/07 to
2001/12. Starting in 2002/01, a switch was made to data used in
the ECMWF operational forecasting system, beginning with the
daily operational NCEP product, and after 2009 to data from the
OSTIA product (Donlon et al., 2012).

Gridded reanalyses data were extracted for a region between
10°W and 70°W and 2°N to 35°N, which encompasses the
tropical/subtropical North Atlantic. Wider areas were used for
some satellite products, such as cloud cover, to encompass the
Equatorial region. For each reanalysis, data was extracted from
the gridpoint nearest to the center between the two nominal
NTAS sites, namely 50.9°W, 14.8°N. Distance from the selected
gridpoint and the NTAS center is 2.5, 37, and 67 km for ERA-
Interim, MERRA2, and NCEP2, respectively. These reanalyses
provide meteorological variables similar to the ones measured
by the ASIMET sensors, but at model standard heights (10 m
or 2 m, typically). The reanalyses also provide air-sea fluxes
that are derived from models using different surface layer
parameterization schemes that can depart from the COARE-3
algorithm. To enable a comparison between the datasets from
ASIMET, MERRA-2, ERA-Interim and NCEP-2 and which are
available with temporal resolutions of 1 min, 1, 3, and 6 h,
respectively, the data were averaged to daily values.

Satellite Remote Sensing

The clouds and the earth’s radiant energy system (CERES)
sensors on satellite platforms Terra and Aqua provide top of
the atmosphere radiance fluxes. Kato et al. (2013) adjusted the
CERES fluxes using cloud measurements from MODIS and other
geostationary satellites, as well as aerosols transport models,
and air temperature and humidity profiles from the Goddard
Earth Observing System (GEOS-5.4.1) Data Assimilation System
reanalysis. The resulting energy balanced and filled (EBAF)
CERES fluxes show better agreement with in situ surface stations,
compared to initial CERES surface fluxes. Monthly 1°x1°
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surface radiance fluxes from CERES EBAF Edition 4.0 are used
in this article.

The TRMM product used in this paper is from the
multi-satellite precipitation analysis (TMPA), namely the 3B42
version 7 (Huffman et al., 2007), with daily resolution on
a grid 0.25°x0.25°. Behrangi et al. (2012) use 3 years of
data (2007-2009) to compare CloudSat, which has better
sensitivity to light rain, and show good agreement with TRMM
estimates in the tropics.

The MODerate resolution Imaging Spectroradiometer
(MODIS) sensor, equipped with 36 spectral channels from the
visible into the infrared frequency range, started operation
aboard the Earth Observing System - Terra (EOS-Terra) and
Earth Observing System - Aqua (EOS-Aqua) satellites since
2000 and 2002, respectively. The MODIS data used here is from
Collection 6.1 EOS-TERRA MODIS Atmosphere Level-3 data
of MODO08 (Platnick et al., 2017). The cloud mask fraction from
this dataset results from a two-tiered averaging processing: the
ratio of pixels with clouds sampled at 1 km to the total number
of pixels are first averaged in boxes 5 x 5 km; the 5 km regions
are then averaged in each 1°x1° L3 output grid box. The cloud
mask cloud fraction is based on daytime and night time samples.

RESULTS

Surface meteorological variables from in situ ASIMET
measurements at NTAS tend to agree well with estimates
from reanalyses and satellite products at nearby grid points. This
converging tendency is encouraging, and provides support for
the efforts of the observational, modeling and remote sensing
communities. It also bears support to the value of in situ
observations, as a reference for measurements in terms of quality
and temporal resolution. We describe in the following sections
the comparison of the surface meteorological observations and
fluxes between the different datasets used here, and point out the
levels of (dis)agreements between them.

Surface Meteorology

Figure 2 show the annual cycle of the near-surface meteorology
at NTAS. The annual cycle was computed as the median from the
eleven members ensemble that the 11-year long dataset covers.
The annual averages are computed as the arithmetic mean over
this annual cycle and shown to the right of each annual cycle plot.
The annual cycle is dominated by the cold and warm seasons,
in boreal winter and summer, respectively. Air temperature at
10 m (ATMP) is minimum (~25°C) in February and maximum
(~28°C) in September. SST shows an annual cycle comparable to
ATMBP, albeit delayed by about 2 weeks in winter. SST is warmer
than ATMP all year long, but the difference reaches a maximum
above 0.6°C in the winter and fall, and a minimum of 0.3°C in
June. The annual cycle of specific humidity is also analogous to
ATMP, with a minimum (14 g kg~ !) in February and maximum
(18 g kg™!) in September. The precipitation rate is minimum
(near 0.015 mm hr!) from February to June, then increases to
its annual maximum (0.1 mm hr~!) in late September, and tapers
off in the fall.

The annual cycle of WSPD and BPR is dominated by the
stalling of the trade winds in the fall when both WSPD and BPR
reach their annual minima (6 m s~! and 1013 mb, respectively),
concurrent with the northernmost position of the ITCZ and
its closest approach to NTAS. WSPD and BPR have an annual
double maximum. The first maximum is in February with peak
values reaching 8 m s~! and 1016 mb, respectively, and the
second one is in July, with slightly lower (higher) values for
WSPD (BPR). Wind direction (not shown) remains mostly
easterly with a small northerly component during the year.
The annual range of variability is only about 10°, going from
250° T in January and February to 260° T in May, then back
down to 253° in August, peaking at 262° T in November (the
oceanographic convention is used here: wind is blowing toward
the stated directions).

The annual cycle of the surface state atmospheric variables
in the reanalyses generally match the ASIMET data, albeit with
some notable biases. Compared to the ASIMET estimates, the
fall ATMP is warmer in NCEP-2 and colder in MERRA-2.
However, for the annual averages the differences are comparable
to the ASIMET error. ERA-Interim has a persistent cold
bias (annual averaged bias is -0.4°C) that is larger than the
ASIMET error and consistent with the cold bias found by
Brunke et al. (2011). The winter minimum of ATMP is
reached in early March in NCEP-2 and MERRA-2, delayed
compared to the late February minimum observed in ASIMET
and ERA-Interim.

The annual average SST in NCEP-2 agrees well with ASIMET,
whereas MERRA-2 and ERA-Interim are slightly colder (~0.1 to
0.2°C). All three reanalyses show the winter minimum of SST
in early March, delayed compared to the ASIMET minimum in
late February. NCEP-2 and ERA-Interim SST show the winter
minimum delayed by about a week from the ATMP minimum,
consistent with ASIMET, whereas MERRA-2 shows the SST
minimum leading ATMP by about 5 days.

Compared to ASIMET, the air specific humidity is dryer
in MERRA-2 and ERA-Interim and wetter in NCEP-2. The
MERRA-2 specific humidity tracks ASIMET throughout the year,
within the ASIMET measurement error. ERA-Interim is similar
to MERRA-2, except with an enhanced dry bias in the fall
and winter. The NCEP-2 wet bias is enhanced in late winter
and early spring, reaching up to 1 g kg~! during February-
March. The wet bias for NCEP-2 is consistent with the results
of Brunke et al. (2011), however, the seasonal dry bias in ERA-
Interim is distinct.

Wind speeds for MERRA-2 and ERA-Interim agree well with
the in situ values; discrepancies are small compared to the
expected ASIMET error. In contrast, the NCEP-2 wind speed is
biased high by 0.7 m s~! on average or about 10% of the wind
speed. The discrepancy increases to 12% in winter and is lower
(6%) in summer. Brunke et al. (2011) also found a high bias in
the NCEP-2 wind speed.

The annual cycle of barometric pressure is similar to ASIMET
for both ERA-Interim and NCEP-2, although biased low by about
0.2 and 0.5 mb, respectively. Note that the MERRA-2 reanalysis
product does not provide surface pressure, so discrepancies
could not be assessed; instead, ASIMET pressure data were
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used when computing fluxes with the COARE-3 algorithm

and MERRA-2 data.

Although the ASIMET RM Young self-siphoning rain
gauges may under-estimate rainfall by 10% (e.g., Serra
et al., 2001; Colbo and Weller, 2009), the in situ rain rate

agrees well with the Tropical Rainfall Measuring Mission
satellite estimate. The MERRA-2 rain rate shows relatively
good agreement (£20%) with both ASIMET and TRMM.
The rain rate from NCEP-2 shows good agreement with
ASIMET in spring and summer (February-August), but is
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significantly higher in September-November when the ITCZ
extends north. The ERA-Interim rain rate is consistently
biased high by ~100%, and is the only product that shows
a noticeable bias compared to ASIMET during the “dry
season” (February-June). A histogram of rain rate (not
shown) for the whole record shows that ERA-Interim

has more low rain events compared to ASIMET and the
reanalyses used in this study. This result is consistent
with Dee et al. (2011), who show that ERA-Interim
exhibits about 1 mm day™" more rain compared to Global
Precipitation Climatology Project (GPCP) in the Northwest
Tropical Atlantic.

1
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Air-Sea Fluxes

The annual cycle of air-sea fluxes from ASIMET and reanalyses
are shown in Figure 3. Note that the sensible heat flux associated
with precipitation (Fairall et al., 1996) is small (peaks slightly
below 0.3 W m™2 in October) and is neglected in the current
work. The ASIMET turbulent heat fluxes (Qy, Qg) show a
maximum oceanic heat loss in winter when wind stress is the
strongest. The turbulent heat flux is dominated by latent heat
loss (-134 W m™2) and the sensible heat flux is much smaller
(-4 W m~2). The net longwave flux Qy, is negative all year long
and has a maximum heat loss in winter. The net shortwave
radiative flux Qg is positive all year long, with a minimum in
winter and double maximum in April and August. The net heat
flux Qy is therefore negative in winter (ocean heat loss) and
positive in summer (ocean heat gain). The climatological annual
average of the ASIMET net heat flux is over 40 W m 2, indicating
that on average the ocean gains heat at the air-sea interface at
NTAS. The surface heat gain is from net shortwave radiation,
which is partly compensated by heat loss through latent heat and
net longwave radiation. The net balance between annual averages
of heat flux components is Qn = Qs + Qr - Qu - Qp =232 -52 -
134-4=42Wm™2

The air-sea turbulent fluxes of heat and momentum provided
by the reanalyses (hereafter native fluxes) exhibit an annual cycle
similar to the ASIMET in situ estimates. However, there are
noticeable biases. The reanalyses native fluxes overestimate the
turbulent heat loss (Qu + Qg) during the whole annual cycle
when compared to the ASIMET estimate. Latent heat loss Qu
is biased 15 to 28% high across the three reanalyses used here.
The ERA-Interim bias is minimum in winter. Sensible heat flux
is overestimated by 75 and 150% in MERRA-2 and ERA-Interim,
respectively. These discrepancies are larger than the 10% error
associated with the COARE-3 bulk flux algorithm. The annual
average of Qp in NCEP-2 aligns with the ASIMET estimate,
but Qp in NCEP-2 is higher (lower) than ASIMET in winter
(summer). The annual net heat input Qy;, is biased low in all three
reanalyses (near zero), compared to the oceanic heat gain (42 W
m~2) estimated by ASIMET.

Most of the net heat flux bias can be explained by the
overestimate (25 to 38 W m~2) of latent heat loss in the reanalyses
native fluxes (Table 2). Since the surface meteorology shows
relatively good agreement (Figure 2), we therefore investigate
whether the biases in Qy are caused by a difference in the bulk
formulation used in the reanalyses compared to the COARE
algorithm used on the ASIMET in situ data. To do so, we
follow Smith et al. (2001) and compute “hybrid” reanalyses air-
sea fluxes, using the meteorological variables provided by each
reanalysis and the same bulk algorithm as the ASIMET estimates.
The common bulk algorithm used here is COARE-3.

The hybrid flux estimates (dotted lines in Figure 3) show a
dramatic impact for latent heat flux. All three reanalyses hybrid
Qg agree with the ASIMET estimates (generally within the error
bar) throughout the annual cycle, and the annual means differ
by less than 10 W m~2. The improvement in the hybrid latent
heat flux cannot be explained by biases in the meteorological bulk
variables for two reasons. Firstly, all three reanalyses improve

and the meteorological variables in MERRA-2 and ERA-Interim
showed very little biases compared to the ASIMET in situ
measurements. Secondly, the wet bias in NCEP-2 (0.5 g kg™!)
reduces the vertical gradient in humidity and therefore Qg, by
10% or 10 W m~2 in the region near NTAS (the winter bias is
roughly twice that amount). However, the high bias in wind speed
in NCEP-2 increases bulk fluxes, so biases in humidity and wind
speed compensate each other when computing Qy. Therefore,
the correcting factor for the latent heat flux Qy must be the
transfer coefficient (Dalton number).

The small, but significant overestimates of Qg for MERRA-2
and ERA-Interim are reduced in the native fluxes, reducing biases
by about 50%. However, Qg in NCEP-2 deteriorates slightly in
the hybrid formulation, where a low bias of about 2 W m~2 is
introduced. This low bias is opposite to what is expected from
the high bias in wind speed in NCEP-2, and again points to
the transfer coefficient as the likely contributor. Although the
sensible heat flux is much smaller than the latent heat flux (4 W
m~2 compared to 136 W m~2 for the ASIMET yearly averages),
its contribution to the atmospheric buoyancy flux is important
for convection phenomena.

The native wind stresses in ERA-Interim and MERRA-2 are
consistently higher than the ASIMET estimate despite relatively
good agreement in wind speed. The high bias is significant (larger
than the ASIMET error) for MERRA-2. However, both ERA-
Interim and MERRA-2 hybrid stresses are in good agreement
with ASIMET. Interestingly, the NCEP-2 native wind stress
agrees with ASIMET despite the high bias in native wind speed.
When the NCEP-2 hybrid stress is computed from native wind, it
shows a ~20% high bias. Whether the native wind speed (ERA-
Interim, MERRA-2) or stress (NCEP-2) agrees better with the
in situ observations may depend on what wind data (speed or
stress) are assimilated in the reanalyses, and the algorithms used
to convert between speed and stress.

The introduction of a common bulk algorithm better
reconciles the reanalyses turbulent heat fluxes with the ASIMET
estimates and reduces the discrepancies in net heat flux. However,
there remain important seasonal differences in Qs and Qp, that
motivate examination of the annual cycle of radiative fluxes,
which we focus on below.

The ASIMET net shortwave radiation Qs shows a distinct
seasonal cycle with a minimum near 190 W m~2 in winter and
double maxima near 260 W m~2 in April-May and 250 W m~2 in
August. The structure of the ASIMET annual cycle in Qg matches
the Clouds and the Earth’s Radiant Energy System (CERES)
satellite data remarkably well, although the CERES net shortwave
is about 10 W m~2 higher. Since the NTAS site lies south of the
Tropic of Cancer, two shortwave peaks might be expected, but the
clear-sky shortwave (dashed line in Figure 3) shows a much less
pronounced trough than ASIMET. This suggests that seasonal
cloud cover plays a role in the warm season Qg variability. All
three reanalyses show a double maximum of net shortwave in the
warm season, although it is hardly noticeable in ERA-Interim and
the relative height of the peaks is reversed in NCEP-2. Another
notable departure of NCEP-2 Qg from ASIMET is a significant
low bias (20% or 40-50 W/m?) in winter.
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TABLE 2 | Averages over 11 years record of air-sea fluxes and surface meteorological values (directly given by reanalyses, and adjusted to common standard heights

using COARE 3.0).

Qs (Wm™) QuWm™) QsWm™?) Q (Wm?) QyWm™?) Stress(Nm=2) WSPD(ms™") qa(gkg™") tair (°C) tskin (°C)

ASIMET —-3.9 —133.5 231.5 —52.4
MERRA2 -7.0 —-171.5 238.2 —62.4
NCEP2 —4.0 —-170.6 223.8 -51.9
ERA -10.3 —1568.4 2341 —57.9
ASIMET + COARE3 -39 —1338.5 231.5 —52.4
MERRA2 + COARES -3.1 —-132.5 238.2 —61.0
NCEP2 + COARE3 -2.1 —-129.3 225.4 —49.0
ERA + COARE3 —6.3 —142.5 233.2 —55.3

41.7 0.079 6.55 16.74 26.64 27.28
—2.6 0.098 6.93 15.99 26.36 27.05
—-2.8 0.082 7.72 17.43 26.86 27.24

7.5 0.09 7.07 16.4 26.3 27.13
4.7 0.079 7.04 16.34 26.55 27.05
41.6 0.075 6.91 15.99 26.36 26.81
451 0.096 7.7 16.89 26.77 27.05
291 0.079 7.05 15.83 26.16 26.89

Net longwave radiation Qy, is negative all year in all products,
and the ocean loses more heat than it receives in the infrared
band. The annual cycle of downward longwave (not shown),
as measured by ASIMET, tracks the air temperature, with a
winter (summer) minimum (maximum) around 390 W m™2
(420 W m~2). The ASIMET Qi (Figure 3) is maximum in
summer (-45 W m~2) and minimum in winter (-60 W m~2)
with an annual mean of -52 W m™2. The structure of the
ASIMET annual cycle in Q;, matches the CERES satellite data.
ERA-Interim Qp, tracks ASIMET during the whole annual cycle,
albeit with a consistent bias of about 5 W m~2. MERRA-2 has
a more significant bias (10-15 W m~2) and more pronounced
seasonal variability. The NCEP-2 annual mean Qg is the closest to
ASIMET, but its annual cycle is not correlated to ASIMET, CERES
or the other reanalyses MERRA-2 and ERA-Interim. We will see
in the section “Discussion” that this discrepancy is a regional
effect and appears to be related to the discrepancy in NCEP-2 net
shortwave Qg noted above.

DISCUSSION

We have compared ASIMET in situ observations at NTAS with
reanalyses gridded data. For each reanalysis, we presented here
the data from the gridpoint closest to NTAS location. Using
data from the next closest gridpoints surrounding the NTAS
location did not introduce discrepancies larger than the ASIMET
measurement errors, even for the data set with the coarser
resolution (NCEP-2). We also looked, for each air-sea interaction
variables discussed in this work, at the correlation between the
NTAS gridpoint and other gridpoints. The correlation maps
(not shown) indicate that the NTAS location is representative
of a large domain in the northwest tropical Atlantic. For
longwave radiation and wind speed, the domain with high
correlation (>0.8) around NTAS is smaller but still extends
almost 1000 and 2000 km in the meridional and longitudinal
directions, respectively. The near-surface state variables from
the NTAS buoy match those from reanalyses with minor
discrepancies, and precipitation and humidity were among the
variables that differed from observations. In addition, there were
significant discrepancies in the radiation fields. This suggests that
relationships among atmospheric water vapor, cloud cover, and
radiation should be explored. In order to apply the findings in

a regional context, we consider spatial maps from the reanalyses
compared to satellite remote sensing products.

In boreal winter, downward shortwave radiation is low
in NCEP-2 compared to CERES and MERRA-2, in a large
domain encompassing the western North Tropical Atlantic
region (Figure 4), whereas downward longwave radiation is high
(Figure 5). Figures 6, 7 show the difference in the climatological
for the winter and summer seasons between the reanalyses
(MERRA-2 and NCEP-2) and CERES observations. In NCEP-2,
most of the north tropical Atlantic shows this winter low bias
in downward shortwave radiation and high bias in downward
longwave radiation. Although these biases disappear north of the
ITCZ in the boreal summer, they emerge to the south of the ITCZ.

MERRA-2 does not show significant biases in downward
shortwave radiation in the north tropical Atlantic, except for
low values in summer in and north of the Caribbean Sea.
Compared to CERES, downward longwave radiation is low in
MERRA-2 across the whole north tropical Atlantic in winter,
and in the central north tropical Atlantic (including the NTAS
region) in the summer.

The radiation biases between reanalyses and satellite data
described above are similar to the discrepancies with the ASIMET
in situ observations at NTAS, shown in Figure 3. In winter,
NCEP-2 also shows a wet bias at NTAS. The intensification of
humidity and radiation biases in winter in NCEP-2 is not seen
in MERRA-2 or ERA-Interim. Atmospheric water vapor can
absorb longwave radiation and participate in cloud formation,
which in turn impact shortwave radiation. It is therefore possible
that the humidity and radiation biases in NCEP-2 are not
fortuitous but rather indicate a characteristic of its modeled
hydrological cycle. Due to radiation absorption, integrated water
vapor, and downward longwave radiation are related. Most of
the absorption occurs in the first 1000 m above the surface in
cloud free conditions (Ruckstuhl et al., 2007). Specific humidity
being a good proxy for integrated water vapor, we looked at
the relationship between downward longwave radiation and
specific humidity (Figure 8). A clear relationship is visible in
the ASIMET in situ data, which is fitted to a power law and
is in good agreement with similar observations by Ruckstuhl
et al. (2007). A similar relationship and power law fit is exhibited
using the ERA-Interim and MERRA-2 data. The goodness-of-fit
R? is 0.67, 0.77 and 0.69 in ASIMET, MERRA-2, and ERA-
Interim, respectively. All datasets show a correlation (0.82, 0.88,
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FIGURE 4 | Maps of seasonal climatology from years 2002 to 2011 in the tropical Atlantic: net shortwave radiation flux at the surface (in W m-2), during boreal winter
months (left) and summer (right). CERES (top row), MERRA-2 (middle row) and NCEP-2 (bottom row).

Frontiers in Marine Science | www.frontiersin.org 11 January 2021 | Volume 7 | Article 612842


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Bigorre and Plueddemann

Annual Cycle Northwest Tropical Atlantic

Latitude

Latitude

Latitude

Latitude

LWR Downwelling

CERES: summer average (JJA)

X/

-30 -10
Longitude

1

Longitude
320 340 360 380

400

Downwelling LWR (W m'2)

FIGURE 5 | Maps of seasonal climatology from years 2002 to 2011 in the tropical Atlantic: net downward longwave radiation flux at the surface (in W m=2), during
boreal winter months (left) and summer (right). CERES (top row), MERRA-2 (middle row) and NCEP-2 (bottom row).

420 440 460

Frontiers in Marine Science | www.frontiersin.org

12

January 2021 | Volume 7 | Article 612842


https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Bigorre and Plueddemann

Annual Cycle Northwest Tropical Atlantic

MERRA2 - CERES: winter (DJF)
29

30

Latitude

NCEP2 - CERES: winter (DJF)

Latitude

-40
Longitude

SWR

-40 -30

Longitude

-20

-40

-60

SWR (W m?)

FIGURE 6 | Differences of climatological seasonal averages of shortwave radiation. Left: winter (DJF), right: summer (JJA). Top MERRA-2 minus CERES, bottom:
NCEP-2 minus CERES. MERRA-2 and CERES were interpolated to the NCEP-2 spatial grid.

40 80

60

0 20

0.83, respectively), between longwave radiation and humidity,
significant at p < 0.01. NCEP-2 data also shows a significant,
although weaker correlation (0.42), with a larger data scatter and
a noticeable difference in the resulting power law fit (R? =0.17).
The data used in Figure 8 are for all sky conditions, but the same

relationship is seen when differentiating between cloudy and
clear-sky conditions (not shown). Note that ERA-Interim shows
a strong relationship between downward longwave radiation and
specific humidity, LWR(q), despite a small dry bias. This indicates
that the presence of a strong LWR(q) relationship, and not
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necessarily its details, may be used as a self-sufficient diagnostic
tool to evaluate the quality of downward longwave radiation in
reanalyses, independent of observations.

The surface radiation fields and humidity are also related
through cloud cover. Cloud fraction maps from MODIS show
a local minimum in winter in a large domain around NTAS

(Figure 9). This region with sparse cloud coverage coincides
with a local maximum shortwave input area in winter in both
MERRA-2 and CERES (Figure 4). In contrast, in NCEP-2
the same region has high cloud coverage and low downward
shortwave radiation in winter. In spring and summer, MODIS
cloud data shows that the ITCZ encroaches on the region
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FIGURE 8 | Scatter plots of downward longwave radiation vs. specific humidity using daily averages between 2002 and 2012 (black dots). Power law fits to the daily
values (green lines and annotations). Mean and one standard deviation in 1 g kg™' bins (red lines).

surrounding NTAS from the south and east. In comparison, cloud cover. These differences in NCEP-2 cloud cover in winter
the summer cloud cover around the ITCZ is much weaker in and summer are consistent with NCEP-2 anomalous annual
NCEP-2, so that NTAS is located in a region with minimal cycle of shortwave radiation at NTAS in Figure 3. The MODIS
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FIGURE 10 | Daily cloud fraction at NTAS, based on MODIS data for period 2001 to 2012.
cloud fraction extracted at NTAS peaks in July (Figure 10), SUMMARY AND CONCLUSION

which coincides with the summer local minimum of downward
shortwave radiation seen in the in situ ASIMET data. The all sky
downward shortwave radiation measured at NTAS is low in July,
although the clear-sky theoretical value does not show such a
minimum (Figure 3). This indicates that the variability of cloud
cover and solar radiation are related in the seasonal and intra-
seasonal in the NTAS region. Moreover, NCEP-2 cloud cover and
shortwave radiation also co-vary consistently with each other, but
not with the observations.

We evaluated here the seasonal cycle of near surface meteorology
in the Northwest Tropical Atlantic region using long term
in situ observations from the NTAS oceanic surface mooring. We
compared three commonly used reanalyses, NCEP-2, MERRA-
2, and ERA-Interim, to the in situ observations and analyzed the
strengths and weaknesses of each.

Most surface meteorological variables observed with the
ASIMET instrumentation at NTAS are reproduced well by the
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three reanalyses MERRA-2, ERA-Interim, and NCEP-2. Minor
discrepancies included high (low) seasonal biases in NCEP-2
(ERA-Interim) specific humidity, a high bias in NCEP-2 wind
speed (albeit not reflected in the stress) and high biases in
NCEP-2 and ERA-Interim precipitation. Precipitation from the
Tropical Rainfall Measuring Mission satellite sensor agreed well
with the ASIMET in situ measurements at NTAS. More notable
were discrepancies in radiative fluxes. Although measurements
of net longwave and shortwave radiations are similar between
ASIMET and CERES remote sensing, three issues were found
when comparing ASIMET to reanalyses: (1) longwave radiation
in MERRA-2 is biased low by 10 to 15 W m~2 and this bias is
present in most of the tropical Atlantic, (2) downward shortwave
radiation in NCEP-2 is biased low (50 W m™2) in the boreal
winter, and departs from other datasets in summer, (3) the annual
cycle of downward longwave in NCEP-2 does not show an annual
cycle consistent with the in situ data.

The native fluxes provided by the reanalyses underestimate the
net ocean heat gain. However, when re-computed with the same
bulk algorithm (COARE-3) and using meteorological variables
from the reanalyses, these hybrid fluxes agree relatively well with
the in situ estimates. The 11-year mean fluxes are within 10 W
m~2. The net ocean heat gain based on COARE-3 is between 30
and 45 W m~2,

Of particular concern are the biases in the radiative fluxes
observed in NCEP-2 and MERRA-2. These biases exist in
large domains of the tropical Atlantic and vary during the
year. The seasonal variability and spatial structure of NCEP-
2 longwave and shortwave errors are consistent with its
anomalous cloud cover compared to MODIS cloud cover
data. NCEP-2 underestimates downward shortwave in winter.
MERRA-2 underestimate net longwave radiation at NTAS
and in most of the north tropical Atlantic. The source of
this bias deserves attention as it could be related to clouds
or aerosols, which are important parameters for climate
studies. Moreover, longwave being responsible for most of
the radiative forcing associated with global warming it is
important for reanalyses to reproduce accurate representations
on basin scales like the tropical Atlantic. We suggest that
the presence of a strong LWR(q) relationship be used as a
validation check for downward longwave radiation in reanalyses
datasets. Similarly, departure of shortwave radiation from the
clear-sky background can also be useful to detect erroneous
patterns in cloud cover.

As Wen et al. (2017) showed, the impact of 50 W
m~2 error in ocean heating at the air-sea interface leads
to SST anomalies of order 0.5°C in the north tropical
Atlantic. Since SST is a controlling factor for atmospheric
convection and hurricane development, care must be taken
into using accurate air-sea heat fluxes in this region. Wen
et al. (2017) also showed that inaccuracies in wind stress
forcing lead to deep heat anomalies and biases in the
mixed layer depth. The north tropical Atlantic is a place
of intricate air-sea interaction phenomena, such as ocean
barrier layers that store heat, modify the upper ocean
stratification and are controlled by a subtle balance between
air-sea fluxes, and freshwater input. Careful use of reanalyses

is therefore warranted in studies of the north tropical
Atlantic region.
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