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Abstract: The air–sea heat fluxes in marginal seas and under extreme weather conditions constitute
an essential source for energy transport and mixing dynamics. To reproduce these effects in
numerical models, we need a better understanding of these fluxes. In response to this demand,
we undertook a study to examine the surface heat fluxes in the Arabian Gulf (2013 to 2014) and Red Sea
(2008 to 2010)—the two salty Indian Ocean marginal seas. We use high-quality buoy observations from
offshore meteorological stations and data from two reanalysis products, the Modern-Era Retrospective
analysis for Research and Applications version 2 (MERRA2) from the National Aeronautics and Space
Administration (NASA) and ERA5, the fifth generation of the European Centre for Medium-Range
Weather Forecasts (ECMWF) atmospheric reanalyses of global climate. Comparison of the reanalyses
with the in situ-derived fluxes shows that both products underestimate the net heat fluxes in the Gulf
and the Red Sea, with biases up to −45 W/m2 in MERRA2. The reanalyses reproduce relatively well
the seasonal variability in the two regions and the effects of wind events on air–sea fluxes. The results
suggest that when forcing numerical models, ERA5 might provide a preferable dataset of surface
heat fluxes for the Arabian Gulf while for the Red Sea the MERRA2 seems preferable.
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1. Introduction

Understanding the variability of air–sea heat fluxes is key in determining changes in weather
systems (e.g., the work by the authors of [1]), climatic conditions (e.g., the work by the authors of [2]),
sea surface temperature (SST) (e.g., the work by the authors of [3]), and the transfer of gases across the
air–sea interface (e.g., the work by the authors of [4]).

Despite the significance of air–sea heat fluxes in ocean–atmosphere dynamics, there is presently
a gap in our knowledge regarding these fluxes in marginal seas such as the Arabian/Persian Gulf
(hereafter the Gulf) and the Red Sea (Figure 1A). A major reason for this is the historical scarcity
and accuracy of in situ observations in these regions. These two marginal seas are characterized by
unique surface heat losses of up to 671 W/m2 due to dry wind events that produce dust storms
(13–20 annually [5,6]) which significantly lower the atmospheric transparency and may partly or fully
block solar radiation [7–9]. An example of these wind events is the locally known as ‘Shamal’ in the
Gulf [6,10,11] and westward winds over the northern Red Sea. The Shamal winds are encountered
throughout the year, with the highest frequency during summer [12] and their occurrence in winter
appears to be closely related to dry air outbreaks due to mountain gap westward winds in the Red
Sea [13,14]. Furthermore, extreme evaporation rates of up to 5 m/yr [8,15,16] and dust emissions of up
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to 94 Mt driven by such events play a major role in the transport of moisture and dust to central Asia,
Africa, and the Arabian Peninsula [14,17].

Intense surface heat losses produced by wind events often drive convective conditions which
provide the forcing for intensive convective mixing processes observed in oceans (e.g., works by the
authors of [18,19]). As a result of the extreme heat loss conditions deep water masses are formed
in both the northern Gulf and the northern Red Sea (e.g., works by[20–22] , and references therein).
These waters masses are the Gulf Deep Water (GDW) and the Red Sea Overflow Water (RSOW)
and are major contributors to the large-scale circulation of the Indian Ocean (IO) (e.g., works by the
authors of [23]).

If we are to accurately simulate the present as well as future scenarios of extreme weather events
and climate change, both locally and on basin scales—there are indications that the northwest IO
is becoming saltier as a result of changes in the GDW and RSOW characteristics (e.g., works by the
authors of [24,25])—a better understanding of the air–sea fluxes in the Gulf and the Red Sea is essential.

A

B C

Figure 1. (A) Land elevation above 800 m from the ETOPO2 Global Relief data [26]. Red dots indicate
the WHOI/KAUST buoy site in the northern Red Sea and the KMO buoy in the Arabian Gulf.
Open circle is the Qarooh Island meteorological station. Maps (B,C) show the reanalysis products
(ERA5 in blue and MERRA2 in red) and observation stations (green) used in this study.

Simulating the response of the ocean to climate variability requires time series of surface heat
fluxes over long time periods and large spatial scales. Reanalysis data from numerical weather products
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offers these requirements. Compared to other data sources (e.g., ship-, buoy-, and satellite-based)
reanalysis data has the advantage of combining excellent spatial and temporal coverage. However,
such products do require ground-truth data for validation in a variety of regions as they might be
susceptible to systematic biases and random errors (e.g., works by the authors of [27,28]). The main
aim of the present work, is to understand such biases and errors in both the Gulf and the Red Sea as
previously conducted by Kubota et al. [29] in the Kurshio region, Japan and by Weller et al. [30] in the
Arabian Sea. Our study focuses on evaluating air–sea fluxes from reanalysis products in comparison to
offshore, in situ-derived fluxes, with the objective of finding which of the reanalysis products would
constitute the best choice for forcing atmospheric and oceanic numerical models in these regions.

Currently, the few available air–sea flux studies of the Gulf and Red Sea have used ships, buoys,
coastal platforms, or oceanographic instruments that are sparsely distributed, and thus result in
significant uncertainties in the heat flux estimates. For instance, studies have used the International
Comprehensive Ocean–Atmosphere DataSet (ICOADS [31]) heat fluxes to force numerical models
such as Hybrid Coordinate Ocean Model (HYCOM [32]) and the Coupled Hydrodynamical Ecological
Model for Regional and Shelf Seas (COHERENS [33]) to simulate the Gulf surface and subsurface
circulation [34–36].

A study by Johns et al. [37] used global air–sea heat fluxes generated by the Southampton
Oceanography Center (SOC), an improved version of ICOADS, to examine the heat budgets of the Gulf.
Using the SOC improved version, reduced the error in the monthly heat flux from 60 W/m2 to 4 W/m2

by applying corrections to longwave and shortwave radiation, imposed by strong aerosol loading
measured by the Advanced Very High Resolution Radiometer (AVHRR) [38,39]. Similar uncertainties
in the air–sea fluxes were also observed for the Red Sea. For example, SOC overestimates the mean in
situ heat fluxes by ~60 W/m2 [20], whereas ICOADS overestimates the heat flux by 100 W/m2 [40].

In another study by Thoppil and Hogan [8], which examined the Gulf’s response to winter wind
events, they included a section comparing the basin-averaged monthly Objectively Analyzed air–sea
Heat Fluxes (OAFlux; satellite-based) [41] to those from HYCOM for 2004. The study concluded that
an annual discrepancy of −2.3 W/m2 existed between the two products and that the discrepancy was
especially high during summer, when HYCOM estimated a heat flux larger by 34 W/m2 than OAFlux.

The few available studies in the Gulf and Red Sea referenced above all lack comparisons to
observations, making the results presented here unique as well as essential for improvement of the
accuracy of the regional numerical ocean models.

This paper is structured as follows. In Section 2, we describe the buoy observations and reanalysis
data sources and the statistical approach used for the comparison. Sections 3 and 4 describe the results
and discuss the comparison between the observations and the reanalysis products with a focus on the
unique Gulf seasonal wind events. These sections also discuss the annual trends, and the diurnal and
seasonal cycles of the air–sea heat fluxes in the Gulf and Red Sea. Summary and conclusions are given
in Section 5.

2. Datasets and Methods

2.1. Gulf Observations

The Gulf is a 990-km-long semi-enclosed sea located between latitudes 24◦ and 30◦ N,
with an average depth of 36 m [42]. General circulation in the Gulf is similar to those in other marginal
seas, such as the Red Sea and Mediterranean Sea, and is driven by wind, thermohaline flows and
water exchange (annual 1–2 × 105 m3/s) through the Strait of Hormuz with the Arabian Sea to the
south [21]. The circulation in the northern part of the Gulf (location of the study region, see Figure 1)
is driven by the dominant northwesterly winds, which force a general southerly flow, and the river
discharge (average 703 m3/s [43]) from the Shatt-al-Arab at the northern limit [44]. The descending
dry air in this region produces arid desert conditions. The northern part of the Gulf is characterized by
extreme summer air temperatures (up to 51 ◦C) and near-zero winter temperatures [6].
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For the Gulf, we used two in situ data sets between January 2013 and March 2014. The first dataset
is from the Kuwait Meteorological Office (KMO) buoy near the Sea Island Terminal. This buoy, located
at 29.11◦ N, 48.30◦ E, is approximately 15 km offshore (Figure 1C). The measurements include hourly
air temperature measured by a sensor mounted in a passive radiation shield at a nominal distance
of 2 m above sea level (ASL), sea surface temperature at 2 m depth, wind speed and direction at 5 m
ASL, relative humidity at 2 m ASL, barometric pressure at 2 m ASL, and downward shortwave and
longwave radiation at 3 m ASL.

The second data source is from a meteorological station mounted on a pole at a nominal distance
of 7 m ASL on a pier on Qarooh Island. The island is roughly circular in shape, with a diameter of 250 m,
and is located 40 km off the mainland and 120 km south of the Shatt-al-Arab river mouth (Figure 1C).
The dataset consists of measurements every 5 min of wind speed and direction, air temperature and
humidity, incoming shortwave radiation, incoming longwave radiation, barometric pressure, and rain.
SST measurements were obtained at 3.5 min intervals at a depth of 0.1 m, from a water temperature
logger mounted inside a small surface float.

The two observational datasets will be presented separately in the results section to gain spatial
information and to evaluate the ability of the reanalysis data to reproduce spatial variability from
stations that are 15 and 40 km offshore. We linearly interpolated the nearest four sea based reanalysis
grid points to match those of the observations locations (Figure 1C), similar to the method used by
Kubota et al. [29].

2.2. Red Sea Observations

Similar to the Gulf, the Red Sea is a semi-enclosed marginal sea of the northwest IO, characterized
by an arid climate, extreme salinity and water temperature. It extends for more than 2000 km between
the latitudes of 12◦ N to 30◦ N, where it bifurcates into the Gulf of Suez (west) and Gulf of Aqaba (east)
at the extreme north (Figure 1A) [45]. At the south, the Red Sea communicates through the shallow
and narrow (~20 km) Strait of Bab-al-Mandab with the Gulf of Aden and the Arabian Sea [20,45–48].
Different from the Gulf, the river runoff in the Red Sea is negligible, and the Red Sea is much deeper
with a mean depth of 524 m and maximum of almost 3000 m [45].

Surface winds in the Red Sea are mostly along the central axis, constrained by the mountains
on both sides of the basin, and regulated by the Indian monsoonal regime (e.g., the work by the
authors of [13]). In the northern part (north of 19◦ N), the winds are more stable and predominantly
southeastward all year-round. In the southern region, the winds reverse direction seasonally due to the
monsoons. Because of the that, in the summer monsoon (June-September), the winds are unidirectional
over the entire Red Sea. In the winter monsoon (October-May), the winds in the northern and southern
parts blow in the opposite direction and form a convergence zone (RSCZ) with light winds near
19◦ N, as recently studied by Menezes et al. [13]. North of the RSCZ, synoptic conditions in winter
usually disrupt the along-axis winds giving rise to across-axis (westward) surface wind events [13,49].
These westward winds originate in the Arabian Desert and reach the Red Sea through the gaps in the
coastal mountain range. Menezes et al. [14] show that these dry air outbreaks sharply increase the Red
Sea evaporation (latent heat flux) in winter, and may be related to the occurrence of winter Shamal
winds in the Gulf. In summer, near the RSCZ, the Red Sea also experience the sharp Tokar Gap wind
jets that blow from Sudan towards Saudi Arabia [49].

In the literature, traditionally, the Red Sea is thought to be composed of three sub-regions,
the southern, the central and the northern. However, in the present work, we adopt the convention of
Menezes et al. [13] and Menezes et al. [14] and use the RSCZ mean position (19◦ N) as dividing the
Red Sea into just two subregions: the northern and the southern Red Sea.

Between October 2008 and December 2010, the Woods Hole Oceanographic Institution (WHOI)
in collaboration with the King Abdullah University of Science and Technology (KAUST) maintained
a surface buoy in the northern Red Sea (22.17◦ N; 38.50◦ E) to study air–sea interaction, the primary
driver of the basin-scale Red Sea circulation (Figure 1B) [20,46,50]. This buoy is the only in situ
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observation of air–sea flux related variables in the entire Red Sea, and several works have analyzed its
data (e.g., works by the authors of [13,14,20,49,50]). The buoy was located 55 km offshore of Thuwal,
anchored at a water depth of 693 m, and measured both meteorological and oceanic parameters.
Over the two years, there were two one-year-long mooring deployments, with a gap of approximately
two days for the buoy replacement. The following parameters were measured; temperature, salinity,
and ocean currents from the sea surface to the bottom; wind velocity and direction; air temperature;
humidity; barometric pressure; incoming shortwave (incident sunlight) and longwave (infrared)
radiation; precipitation; and surface waves. The atmospheric instrument component of the buoy
consisted of two Improved Meteorological (IMET) systems, with most parameters being measured
once per minute [50].

For comparison with the observation-derived surface air–sea fluxes, we select the corresponding
ERA5 and MERRA2 data from the nearest grid point to the WHOI/KAUST mooring position. In ERA5,
the center of the chosen grid point is at 22.06◦ N and 38.53◦ E, ~12.6 km from the buoy site. In MERRA2,
the center of the closest grid point is ~32 km from the mooring site at 22.00◦ N and 38.75◦ E (Figure 1B).

2.3. Estimation of Air–Sea Heat Fluxes

Using the hourly-averaged in situ measurements described above, we estimated the net heat
flux, Qnet, using the Coupled Ocean–Atmosphere Response Experiment (COARE 3.0) formulation [51],
as the sum of the four heat components:

Qnet = Qsw + Qlw + QL + QS , (1)

where Qsw is the net shortwave radiation corrected for albedo, Qlw is the difference between the
directly measured downward longwave radiation and the calculated surface-emitted radiation, QL and
QS are the latent and sensible heat fluxes, respectively, estimated from the wind speed, humidity,
and temperature such that

QL = ρairCeLeUz(qs − qz) , and (2)

QS = ρairChCpUz(Ts − (Tz + γz)) , (3)

where ρair is the air density, Le is latent heat vaporization, Cp the specific heat of air at constant pressure,
and subscripts z and s denote their surface and air values at a reference height, respectively. Uz is the
scalar wind speed with the inclusion of convective gustiness, Tz is the air temperature corrected for
the adiabatic laps rate, γz, qz is the specific humidity of air converted from the relative humidity
observations, and qs is the 98% of the saturation specific humidity of air at the sea surface temperature,
Ts, to account for salinity [52].

The QL and QS are related to the meteorological parameters (wind, temperature, and humidity)
by the moisture, Ce, and heat exchange Ch, coefficients, respectively. These exchange coefficients
depend on atmospheric stability and surface roughness length:

Ce =

[
κ

ln( z
zu
)− ψu(

z
L )

] [
κ

ln( z
zh
)− ψq(

z
L )

]
, and (4)

Ch =

[
κ

ln( z
zu
)− ψu(

z
L )

] [
κ

ln( z
zT
)− ψT(

z
L )

]
, (5)

where κ is the von Karman constant; ψu, ψq, and ψT are empirical functions describing atmospheric
boundary layer that are dependent on the ratio of z and the Monin–Obukhov length scale, L; and zu,
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zh, and zT are the surface roughness lengths that characterize the neutral transfer of the surface for
momentum, humidity, and heat, respectively [53].

The COARE 3.0 includes an option to apply a correction for solar heating and evaporative cooling
of the skin that was deemed necessary due to the strong solar radiation and evaporation in the study
region. However, the option of wind current speed correction was not used for the Gulf due to the
absence of near-surface currents at all stations, although used for the WHOI/KAUST Red Sea buoy.

The COARE formulation is widely used by ocean and lake observationalist and modelers
(e.g., works by the authors of [54,55]) as well as air–sea interaction scientists (e.g., works by the authors
of [29,56]), and is presently considered the state-of-the-art method to estimate air–sea surface heat
fluxes [57]. Despite the widely use of COARE 3.0 (over 1730 cites to date), its ability is limited to wind
speeds of <20 m/s, where its coefficient exchange uncertainty increases with increasing wind speed
from 5% for winds 0–10 m/s to 10% for winds 10–20 m/s [51]. This uncertainty is mainly a result of
the disruption of the near surface sub-layer by wave breaking and sea spray generated by the high
winds [58].

In addition, using the present method to compare estimates from offshore observations of
air–sea heat fluxes to those from reanalysis products has been shown to be suitable in several
studies (e.g., works by the authors of [59,60]). This study is therefore important as it does highlight
the possible differences in forcing fluxes when use is made of reanalysis surface fluxes at times when
observational data might be unavailable.

The two most widely used reanalysis products are the ECMWF-ERA Interim and
NASA-MERRA [61]. In this study we have used the most recent versions of these two reanalysis
products to compare Qsw, Qlw, QL, QS, wind, air temperature, humidity, and SST to the Gulf and Red
Sea buoy observations.

The first is the 5th generation (ERA5) and most recent reanalysis product from ECMWF. ERA5 is
an improved version of, and replacement to, ERA Interim [62] and features a new numerical weather
product (IFS Cycle 41r2). This updated version was produced using 12-h 4D-Var data assimilation and
a larger amount of assimilated data than before. Compared to the ERA Interim, ERA5 generates higher
resolution data on a 31 km grid at hourly intervals from 1979 to the present. Moreover, numerous
reprocessed datasets and recent instruments that could not be implemented in the ERA Interim dataset
were available to provide improved forecasts [63].

ERA5 produces daily short (18 h) forecasts for all parameters that are initialized twice at 06:00
and 18:00 UTC in 18 steps (1 step/hr). For example, for time 06:00, step 6 will be at 12:00 UTC. In this
study, to obtain hourly data, only steps 1 to 12 were selected, thus providing hourly data from 06:00 to
18:00 (12 steps) and from 18:00 to 06:00 (12 steps). The values of the four heat fluxes in units of W/m2s
were an accumulation of the hourly steps. The daily means of the four heat fluxes were computed
by aggregating all hourly steps from 00:00 to 23:59 UTC then dividing by 86,400 s (24 h) to provide
a mean value centered at 12:00 UTC. Other parameters were provided as hourly means that were then
averaged over 24 h to obtain a daily mean centered at 12:00 UTC.

The second product evaluated in this study is MERRA2, which was developed by NASA.
Unlike MERRA1, the MERRA2 uses an upgraded version of the Goddard Earth Observing System
Model, Version 5 (GEOS-5 [64]) that includes aerosol analysis [65]. This upgraded data system has
the ability to incorporate information from newer microwave sounders and hyperspectral infrared
radiance instruments, as well as other datasets, and provides improved analysis schemes. Similar to
MERRA1, this updated version was produced using 6-h 3D-Var data assimilation to provide hourly
analysis fields from 1980 to the present at a spatial resolution of ∼50 km (0.625◦ × 0.5◦) [66].

MERRA2 produces hourly forecasts that are initialized at 00:00, 06:00, 12:00, and 18:00 UTC.
All studied parameters were averaged over 24 h to obtain a daily mean centered at 12:00 UTC.

To assess and contrast the accuracy of the ERA5 and MERRA2 reanalysis products, we compared
hourly averaged air–sea parameters collected from two offshore stations to those from the
two reanalysis products using the following statistics; mean bias error (MBE), root mean square
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error (RMSE), and the commonly used Pearson correlation coefficient (r), which quantifies the linear
relation of two independent variables (e.g., the work by the authors of [67]). We used a p-value of 0.05
to denote statistical significance computed using the bootstrap method (correlations are significant for
p-values <0.05) [68].

In addition, a statistical summary of these quantitative comparisons is provided in a Taylor
Diagram [69]. This statistical approach has shown to be effective when comparing in situ measurements
with reanalysis air–sea fluxes (e.g., works by the authors of [70,71]).

3. Results of the Heat Fluxes in the Gulf

3.1. Seasonal Cycle

The strong, seasonal swings of meteorological conditions and seasonal wind events play a major
role in determining the air–sea heat fluxes leading to the formation of the Gulf Deep Water (GDW),
which eventually spill into the Arabian Sea [21], and the regional advective and diffusive processes.
These fluxes need to be well understood and accurately reproduced by reanalysis products in order to
allow accurate forcing of numerical models used to simulate the circulation in the Gulf. We analyze
next the seasonal variability of heat fluxes, followed by a detailed analysis of the various seasonal
wind events and their effect on the heat fluxes. A comparison to the reanalysis products evaluates their
ability to reproduce these events.

3.1.1. Observed Seasonal Heat Flux Variability

The daily mean net heat flux follows a predominantly seasonal pattern (Figure 2A,B) with
a maximum heating of 249 W/m2 occurring in June and a maximum cooling of 758 W/m2 occurring in
bursts associated with the passage of tropical storms (details in Section 3.1.2) during the autumn
transition period (October) (for details of regional climate characteristics see the work by the
authors of [6]).

Figure 2C,D shows the monthly net heat flux, the results of which clearly reflect seasonal changes
in solar radiation output (Figure 3A,B). A net heat gain of up to 145 W/m2 may be noted between
February and August and a net cooling of up to 245 W/m2 between September and January. The net
heat flux sharply declined during the autumn period (October) compared to that of the following
winter month of November (Figure 2C,D). The sharp autumn decline is mainly a result of unstable
weather activity producing tropical storms, which we discuss in detail next (Section 3.1.2). From the
heat flux observations investigated above, it is clear that seasonal wind events play a major role in
causing abrupt changes altering the overall seasonal pattern as observed during autumn.

In comparison, a previous study by Rezaei-Latifi and Hosseinibalam [16] estimated a maximum
heat flux gain of 89 W/m2 and a maximum heat loss of 133 W/m2 derived from NOAA’s monthly Gulf
basin average net heat flux estimates between 1948 and 2009. The discrepancy between the two studies
is most likely due to a tendency of the northern part of the Gulf to exhibit above-average net heat flux
ranges, due to its shallow depth [16]. Further comparisons between the studies show an agreement
in the sharp decline of the net heat flux during autumn (October) compared to that of the following
winter months (Figure 2C,D).
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Figure 2. Time-averaged net heat fluxes obtained using the reanalysis products and observational
data. Blue lines: ECWMF-ERA5 reanalysis data; red lines: NASA-MERRA2 reanalysis data; black
lines: observations. (A) Daily heat fluxes at Sea Island station. (B) Daily heat fluxes at Qarooh Island
station. (C) Monthly heat fluxes at Sea Island station and their 95% bootstrap confidence interval
shaded. (D) Monthly heat fluxes at Qarooh Island station. Vertical dashed lines indicate spring wind
events (green), summer Shamals (blue), tropical storms (magenta), and winter Shamals (orange).
Positive values indicate net heat gain. ∆Qnet (A,B) represents the difference between reanalysis
products and observations.
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Figure 3. Daily average shortwave (A,B) and longwave (C,D) radiation heat fluxes derived
from reanalysis products (ECMWF-ERA5 blue and NASA-MERRA2 red) and observations (black).
Differences can be seen at the Sea Island and Qarooh Island stations. Positive differences indicate
overestimates, and vertical dashed lines indicate spring wind events (green), summer Shamals (blue),
tropical storms (magenta), and winter Shamals (orange). ∆Qsw (A) and ∆Qlw (B) represent the
difference between reanalysis products and observations.

3.1.2. Autumn Tropical Storms

The autumn transition period produced three main tropical storm (TS) events, on 28 September
2013 (TS 1) and 9 (TS 2) and 23 (TS 3) October 2013. The maximum daily average wind speed recorded
during the study period was up to 14.3 m/s (Figure 4A,B) reducing air humidity from 76% to 39%
(Figure 4C,D). The combination of stronger winds and drier air produced latent heat losses of up
to 743 W/m2 in a single day (Figure 5A,B), with latent heat loss during these events accounting for
81% of the net heat flux loss (Table 1D). Moreover, the daily average air temperature decreased by
an average of 3.2 ◦C for the three events (Figure 6A,B), leading to an average air–sea temperature
difference of 2.5 ◦C (Figure 6C,D). This lowered the sensible heat flux to only 2% (Table 1D) of the net
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heat flux loss. The cooling events during these three tropical storms (TS 1–3) led to the sharp decline in
October’s monthly averaged heat flux to 195 W/m2 (Figure 2C,D). The ratios of cooling by the three
heat flux components (longwave radiation and latent and sensible heat fluxes) were consistent during
the three tropical storms (Table 1A–C). Hence, this apparent signature associated with the tropical
storm may allow the identification of such tropical storms and separate them from other wind events
(details in Section 3.2).

Figure 4. Daily average wind speed (A,B) and relative humidity (C,D) derived from reanalysis products
(ECMWF-ERA5 blue and NASA-MERRA2 red) and observations (black). Differences can be seen at the
Sea Island and Qarooh Island stations. Positive differences indicate overestimates, and vertical dashed
lines indicate spring wind events (green), summer Shamals (blue), tropical storms (magenta), and
winter Shamals (orange). ∆Wind (A) and ∆Rel.Hum (B) represent the difference between reanalysis
products and observations.
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Figure 5. Daily average latent (A,B) and sensible (C,D) heat fluxes derived from reanalysis products
(ECMWF-ERA5 blue and NASA-MERRA2 red) and observations (black). Differences can be seen at the
Sea Island and Qarooh Island stations. Positive differences indicate overestimates, and vertical dashed
lines indicate spring wind events (green), summer Shamals (blue), tropical storms (magenta), and
winter Shamals (orange). ∆QL (A) and ∆QS (B) represent the difference between reanalysis products
and observations.

Table 1. Relative contributions of latent heat flux, sensible heat flux and longwave radiation to net
cooling, based on observations (Obs.) and the ECMWF-ERA5 and NASA-MERRA2 reanalysis products.
(A–C) Values during the three tropical storms TS 1 (A), TS 2 (B), and TS 3 (C). (D) Averaged cooling
contributions based on all three tropical storm events.

Obs. ERA5 MERRA2

QL QS Qlw QL QS Qlw QL QS Qlw

A: TS 1 83% 0% 17% 81% 0% 19% 82% 1% 17%
B: TS 2 82% 4% 14% 82% 5% 13% 82% 4% 14%
C: TS 3 78% 2% 20% 75% 2% 23% 78% 2% 20%

D: Average 81% 2% 17% 79% 2% 18% 81% 2% 17%
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Figure 6. Daily average air temperature (A,B) and air–sea temperature differences (C,D) derived
from reanalysis products (ECMWF-ERA5 blue and NASA-MERRA2 red) and observations (black).
Differences can be seen at the Sea Island and Qarooh Island stations. Positive differences indicate
overestimates, and vertical dashed lines indicate spring wind events (green), summer Shamals
(blue), tropical storms (magenta), and winter Shamals (orange). ∆AirTemp (A) and ∆Air-SeaTemp
(B) represent the difference between reanalysis products and observations.

We next analyzed the spatiotemporal patterns of two locations separately during the strongest
recorded wind event TS 2 in order to evaluate the reanalysis ability to reproduce the observed
spatial variability of the data from the stations at 15 and 40 km offshore. Our results (Figure 7A–D)
show significant cooling starting at 153 W/m2 pre-storm up to a daily maximum heat loss of 758
W/m2 as winds strengthened in speed from 5.49 m/s pre-storm to 14.26 m/s. Comparison to the
reanalysis products shows significant over heating simulated by ERA5 but not by MERRA2 near coast
(Figure 7D). This overheating by ERA5 extends 31 km offshore and introduces a 85 (20%), a 124 (19%),
and a 56 W/m2 (21%) larger heat flux compared to the observed at the Sea Island buoy during TS 1,
TS 2, and TS 3, respectively (Figure 2A). In contrast, MERRA2 provides a better agreement with the
observations at the Sea Island buoy, with an average discrepancy of 19 W/m2 (10%) during the three
tropical storms combined. Both reanalysis products produce better net heat flux simulations at Qarooh
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Island compared to those at Sea Island with an average bias of 1% by MERRA2 and 15% by ERA5 for
the three events. These better simulations are mainly driven by the absence of coastal effects at Qarooh
Island compared to the Sea Island.

Combining the reanalysis errors in net heat fluxes during the three tropical storms at both
study locations results in average biases of 4% produced by MERRA2 and 18% produced by ERA5.
Unfortunately, despite their apparent impact on sea surface cooling there are no studies that analyze
these regional tropical storms; thus, we are unable to compare our findings to those of other studies.

Figure 7. Wind speeds (vectors) and net heat fluxes (colors) before and during storm events. (A–D)
In autumn; MERRA2 (A), ERA5 (C) the day before tropical storm 2 in autumn (8 October 2013)
and MERRA2 (B), ERA5 (D) the day of the storm (9 October 2013) event. E–H: Similar to A–D but for
the spring wind event. I–L: similar to A–D but for the winter Shamal event. M–P are similar to A–D
but for the summer Shamal event.

3.1.3. Winter Shamal Events

Unlike the unstable autumn period, the winter season is influenced by the Siberian high-pressure
system [72], which stabilizes the regional climate but is commonly interrupted by cold frontal systems
that progress from the northwest [73]. These frontal systems are commonly followed by the well known
‘winter Shamals’ and occur, on average, for a total of 12 days between December and March each
year [10]. Following the definition of a Shamal event (a NW-N wind with an hourly speed of ≥9.85 m/s
blowing for at least 3 hr/day and for at least two consecutive days) by Al Senafi and Anis [6], a total
of seven winter Shamals were observed during the study period. In the present study, we analyze the
three Shamal events with the strongest winds in each month for temporal variability: 17 December
2013 (Sh 1), 8 January 2014 (Sh 2), and 7 February 2014 (Sh 3).

A detailed 40-year regional study of winter Shamals by Al Senafi and Anis [6] concluded that
these events result in and increase in wind speed of up to 23 m/s, an abrupt decrease in air temperature
of up to 8 ◦C, and a decrease in humidity of up to 40%. These results are similar to our observations
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reported here of an increase in wind speed of up to 12 m/s (Figure 4A,B), an average drop in air
temperature during each day of 6 ◦C (Figure 6A,B), and a reduction in relative humidity of 22%
(Figure 4C,D).

We next analyzed the variability of heat fluxes in response to the meteorological conditions
associated with Sh 1. This event led to a heat loss of 548 W/m2, the second highest during
the observation period (Figure 2A,B), and 13% higher than the simulated maximum reported in
November–December 2004 winter Shamals by Thoppil and Hogan [8]. The latter study estimated
a latent heat loss of 433 W/m2 and sensible heat loss of 104 W/m2 during conditions when wind
speeds were 16 m/s and the air temperature decreased from 26 ◦C to 21 ◦C. The latent heat losses
in our observations were generally lower than those of Thoppil and Hogan [8], due mainly to the
relatively weaker winds (by ~4 m/s) during our observations. As expected, the latent heat flux
dominated the net heat loss, accounting for 58% of the loss during Sh 1 (Table 2A). The stronger Shamal
winds (Figure 4A,B), combined with drier air (Figure 4C,D), resulted in latent heat losses of up to
410 W/m2 (Figure 5A,B). Moreover, the abrupt air temperature drop of 6 ◦C (Figure 6A,B) increased
the air–sea temperature gradient (Figure 6C,D) thereby increasing the sensible heat loss to 130 W/m2

(Figure 5C,D), accounting for 19% of the net heat loss during Sh 1 (Table 2A).

Table 2. As in Table 1 but for the winter Shamals. (A–C) Values during the three winter Shamals (A) Sh
1, (B) Sh 2, (C) and Sh 3. (D) Averaged cooling contributions based on all three winter Shamals events.

Obs. ERA5 MERRA2

QL QS Qlw QL QS Qlw QL QS Qlw

A: Sh 1 58% 19% 23% 61% 19% 20% 59% 18% 23%
B: Sh 2 54% 18% 28% 57% 21% 22% 58% 16% 26%
C: Sh 3 54% 16% 30% 58% 19% 23% 53% 18% 29%

D: Average 55% 18% 27% 59% 20% 22% 57% 17% 26%

Comparing the two reanalysis products spatially (Figure 7I–L) shows high near coast overheating
simulated by the ECMWF’s ERA5 dataset, similar to what was observed during the autumn tropical
storm period (Figure 7D). This coastal effect led to a heat flux larger by 180 W/m2 (33%) compared to
that observed at the Sea Island buoy during Sh 1 (Figure 2A). A similar difference may be noted in
the ERA5 simulations during Sh 2 and Sh 3, leading to biases of 33 W/m2 (15%) and 67 W/m2 (24%),
respectively. In comparison, MERRA2 provided a better agreement with the observations at the Sea
Island station, with an average bias of 5 W/m2 (3%) during the three winter Shamals. Similar to the
results obtained for the autumn tropical storm periods, the ERA5 reanalysis product provided better
net heat flux simulations at Qarooh Island than those at Sea Island, with an average bias of 10% for the
three events.

Combining the simulated errors in net heat flux during the three winter Shamal events at both
study locations resulted in an average bias of 2% produced by MERRA and 17% produced by ERA5.
These errors are consistent with those observed during the tropical storm periods.

3.1.4. Spring Storms

Similar to the conditions during the autumn transition period (Section 3.1.2), there are no
well-defined weather patterns during the spring transition (April–May), and the weather is commonly
unstable [6]. A total of four spring wind events, with daily average wind speeds of ≥6 m/s were
recorded, which is lower than during events in the other seasons (Figure 4A–D).

In this study, we focused on the three strongest wind events, which occurred on: April 6 (SS 1),
April 22 (SS 2), and May 1 (SS 3). Daily average winds, with a maximum speed of 8.1 m/s, carried drier
air into the region, causing a decrease in relative humidity from 9 to 25% (Figure 4C,D). The stronger
and drier winds resulted in higher latent heat losses of up to 174 W/m2 during these three events
(Figure 5A,B), accounting for 59% of the net heat loss (Table 3D). In comparison, the maximum latent
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heat loss during spring was about half that of the minimum latent heat loss of 364 W/m2 (TS 3) during
autumn (Figure 5A,B). This difference was mainly the result of weaker winds (max 8.1 m/s) during
spring than during the autumn storms (max 14.3 m/s) (Figure 4A,B). Moreover, the latent heat flux
during spring accounted for only 59% of the net heat loss (Table 3D), compared to 81% during autumn
(Table 1D).

In addition, the three strongest spring wind events resulted in cooler daily average air
temperatures of 2.2 ◦C (Figure 6A,B). Similar to the effect during the autumn storms, the cooler
conditions were not significant enough to drive high air–sea temperature gradients such as observed
during the winter Shamals (Figure 6C,D), thus limiting the sensible heat losses to 4% of the total net
heat flux loss (Table 3D). However, the spring events produced higher longwave radiation losses,
accounting for 37% of the net heat flux (Table 3D), twice that observed during autumn (Table 1D).

Table 3. As in Table 1 but for the spring wind events. (A–C) Values during the three spring wind
events (A) SS 1, (B) SS 2, and (C) SS 3. (D) Averaged cooling contributions based on all three spring
wind events.

Obs. ERA5 MERRA2

QL QS Qlw QL QS Qlw QL QS Qlw

A: SS 1 61% 5% 34% 52% 5% 43% 58% 3% 39%
B: SS 2 58% 4% 38% 67% 3% 30% 67% 3% 30%
C: SS 3 58% 3% 39% 58% 6% 36% 63% 3% 34%

D: Average 59% 4% 37% 59% 5% 36% 63% 3% 34%

The two reanalysis products are capable of accurately simulating the average fractional
contributions of the three heat flux components during the three spring events (Table 3A–C).
This consistency is illustrated by the relatively small average bias of 13 W/m2 (MERRA2) and 1 W/m2

(ERA5) at both locations during the three events. However, comparison of the the reanalysis products
shows that the biases increase near the coast (Figure 7E–H). As observed in the ERA5 simulations
during autumn and winter, the coastal effects (Figure 7H) leads to elevated heat fluxes of 6 W/m2,
20 W/m2, and 6 W/m2 larger compared to the observed at the Sea Island buoy during SS 1, SS 2,
and SS 3, respectively (Figure 2A).

Both ERA5 and MERRA2 showed an average positive bias of 26 W/m2 in net heat flux at the Sea
Island during the three events. MERRA2 had a smaller positive bias (19 W/m2) than ERA5 (70 W/m2)
at Qarooh Island (Figure 2B).

3.1.5. Summer Shamals

The unique hot and dry climate of the Gulf during summer (up to 51 ◦C; [74]) is mainly driven
by summer Shamals, which bring dry and extremely hot air to the region between May and July [11].
Unlike winter Shamals, summer Shamals are a prominent result of the Gulf’s persistent low-level jets
which may last up to 40 days and generate winds with speeds to 30 m/s [75].

In this study, we analyze the three summer Shamal events with the strongest winds during
different months: 9 June (SSh 1), 25 July (SSh 2), and 22 August (SSh 3). A detailed study Al Senafi and
Anis [6] outlines the major difference between the winter and summer Shamals; the summer Shamals
cause an increase in the daily average air temperature of 0.8 ◦C, while the winter Shamals drive an
average decrease in air temperature of 1.5 ◦C. Such a difference has also been observed during this
study, in which we recorded an increase in daily average temperature of 0.5 ◦C during the three summer
events (Figure 6A,B). This has resulted in a positive air–sea temperature gradient (Figure 6C,D), leading
to sensible heat gain of 21–33 W/m2, rather than loss during summer (Figure 5C,D).

Although the sensible heat gain contributed to a positive net heat flux during these events, it was
still insufficient to cause net heating. The net heat flux average for both locations during the three
events was −38 W/m2, indicating that summer Shamals tend to cool the sea surface. This cooling is
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driven mainly by the latent heat flux, contributing 72% of the net heat loss, and longwave radiation,
contributing 28% of the net heat loss during the three events (Table 4D).

Table 4. As in Table 1 but for the summer Shamals. (A–C) Values during the three summer Shamals
(A) SSh 1, (B) SSh 2, and (C) SSh 3. (D) Averaged cooling contributions based on all three summer
Shamals events.

Obs. ERA5 MERRA2

QL QS Qlw QL QS Qlw QL QS Qlw

A: SSh 1 74% 0% 26% 79% 0% 21% 78% 0% 22%
B: SSh 2 71% 0% 29% 78% 0% 22% 76% 0% 24%
C: SSh 3 73% 0% 27% 76% 0% 24% 78% 0% 22%

D: Average 72% 0% 28% 78% 0% 22% 78% 0% 23%

Despite the fact that both reanalysis products yield consistent (≤6% difference) ratios of the
contributing factors to cooling (latent heat flux and longwave radiation) during the three summer
events (Table 4A–C), they still resulted in relatively high net heat flux biases of >70 W/m2. This result
was driven mainly by the high latent heat flux biases of 58 W/m2 and 26 W/m2 produced by
MERRA2 and ERA5, respectively (Figure 5A,B). The latent heat flux biases were due to a consistent
overestimation of wind speed throughout the summer (Figure 4A,B), with summer average biases
of 1.56 m/s by MERRA2 and 1.23 m/s by ERA5. Furthermore, both reanalysis products consistently
estimated drier air than was observed during the summer, with average biases of 23% by MERRA2
and 11% by ERA5 (Figure 4C,D). The combination of overestimating wind speed and drier conditions
during the summer led to the high latent heat flux biases. Although MERRA2 showed a smaller
longwave radiation bias of 1 W/m2 compared to the 21 W/m2 bias by ERA5 (Figure 3C,D), it still
produced a higher net heat flux bias than ERA5. This was mainly because the higher latent heat flux
biases that outweighed (72%) the longwave radiation contribution to the net heat flux.

Spatially, both reanalysis products captured the net cooling from the pre-SSh 1 period to the day
of the event as the northwesterly winds strengthened (Figure 7M–P). However, similar to previous
seasons, the ERA5 reanalysis product continued to show coastal effect causing higher net heat flux
values at the Sea Island buoy than at the Qarooh Island station (Figure 7D). This coastal effect
incorrectly minimized the overcooling bias of ERA5 reducing it to 31 W/m2 at the Sea Island buoy
(Figure 2A). Estimates of both reanalysis products beyond 33 km from the coast consistently overcooled
in comparison to the observations, with ERA5 resulting in a larger bias of 100 W/m2 due to the reasons
explained above (Figure 7N–P).

3.2. Comparison of Wind Events

One of the challenges facing scientists is to clearly define a wind event to provide a consistent and
standardized basis for identifying and comparing such events [6]. In the present study, we observed that
seasonal wind events have a cooling ratio between longwave radiation, latent heat flux, and sensible
heat flux that may act as a ‘finger print’, distinguishing between seasons. This fingerprint may then
be used to characterize, define, and identify dominant regional seasonal wind events. Comparing
the four types of wind events in this study, i.e., tropical storms, winter Shamals, spring wind events,
and summer Shamals—shows that each has unique characteristics that distinguish it from the other
seasons. These unique characteristics are the ratios of cooling between longwave radiation and latent
and sensible heat fluxes that correspond to the different meteorological conditions associated with
each event.

Winter Shamals can be distinguished by the unique sharp cooling spikes in the sensible heat loss
(Figure 5C,D). These cooling spikes are not as pronounced as those in other periods, due mainly to the
sharp decrease in air temperature that produces a larger difference between the air temperature and
SST (Figure 6C,D). Although TS 2 produced a relatively high sensible heat loss (Figure 5C,D), it still
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maintained a sensible heat flux cooling ratio of only 4% (Table 1B). The unique characteristics of the
winter Shamal events that were consistent throughout all the events are the ratios of cooling between
longwave radiation and latent and sensible heat fluxes. All winter Shamals maintained 54–58% latent
heat loss, 16–19% sensible heat loss, and 23–30% longwave radiation loss (Table 2A–C).

In comparison, autumn tropical storms maintained 78–82% latent heat loss, an almost negligible
0–4% sensible heat loss, and 14–20% longwave radiation loss (Table 1A–C). The difference between
heat losses of tropical storm and winter Shamal events heat losses is mainly the relative 90% increase
in the sensible heat flux that is driven by the cold air carried by winter Shamals, generating a larger
air–sea temperature gradient.

Similarly, when comparing spring wind events with other events, we notice that although they
maintained low sensible heat losses ≤5% (Table 3A–C), and were similar to those observed during
autumn storms (Table 1A–C), they can be distinguished by the larger (≥30%) longwave radiation losses.

In contrast, summer Shamals can be distinguished by their heating spikes in the sensible and
latent heat fluxes. These conditions resulted in zero cooling by the sensible heat flux due to the increase
in temperature associated with this event and the high latent heat losses. This situation resulted in
unique cooling ratios of 72% for latent heat flux and 28% for longwave radiation (Table 4A–D).

Using the unique cooling ratios to distinguish and identify seasonal wind events, which has not
been used in previous studies, did show to be effective throughout the study period and provided
consistent results for each seasonal event.

3.3. Comparison of Annual Means

Comparing observations with reanalysis products of net heat flux shows significant correlations
(r ≥ 0.84, p-value < 0.05; Table 5D) for both reanalysis products at both locations throughout the study
period (Figure 2A,B). This suggests that the selected reanalysis products can adequately estimate the
various wind events as well as seasonal variability.

The ERA5 reanalysis product provided smaller biases at Qarooh Island, with an MBE of −2 W/m2,
compared to −32 W/m2 by MERRA2, indicating significant cooling by the latter (Table 5B). Estimates of
ERA5 produced less biased net heat fluxes than those of SOC [37] and OAFlux Thoppil and Hogan [8],
with minimum biases of 4 W/m2 and −95 W/m2, respectively, for the Gulf region.

The reanalysis products net heat flux biases were primarily influenced by overestimation of both
latent heat flux and shortwave radiation, despite the significant correlations with the observations
(r = ≥ 0.85, p-value <0.05; Table 5D). The reanalysis products produced a combined (Qsw + QL)
average MBE of 12 W/m2 from ERA5 and 24 W/m2 from MERRA2, and a high RMSE ranging
between 20 and 72 W/m2 (Table 5C) for the two heat flux components. The smallest biases were for the
longwave radiation and sensible heat fluxes, where both reanalysis products had an MBE bias of ≤10
W/m2 and a RMSE value of ≤25 W/m2. Based on these results, and supported by a significant (r = 0.9,
p-value<0.05) correlation, we conclude that ECMWF’s ERA5 reanalysis dataset appears to provide
estimates that are closer to the observed heat flux (−2 W/m2 by ERA5; −32 W/m2 by MERRA2) and
offers higher spatial resolution (31 km by ERA5; 50 km by MERRA2) than MERRA2. A statistical
summary of these results are provided in Figure 8.

At the Sea Island buoy, both reanalysis products overcooled, with MBEs of −7 W/m2 and
−62 W/m2 by ERA5 and MERRA2, respectively. Although the ERA5 had biases of −7 W/m2,
the coastal effect which may be explained by ERA5’s spatial resolution that is distorted at nearshore
locations incorrectly minimized overcooling biases of ERA5. In comparison, MERRA2 reanalysis
product offered a lower spatial resolution, however it did not show the steep changes near the coast as
observed in the ERA5 product.

The largest discrepancies between the reanalysis products and observations occurred during
the summer months June–August (Figure 9), leading to a bias in the net heat loss of 24% and 27% at
Qarooh and 15% and 27% at Sea Island by ERA5 and MERRA2, respectively. This bias is due to an 85%
overestimation of the latent heat flux loss during summer by both reanalysis products at both locations,
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resulting from a combination of overestimating the wind speed by 26–37% and underestimating the
humidity by 15–58%.

Table 5. Comparison between reanalysis products (NASA-MERRA2 and ECMWF-ERA5) and observations
for shortwave radiation (Qsw), longwave radiation (Qlw), latent heat flux (QL), sensible heat flux (QS),
and net heat flux (Qnet), with 95% bootstrap confidence intervals given in parentheses (using 1000
bootstrap samples), for January 2013 to March 2014. (A1–A2) Mean values at the two locations.
(B) Mean bias error. (C) Root-mean-square error. (D) Correlation.

(A1) Mean (95% Confidence Interval) at Qarooh Island

Qsw [W/m2] Qlw [W/m2] QL [W/m2] QS [W/m2] Qnet [W/m2]

Obs. 217 96 116 −1 4
(209, 223) (93, 99) (107, 128) (−3, 1) (−13, 19)

MERRA2 222 97 154 0 −29
(215, 228) (95, 99) (143, 164) (−2, 2) (−43, −16)

ERA5 235 98 138 2 2
(229, 241) (96, 100) (128, 150) (0, 4) (−10, 15)

(A2) Mean (95% Confidence Interval) at Sea Island

Obs. 227 92 116 0 20
(219, 233) (89, 95) (107, 125) (−2, 2) (7, 31)

MERRA2 223 91 175 1 −42
(217, 230) (89, 94) (164, 189) (−1, 3) (−55, −30)

ERA5 239 102 114 −10 13
(231, 245) (100, 104) (105, 123) (−12, −9) (3, 23)

(B) Mean Bias Error (95% Confidence Interval)

MERRA2 - Qarooh Isl. 5 1 38 1 −33
(5, 6) (0, 2) (36, 39) (1, 1) (−35, −30)

MERRA2 - Sea Isl. −4 −1 59 1 −62
(−4, −2) (−1, 0) (57, 64) (1, 1) (−62, −61)

ERA5 - Qarooh Isl. 18 2 22 3 −2
(18, 20) (1, 3) (21, 22) (3, 3) (−4, 3)

ERA5 - Sea Isl. 12 10 −2 −10 −7
(12, 12) (9, 11) (−2, −2) (−11, −10) (−8, −4)

(C) Root Mean Square Error (95% Confidence Interval)

MERRA2 - Qarooh Isl. 22 13 61 7 77
(20, 25) (12, 14) (56, 69) (7, 8) (71, 83)

MERRA2 - Sea Isl. 20 15 72 10 88
(18, 23) (13, 16) (63, 78) (9, 10) (81, 96)

ERA5 - Qarooh Isl. 23 18 56 9 73
(21, 25) (17, 20) (51, 61) (8, 9) (68, 78)

ERA5 - Sea Isl. 21 25 38 9 60
(18, 23) (24, 27) (35, 42) (8, 9) (55, 64)

(D) Correlation (95% Confidence Interval)

MERRA2 - Qarooh Isl. 0.95 0.88 0.85 0.93 0.91
(0.94, 0.96) (0.86, 0.91) (0.81, 0.88) (0.91, 0.93) (0.87, 0.93)

MERRA2 - Sea Isl. 0.97 0.88 0.86 0.92 0.84
(0.96, 0.97) (0.85, 0.90) (0.83, 0.88) (0.89, 0.94) (0.80, 0.88)

ERA5 - Qarooh Isl. 0.94 0.75 0.86 0.93 0.89
(0.93, 0.95) (0.70, 0.78) (0.82, 0.91) (0.88, 0.95) (0.86, 0.92)

ERA5 - Sea Isl. 0.96 0.61 0.92 0.91 0.91
(0.95, 0.97) (0.54, 0.67) (0.91, 0.94) (0.87, 0.91) (0.88, 0.93)
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Figure 8. Taylor diagrams summarizing the results of the comparisons between reanalysis products
and observations at Sea island and Qarooh Island for (A) shortwave radiation, (B) longwave radiation,
(C) latent heat flux, and (D) sensible heat flux.

A B

Figure 9. Comparison of daily net heat fluxes (January-2013 to March-2014) from reanalysis products
with observations at (A) Qarooh Island and (B) Sea Island. A linear fit to the data, using robust
regression, is represented by the solid lines. The summer period (June–August) is marked by ‘x’.
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Overall, with the exception of summer, both reanalysis products are accurate in capturing closely
the observed seasonal variability and progression, as well as capturing events with timescales on the
order of days.

4. Results of the Heat Fluxes in the Red Sea

Overall, both ERA5 and MERRA2 reanalyses reproduce the surface air–sea heat fluxes in the
northern Red Sea at the WHOI/KAUST buoy site (Figure 10) as we describe in this section. We shall
start with the net heat flux.

Figure 10. Time-averaged net heat fluxes obtained using reanalysis products and observational data at
the WHOI/KAUST buoy site (22.17◦ N; 38.50◦ E) between 2008 and 2010. Blue lines: ECWMF-ERA5
reanalysis data; red lines: NASA-MERRA2 reanalysis data; black lines: observations. (a) Daily net
surface heat fluxes. The dashed line marks the Qnet = 0. (b) Daily average differences between
reanalysis products and observations. (c) Monthly-average (curves; using left vertical axis) and
respective standard deviations (bars; using right vertical axis). Shadings are the respective 95%
bootstrap confidence interval over the mean (bias-corrected and accelerated percentile method using
10,000 bootstrap samples). Negative values in all panels indicate sea heat loss.

Over the two years overlapping interval (2008–2010), both MERRA2 and ERA5 show a coherent
seasonality when compared with the net heat fluxes derived from in situ observations (Figure 10c).
Typically, the northern Red Sea loses heat to the atmosphere (Qnet < 0) during the winter monsoon
(October–March) and warms during the summer monsoon (Qnet > 0) with a peak in June–July and
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a secondary peak in April in both the mooring and the reanalyses data. Most of the differences
between the monthly-average reanalyses and the in situ derived net heat flux occur in the summer,
with MERRA2 overestimating the in situ Qnet and ERA5 slightly underestimating it. These differences,
however, are mostly inside the confidence intervals of the respective monthly means, and therefore
may not be statistically significant at this level. Highest Qnet variability occurs in the transition
between the winter and the summer monsoon seasons (March–May), and lowest variability is in
November–February in both observations and reanalysis data. However, Qnet standard deviations are
always higher in the reanalysis data, with MERRA2 being larger than ERA5 (Figure 10c, bars).

Figure 11 shows the monthly means and the respective standard deviations for each air–sea
heat flux component. In both observational and reanalysis data, shortwave radiation (warming)
and latent heat flux (cooling) are the primary components for the Qnet. Longwave radiation also
contributes to cooling the sea all year-round, although in a smaller degree than the latent heat flux.
Shortwave radiation peaks around May–June and is slightly higher in the reanalyses, although from
all components, longwave radiation shows the most substantial differences (Figure 11c). For longwave
radiation, both reanalyses have a consistent cooling bias all year-round, although the bias is larger in
ERA-5 than MERRA2 in summer (April–September). Sensible heat flux contributes little for Qnet at the
WHOI/KAUST buoy site.

Figure 11. Monthly-averaged heat fluxes components at the WHOI/KAUST buoy site (22.17◦ N;
38.50◦ E) obtained from in situ observations, ECMWF-ERA5, and NASA-MERRA2 reanalyses.
(a) net shortwave radiation, (b) latent heat flux, (c) net longwave radiation, and (d) sensible heat flux.
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Table 6 shows a statistical comparison between the hourly-average reanalysis data at the
WHOI/KAUST buoy site, and the in situ-derived surface air–sea fluxes. For all flux components
(Qsw, Qlw, QL, QS, and Qnet), the correlations between the reanalysis data and the in situ observations
are high, with linear correlation coefficients above 0.77 (all significantly different from zero at 95%
confidence). The MERRA2 performance is slightly better than ERA5 at the WHOI/KAUST buoy site
(higher correlations and lower RMSE) for longwave radiation but lower for the other components.
Biases, as indicated by the MBE, are much higher for the radiative fluxes (shortwave and longwave)
than for the other components, with absolute values around 10 W/m2. For the shortwave radiation
flux, the bias (∆ = reanalysis − in situ) is positive (warmer) and for the longwave radiation is negative
(cooler). Comparing the shortwave radiation fluxes at the WHOI/KAUST buoy site (in situ, ERA5,
and MERRA2), we observe that the diurnal and seasonal cycles dominate the Qsw variability, and the
diurnal peaks are consistently higher in the reanalyses (not shown). For instance, the mean difference
between the Qsw diurnal peaks (∆ = reanalysis − in situ) is ~30 W/m2 for ERA5 and MERRA2,
which is three times the MBE shown in Table 6.

Table 6. Comparison between hourly-average surface air–sea fluxes from reanalysis products
(NASA-MERRA2 and ECMWF-ERA5) and derived from in situ observations in the northern Red
Sea (22.17◦ N; 38.5◦ E). The time series from both reanalyses and in situ observations span the
period from October 2008 to December 2010. The following surface air–sea fluxes were analyzed;
net shortwave radiation (Qsw), net longwave radiation (Qlw), latent heat (QL), sensible heat (QS), and
net heat flux (Qnet); air–sea flux units are W/m2. The upper part of the table expresses basic statistics
for the individual datasets (sample mean, sample standard deviation, minimum and maximum). The
lower part of the table shows the linear correlation coefficients, which are statistically significant at
95%, the mean bias errors (MBE) and the root-mean-square-error (RMSE) between the reanalyses
and in situ data (∆ =reanalysis − in situ). ± indicates 95% confidence interval estimated using the
bootstrap method.

Qsw Qlw QL QS Qnet

mean
Obs 228.92 ± 4.23 −78.34 ± 0.26 −160.86 ± 1.60 −4.21 ± 0.17 −14.48 ± 4.64
MERRA2 240.49 ± 4.62 −87.68 ± 0.29 −157.12 ± 1.53 −4.64 ± 0.17 −8.95 ± 5.01
ERA5 239.18 ± 4.51 −91.14 ± 0.25 −158.89 ± 1.58 −5.46 ± 0.19 16.31 ± 4.86

σ
Obs 298.37 ± 2.49 18.79 ± 0.21 109.79 ± 1.73 12.01 ± 0.22 321.83 ± 2.91
MERRA2 315.09 ± 2.55 20.05 ± 0.22 105.31 ± 1.51 11.92 ± 0.26 349.27 ± 3.12
ERA5 312.43 ± 2.54 17.12 ± 0.19 110.01 ± 1.63 13.31 ± 0.27 341.19 ± 2.96

range
Obs. [0 1041.20] [−140.11 −4.84] [−883.27 −0.96] [−86.42 41.67] [−968.14 833.91]
MERRA2 [0 1032.50] [−161.04 −22.10] [−721.12 −3.00] [−99.73 38.11] [−929.47 867.48]
ERA5 [0 990.51] [−148.96 −24.60] [−782.12 −1.17] [−87.52 75.02] [−928.06 819.78]

r MERRA2 0.99 0.81 0.84 0.77 0.97
ERA5 0.99 0.79 0.91 0.88 0.98

MBE MERRA2 11.60 −9.34 3.81 −0.41 5.66
ERA5 10.30 −12.80 2.13 −1.21 −1.59

RMSE MERRA2 53.43 15.19 60.50 8.05 82.40
ERA5 44.31 17.28 47.50 6.33 66.91

The bias in the longwave radiation flux has a different nature. The Qlw values in the reanalyses are
more negative than the in situ-derived flux, i.e., enhanced sea heat loss. The Qlw cooling bias is clear
in the histograms shown in Figure 12b. Both MERRA2 and ERA5 have left-shifted Qlw distributions
relative to the observational histogram, with ERA5 presenting the largest displacement. The cooling
bias also manifests in a lower mean, minimum and maximum Qlw values in both ERA5 and MERRA2
when compared with observations (Table 6). The left-shifted distributions bias in the longwave
radiation flux observed in the Red Sea histograms appear similar to those observed at both locations in
the Gulf (Figure 13B). Whereas the observational distribution of Qsw, QL, and QS were similar to those
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of ERA5 and MERRA2 for both seas suggesting that reanalysis products were capable of capturing the
full range (maximum to minimum) of these fluxes (Figures 12 and 13).

In terms of latent heat flux, which is the primary driver of the Red Sea circulation (e.g., the work
by the authors of [46]), the reanalysis capture the overall shape of the in situ distribution, but tend to
underestimate extreme values (Figure 12c, inset). Menezes et al. [14] showed that ~50% of the severe
heat loss days (lowest turbulent fluxes) at the WHOI/KAUST buoy observations were associated
with the occurrence of westward winds that bring extreme dry air from the Arabian Desert and cause
intense latent (evaporation) heat fluxes over the northern Red Sea eastern boundary. We find that both
reanalysis capture these wintertime wind events (not shown). Indeed, Menezes et al. [14] have already
studied extensively the impact of these westward wind events on the evaporation using MERRA2.

Figure 12. Surface air–sea fluxes histograms for the northern Red Sea derived from hourly-average in
situ observations (bars) and reanalysis products (NASA-MERRA2 and ECMWF-ERA5, solid red and
dashed blue lines, respectively): (a) net shortwave radiation (Qsw), (b) net longwave radiation (QLW ),
(c) latent heat (QL), and (d) sensible heat (QS). Histograms were computed using twenty bins, evenly
spaced between the minimum and maximum values. Vertical axes indicate the percentage of 19,119
collocated tuples (in situ, MERRA2, ERA5) that fall in the respective bins. Negative values indicate sea
heat loss. The inset (c) shows the tail of the QL distribution.



Atmosphere 2019, 10, 504 24 of 30

Figure 13. Surface air–sea fluxes histograms for the northern Gulf derived from hourly-average in
situ observations (bars) and reanalysis products (NASA-MERRA2 and ECMWF-ERA5, solid red and
dashed blue lines, respectively): (A) net shortwave radiation (Qsw) for Qarooh Island (A1) and Sea
Island (A2); (B) net longwave radiation (QLW) for Qarooh Island (B1) and Sea Island (B2); (C) latent
heat (QL) for Qarooh Island (C1) and Sea Island (C2) and (D) sensible heat (QS) for Qarooh Island
(D1) and Sea Island (D2). Histograms were computed using twenty bins, evenly spaced between
the minimum and maximum values. Vertical axes indicate the percentage of 10,921 collocated tuples
(in situ, MERRA2, ERA5) that fall in the respective bins. Negative values indicate sea heat loss.
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Between 2008 and 2010, the WHOI/KAUST buoy recorded nine events of this type (three each
winter) (see, e.g., works by the authors of [13,14], for a full description of these events), and the
strongest ones were recorded in December 2008 (3 to 8 December) and November 2010 (23 November
to 7 December) when the in situ evaporation rates reached 6.6 and 7.1 m/yr, respectively. Table 7 shows
the latent and net heat loss peaks during the six most intense events according to Menezes et al. [14].
In general, both ERA5 and MERRA2 capture the effect of such extreme events on the heat fluxes
thought they underestimate the maximum latent heat loss up to 21%.

Table 7. Latent (upper) and net (lower) heat flux peaks for the six most intense westward wind
event in the northern Sea between 2008 and 2010. First and second columns show the starting
date and event duration taken from Menezes et al. [14]. From third to fifth columns: peak
values for each event at the WHOI/KAUST buoy observations (OBS) and ECMWF ERA-5 and
NASA MERRA2 reanalyses, respectively. Values between parentheses indicates the reanalysis
underestimation(−)/overestimation(+).

Event Duration (days) Obs. ERA5 MERRA2

QL(W/m2)

23 November 2010 14 −883.3 −782.1 [−11.4%] −699.2 [−20.8%]
3 December 2008 5 −773.6 −717.7 [−7.2%] −721.1 [−6.8%]
14 January 2009 5 −672.7 −657.3 [−2.3%] −575.3 [−14.5%]
7 January 2010 12 −744.5 −671.1 [−9.9%] −623.5 [−16.2%]
17 December 2008 7 −592.4 −585.1 [−1.2%] −583.4 [−1.5%]
11 November 2010 4 −708.6 −586.1 [−17.3%] −618.1 [−12.8%]

Qnet(W/m2)

23 November 2010 14 −968.1 −928.1 [+4.1%] −884.2 [ −8.67%]
3 December 2008 5 −891.5 −908.0 [1.84%] −929.5 [+4.2%]
14 January 2009 5 −809.5 −847.3 [4.67%] −784.3 [−3.1%]
7 January 2010 12 −884.9 −820.1 [7.32%] −801.7 [−9.4%]
17 December 2008 7 −692.7 −765.0 [10.44%] −779.2 [+12.5%]
11 November 2010 4 −698.8 −623.1 [10.84%] −790.1 [+13.1%]

Bower and Farrar [20] compared the monthly-average air–sea heat fluxes obtained from
the WHOI/KAUST mooring with the respective heat fluxes estimated from two observational
products, one based on ship observations (Southampton Oceanography Center (SOC) Surface Flux
Climatology) [76] and other based on satellite data (OAFlux 1◦ × 1◦) [41]. The results presented here
indicate that ERA5 and MERRA2 perform better than the ship-based climatology reported by Bower
and Farrar [20]. For example, the SOC mean Qnet at the WHOI/KAUST buoy site shows an average
heat gain of 44 W/m2 while the in situ observations point for a heat loss of about 14 W/m2 (Table 6,
Qnet column). Similar to the in situ data, MERRA2 also indicates a net heat loss in average at the
WHOI/KAUST buoy site, although the cooling is slightly smaller than the in situ data (9 W/m2).
In the ERA5, on the contrary, the sea heats on average at the buoy site, but the heat gain (16 W/m2) is
much less than in SOC.

Most of the discrepancy between the observational-gridded products and the in situ observations
described by Bower and Farrar [20] is accounted for the radiative terms, which is similar to what
we found here. Bower and Farrar [20] suggest that the uncertainty in the SOC radiative fluxes at
the WHOI/KAUST buoy site may arise from neglecting airborne dust effects on the regional aerosol.
Atmospheric aerosols can both directly reduce the shortwave radiation reaching the sea surface by
absorbing and scattering the solar incident radiation and enhance the longwave radiation by absorbing
and emitting outgoing longwave radiation. In the Red Sea, Kalenderski et al. [77] showed that aerosols
during wintertime dust storms reduce the solar radiance by about a quarter, affecting both longwave
and shortwave radiation fluxes. A similar conclusion was found by Jish Prakash et al. [17] for the
summertime. Dust activity in the Red Sea peaks in summer, particularly in July, with the northern
Red Sea presenting a smaller annual cycle amplitude than the southern Red Sea (e.g., the work by the
authors of [78]). In the case of the WHOI/KAUST buoy site, Jiang et al. [49] and Zhai and Bower [79]
showed that in summer the region is under the influence of the Tokar gap wind jet that brings
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dust plumes over the northern Red Sea. In winter, dust plumes are also frequent but associated
with a westward mountain gap wind jet blowing from the Arabian Desert [13,14,49]. Therefore,
the uncertainty in the radiative terms might be related to the modeling of aerosols during dust storms
in the reanalyses, but this conjecture needs to be further investigated and is outside the scope of the
present paper.

5. Conclusions

This study examined net heat fluxes in the northern Arabian Gulf (January 2013 to March 2014)
and northern Red Sea (October 2008 to December 2010) using both observations from offshore
meteorological stations and reanalysis data (MERRA2 from NASA and ERA5 from ECMWF).
The objective of the research was to provide guidance on which of these reanalysis datasets might be
the most suitable as a surface-forcing input to numerical ocean models in the Gulf and Red Sea.

Our results for the Gulf indicate that the region experiences different wind events in each of
the two main seasons (summer and winter) and the two transitional periods (spring and autumn).
Detailed analysis of the wind events during the main two seasons and the transitional periods reveal
that they produce unique signatures in the ratio of contributions to net cooling by longwave radiation
and latent and sensible heat fluxes. As such, these signatures may provide a tool that can be used to
define and identify each of these events:

• Winter Shamals heat loss: 54–58% due to latent heat flux, 23–30% due to longwave radiation,
and 16–19% due to sensible heat flux. The noticeable difference between this type of event
and other events is the higher sensible heat loss due to cold air, producing higher air–sea
temperature gradients.

• Summer Shamals heat loss: 71–74% due to latent heat flux, 26–29% due to longwave radiation,
and ~0% due to sensible heat flux. The main difference for this event is the roughly 0% sensible
heat flux loss, related to the hot air advected by summer Shamals and causing a gain in the
sensible heat flux.

• Spring wind events heat loss: 58–61% due to latent heat flux, 34–39% due to longwave radiation,
and 3–5% due to sensible heat flux. The larger contribution by longwave radiation during spring
wind events clearly distinguishes it from other events.

• Autumn storms heat loss: 78–83% due to latent heat flux, 14–20% due to longwave radiation,
and 0–4% due to sensible heat flux. These storms produce the strongest winds and drops in
humidity, resulting in the largest latent heat flux loss ratio.

Comparison of the two reanalysis datasets in the Gulf shows that both reanalysis products
underestimate the net heat flux, producing biases of −4.5 W/m2 (ERA5) and −45 W/m2 (MERRA2).
These biases were primarily due to a combination of overestimation of the latent heat flux and
shortwave radiation, resulting in a bias of 12 W/m2 for ERA5 and 24 W/m2 for MERRA2. The smallest
bias was for longwave and sensible heat fluxes, with a value of ≤6 W/m2 for both reanalysis products.

The comparison of the two reanalysis datasets in the Red Sea reveals that both reanalysis products
produced smaller biases of −1.59 W/m2 (ERA5) and 5.66 W/m2 (MERRA2) compared to the Gulf.
These biases were primarily due to a combination of the radiation fluxes, especially longwave radiation
that presents a consistent cooling bias in both reanalysis products.

Both reanalysis products at the Gulf and Red Sea appear to not only be able to closely follow
the observed seasonal variability/progression, they do well in capturing events of time scales on the
order of days. Furthermore, the unique characteristics of the relative contributions of the heat flux
components to cooling during the various wind events were well captured throughout the year by both
reanalysis products, with biases not exceeding 5%. Although, our results show consistent and unique
signatures in the ratio of contributions to net cooling for the various seasonal wind events we cannot,
at this time, ascertain that these results would hold on interannual time scales. Thus, we believe
that our results should provide the starting point that will encourage further studies of the relative
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contributions of the heat flux components as a possible tool for identifying weather events in other
regions of the world ocean and as well as at longer time scales. Moreover, both reanalysis products at
both regions produced the largest biases during summer, which might be related to aerosol modeling
of dust storms by the reanalyses products and will need further investigation.

Based on our results, supported by the significant correlation of r = 0.90 and the smaller MBE
of −4.5 W/m2, we conclude that ERA5 provides more accurate heat flux data than MERRA2 in the
northern Gulf, while both ERA5 and MERRA2 provides accurate heat flux data in the northern Red Sea
with a correlation of 0.97–0.98. Thus, we conclude that it is likely that for the regions focused on in this
study that the ERA5 and MERRA2 appear, at this point, to be both suitable datasets for surface-forcing
input to numerical ocean models. Furthermore, it appears that both provide an accurate picture of the
seasonal variability and the effects of wind events on air–sea fluxes.
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