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ABSTRACT: Air-sea surface turbulent heat fluxes are crucial to forming accurate weather and climate predictions. How-
ever, there is considerable disagreement among current reanalysis products. The study assesses biases in these products
using concurrent shipboard measurements of air temperature, barometric pressure, relative humidity, and upper-ocean
temperature taken along two transbasin expendable bathythermograph (XBT) transects in the North Atlantic between
2020 and 2022. Following a quality control procedure, the data from shipboard measurements and hourly ERAS5 and
6-hourly NCEP-2 reanalysis data were collocated to the locations and time of the XBT profile data. Our analyses show
that mean biases among the three products are not statistically significant for all variables, but the biases for individual
cases can be large. XBT could reliably estimate SST in the mixed layer, with a good comparison with the reanalysis prod-
ucts. Additionally, the correlation between the shipboard measurements and reanalyses is high (r > 0.9) for all variables
except relative humidity (RH). Specifically, RH shows a correlation slightly lower between shipboard and ERA5 data
(r = 0.84) and much lower between NCEP-2 and the other products (r = 0.42 for shipboard and r = 0.46 for ERAS data).
The collocated data were then used to compute the surface latent and sensible heat fluxes in four scenarios using the
Coupled Ocean—-Atmosphere Response Experiment flux algorithm version 3.6: in situ data with satellite winds, in situ data
with ERAS winds, ERAS data, and NCEP-2 data. Overall, ERAS-based fluxes agree better with the shipboard estimates
of both latent and sensible heat fluxes than NCEP-2-based fluxes, pointing to the importance of higher-resolution reanaly-
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sis to improve air-sea flux estimates.
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1. Introduction

Turbulent fluxes have been widely applied to understand the
air-sea interaction mechanisms, particularly in western bound-
ary current regions (Frankignoul and Hasselmann 1977). The
lead-lag covariance and correlation between turbulent heat flux
(THF), sea surface temperature (SST), and SST tendency are
used to identify the leading driver of SST fluctuations (Wu et al.
2006; Bishop et al. 2017; Bellucci et al. 2021). If the upper-ocean
cooling is driven by the release of heat from the ocean into the
atmosphere (atmospherically driven), SST and THF are ex-
pected to be in quadrature, and SST tendency and THF have a
simultaneous negative relationship. Conversely, if the ocean ad-
vection (i.e., heat convergence from oceanic currents) is impor-
tant for the SST change, such as in the Gulf Stream region,
SST-THF zero-lag correlation is positive, and SST tendency is
in quadrature with THF.

Therefore, to understand these relationships, which are
necessary, for example, to reduce uncertainties in weather
forecasts and seasonal-to-subseasonal predictions, there is a
need for collocated upper-ocean and atmospheric observa-
tions. Current reanalysis data have improved considerably
(Hoffmann et al. 2019), producing outputs on eddy resolving
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and hourly time scales, with their accuracy greatly enhanced
due to model improvements and the evolution in the observing
systems (Campos et al. 2020, 2022). Current assimilation sys-
tems ingest millions of surface observations per day (Hersbach
et al. 2020), and remotely sensed data comprise a large part of
them. Despite these improvements, there is still a significant
spread of the surface heat flux estimates among data assimila-
tion systems, and this spread is dominated by THF (Valdivieso
et al. 2017). THF variability, and therefore biases, is particu-
larly strong over western boundary current regions, where
high-resolution data and reanalysis are essential for resolving
air-sea interaction across the frontal regions such as the Gulf
Stream (Kelly et al. 2010; Jin and Yu 2013). THF from com-
monly used reanalysis products is computed using bulk formu-
las driven by state variables such as winds, air temperature,
relative humidity, and SST. Both the differences in the bulk
formulas applied and the accuracy of state variables contribute
to the spread of THF from different products.

Surface atmospheric observations from projects such as
buoy arrays and the volunteer observing system (VOS), which
collects along-transect high-resolution data from merchant
ships around the world, are essential for the viability of these
products and the calibration of satellite data (McPhaden et al.
2009). However, for scientific purposes, the VOS data have
restrictions because they are only atmospheric—mostly sea
level pressure and surface air temperature data—and are not
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FIG. 1. Meteorological stations developed by NOAA/AOML and installed on the commercial ships (left) Chicago
Express and (right) Bremen Express.

calibrated to climatic standards. Other projects, such as the
Shipboard Automated Meteorological and Oceanographic
System (SAMOS), use only refined data, which are more ac-
curate and comprise more parameters, to be able to meet sci-
entific standards (Smith et al. 2001, 2018).

As part of the Ships of Opportunity Program (SOOP) project,
expendable bathythermographs (XBTs) are launched from ships
following predetermined routes for decades (Goni et al. 2019).
The XBT network measures the upper-ocean temperature (near
surface to ~800 m) at high density (~25-km resolution), which
monitors boundary currents, eddy structure, and meridional
heat transport across basins. The potential for these data to be
used for SST estimates and air-sea interaction has not been
widely assessed, in part because of a lack of collocated surface
atmospheric data.

In this work, we analyze surface atmospheric data collected
since 2020 in the North Atlantic from meteorological stations,
developed by the U.S. National Oceanic and Atmospheric
Administration’s (NOAA) Atlantic Oceanographic and
Meteorological Laboratory (AOML) and deployed along two
XBT transect ships. The potential to use these data for cli-
mate and air—sea interaction studies will be constrained by
the quality of these data. Using these data, along with other
observing systems such as satellite data, to estimate THF will
allow an enhanced application of the XBT data, as well as a
means to evaluate the quality of reanalysis data.

This paper is structured as follows. Section 2 describes the
new meteorological data, the XBT transects along which
these measurements were made, and the additional satellite
and reanalysis data used. Section 3 describes the meteorologi-
cal data corrections, the SST definition from XBTs, and the
main formulas to calculate turbulent fluxes. Section 4 shows
the results and discussion, and finally, section 5 concludes the

paper.

2. Data
a. Shipboard measurements

The meteorological station (Fig. 1) was developed by the
NOAA/AOML and measures surface air temperature (SAT; °C),
relative humidity (RH; %), and barometric pressure (hPa).
The sensors are manufactured by RM Young. According to
the manufacturer, the model 4138V C temperature and relative
humidity sensors provide an accuracy of =0.3°C and *2%, re-
spectively, and the model 61302L barometric pressure sensor
provides an accuracy of 0.2 hPa. Wind speed (WS) is not
measured in this meteorological station due to high turbulence
on the surface of the ships that might interfere with accurate
readings. Two meteorological stations are installed on the
commercial ships Chicago Express and Bremen Express, which
are part of the SOOP project that were recruited to conduct
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FIG. 2. (a) Location of ocean temperature measurements from XBT transects AX04 (blue, started in 2020) and AX07 (red, started in
1995). (b)—(f) Observed variables after quality control, collocation, and height corrections measured between 19 Aug 2020 and 23 Mar
2022. Variables include (b) SAT (°C), (c) MSLP (hPa), (d) RH (%), (¢) SST (°C), and (f) WS (ms ™).

the transbasin XBT transects AX07 and AX04 in the North
Atlantic (Fig. 2a). XBTs are deployed at a high density of typi-
cally 25-km spacing between Miami and Gibraltar (AX07) and
Gibraltar and New York (AX04). The meteorological stations
were installed in 2020 and collected data constantly aboard the
ships with 1-min temporal resolution. The stations were in-
stalled at about a 40-50-m height, and adjustments to standard
height using key thermodynamic equations (e.g., hydrostatic
balance and Clausius—Clapeyron equations) are required be-
fore comparing to other products (Stull 2017). The adjust-
ments are based on the mean difference between station
pressure measurements and reanalysis mean sea level pressure
(MSLP) as described in section 3. To reduce the amount of
data and increase the signal-to-noise ratio (Bourassa et al.
2003), the measurements are averaged to 30-min resolution af-
ter quality control and then collocated to the XBT deployment
locations. The weather station data analyzed here were col-
lected between 19 August 2020 and 23 March 2022.

In addition to the meteorological station data, SST data are
inferred from XBT profiles. XBTs measure temperature pro-
files from near surface (0.67 m) to approximately 800 m,
where depth is estimated using a fall rate equation. XBT
probes take a finite time to adjust to the temperature of sur-
rounding water after entering the ocean (Goes et al. 2017);
therefore, it was suggested that near-surface temperature
from XBTs (<3.7-m depth) should be treated with caution
(Bailey et al. 1989; Kizu and Hanawa 2002). The temperature
measurements at approximately 5-m depth are used as observed

“bulk” SST in this study. The correction scheme for historical
XBT data proposed by Cheng et al. (2014) is applied to all
AOML XBT profiles, which reduces XBT temperature biases to
+0.04°C compared with conductivity-temperature—depth (CTD)
sensors. The XBT data collected between August 2020 and
March 2022 are used in this study.

b. Satellite data

To complement the shipboard measurements in the turbu-
lent flux calculations, we use remotely sensed WS data from
scatterometer (Ribal and Young 2020) and altimeter (Ribal
and Young 2019) satellites from the Integrated Marine Observing
System/Australian Ocean Data Network (IMOS/AODN).
The resolution of altimeter data is approximately 1 Hz along
track or 7 km (Ribal and Young 2019). The resolution of the
scatterometer measurements within the broad ground-track
swath is typically either 25 or 12.5 km (Ribal and Young
2020). The following scatterometer missions were selected:
ERS-2, MetOp-A, MetOp-B, Oceansat-2, QuikSCAT, and
RapidScat; the following altimeter missions were selected:
TOPEX, ERS-2, GFO, Janson-1, Envisat, Jason-2, CryoSat-2,
HY-2, SARAL, Jason-3, Sentinel-3A, and Sentinal-3B. The sat-
ellite along-track measurements were collocated with the XBT
profile locations following the methodology of Campos et al.
(2020, 2022) and Campos (2023), in which the data within
a maximum space distance of 25 km and a time distance of
0.5 h were averaged to each location using a Gaussian
weight function.
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¢. Reanalysis data

Reanalysis data are compared to the shipboard measure-
ments. Two reanalyses are used: ERAS from the European
Centre for Medium-Range Weather Forecasts (ECMWF)
(Hersbach et al. 2020) and the National Centers for Environ-
mental Prediction, version 2 (NCEP-2), reanalysis (Kanamitsu
et al. 2002). The ERAS is available hourly at 0.25° horizontal
resolution, and the NCEP-2 is available at 2.5° horizontal
resolution and 6-hourly intervals. The variables used are
2-m air temperature, MSLP, 2-m RH, 10-m WS, and SST.
The data are collocated to the XBT profile locations according
to section 3b.

3. Methods
a. Quality control

Quality control methods were utilized for the shipboard
measurements. This included removing the following three
categories of data that we deemed invalid.

1) GPS ERRORS

GPS errors include any data with locations not following a
reasonable ship route that performed the AX04 or AX07
transects. This included both locations over land and some
outliers throughout the transect. For the latter, using a typical
ship speed of 20 kt (1 kt ~ 0.51 m s~%; 37 km h™?'), data that
were less than an hour apart and separated by longitudes
and/or latitudes greater than 1° or more were removed.

2) EXACT REPETITIONS

Exact repetitions of all variables for the weather stations,
including location, time, and all atmospheric conditions, were
removed.

3) UNPHYSICAL VALUES

All three observed variables from shipboard measurements
were given data boundaries based on reasonable overall and
seasonal values. Air temperatures of less than —10°C, along
with December air temperatures greater than 30°C, were re-
moved. Barometric pressures less than 870 hPa and greater
than 1090 hPa were removed. Relative humidities less than
0% and greater than 100% were removed. Sudden spikes in
values were likewise removed using a moving median process
with a window of 21 points, where spikes exceeding three
standard deviations from the mean of the window were elimi-
nated. Our sensitivity test showed that many spikes were not
successfully removed after applying the “despike” process;
however, the spikes are mostly eliminated after repeating the
despike process three times. Therefore, the despike process
was applied three times for all atmospheric variables.

b. Collocation

The quality-controlled shipboard measurements and rean-
alysis products were then collocated in space and time to the
XBT profiles’ locations (i.e., weather station, satellite, and re-
analysis data were only used in locations with XBT data). To
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do this, we (separately) averaged the shipboard and (ERAS
and NCEP-2) reanalysis data points that fell within the same
hour and within +0.5° latitude and longitude of the XBT
data. Satellite data were already collocated to the XBT data
as mentioned in section 2b. In total, there were 2870 XBT
profile points; the number of valid weather station and satel-
lite points was 1029 (MSLP), 1035 (SAT), 944 (RH), and 244
(WS), respectively. Together, quality control and collocation
significantly reduced the amount of usable weather station
data from over 5 million original data points.

c. Correlation between observations and reanalysis

The shipboard measurements were then compared to the
ERA5 and NCEP-2 products. After the quality control and
collocation, shipboard and ERAS variables had correlations
of 0.97, 0.93, and 0.76 for SAT, pressure, and RH, respec-
tively. Shipboard and NCEP-2 variables, on the other hand,
had correlations of 0.94, 0.91, and 0.37, respectively. Due to
the high correlation between the shipboard measurements
and ERAS, the observations with large differences from the
ERAS5 data were removed. This included observed SAT with
differences larger than =5°C, observed pressures with differ-
ences larger than =8 hPa, and observed RH with differences
larger than *25%. Minimal data points were removed by
those constraints, including 5 for SAT, 7 for pressure, and 18
for RH. Removing those large anomalies improved the corre-
lations of shipboard measurements with ERAS products to
0.98, 0.99, and 0.84 for SAT, pressure, and RH, respectively.
The relationships between the shipboard measurements and
NCEP-2 products are also improved, with correlations of
0.96, 0.98, and 0.42 for SAT, pressure, and RH, respectively.

d. Standardizing observations

Shipboard measurements were taken on the upper decks of
the ships (Fig. 1) and therefore were not representative of sur-
face level conditions. Therefore, the observed pressure was
converted to MSLP using its relationship with reanalysis prod-
ucts, and the observed air temperature and relative humidity
were adjusted to the same vertical level as the reanalysis prod-
ucts, i.e., 2-m height, using atmospheric thermodynamic princi-
ples. Below, we describe the adjustments applied to each of
the measured (shipboard) variables. Formulas in this section
are taken from Stull (2017).

1) BAROMETRIC PRESSURE

The correlation coefficient between the collocated observed
pressure and the ERAS MSLP was 0.93 and between the col-
located observed pressure and the NCEP-2 MSLP was 0.91.
Due to the high correlation and minimal outliers, the pressure
was adjusted using its relationship with ERAS MSLP. We cal-
culated the mean difference between the shipboard and
ERAS pressure for each transect. This mean difference, rang-
ing from 4.5 to 6.7 hPa per transect, was then added to each
point of the observed pressure data along its respective tran-
sect. We should note that, because of the strong relationship
among the three pressure products after removing large out-
liers, adjusting the observed pressure, SAT, and RH based on
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mean pressure differences with NCEP-2 MSLP for each XBT
cruise did not change the results presented in section 4.

2) AIR TEMPERATURE

To adjust the air temperature measurements to 2-m height,
the mean pressure difference was first used to calculate the
height of where the weather station was located on each tran-
sect. This height difference was found using the hydrostatic
balance equation:

dapP

where dP is the difference in pressure between two levels, dz
is the height difference between two levels, g is the average
surface gravitational acceleration (9.81 m s~ 2), and p is the av-
erage air density at sea level (1.225 kg m ). Height differ-
ences were estimated to be between 37 and 56 m. The 2-m
SATs were calculated using the following equation:

SAT = Type + [v X (dz — 2m)], 2)
where Togs is the observed air temperature at each point and
v is the dry-adiabatic lapse rate (9.8 K km™!). To account for
the standard height occurring at 2 m above sea level, 2 m was
subtracted from the calculated height differences dz. The dry-
adiabatic lapse rate was used because no observed data points
showed a relative humidity of 100%, and so we assumed that
the air was not saturated in this range.

3) RELATIVE HUMIDITY

To calculate RH at 2 m, we first used the Clausius—
Clapeyron equation to calculate the saturation vapor pressure
at ship height e using the temperature at ship height 7:

e, = exp[55.2966 — 6810.5245T — 5.0894 In(T)], ?3)
Using the definition of RH, i.e.,

RH = = % 100, )

s

we solved Eq. (4) for the partial vapor pressure e at ship
height. Then, e and the observed pressure P at ship height
were used to calculate the mixing ratio r:

r_0.622e
P—e’

®)

Here, r is assumed to stay constant between 2 m and the ship
height. Rearranging Eq. (5), r is used to solve for e at 2 m utilizing
P at 2 m [calculated in section 3d(1)]:

rxX P

€062+ 5

(6)
We then used Eq. (3) to solve for e, at 2 m, using the air tempera-
ture 7T calculated in section 3d(2). Finally, we found the RH at
2 m using Eq. (4), using e and ¢, at 2 m.
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e. COARE 3.6 flux algorithm

Direct observations of THF are scarce, highly localized,
and infrequent. State-of-the-art bulk algorithms are com-
monly used to estimate these turbulent fluxes. However, pre-
vious studies (e.g., Blanc 1987; Eymard et al. 1999; Brunke
et al. 2002; Moore and Renfrew 2002; Brodeau et al. 2017)
have shown that discrepancies between bulk algorithms can lead
to a relatively large spread in the computed turbulent fluxes. To
avoid flux discrepancies stemming from different bulk algo-
rithms, instead of comparing turbulent fluxes estimated from
shipboard measurements with reanalysis flux products directly,
in this study, we compute latent and sensible fluxes from the ob-
served and reanalysis variables using the same bulk algorithm
and perform analyses on those fluxes.

The latest version of the Tropical Ocean and Global Atmo-
sphere Coupled Ocean—Atmosphere Response Experiment
(TOGA COARE) flux algorithm COARE 3.6 (Fairall et al.
2003, 2011; Edson et al. 2013) is used to compute the latent
and sensible heat fluxes. Latent heat flux (LHF) is calculated
as follows:

LHF = Py X Lv X CE X U]() X (qsea - qair)’ (7)

where p, is the air density, L, is the latent heat of vaporiza-
tion, Cg is a turbulent exchange coefficient, Uy is the relative
wind speed at 10 m (relative to ocean surface current), and
Gsea — qair 18 the sea—air humidity difference (where the sur-
face water specific humidity g, and the specific humidity of
air q,;; are derived using observed SST, P, and RH). The sen-
sible heat flux (SHF) is calculated as follows:

SHF =p

a X Cpa X CII X Ul() X (Tsea - Tair)’ (8)
where C,, is the specific heat capacity of air, Cy is a turbulent
exchange coefficient, and T, — T,y is the sea—air tempera-
ture difference [where Ty, is the sea surface skin temperature
derived from the observed bulk SST and T,;, is equivalent to
SAT calculated in section 3d(2)]. According to Egs. (7) and
(8), wind speed is significant to both LHF and SHF, RH is sig-
nificant to LHF, and SST and SAT are significant to SHF.
Turbulent fluxes computed from Egs. (7) and (8) are directed
into the atmosphere (ocean) when positive (negative).

To examine the individual contributions of the variables in
Egs. (7) and (8), and the effect that the in situ observations
would have on the calculation of the turbulent fluxes in rean-
alysis products, a sensitivity test was performed. For this, the
COARE 3.6 was run in four scenarios:

1) Observed variables (including weather station SAT, RH,
and MSLP and XBT SST) with satellite winds

2) Observed variables with ERAS winds

3) ERAS variables

4) NCEP-2 variables

Therefore, scenario 1 is exclusively based on observations.
Scenario 2 provides greater visibility of fluxes when considering
the limited availability of satellite wind data for the locations
and times of interest. ERAS wind data were chosen because

Brought to you by NOAA Library | Unauthenticated | Downloaded 04/01/25 06:31 PM UTC



1302

()

y = 0.98x + 30.05
1040 -

T

1020 A

ERAS5 MSLP

1000 +

T

1000 1020 1040
OBS Pressure

JOURNAL OF ATMOSPHERIC AND OCEANIC TECHNOLOGY

VOLUME 41

(b) 1 1
y = 0.98x + 22.27

1040 -
(Al
]
2
o 1020 A -
< :
oC .
L

1000 A : -

1020 1040

OBS MSLP

1000

FIG. 3. Scatterplots of the observed pressure against ERAS MSLP. (a) Observed pressure after quality control,
collocation, and removing additional outliers but before height corrections. (b) As in (a), but the observed pressure
has undergone height corrections and adjusted to SLP. The black lines represent the 1:1 line (y = x), and the red lines
represent the line of best fit. Pressure is measured in hectopascals.

ERAS5 and satellite winds have a correlation coefficient of 0.96,
whereas NCEP-2 and satellite winds have a correlation of 0.85.
Scenarios 3 and 4 use the same methodology as the previous
two scenarios but utilize solely ERAS and NCEP-2 reanalysis
data.

We note that the 10-m wind speed is used as U in this
study due to a lack of ocean surface current data at high spa-
tial and temporal resolutions. To estimate the error associated
with the missing surface currents, we calculated the THF us-
ing the climatological ocean surface current-derived surface
drifters (Laurindo et al. 2017). On average, the ocean surface
current speed in our study region is about 0.09 m s !, negligi-
ble compared to the averaged 10-m wind speed of 7 m s~ ..
The THF with and without the climatological ocean surface cur-
rent is very similar, with mean differences of 1.2 and 0.1 W m™>
for latent and sensible fluxes, respectively. The differences are
mostly (~95% of the data) within =5 W m ™2 (5% of the flux
value) for LHF and within +1 W m™2 (5% of the flux value)
for SHF. Because the ocean surface currents are set to zero in
all four scenarios, the missing ocean surface currents do not
impact the flux comparisons and conclusions presented in
sections 4 and 5.

4. Results
a. Comparison of variables

Here, we investigate in more detail the agreement between
reanalysis, satellite, and in situ variables. The variables ana-
lyzed are SLP, SAT, RH, SST, and WS, which are all cor-
rected, quality controlled, and collocated with the XBT data
as stated in section 3. As stated in section 3d(1), after remov-
ing outliers, but before performing any height corrections, the
correlation coefficients of the collocated observed pressure
with ERAS and NCEP-2 MSLP were very high, with values
of 0.99 and 0.98, respectively. After performing the height
correction, the correlation coefficient between the observed
and ERAS MSLP was close to perfect, rounded to 1.00 (0.997).

The correlation coefficient between the observed and NCEP-2
MSLP remained the same at 0.98. Figure 3 demonstrates the ef-
fect of this height correction; particularly, Fig. 3a (no correc-
tion) shows a consistent gap between the nearly parallel lines of
best fit (with a slope of 0.98) and 1:1 line (i.e., zero bias line) of
approximately 5-6 hPa, whereas Fig. 3b (with correction) shows
minimal, if any, gapping.

While ultimately very similar in MSLP, the differences
between the ERAS5 and NCEP-2 products were more pro-
nounced in the SAT and RH variables, which is at least
partially driven by the difference in spatial and temporal reso-
lutions. The time and space resolution of ERAS5 (NCEP-2)
data were hourly (6 hourly) and 0.25° (2.5°), respectively. The
ERAS product is therefore better equipped to represent the
full range of values throughout the day and along the ships’
paths. The height adjustment induced SAT changes between
0.34° and 0.53°C, with a mean increase of 0.43°C. The RH re-
duced by 1.7% on average due to the height adjustment, with
values ranging from —2.5% to —0.8%. The height adjust-
ments did not change the relationships of the observed varia-
bles with the reanalysis products. The correlation coefficients
of the collocated observed air temperature with ERAS and
NCEP-2 SAT were 0.98 and 0.96, respectively, and both val-
ues held the same as before height corrections. Similarly, the
correlation coefficients of the observed RH with ERA5 RH
and NCEP-2 RH remained at 0.84 and 0.42, respectively.

To visualize the spatial scale of this analysis, Figs. 2b—f
show color maps of the five in situ variables after quality con-
trol, collocation, and height corrections. The SAT and SST
maps show a tendency for warmer temperatures in the west-
ern Atlantic Ocean, where warm ocean currents are directed
from the tropics to subpolar regions. The mean and median
observed MSLP is 1021 hPa. The observed RH appears to
lack any notable spatial pattern. The amount of data available
for satellite WS collocated with XBT profiles is strongly lim-
ited within the spatial and temporal boundaries used in this
study.
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Next, we compare the observed SAT, MSLP, RH, SST, and
WS with variables from the two reanalysis products, ERAS
and NCEP-2 (Fig. 4). Figure 4 demonstrates stronger relation-
ships between observations and ERAS variables as compared
to the relationships between observations and NCEP-2 data.
For all products and variables, except RH, the best fit slopes
are above 0.9, in fact close to 1.0. For RH, despite a relatively
strong correlation between observations and ERAS5 (0.84)
and a corresponding best fit slope of 0.87, there is still a signif-
icant spread along the 1:1 line (Fig. 4c). The histogram of RH
differences (OBS—ERAS; inset plot in Fig. 4c) shows that
ERAS tends to underestimate the observed RH, with 69% of
the available data showing negative biases. The regression
line indicates that the negative biases in ERAS RH tend to in-
crease with increasing observed RH. However, the mean bias
of —3.5% in ERAS RH is not statistically significant consider-
ing the standard deviation of 6.4% in the RH differences. The
correlation between the observed and NCEP-2 RH decreases
considerably (to 0.42); this likewise occurs with the best fit
slope, which decreases to 0.29 (Fig. 4h). Although the mean
bias in NCEP-2 RH is relatively lower, about —2.9%, the dif-
ferences with observed RH are more spread out with standard
deviation of 10.5% (histogram in Fig. 4h). NCEP-2 tends to
overestimate RH when the observed RH is lower than 80%
and underestimate RH when the observed RH exceeds 80%.
About 60% of the NCEP-2 RH data show negative biases.

We also see a high discrepancy between the ERAS and
NCEP-2 RH products, which have a correlation of 0.46 and a
best fit slope of 0.30 (Fig. 4m). The histogram in this panel
shows that the RH differences between ERAS and NCEP-2
products are more evenly distributed between positive and
negative values.

Furthermore, although there tends to be strong relationships
between all SST products, Figs. 4i and 4n highlight an interesting
outlier in the NCEP-2 product that strongly underestimates the
SST by almost 10°C. Those large biases in NCEP-2 SST occur
near the eastern boundary as will be shown later. For both ERAS
and NCEP-2 SST, two-thirds of the data show cold biases com-
pared to the observed SST and the other one-third shows warm
biases. On average, the ERAS SST has an insignificant cold bias
of —0.17° £ 0.67°C. The cold bias in NCEP-2 SST is somewhat
larger, —0.43° ® 1.10°C, but still insignificant. Figures 4d and 4i
indicate a larger spread of the biases in NCEP-2 SST compared
to the biases in ERAS SST, consistent with the fact that only 4%
of ERAS SST data have absolute biases exceeding 1.0°C, whereas
there are 21% of NCEP-2 SST data with absolute biases exceed-
ing 1.0°C.

Reanalysis products also tend to show a small cold bias
in SAT (Figs. 4a,f). Different from SST, the mean cold bias in
ERAS SAT (—0.64° = 0.74°C) is larger than the mean bias in
NCEP-2 SAT (—0.20° = 1.10°C). However, similar to the
SST, the differences between the observed and NCEP-2 SAT
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ERA5 — OBS in (c) and NCEP-2 — OBS in (d). The red lines represent the mean difference for each hour.

show a slightly larger spread as compared to the differences
between the observed and ERAS SAT (inset histogram plots
in Figs. 4a,f). It is also interesting that ERAS5 SAT is domi-
nated by cold biases, with 86% of the data showing cold bias
and 14% showing warm bias. NCEP-2 SAT also has more
cases with negative biases, but not as extreme as ERAS, with
61% of the data showing cold biases and 39% showing warm
biases.

Similar to SST and SAT, all three WS products show strong
relationships with each other (Figs. 4e,j,0). The biases in
ERA5 WS are small, mostly within 1 m s~ ! (Fig. 4¢), whereas
the biases in NCEP-2 WS are more spread out (Fig. 4j). The
mean biases in both reanalysis WS are minimal with negative
bias in ERAS WS (—0.25 = 0.97 m s~ ') and positive bias in
NCEP-2 WS (021 + 1.95 m s~ ). Comparisons of all three
MSLP products (Figs. 4b,g,i) give the same conclusion,
a slightly higher correlation between the observed and

ERAS5 MSLP than the correlation between the observed and
NCEP-2 MSLP, and the differences between the observed and
NCEP-2 MSLP have a larger spread than the differences be-
tween the observed and ERAS5 MSLP.

We further examined the space and time dependence of
biases in the reanalysis products. One possible explanation
for the cold bias in SAT across products stems from the differ-
ences in SAT over the course of the day (Figs. 5a,b). In both
panels, the bias is weakest overnight and strongest during
midafternoon. As mentioned earlier, ERA5 SAT presents a
dominant cold bias with time-of-day averaged differences
(ERA5 — OBS) ranging from 0.01° to —1.19°C. The time-
of-day averaged differences between NCEP-2 and OBS SAT
(NCEP-2 — OBS) vary between 0.28° and —0.80°C. Both cold
biases (particularly those in the afternoon) are speculated to
be due in part to the resolution of the reanalysis products
that prevent true maxima and minima from being able to
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accurately represent the full range of the observed SAT.
Biases in ERAS5S RH also show a weak dependence on the
time of day (Fig. 5c), with the strongest negative bias during
nighttime and the weakest negative bias during daytime.
Biases in NCEP-2 RH (Fig. 5d) and biases in all other varia-
bles (not shown) did not show a clear dependence on the
hour of the day.

In addition to biases in time of day, variable biases with re-
spect to longitude were also assessed. Figure 6a indicates that
the cold biases in ERAS SAT are the strongest in the western
North Atlantic Ocean, and the cold biases tend to decrease
moving eastward. The regression of SAT difference against
longitude (red line in Fig. 6a) suggests that the cold bias de-
creases from —0.85°C near the western boundary (80°W) to
—0.42°C near the eastern boundary (5°W). The regression
analysis also indicates a significant dependence of NCEP-2
SAT biases on longitude (Fig. 6f); however, this dependence
is induced by the large warm biases near the eastern bound-
ary. Those large outliers can also be seen in the differences
between NCEP-2 and ERAS SAT (Fig. 6k). After excluding
data near the eastern boundary, east of 10°W, no significant
dependence on longitude is found for biases in NCEP-2 SAT.
Likewise, the longitudinal dependence of NCEP-2 RH biases
(Figs. 6h,m) is also induced by the large outlier values near
the eastern boundary. ERAS RH tends to be lower than the
observed RH throughout the domain without a significant de-
pendence on longitude (Fig. 6¢). Biases in ERAS and NCEP-2
SST do not show a clear longitudinal dependence. However,

similar to SAT and RH, NCEP-2 SST shows large biases near
the eastern boundary. In the western North Atlantic (west of
40°W), we also see increased cold biases in NCEP-2 SST when
compared to observations and ERAS5 (Figs. 6i,n). The compar-
ison of NCEP-2 SST with ERAS5 SST (Fig. 6n) demonstrates a
similar longitudinal distribution as its comparison with the ob-
served SST (Fig. 61).

No significant spatial trends were detected for biases in
MSLP or WS, nor do they exhibit the same pattern of eastern
North Atlantic outliers that SAT, RH, and SST do.

b. Comparison of turbulent fluxes

Here, we compare the turbulent (latent and sensible) heat
fluxes derived from the measured variables and estimate the
sensitivity of these fluxes on the variables from the scenarios
outlined in section 3e. Key statistical characteristics of the
THF estimates from all four scenarios and their comparisons
are shown in Tables 1 and 2 and Fig. 7. Table 1 compares the
mean, median, and standard deviation of THF. Regular num-
bers are derived from 103 data samples when fluxes from all
four scenarios are available, and the bold numbers correspond
to values derived from 837 data samples when fluxes from sce-
narios 24 are available. Table 2 shows the differences and
correlations of THF estimates between different scenarios.

As shown in Table 1, LHF and SHF means for all scenarios
are significantly larger than their respective medians. In general,
the LHF medians are about 25 W m™2 lower than their corre-
sponding means, except for scenario 4 showing a relatively lower
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TABLE 1. Means, medians, and standard deviations of LHF and SHF estimates from all four scenarios (defined in section 3e).
Regular numbers are derived from cases when flux estimates are available for all four scenarios (103 data points). Bold numbers are

derived from cases when flux estimates are available for scenarios 2—4 (837 data points). All values are measured in watts per square

meter. For all products, positive represents the direction into the atmosphere.

LHF SHF
COARE flux scenario Mean Median Std dev Mean Median Std dev
1: OBS 93.67 70.75 89.64 7.60 2.94 17.09
2: OBS with ERAS WS 87.27 61.96 83.78 6.81 2.73 16.03
84.74 61.42 79.98 6.76 2.83 18.71
3: ERAS 100.26 65.93 98.01 6.38 1.74 15.08
99.45 76.00 88.30 7.05 2.19 18.78
4: NCEP-2 96.27 78.23 71.08 6.08 1.19 14.64
99.47 85.13 69.71 5.57 1.39 19.52

difference (<20 W m™?) between its mean and median. SHF
means for all scenarios are 4-5 W m™2 larger than their respec-
tive medians. Together, these suggest large outliers with high
LHF and SHF in the subtropical North Atlantic Ocean during
our study period. All standard deviations are also quite large rel-
ative to their means and medians, suggesting a wide range of val-
ues for all LHF and SHF scenarios. As expected from the large
energy required during evaporation, the LHF means for all sce-
narios (~100 W m™?) are much larger than the respective SHF
means (<10 W m™2).

Compared to the mean values of LHF and SHF computed
exclusively from observations (scenario 1), both mean LHF
and mean SHF from scenario 2 (all observations except
ERAS winds) are lower due to negative biases in ERAS5 WS.
Scenario 2 mean LHF is 6.40 W m~2 lower than scenario 1
mean LHF, and its mean SHF is 0.79 W m ™2 lower than that
from scenario 1. Considering individual cases, the majority of
flux differences between scenarios 1 and 2 (90% of the total
103 data samples for LHF and 93% for SHF) are less than
5% of the flux itself. Flux estimates from scenarios 1 and 2 are
also highly correlated with correlation coefficients of 0.99 for
both LHF and SHF (Table 2).

Despite the lower biases in ERAS WS, the mean LHF from
scenario 3 (exclusively ERAS) is 6.59 W m ™2 higher than that
from scenario 1; this can be attributed to the negative biases

in ERAS5 RH and SAT. As can be seen from the comparison
between scenarios 2 and 3, the biases in ERA5 RH and SST-
SAT together induced a positive bias in LHF of 14.71 W m >
(Tables 1 and 2; considering all 837 available data). The mean
SHF from scenario 3 is lower than that from scenario 1, indi-
cating that the SHF decrease induced by ERAS WS bias is
stronger than the SHF increase induced by ERAS tempera-
ture biases. Similar to scenario 3, scenario 4 (exclusively
NCEP-2) also presents higher mean LHF and lower mean
SHF compared to scenario 1. However, the overestimate in
NCEP-2 LHF is due to positive bias in NCEP-2 WS and nega-
tive bias in NCEP-2 RH, which is partially compensated for
by the underestimate induced by cold bias in SST. For SHF,
the cold bias in SST has a stronger impact than the positive
bias in WS. Scenario 4 has the lowest variability in LHF. This
low variability of NCEP-2 LHF (Table 1) is due to the fact
that NCEP-2 does not capture the full range of observed RH;
93% of NCEP-2 RH values are within 60%-90% compared
to the two-thirds of the observed RH falling in that range.
Although the mean flux values from scenarios 3 and 4 show
more or less similar characteristics when compared with sce-
nario 1, the correlation coefficients and the variability in the
differences between scenarios 1 and 2 indicate that scenario 3
gives better flux estimates than scenario 4 (Table 2). ERAS
fluxes (scenario 3) are highly correlated with the observed

TABLE 2. Means, medians, and standard deviations of the differences between LHF and SHF from all four scenarios and their
correlation coefficients. Flux labels adhere to the following convention: OBS-ERAS5 (1-3) represents the fluxes calculated from
ERAS data subtracted from the fluxes calculated from observed data, with the numbers in parentheses showing the associated
COARE scenario numbers. Fluxes are assessed in watts per meter square.

COARE scenario flux comparisons Mean difference

Median difference

Std dev of differences Correlation coefficient

LHF: OBS2-OBS (2-1) ~6.40
SHF: OBS2-OBS (2-1) -0.79
LHF: ERA5-OBS (3-1) 6.59
SHF: ERA5-OBS (3-1) -123
LHF: NCEP-2-OBS (4-1) 2.60
SHF: NCEP-2-OBS (4-1) ~1.52
LHF: ERA5-OBS2 (3-2) 1471
SHF: ERA5-OBS2 (3-2) 0.29
LHF: NCEP-2-OBS2 (4-2) 14.73
SHF: NCEP-2-OBS2 (4-2) ~1.19
LHF: NCEP-2-ERAS5 (4-3) 0.02
SHF: NCEP-2-ERAS5 (4-3) ~1.48

—3.96 13.65 0.99
—0.25 2.58 0.99
2.55 36.90 0.93
—2.20 8.19 0.88
0.29 59.56 0.75
—1.59 11.53 0.77
8.50 34.76 0.92
—0.51 8.36 0.90
10.07 51.80 0.75
—0.72 11.50 0.82
4.53 48.00 0.77
—0.58 10.94 0.78
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vations), scenario 2 (observations with ERAS winds), scenario 3 (ERAS), and scenario 4 (NCEP-2).

fluxes (scenarios 1 and 2), with correlation coefficients ranging
between 0.88 and 0.93. NCEP-2 fluxes (scenario 4) are less
correlated with the observed fluxes (scenarios 1 and 2), with
correlation coefficients ranging between 0.75 and 0.82. The
variabilities of flux differences between NCEP-2-based and
observational-based estimates are considerably larger com-
pared to the counterparts between ERAS-based and observa-
tion-based estimates (Table 2). For example, the variabilities
of LHF differences between scenario 4 and scenarios 1 and
2 exceed 50 W m ™2, whereas the variabilities are around
35 W m? for the LHF differences between scenario 3 and
scenarios 1 and 2. The large variability in the flux differences
indicates that, despite the similar means in the flux estimates,
the differences in individual cases can be large.

The better performance of ERAS-based estimates (sce-
nario 3) can also be seen in the scatterplots comparing the
LHF and SHF derived from different scenarios (Fig. 7). Both
the regressions of LHF from scenarios 1 and 2 to scenario 3
give slopes close to 1.0 (Figs. 7a,b), whereas their regressions
to scenario 4 LHF have slopes about 0.58-0.65 (Figs. 7c.d).
The scatterplots of scenario 4 against scenarios 1 and 2 also
show greater spread along the regression lines. The compari-
son for SHF shows similar results, with higher regression
slopes and less spread between observed scenarios (1 and 2)
and scenario 3 (Figs. 7e-h), though the differences are not as
obvious as for LHF.

Similar to the variables, we examined the space and time de-
pendence of SHF and LHF biases in scenarios 3 and 4 in com-
parison with scenario 2. Although not as apparent as for SAT
biases, the SHF biases from both scenarios 3 and 4 show some
dependence on the time of day (Figs. 8a,b), with the tendency of
negative biases overnight and positive biases during daytime.
This is consistent with stronger daytime cold biases in ERAS and

NCEP-2 SAT. LHF biases from both scenarios 3 and 4 do not
show dependence on the time of day (Figs. 8c,d). For scenario 4,
this agrees with the lack of time-of-day dependence in NCEP-2
RH biases. However, for scenario 3, the LHF biases are expected
to depend on the time of day because of the diurnal changes in
ERAS RH biases (Fig. 5c). One possible explanation is that the
effect of ERAS SAT biases on LHF counteracts the effect from
ERAS RH biases. During the daytime, the potential larger posi-
tive LHF bias caused by stronger negative RH bias (enhanced
evaporation) is compensated by the negative LHF bias induced
by stronger negative SAT bias (reduced evaporation) and vice
versa. No significant longitudinal dependence was found for all
SHF and LHF biases (not shown) except the biases in scenario 3
SHF, which decrease from west to east because of the eastward-
decreasing negative ERAS SAT biases.

To better visualize the relationships of fluxes and the im-
pacts of their key variables, Fig. 9 shows an example transect
of the fluxes from scenarios 2—4 (omitting scenario 1 due to
the limited availability of WS data) and key variables against
longitude for the XBT transect carried out during July 2021.
While the LHF and SHF of all depicted scenarios generally
follow a similar longitudinal pattern, scenario 4 (NCEP-2)
overestimates LHF across the entire section (Fig. 9a) because
of the low biases in NCEP-2 RH (Fig. 9c) and stronger WS
(Fig. 9e). Scenario 3 (ERAY) also overestimates the LHF in
regions west of 55°W and near the eastern boundary, but to a
much lesser degree. Both low biases in ERAS RH and SAT
contribute to the overestimation west of 55°W, whereas near
the eastern boundary, the overestimation is mostly due to the
low bias in ERAS5 RH. The agreement among the three SHF
estimates is much better. Scenario 4 SHF shows negative
biases east of 20°W and between 70° and 60°W, while scenario
3 SHF has a positive bias near the western boundary and a
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negative bias near the eastern boundary (Fig. 9b). ERAS SST
agrees very well with the observed SST (Fig. 9f), and the
biases in ERAS5 SAT (Fig. 9d) are the dominant contributing
factor for the biases in scenario 3 SHF. Both stronger NCEP-2
WS and negative biases in NCEP-2 SST-SAT contribute to
the negative biases (stronger heat into the ocean) in scenario 3
SHF. Furthermore, both reanalysis products exhibit challenges
in accurately reproducing the full range of observed values for
fluxes and variables (visualized in the panels by the greater
number of “spikes” in the scenario 2 data). This is especially
evident in the SAT and SST variables (Figs. 9d.f), where
NCEP-2 SAT and SST are particularly smooth, whereas the
observed SAT and SST fluctuations are captured to some de-
gree by ERAS SAT and SST.

Figure 10 shows differences in fluxes between observed sce-
nario 1 and reanalysis scenarios 3 and 4 against their respec-
tive key variables. As expected by formula 7, LHF biases are

highly dependent on the differences in RH and to a lesser de-
gree on the differences in WS. The trend lines and correlation
coefficients show that 1) as the observed RH becomes larger
than the reanalysis RH, the observed LHF becomes smaller
than the reanalysis LHF (Figs. 10a,f), and 2) as the observed
WS becomes larger than the reanalysis WS, the observed
LHF becomes larger than the reanalysis LHF (Figs. 10b,g).
Figure 10 also shows that SHF biases are highly dependent on
the differences in SAT, and the dependence on the differ-
ences in SST and WS is rather weak. The trend lines and cor-
relation coefficients show that 1) as the observed SAT
becomes larger than the reanalysis SAT, the observed SHF
becomes smaller than the reanalysis SHF; 2) as the observed
SST becomes larger than the reanalysis SST, the observed
SHF becomes larger than the reanalysis SHF; and 3) as the
observed WS becomes larger than the reanalysis WS, the ob-
served SHF becomes larger than the reanalysis SHF. These
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FIG. 9. Plots of variables against longitude for an example transect carried out in July 2021. (a) LHF and (b) SHF
from scenarios 2 (black), 3 (red), and 4 (green) (scenario 1 is omitted due to considerably low data availability and
therefore minimal visibility). (c) RH, (d) SAT, (e) WS, and (f) SST from observations (black), ERAS (red), and

NCEP-2 (green).

relationships correspond well to the sensible heat flux Eq. (8),
where SHF is proportional to sea—air temperature difference
and wind speed. Higher ocean temperature, thus larger tem-
perature difference, and larger wind speed would increase
SHF, whereas higher air temperature would reduce the tem-
perature difference, thus decreasing SHF.

The same is true when comparing differences in reanalysis
fluxes and variables with those used in scenario 2, which, al-
though uses ERAS5 WS, provides significantly more data output
(Fig. 11). Figure 11 shows the same general trends found in
Fig. 10. All slopes in Figs. 10 and 11 are of similar magnitude,
except the slopes for ALHF against ASST between scenarios 2
and 3 (Fig. 11c) and for ASHF against ASAT between scenar-
ios 2 and 4 (Fig. 11le) are somewhat lower. The correlation
coefficients are also similar except the reduced correlation be-
tween ASHF and ASAT of scenarios 2 and 4. Figures 10 and 11
both show significantly higher spread when comparing observed

and NCEP-2 fluxes and variables than when comparing ob-
served and ERAS fluxes and variables.

5. Discussion and conclusions

This study presents the first assessment of the value of
NOAA/AOML’s shipboard weather station data, which were
launched in 2020 along XBT transects in the subtropical North
Atlantic Ocean. Data collected from the weather stations and
XBTs together with satellite measurements are used to assess
biases and validity in the ERAS and NCEP-2 reanalysis prod-
ucts with respect to turbulent heat fluxes. We calculated latent
and sensible turbulent heat fluxes using the Coupled Ocean—
Atmosphere Response Experiment (COARE) version 3.6 flux
algorithm in four scenarios: 1) in situ data with satellite winds, 2)
in situ data with ERAS winds, 3) ERAS data, and 4) NCEP-2
data. The resulting LHF and SHF from each scenario were
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FI1G. 10. Differences in flux estimates against the differences in their respective key variables. (top) Differences between scenarios 1 and
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visibility and continuity, some graphs exclude large outliers.

evaluated with respect to key variables, time of day, and individ-
ual transects; each scenario was further compared with the re-
sults of the remaining scenarios to quantify correlations and
mean and median differences.

Direct comparisons between variables of different products
present four key results. First, across all products, SAT and SST
tend to decrease toward the eastern Atlantic Ocean (Fig. 2).
This is expected due to the warm water of the Gulf Stream in

the west and the clockwise rotation of the subtropical gyre. Sec-
ond, RH tends to disagree considerably across all three datasets.
This is evident in Figs. 4 and 6, which show a comparatively
weak correlation for all three RH products. ERAS RH typically
corresponds better with in situ RH than NCEP-2 RH does, al-
though both relationships show consistently large differences be-
tween products. This disagreement can arise from multiple
factors, such as the accuracy of the humidity sensors, which are
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FI1G. 11. As in Fig. 10, but comparing scenario 2 instead of scenario 1. (top) Differences between scenarios 2 and 3, including differences

in LHF (W m™?) against differences in (a) RH (%) and differences in SHF (W m™?) against differences in (b) SAT and (c) SST (°C).
(bottom) As in the top panels, but for differences between scenarios 2 and 4. WS is not included here due to scenario 2 utilizing ERAS winds.
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generally lower than the manufacturer’s claims due to sensor
quality and calibrations (Schellenberg 2002; Taylor and Cheng
2010), a larger spatial variability in RH than temperature
(Hempel et al. 2018), high scatter at extreme RH values during
cloudy and rainy days (Payne et al. 2002; Camuffo et al. 2017),
and the effect of solar insolation on the measurements
(McPhaden et al. 2009). Third, SAT from reanalysis products
is highly correlated with in situ measurements, but it can have
biases of a few degrees Celsius (Figs. 4 and 6). On average,
both ERAS5 and NCEP-2 SAT show a cold bias. For ERAS
SAT, this is predominantly present at higher temperatures in
the western North Atlantic, and for NCEP-2 SAT, this is con-
sistent across all temperatures. This cold bias is enhanced dur-
ing the afternoon, which is in part due to the spatial and
temporal resolution of reanalysis products (Fig. 5). Fourth,
SST from reanalysis products is also highly correlated with in
situ XBT measurements with a cold bias on average. In addi-
tion, biases between SST from XBT and reanalyses do not
show a spatiotemporal dependence (Figs. 4 and 6), showing
that in general their quality is robust, and XBT data in the top
5 m can be used as SST measurements. Although previous studies
showed that the first few meters of the XBT profile are subject to
transient signal for the thermistor to adapt to the surrounding wa-
ter (Kizu and Hanawa 2002; Goes et al. 2017), the temperature in
the top layers does not differ significantly from those in the sur-
face mixed layer; thus, the quality of near-surface XBT data is a
robust estimate of SST, except in regions where thermocline out-
crops to surface or mixed layer depth is less than 5 m (Thadathil
et al. 1999). This has yet to be tested with the present data.

These biases present challenges for the reanalysis flux cal-
culations. Specifically, all reanalysis fluxes are limited by spa-
tial and temporal smoothing; NCEP-2 data, which have a
lower resolution in both space and time than ERAS data, per-
form somewhat worse in comparisons with in situ data as well
as with scenario 1 and 2 fluxes when run in the COARE 3.6
algorithm (Tables 1 and 2 and Figs. 4-11). The differences be-
tween NCEP-2 and in situ data are especially large and varied
in the eastern Atlantic near Gibraltar, likely due to contami-
nation of the coastal data with data over land, caused by the
low spatial resolution of the product (Fig. 6). As expected in
formulas 7-8, for both reanalysis products, biases in the LHF
largely depend on the differences in RH and biases in SHF
largely depend on the differences in SAT (Figs. 9-11).

Heat exchange between the atmosphere and ocean is an
important process reflecting the interaction of the coupled cli-
mate system and affecting regional and global climate and
weather (Trenberth and Fasullo 2010; Booth et al. 2017).
Global air-sea heat fluxes have been used in numerous as-
pects of climate studies over many time scales and are needed
to evaluate coupled atmosphere—ocean models and weather
forecasting models (e.g., Cronin et al. 2019). Accurate esti-
mates of air-sea heat fluxes are also important for evaluating
regional and global heat budgets and for inferring or assessing
oceanic meridional heat transports (e.g., Trenberth and Caron
2001; Grist and Josey 2003; Trenberth et al. 2019). However,
commonly used reanalysis flux products can differ by 100 W m™>
or more due to biases in flux-related variables (Dong et al. 2010;
Zhang et al. 2016; Pokhrel et al. 2020). VOS ships provide a great
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cost-effective platform to obtain simultaneous near-surface varia-
bles with good spatial coverage. Results presented in this study
from analyzing data collected in the subtropical North Atlantic
demonstrate the potential to improve turbulent flux estimates
by reducing biases in near-surface atmospheric variables using
VOS ships.
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