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ABSTRACT

The heat and freshwater transports through the Strait of Bab el Mandab, connecting the Red Sea with the
open ocean, are reviewed and used to test air—sea fluxes from a revised version of the Comprehensive Ocean—
Atmosphere Data Set (UWM/COADS). Using historical data for the volume fluxes and water properties, the
annual-mean net heat transport through the strait is found to require an average surface heat loss of 8 = 2 W
m-2, while the requirement for conservation of salt in the basin implies a net evaporation rate of 1.60 = 0.35
m yr—1, lower than previously considered. The air—sea heat fluxes from UWM/COADS overestimate the total
heat flux by nearly 100 W m~2; the discrepancy is attributed to systematic errors in the bulk formulas used to
calculate the heat flux components. In particular, insolation appears to be overestimated by 36 W m~2, largely
due to the neglect of aerosols. The effect of these is determined from ground stations and satellite data on the
optical thickness index. The net longwave radiation appears to be underestimated by 21 W m~2 or more. The
latent heat flux from UWM/COADS may aso be underestimated as it corresponds to an evaporation rate of
1.60 m yr—t, less than the 1.75 = 0.35 m yr—* implied by the net evaporation defined from the water budget,
plus an annual average precipitation rate of 0.15 m yr—* from UWM/COADS. The net evaporation is the main
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contributor to the annual-mean buoyancy flux of approximately 2 X 1078 m2 s73,

1. Introduction

The Red Seaisafascinating part of theworld’soceans
because of the unique physical and biogeochemical pro-
cesses encountered there. It is well known as the first
region where hot brines were discovered at the seafl oor
(Miller 1964), and where the rich geothermal and geo-
magnetic activity has been associated with the initial
stage of oceanic floor formation due to the spreading of
tectonic plates (Verzhbitskiy and Shreider 1995). An-
other remarkable feature of the Red Sea is that it has
the highest surface salinities in the World Ocean (apart
from very small lagoons), caused by the intense evap-
oration rate of about 2 m yr=* (Morcos 1970). In re-
sponse to the surface buoyancy loss there is a near-
surface influx from the Gulf of Aden of fresher water,
which undergoes density increase in the Red Sea, sinks,
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and eventually leaves the sea through the shallow Strait
of Bab el Mandab. This salty Red Sea water spreads
into the Indian Ocean, much as Mediterranean Water
spreads into the North Atlantic, and significantly affects
the structure of the northwest Indian Ocean (Shapiro
and Meschanov 1991).

The seasonally changing wind patterns at the southern
end of the sea are believed to affect the buoyancy-driven
circulation. In particular, the reversal of the monsoons
modifies the exchange flow through the Strait of Bab el
Mandab. During the winter it enhances the surface in-
flow of the two-layer exchange system. During the sum-
mer wind-induced upwelling in the Gulf of Aden is
believed to be the main reason for the development of
the observed three-layer exchange system at the Strait
(Patzert 1974; Smeed 1997), with near-surface outflow,
intermediate inflow of water from the Gulf of Aden, and
bottom outflow of Red Seawater (Maillard and Soliman
1986).

The processes associated with the buoyancy forcing
of the Red Sea have been the subject of several studies.
Most of them focus on the analysis of observations or
interpretation of the buoyancy and tracer budgets (e.g.,
Maillard and Soliman 1986; Cember 1988), while some
emphasize the deep-water formation and renewal time-
scales (e.g., Eshel et al. 1994; Woelk and Quadfasel
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1996). Attempts to understand the dynamics of the ther-
mohaline circulation have been presented recently (Esh-
el and Naik 1997; Maxworthy 1997; Tragou and Garrett
1997), but accurate modeling of the mainly buoyancy-
driven circulation requires adequate knowledge of the
air—sea fluxes.

At present there are two methods of estimating the
air—sea heat fluxes: (i) the bulk formulas in conjunction
with long-term marine meteorological and hydrographic
observations and (ii) satellite observations. Because of
the duration of datasets from voluntary observing ships,
estimates from bulk formulas are still more widely used,;
they will be examined in this paper for their implications
for the heat and freshwater budgets of the Red Sea. It
iswell known, however, that there are systematic errors
in the formulas, or in the data, causing uncertainties
even in the sign of the heat and freshwater budgets of
certain areas of the World Ocean (e.g., Garrett et al.
1993; da Silva et al. 1994). Uncertainties exist in all
four components of the surface heat flux, although the
latent heat is considered to have a higher uncertainty
than the other components (Weare 1989). Estimating the
air—sea fluxes of the Red Sea is useful for the study of
the buoyancy-driven circulation of the seaitself, but the
semienclosed nature of the Red Sea can also be utilized
to provide a check on the datasets and formul as that are
used on a global scale, as has been done for the Med-
iterranean by Bunker et al. (1982, henceforth BCG), by
Garrett et al. (1993), and by Gilman and Garrett (1994).

Patzert (1974) estimated a small net heat transport
(of about 7 W m~2) into the Red Sea from temperature
and current measurements at the Strait of Bab el Man-
dab, which implies that an annual heat loss from the
surface of 7 W m~2 must occur if the heat content of
the basin is conserved. Exchanges between the Red Sea
and the Mediterranean through the Suez Canal are neg-
ligible, so heat and freshwater exchanges at Bab el Man-
dab provide a strong constraint on the Red Sea heat and
freshwater surface fluxes. However, in the first estimate
of the heat fluxes of the Red Sea using data from vol-
untary observing ships (VOS) and bulk formulas, BCG
estimated a significant surface net heat gain by the Red
Sea instead of aloss. They suggested that this discrep-
ancy might be due to an overestimation of the solar
irradiance, and, more significantly, due to an underes-
timation of the latent heat flux because of systematic
errors in the observations.

In this paper we present first a critical review of pre-
vious estimates for the heat and freshwater transports
through the strait; these indicate the expected surface
fluxes. Next we reexamine the estimates of individual
heat flux components, using the revised Comprehensive
Ocean-Atmosphere Data Set of da Silva et a. (1994)
at the Department of Geoscience of the University of
Wisconsin—Milwaukee (henceforth referred to as
UWM/COADS), and currently accepted bulk formulas.
We find atotal net surface heat input, significantly high-
er than the original estimate of BCG, rather than aloss.
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We suggest that possible explanations for this discrep-
ancy include the role of regionally high aerosol con-
centration in attenuating the solar irradiance, and we
explore this using optical thickness data from satellites.
There also appears to have been an underestimation of
the longwave back radiation, and underestimation of the
latent heat flux, possibly due to an underestimation of
wind speed.

2. Oceanic heat and freshwater transports through
the Strait of Bab el Mandab

a. Review of annual estimates

Heat and freshwater transports through a section at
the entrance of the Red Sea may be calculated from
direct in situ measurements of temperature and salinity
with simultaneous observations of the currents, but the
results must be compatible with conservation of volume
and salt (the Knudsen formulas). For the Red Sea these
are

-F,+F,— F; = E.A

-p.SF + p,SF, — pSF;, =0,

whereF, (i = 1, 2, 3) are the annual-mean volumefluxes
in Sverdrups (Sv = 10 m3 s~*) of the surface outflow
F, (present during summer months only), the interme-
diate (summer only) or surface inflow F,, and the bot-
tom outflow F;; A is the surface area of the Red Sea
(0.45 X 10*2 m?), and E,, = E — P, where E is the
evaporation and P the precipitation (bothinms-1): there
isno runoff inthe Red Sea. Here p, and S aretheaverage
densities and salinities of the corresponding layers.
Monthly volume fluxes for the near-surfacelayer (i.e.,
F, from June to September and F, from October to May)
have been estimated by Patzert (1974) using ship drift
observations [from the Koninklijk Nederlands Meteo-
rologisch Instituut (KNMI) Atlas (1949)], and sum-
mertime volume fluxes for the intermediate layer (F,)
are available from measurements by Maillard and So-
liman (1986). These are listed in the second and third
column of Table 1. Monthly mean temperature and sa-
linity profiles are taken from Levitus et al. (1994) at the
grid point closest to the strait (15.5°N, 41.5°E), but 250
km to the northwest of Bab el Mandab where the tota
depth is about 400 m. Since the sill is about 150 km
northwest of Bab el Mandab narrows, the hydrographic
dataare about 100 km away from the sill. The sensitivity
of our results to this effect was checked by allowing for
atime lag of one month for the inflowing water to reach
that point, which is the speed of propagation of the
inflowing water according to Smeed (1997). No signif-
icant differences were found. The structure of the water
column at this grid point shows two layers (0-100 m
and 100—400 m) during the winter months (October—
May), and a three-layer system (0-30 m, 30-100 m,
and 100—400 m) from June to September. The monthly

2.1)
2.2)
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TABLE 1. Monthly mean volume transports for the near-surface layer (F, from Jun to Sep and F, from Oct to May) from Patzert (1974),
and for the intermediate layer F, (from Jul to Sep) from Maillard and Soliman (1986). The deep outflow F, is estimated from Eq. (2.1) with
a monthly constant E,, A. Temperatures and salinities for the three layers near the sill are taken from Levitus et al. (1994) climatology, as
is the basin-average sea surface temperature T.. Our estimates for the monthly heat and salt transports are listed in the last two columns.

Fs
Fy F, Fs T, T, T T, S S S Fr (10° kg

Month — (Sv) (V) (Sv) (©) (C) (C) () (psv)  (psw)  (psy) (Wm?) s
1 0.57 -0.55 250 225 255 377 403 12.3 -06
2 0.40 -0.38 249 227 250 378 402 75 -0.0
3 0.57 -0.55 252 225 253 379 401 131 -05
4 0.42 -0.40 260 225 266 382 406 12.4 -0.1
5 0.38 -0.36 263 225 283 383 405 12.0 0.0
6  —0.06 0.31* -0.23 295 251 223 294 372 390 406 26 0.7
7 -020 0.25 -0.03 307 249 225 303 375 386 403 -111 11
8 -021 0.33 -0.10 309 242 224 308 378 380 404 -125 08
9  —0.09 0.20 -0.09 3.2 229 220 306 385 378 405 -77 0.6
10 0.52 -0.50 267 220 301 378 404 203 -04
11 0.57 -0.55 266 206 284 380 403 288 -05
12 051 -0.49 259 221 267 377 404 16.2 -05

* Interpolated from the F, transports in May (Patzert 1974) and July (Maillard and Soliman 1986).

mean values for T, and S averaged over each layer are
listed in Table 1.

Evaporation rates for the Red Sea have been estimated
by Yegorov (1950) (2.30 m yr-*), Neumann (1952)
(2.15 m yr=1), and Privett (1959) (1.83 m yr-1) using
a bulk formulafor the water vapor transfer, as described
by Morcos (1970) in his thorough review of the Red
Sea. There are considerable differences among these
estimates not only for the annual rate but also in the
seasonality; Privett reports a higher evaporation rate
during winter, while Yegorov and Neumann found max-
imum evaporation rates during summer.

To provide an estimate for the evaporation rate
that would satisfy the Knudsen formulas, we consider
both E . and F ; as unknowns and solve the system of
equations (2.1) and (2.2). This gives the annua-mean E .,
= 1.60 = 0.35 myr-1, smaller than previously claimed.
The overall uncertainty is estimated from the +20%
uncertainty in the volume flux and =10% uncertainty
in the salinity differences between inflow and outflow.
The latter is estimated from the average deviation of the
salinity difference from the smoothed annual cycle of
the salinity difference with afifth-degree polynomial fit.
A similar estimate of E,, using the same climatological
salinities and updated volume fluxes for the lower layer
F5 from Murray and Johns (1997), and considering F, as
unknown, also gave E,, = 1.60 m yr-,

The estimated monthly E, (assumed constant) bal-
ances the monthly volume budget (2.1) to provide the
unknown volume transport F, (seasona changes in the
evaporation rate and volume changes due to sea level
changes are neglected), so that we may estimate the
annual-mean heat transport F .. Thisis expressed as the
equivalent flux across the surface of the Red Sea and
is estimated from the formula

- 1
F:= Rpcp(_FlTl + F,T, — F;T, — AE.T,), (2.3)

where p is the mean water density (1025 kg m=3), ¢, is
the heat capacity of water (3986 JK-tkg=1), and T, are
the mean temperatures of the inflowing and outflowing
layers. The last term in Eq. (2.3) represents the heat
transport due to the volume that |eaves the basin through
its surface and it should be included when X F, # O;
otherwise the net heat transport at the strait depends on
the choice of temperature scale (i.e., Celsius or kelvin).
The temperature of the evaporated volume of water is
the sea surface temperature, therefore we have used the
monthly mean temperature climatology from UWM/
COADS for T, combined with the annual evaporation
rate E.,A of 0.023 Sv to estimate the net heat transport
F, as approximately 8 + 2 W m~2 (the uncertainty in
the temperature differences between inflow and outflow
is 10%). This compares well with the original estimate
by Patzert (1974) of 7 W m=2, who used historical
monthly temperature profiles from the National Ocean-
ographic Data Center (NODC) combined with the afore-
mentioned monthly volume transports from KNMI. Our
monthly estimates for the heat transport are listed in
Table 1 and plotted in Fig. 1a. We note that, in principle,
the last term in Eq. (2.3) should be —EAT, + PAT,
where P is the rate and T, the temperature of the pre-
cipitation, but the effect of thisis negligible. The month-
ly heat transport estimated from Eq. (2.3) is rather in-
sensitive to uncertainty and seasonal changesin E, so
that use of the annual average E,, in (2.3) is adequate.

Our estimates for the monthly salt transportsarelisted
in Table 1 and plotted in Fig. 1b. While we have as-
sumed a monthly constant net volume flux, the salt
transport from Fg = —p,S;F;, + p,S,F, — p,S;F; a-
lows for a monthly salt transport. The annual-mean F ¢
is zero.

A second estimate of the annual heat exchange
through the strait was provided by Ahmad and Sultan
(1989), who used the same hydrological dataset as Patz-
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Fic. 1. Estimates of heat and salt advected through the Strait of
Bab el Mandab. Crosses mark results using Patzert’svolumetransport,
circles mark Vercelli’s results, diamonds mark Maillard and Soli-
man’s, and squares mark Siedler’s. The annual-mean heat transport
is equivalent to a surface heating of the Red Sea of 8 W m=2. The
annual-mean salt transport is zero.

ert, but unfortunately, the source of their volume flux
data was not clearly stated in their paper, which makes
comparison with Patzert’s results difficult. The most
striking difference between the two analyses is that,
according to Ahmad and Sultan, the Red Sea gains heat
through the strait during the summer instead of losing
it as suggested by Patzert's origina results (—17 W
m~-2). Ahmad and Sultan attributed this discrepancy to
Patzert’s neglect of the third bottom layer carrying water
out of the Red Sea, although an estimate of the summer
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heat transport we carried out using Maillard and Soli-
man’s volume fluxes, allowing for three layers, also re-
sultsin a net loss of heat of —10 W m~2 averaged over
the summer months.

Ahmad and Sultan (1989) estimated the annual av-
erage input of heat through the strait as equivalent to
19 W m~2 using the formula

1

I:T = ;\pcp(FinTin - FoutTout)' (24)
The above formulais commonly used for heat transport
calculations, although it isinappropriatewhen F,,, # F.,
(theresult is sensitive to the temperature scale). Asmen-
tioned previously, the problem can be avoided if we
take into account the heat transport due to the water
leaving the seafrom its surface. If thisamount of around
6 W m-2isdeducted from Ahmad and Sultan’s estimate,
their annual heat input is reduced to 13 W m~2, closer
to our result.

b. Review of seasonal estimates

Other estimates of the volume transport through Bab
el Mandab have been carried out using limited time
series of simultaneous current data and water properties.
These include:

(a) Vercelli’s volume transport estimates, based on
current measurements from 15 days during March 1924
(Arimondi cruise). Observations during this cruise for
volume flux, temperature, and salinity (Vercelli 1927)
are presented in Table 2. As pointed out by Morcos
(1970) and Patzert (1974), the difference of 0.09 Sv
between the volume transports of the surface and sub-
surface layers is unlikely to be due to evaporation and
sea level rise; the annual-mean evaporation rate is es-
timated around 0.023 Sv, and the maximum seasonal
sealevel change, according to Patzert's analysis, can be
as high as 0.30 m leading to an equivalent volume trans-
port of 0.01 Sv. A volume transport compatible with
the measured evaporation rate is possible, if we assume
that either the transport of the inflowing or outflowing
layer is correct and adjust the other so that F,, — F,
= E..A = 0.023 Sv.

The results of these adjustments are presented in Ta-

TABLE 2. Mean volume transports, temperatures, and salinities of the two-layer exchange system during Mar 1924 (Vercelli 1927), and
the resulting heat and salt transports, adjusting the volume transport of the outflowing layer (upper) and inflowing layer (lower).

F\ T\ S FT FS
(Sv) (°C) (psu) (W m=) (10° kg s71)

Inflowing layer 0.58 (observed) 26.3 36.56 135 21
Outflowing layer —0.56 (adjusted) 25.3 37.43 —125 -21
Evaporated water —0.02 25.3 -5

Heat and salt transports 5 0
Inflowing layer 0.51 (adjusted) 26.3 36.56 119 19
Outflowing layer —0.49 (observed) 25.3 37.43 —110 —18
Evaporated water —0.02 25.3 -5

Heat and salt transports 4 1
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TABLE 3. Volume transports, temperatures, and salinities of the three-layer exchange system during summer 1982 (Maillard and Soliman
1986; Souvermezoglou et al. 1989), and the estimated heat and salt transports.

F T S Fr Fs
(Sv) Q) (psu) (W m=) (10° kg s
Jul Surface outflow -0.16 23.7 36.6 -34 -5.8
Subsurface inflow 0.25 18.6 36.3 41 9.1
Bottom outflow —0.06 25.3 38.9 -13 -2.3
Evaporated water -0.03 30.3 -8
Heat and salt transports -14 1.0
Aug Surface outflow -0.25 30.9 =70
Subsurface inflow 0.33 16.8 49
Bottom outflow -0.05 15.9 -7
Evaporated water —0.03 30.8 -9
Heat transport —-37
Sep Surface outflow -0.14 31.2 36.6 —40 -51
Subsurface inflow 0.20 171 35.9 30 7.2
Bottom outflow —0.03 16.0 38.6 -4 —-1.2
Evaporated water —0.03 30.6 -9
Heat and salt transports -23 0.9

ble 2, and we will assume that the value of heat and
salt transport lies somewhere between the two results.
The calculation of the heat flux due to evaporated water
was done using the mean sea surface temperature during
March given by UWM/COADS. We have ignored the
volume difference caused by the sea level rise during
winter, but this is expected to introduce a small error
compared to the uncertainties of the volume transports
at the strait.

(b) Maillard and Soliman (1986) estimated the vol-
ume fluxes through Bab el Mandab using current meter
observations obtained during the summer (July—Sep-
tember) of 1982 (Marion Dufresne cruise). Although a
problem with the instrumentation allowed for measure-
ments only of the intermediate and bottom layer prop-
erties, one may still get an estimate of the heat transport
using monthly mean temperatures at the surface layer
from the Levitus climatology for August and September.
No salinity records are availablefor August. Thevolume
fluxes for the surface and bottom layers in their study
are estimated from the volume budget taking E.,A =
0.03 Sv, and also with their assumption that there is a
proportionality between the volume transports and the

corresponding areas A, and A, of the cross sections such
that F,/F, = A,/A;. Thedatafrom this cruise along with
the salt transport analyzed by Souvermezoglou et al.
(1989), and our estimates of the heat transport are pre-
sented in Table 3. We note that the water properties
measured during that cruise are significantly different
from the climatological values we have used in Table
1. In particular, the temperatures and salinities of the
bottom outflow are very low, but we have included these
estimates for completeness.

(c) Siedler (1968) used a very short time series of
observations during two and a half days of November
1964 (Meteor cruise) to estimate the volume transports
through the strait. His estimates for volume transport
are presented in Table 4. The difference between the
inflow and outflow is 0.16 Sv, five times larger than the
measured difference due to evaporation! An adjustment
of the volume transports to match the observed evap-
oration rate, similar to that applied to Vercelli’'s mea-
surements, has been used in order to estimate the heat
and salt transports implied by Siedler’s volume trans-
ports, and the results are presented in Table 4. Clima-
tological data (Levitus et al. 1994) for the temperature

TABLE 4. Mean volume transports during Nov 1964 from Siedler (1968), and estimates of heat and salt transport using climatological
temperatures and sdlinities (Levitus et al. 1994), adjusting the volume transport of the outflowing layer (upper) and inflowing layer (lower).

F

F F

i T\ S T S
(Sv) 0 (ppsu) (W m) (10°kg s

Inflowing layer 0.58 (observed) 26.6 38.02 136 22
Outflowing layer —0.56 (adjusted) 20.6 40.33 -102 -23
Evaporated water -0.02 284 -8

Heat and salt transports 26 -1
Inflowing layer 0.44 (adjusted) 26.6 38.02 103 17
Outflowing layer —0.42 (observed) 20.6 40.33 —76 -17
Evaporated water —0.02 28.4 -8

Heat and salt transports 19 0
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and salinity of the two layers were used in our calcu-
lations.

Figure 1a shows all the above results for the heat
budget and Fig. 1b the salt budget, and how they com-
pare to each other. The monthly heat transport using
volume transport from Patzert has an annual average of
approximately 8 W m~2 and compares well with the
short-time observations except during late summer; the
heat lossin August and September isstronger with Mail-
lard and Soliman’s records. The seasonal cycle shows
that the maximum transport of heat to the Red Sea oc-
curs during the fall, while there is heat loss during the
summer months. The annual average salt transport is
zero and its seasona cycle shows that there is a gain
of salt during the summer and a loss during the winter,
in agreement with the estimates of Souvermezoglou et
al. (1989) with an inverse model. We note that the un-
certainties of the salt transports with data from Vercelli
(1927) and Siedler (1968) are =0.5 X 10°kg s, same
size as the estimated values.

Observations of temperature, salinity, and currents at
Bab el Mandab were also presented by Jones et al.
(1974) and Van Aken and Otto (1974) for two experi-
ments conducted during September 1971 and March
1967, respectively. Calculations of the heat and fresh-
water transport were not provided by either of the two
studies. Jones et a. (1974) argued that during their
three-week experiment the currents show high vari-
ability, and, although the current meters suggest a two-
layer exchange system, the vertical distributions of tem-
perature and salinity show a three-layer system. Still,
an estimate of the heat exchange would have been pos-
sible if the bottom topography at the current meter sta-
tion was known. Estimation of the heat and freshwater
transport using the one-day data of Van Aken and Otto
(1974) is not possible as their current meter station was
located in a shallow area of the Strait and only one layer
of the exchange system is captured, suggesting outflow
at al depths.

It is evident that the exchange at Bab el Mandab is
not accurately measured and that more simultaneousin
situ records of currents and water properties in the vi-
cinity of Bab el Mandab are needed to estimate the
annual heat and salt transports of the Red Sea. Some
results of such a project were presented by Murray and
Johns (1997) and the complete analysis of their data
should shed more light on the physics of the strait. At
any rate, if there is a small temperature difference be-
tween the inflow and the colder outflow [of about 2°C
(Smeed 1997)], atypical outflow of 0.4 Sv would give
an equivalent surface heat loss of about 7 W m=2. It is
unlikely, therefore, that updated measurements will dra-
matically upset the present picture of the heat budget
of the Red Sea. For the freshwater budget, however,
updated simultaneous records for the salinity and vol-
ume fluxes are indeed a necessity and will hopefully
narrow the large error bounds of the currently known
values.
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For the moment, based on the above analysis, we
believe that the volume exchange through Bab el Man-
dab suggests that the sea is experiencing net cooling
through its surface at a small rate (of approximately 8
+ 2 W m~2) while the freshwater transport is equival ent
to an annual average net evaporation rate of 1.60 = 0.35
m yr=*. We have not considered the interannual vari-
ability of these fluxes, though this may be significant.

3. Surface heat flux estimates

BCG first used a dataset of meteorological observa-
tions, made from VOS for the years 1941-72, to cal-
culate the surface heat fluxes for the Mediterranean and
the Red Sea. Their initial results using bulk formulas
for the heat flux components of the Red Sea were

Gs_ab_ae_ahzat’
263 — 76 — 135 — 5= +47 W m2,

where Q. is the solar irradiance, Q, the net longwave
radiation, Q, the latent heat flux, Q, the sensible heat
flux, and Q, the total heat flux. An overbar denotes the
annual and basin average. BCG recognized that there
may be considerable errors in the radiative fluxes Q.
and Q, and pointed out the increased aerosol concen-
tration of the Red Sea region as a likely cause for re-
ducing the possibly overestimated insolation. They pre-
ferred, however, to attribute thelarge difference between
the estimated Q, and the expected small heat loss to an
underestimated latent heat flux caused by the fact that
they used monthly mean winds and temperature and
humidity differences rather than their monthly mean
products, as well as systematic errors in observations
of meteorological parameters (wind, temperature, and
humidity); they mentioned that such errors may include
ship’s flow distortion and avoidance of high winds, al-
though the latter seems implausible for the narrow Red
Sea. Nevertheless, BCG tried to account for these biases
by significantly increasing the exchange coefficients for
latent and sensible heat fluxes. This gave

263 — 76 — 183 — 3= +1Wm?2

in better agreement with the oceanic heat flux through
the strait. Apart from the known biases on the wind
speed scale (e.g., Kaufeld 1981), however, there has
been no confirmation for such an increase of the value
of the exchange coefficients. In addition, as we will
discuss later, such an arbitrary increase of the latent heat
flux may not be consistent with the water budget of the
basin, as was pointed out by Garrett et al. (1993) for
the Mediterranean.

Ahmad and Sultan (1989) used meteorological data
from three coastal stations and four near-coast stations
on the east coast of the Red Sea, taken during the period
197085, to obtain

210 — 66 — 169 + 3 = —22 W m2,
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The negative Q, is in quantitative agreement with the
observed advected heat flux, although the net heat |oss
through the sea surface is higher than the expected —8
W m-2. Thisispartly dueto therelatively low insolation
(obtained from inland stations where the effect of aero-
sols is expected to significantly attenuate the solar ra-
diation), and partly because the latent and sensible heat
fluxes were estimated with the increased exchange co-
efficients suggested by BCG.

An up-to-date estimate of the total heat flux is aso
possible by extracting the estimates for the four heat
flux components over the Red Sea from the global da-
taset UWM/COADS of da Silva et al. (1994, henceforth
dSYL). This dataset covers the 45-yr period from Jan-
uary 1945 to December 1989 and comes from the initial
COADS release (Woodruff et al. 1987) objectively an-
alyzed on a 1° X 1° global grid. The dataset includes
corrections to the wind speed, cloud cover, and present
weather (PW) observations, as well as global estimates
for the four components of the heat budget evaluated
using standard bulk formulas, and estimates for the
freshwater and buoyancy fluxes. From the UWM/
COADS the heat fluxes averaged over 45 years and over
the Red Sea give

272 — 55— 129 — 5= +83 W m32,

which is very far from the expected small negative Q,.
The same dataset contains data for the constrained net
heat and freshwater fluxes that are compatible with me-
ridional global balances at 65°S (0 PW for the heat and
0.06 Sv for the freshwater transports). Unfortunately,
even the constrained net heat flux yields

250 — 57 — 146 — 5 = +42 W m™2

for the Red Sea.

In the following sections we have reexamined each
component of the heat budget separately, using mete-
orological parameters from the recent UWM/COADS
and commonly used bulk formulas, in an attempt to find
an explanation for the discrepancy between the heat flux
at the strait and the surface heat budget.

a. Solar irradiance

The insolation Q, at the sea surface was calculated
by dSYL using the commonly used formula

Q. = Qus(1 — ¢,n + 0.0019h)(1 — @). (3.1)

This is a combination of the cloud reduction formula
from Reed (1977) and the formula for the clear sky
irradiance Qs from List (1958). The latter comes from
the sum of direct and scattered solar radiation as given
by Rosati and Miyakoda (1988). This is

1

Qcs = EQO(T"HOOSZ + (1 - A) (32

where Q, is the incident radiation at the top of the
atmosphere (Q, = S, cosz, with S, = 1370 W m~2 the
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solar constant, and z the solar zenith angle), Tr is the
transmission factor for a clear atmosphere (held constant
at 0.7), and A = 0.09 is the absorption factor due to
ozone and water vapor. In Eq. (3.1) the reduction due
to clouds is parameterized, following Reed (1977), by
the product of the cloud fraction n and a coefficient c,
= 0.62; h is the noon solar altitude in degrees and « is
the albedo of the sea surface taken from Payne (1972).

The Red Sea average of Q,, calculated from dSY L
with Eq. (3.1) and the cloud cover fraction from UWM/
COADS, is272 W m~2. However, when the cloud cov-
er fraction n is smaller than about 0.2 the calculated
solar radiation Q. from Eq. (3.1) islarger than the clear
sky irradiance Q.5 and an overestimation of Q. isin-
troduced. Therefore, as pointed out by Reed (1977),
the cloud reduction formula should be truncated at 1.
For example, in the Mediterranean Gilman and Garrett
(1994) found that correct usage of Reed’s formula re-
duces the Q; by 4 W m~2. Moreover, the cloudiness
from UWM/COADS includes some small negativeval-
ues, mainly during the period 1967-75, presumably
stemming from extrapolationsin the objectiveanalysis.
To correct for these effects we apply the Reed cloud
reduction only when it gives Q. < Qcs, and otherwise
set Q, = Qcs. This correction gives Q, = 264 W m~2,
which isa 3% (8 W m~2) reduction in Q. for the Red
Sea.

The spatial distribution of the corrected annual-mean
insolation Q. is shown in Fig. 2, and the seasonal var-
iability of the spatial mean Q, is shown later in Fig. 6a.
It should be noted that there is a clear north—south gra-
dient in Q. (changing by 7%) with higher Q. values at
the southern end.

da Silva et a. (1994) also carried out an inverse cal-
culation for the global heat fluxes, to match certain glob-
al constraints. They provided tuning parameters for the
heat flux components, though they provided no physical
justification. The correcting factors for the insolation
formula are 0.92 (on the clear sky radiation) and 1.04
(on the cloudiness coefficient), so that Eq. (3.1) becomes

Q.o, = 0.92Qcs(1 — 1.04c,n + 0.0019h)(1 — a).
(3.3)

The mean Red Sea insolation obtained using the
above formulais 250 W m~2,

Another independent estimate for the solar irradiance
of the Red Sea comes from the dataset of Bishop et al.
(1997). They have calculated the global Q. for an 8-yr
period (July 1983-June 1991) using data from the In-
ternational Satellite Cloud Climatology Project (ISCCP)
and a revised algorithm of Bishop and Rossow (1991).
The surface solar irradiance from this dataset (denoted
Q...,) gives an average of 273 W m~2 over the Red Sea.
All of the above Q. estimates are listed in Table 5 (the
last entry will be discussed shortly).

For the Mediterranean insolation Gilman and Garrett
(1994) showed that there is a systematic error in the
parameterization of atmospheric attenuation in the for-
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Fic. 2. Long-term averaged net shortwave solar radiation Q, es-
timated from Eq. (3.1) (with the cloud correction) and cloudiness
from UWM/COADS.

mula for the solar irradiance. Indeed, the transmission
coefficient in formula (3.1) is assumed spatially and
temporally constant and a value of 0.7 is commonly
used to parameterize the extinction due to absorption
and scattering by aerosols and other atmospheric con-
stituents such as water vapor, ozone, CO.,, etc. However,
concentrations of natural and anthropogenic aerosols
may vary both in space and time so that the parame-
terization of aerosol effects as constant can lead to sig-
nificant errors in estimating the insolation. In particular,
the Red Sea appears to be within a dusty environment
due to anthropogenic and, particularly, mineral aerosols.
Thisisevident from the global distributions of theindex
of aerosol optical thickness detected by polar orbiting
satellites [Advanced Very High Resolution Radiometer
(AVHRR) data] over the oceans presented by Husar et
al. (1997), who also showed that there is significant
seasonal variability of the aerosol concentration in the
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atmosphere. Unfortunately, the currently availableindex
of aerosol optical thickness cannot be simply related to
the transmission coefficient Tr of clear sky insolation
because the data do not provide information about aero-
sol properties (i.e., size, shape, and composition), and
lack the required calibration (Lacis and Mishchenko
1995).

Nevertheless, monthly data for insolation from coast-
al stations can be compared to Q. obtained from the
bulk formula(3.1), with the cloud correction, to estimate
afactor that will be assumed to represent the attenuation
due to aerosols. The results of this comparison can be
used in an attempt to calibrate satellite data so that we
can obtain a picture of the spatial variability of the effect
of aerosols throughout the Red Sea.

Observations of surface solar irradiance from the
Global Energy Balance Archives (GEBA) are available
for two coastal stations on the west coast of the Red
Sea (Ohmura and Gligen 1991). These include monthly
mean measurements of Q. from July 1983 to August
1985 for the locations marked GEBA-1 and GEBA-2
in Fig. 2. Ground-truth observations are also available
for a station at Jeddah, Saudi Arabia (Fig. 2), on the
central east coast of the Red Sea, in the form of monthly
averages of Q, for the period 1980-85 (Ahmad et al.
1989).

The monthly solar irradiance at the three stations ac-
cording to the ground-truth measurements and the es-
timates from Eq. (3.1) are presented in Fig. 3. The ob-
served values (solid circles) are, in general, lower than
the estimated Q, values (crosses), and the minimum in-
solation is observed at Jeddah. We note, however, that
the ground measurements at GEBA-1 are very irregular
and include values higher than the Q. estimates.

Bishop et al. (1997) compared the globally estimated
Q.,., Using their revised algorithm and data from the
ISCCPR, with ground-truth data from globally scattered
GEBA stations Q... In this algorithm the effect of
aerosols was held constant in space and time. Therefore,
in order to bring the calculated surface solar irradiance
into agreement with surface observations, they have es-
timated the optical extinction anomaly =* defined from

— = exp(—7*/cosz*), (3.4
where Q.. is the monthly averaged solar irradiance
measured at the ground stations GEBA, Q. is the
monthly solar irradiance from Bishop et a. (1997) av-

TABLE 5. List of estimates for the mean surface solar radiation of the Red Sea.

Reference Method Dataset Q. (W m=2)
Bishop et a. (1997) Bishop and Rossow (1991) algorithm ISCCP 273
da Silva et al. (1994) Bulk formula (3.1) UWM/COADS 272
this study Bulk formula (3.1) with cloud correction UWM/COADS 264
da Silva et al. (1994) Bulk formula (3.3) UWM/COADS 250
this study Bulk formula (3.1) with cloud and aerosol correction UWM/COADS 236
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eraged over the 8-yr period July 1983 to June 1991 (the
resolution is 2.5° X 2.5° and has been interpolated to
the position of the ground stations), and cosz* is the
flux-weighted cosine of solar zenith angle.

Alternatively, Eqg. (3.4) also defines a transmission
coefficient anomaly Tr* due to the neglect (or under-
estimation) of the effect of aerosolsin Eq. (3.2) by using
aspatially and temporally constant Tr. The transmission
coefficient anomaly Tr* is defined by comparing the
ground measurements Q,_ with the insolation estimated
with Eq. (3.1) for the same period of time

O 1

Qs
where Q.. is the monthly mean insolation at the two
stationsfrom GEBA and the one at Jeddah. Theresulting
transmission anomaly coefficient for the three stations
in the central Red Sea is shown in Fig. 4a along with
the mean of Tr* from GEBA and Jeddah and a smoothed
version of this. It should be noted that there is a strong
seasonal signal in the anomaly, with a 25% difference
between summer and winter months.

The transmission factor Tr* cal culated with the above
procedure can be used to calibrate satellite data for the
index of optical thickness in order to obtain the spatial
variability of Tr*. These data include monthly obser-
vationsfor the aerosol optical thicknessindex 74 derived
for the ocean from NOAA AVHRR dataon a1° X 1°
resolution for the period from July 1989 to June 1991
(Stowe et a. 1997) and they have been averaged to
obtain the seasonal cycle. In the method of derivation

(35)
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©
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Fic. 4. (a) Transmission anomaly coefficient estimated from comparison of the insolation at ground-truth stations
with the calculated Q, (with the cloud correction) during the same period of time (Tr* = Q. /Q.). The dashed line is
the mean Tr* from the GEBA stations, the dashed—dotted line is Tr* from the station at Jeddah, the solid line is the
average between the results at GEBA and Jeddah (assuming 50% weights to GEBA and Jeddah, i.e., 25% to each
GEBA station and 50% to Jeddah). The thick solid line is the smoothed average Tr*. The smoothing is obtained with
a 10th-order polynomia fit on three repetitive annual cycles of the mean Tr* and keeping the second annual cycle. (b)
Calibration factor for the satellite transmission coefficient index estimated from comparison of the insolation from
satellite data with the ground-truth records; the line style corresponds to that of (a).
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Fic. 5. Transmission anomaly coefficient Tr* for the Red Sea from the optical extinction index calibrated to ground observations: (a)
seasonal cycle and (b) geographical distribution.

of 74, aerosols are assumed to be purely scattering. We
assume that the satellite data for the index 7% define a
transmission coefficient Tr4 = exp(—r74/cosz) due to
aerosol scattering. We also introduce a coefficient f_for
the attenuation of Q, due to absorption and scattering
by atmospheric molecules and absorption by aerosols
so that the clear sky insolation at the sea surfaceisgiven
by Q,f.Tr4.

Combining Egs. (3.1), (3.2), and (3.5), and assuming
that the transmission anomaly coefficient Tr* is solely
due to errors in the estimation of Q.s, the clear sky
insolation at the coastal stations is given by Q,fTr*,
where f = 3[Trve= + (1 — A)]. To calibrate the clear
sky insolation from the satellite data to the measured
clear sky insolation, the coefficient f_ hasto be adjusted
so that

Tr*
Tra’

At GEBA and Jeddah stations the calibration factor
f . isevaluated using the average monthly values of Tr*,
the monthly aerosol transmission coefficient Tr4 (at grid
points nearest to the coastal stations), and the monthly
values of the parameter f. The seasonal cycle of f, for
GEBA, and Jeddah, the mean f_, and the smoothed f,
are shown in Fig. 4b. We note that the calibration factor
f. includes all the corrections required to match Qg

fo= f

(3.6)

from satellite data to the measured quantity at ground
stations. These include the attenuation of Q, due to ab-
sorption and scattering by atmospheric molecules, aero-
sol absorption, as well as errorsin TrA.

We have used this seasonally varying but spatially
constant calibration factor f. and the seasonal value of
f to estimate the transmission coefficient anomaly

Tr* = f—°TrSA,
f

using the satellite aerosol transmission coefficient Tr4
everywhere in the Red Sea. Figure 5a shows that there
is strong seasonality of the basin-averaged Tr* with a
seasonal change of around 25%. Figure 5a al so suggests
that there is some underestimation of the insolation dur-
ing winter months (Tr* > 1), while there is significant
overestimation during summer. From the spatial distri-
bution of the annual-mean Tr* (Fig. 5b), it is evident
that there is a north—south gradient implying that Q. is
overestimated toward the southern end of the Red Sea.

This spatially and seasonally varying transmission co-
efficient Tr* ismultiplied by the surface solar irradiance
obtained with Eq. (3.1) including the cloud correction.
The resulting corrected Q.. = Tr*Q is presented in Fig.
6. Figure 6a shows the seasonal cycle of the 45-yr av-
erage of Q... We note that there is a reduction of 28 W
m-2 (or 11%) from the initial Q, = 264 W m~2, pre-
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FiG. 6. Insolation corrected for the attenuation due to aerosols: (a) seasonal cycle and (b) spatial distribution.

sumably because of the effect of aerosols on the inso-
lation. Figure 6b shows the spatial distribution of the
mean Q.. Comparison of Fig. 6b with Fig. 2 shows
that the north—south gradient is now reversed and the
higher insolation occurs toward the northern end of the
Red Sea because of the higher aerosol concentration at
the southern end. The reversal of the geographical gra-
dient in insolation cannot be verified by ground stations
as the available data come from the central Red Sea
area.

The basin-averaged 45-yr mean Q._ islisted in Table
5 and the monthly values of the corrected Q. at the
ground stations are plotted in Fig. 3.

b. Longwave radiation

The net longwave radiation at the sea surface is the
result of emission, absorption, and scattering in the at-
mospheric column, and so depends on the concentra-
tions of atmospheric constituents and the vertical dis-
tribution of temperature, humidity, and cloud properties.
Since direct measurements of the net longwave radiation
at the ocean surface are sparse, it has become common
to derive Q, with the aid of various bulk formulas or,
more recently, with a radiative transfer model (e.g.,
Zhang et al. 1995).

The bulk formulas assume that the surface properties

of temperature and humidity represent those of the at-
mospheric column, and they introduce various param-
eterization schemes with constants derived from re-
gression fitting to certain sets of observations. In gen-
eral, only the cloud fraction is taken into consideration
and the cloud type (high, medium, or low) is ignored,
thus increasing the uncertainty of the calculations (Fung
et al. 1984). Thus one cannot expect very accurate es-
timates from the bulk formulas. Bulk formulas are still
widely used, however, because they allow the compu-
tation of Q, from routinely measured parameters such
as sea surface temperature, air temperature, the water
vapor pressure near the sea surface, and cloudiness.

In Table 6 we present estimates of the 45-yr mean
net longwave radiation calculated using three different
bulk formulas and data for sea temperature, air tem-
perature, vapor pressure, and cloud fraction from UWM/
COADS. The formula of Berliand and Berliand (1952)
was used by dSYL in their calculation of Q,. However,
a comparison of the mean Q, for the Mediterranean
carried out by Gilman and Garrett (1994) suggested that
this formula significantly underestimates Q, there. We
have calculated Q, using the formula introduced by
Bunker and Goldsmith (1979), which is the only bulk
formula that allows for the effect of a seasonally pre-
scribed mix of low, medium, and high cloud type. Data
for the cloud type in the Red Sea were provided by R.
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TABLE 6. List of methods used to calculate net longwave radiation, and the annual Red Sea estimates using various datasets.

Reference Method Dataset Q, (W m?)
da Silva et al. (1994)* eoTZ (0.39 — 0.05e?)(1 — xc?) + eoTe (T, — T, UWM/COADS 55
Bunker and Goldsmith (1979) Bunker (1976) formula—seasonal mix of cloud type UWM/COADS 73
Bignami et al. (1995) eo T4 — oTZ (0.653 + 0.00535€)(1 + 0.1762¢?) UWM/COADS 76
Rossow and Zhang (1995) Radiative Transfer Model ISCCP 104

* Based on Berliand and Berliand (1952): e = 0.98 is the sea surface emissivity; o = 5.6697 X 108 W m~2 K~ is the Stefan—Boltzmann
constant; T,, T, are the sea surface and air temperatures; e is the near sea surface water vapor pressure in hPa; ¢ is the cloud cover fraction;

X is a coefficient varying with latitude.

Goldsmith. The mean Q, we found using the Bunker
and Goldsmith formula is 73 W m~2, while BCG es-
timated 76 W m=2.

More recently, Bignami et al. (1995) proposed an-
other formula with constants calculated from regression
to measurements of longwave radiation in the Western
Mediterranean. This formulais the first strictly derived
from marine data. They compared the observations in
the Mediterranean with results from previous formulas
and found that the latter systematically underestimate
longwave radiation by approximately 30 W m—2. Josey
et al. (1997) found that the Bignami et a. formula per-
forms best in semienclosed seas rather than open ocean
conditions where other formulas [such as Clark et al.
(1974)] are more appropriate. We have tested the Big-
nami et al. formula in the Red Sea (assuming that the
relations between surface parameters and atmospheric
profiles are similar to those of the Mediterranean) and
found a value of 76 W m~2, close to the result using
the formula of Bunker and Goldsmith (1979).

We have also compared the results of the bulk for-
mulas with Q,, estimates extracted from a global dataset
for radiative fluxes, evaluated using a radiative transfer
model and data from ISCCP (during the period April
1985-January 1989) by Rossow and Zhang (1995). The
mean value of Q, over the Red Sea areais 104 W m-2
though uncertainties in the calculation reach 15 W m~2.
The source of these uncertainties in subtropical regions
is equally distributed between uncertainties in cloud
properties, and atmospheric and surface water proper-
ties. It should be emphasized that Q, from the radiative
transfer model is significantly larger than that from the
bulk formulas and the uncertainty of the former cannot
account for the difference. We note, however, that the
resolution of the Rossow and Zhang (1995) dataset is
2.5° X 2.5° which is very coarse for the narrow Red
Sea and it is very likely that the extracted annual-mean
Q, is more representative of the surrounding land rather
than the Red Sea itself. Therefore we will consider the
Q, = 76 W m~2 found with the Bignami et al. (1995)
formula as our best estimate for the longwave radiation.

c. Latent and sensible heat fluxes

Latent and sensible heat fluxes are, in general, given
by the formulas

Qe pCpLCe(qs - q)W (37)
Qh = pcpch(Ts - Ta)W7 (38)

with p the air density determined from atmospheric pres-
sure and air temperature, ¢, the specific heat of air, and
L thelatent heat of evaporation. Also, q,isthe saturation
humidity at the sea surface temperature, q the observed
specific humidity, T, and T, are the sea surface and air
temperatures, and W the wind speed; C, and C, are
exchange coefficients.

As mentioned previously, BCG used large values for
C.and C, (C, = C,, = 2.1 X 10-3), compared to those
deduced from measurements, to account for the dis-
crepancy of the total heat budget. Such an increase could
compensate for the fact that they used monthly mean
winds and temperature and humidity differences rather
than their monthly mean products, as well as for sub-
stantial systematic uncertaintiesin the observations, par-
ticularly the wind speed. The same high coefficients
were used by Ahmad and Sultan (1989).

Da Silva et a. estimated C, and C, following the
method of Large and Pond (1982), which gives numbers
very close to those suggested by Smith (1988, 1989).
According to this method, both of the exchange coef-
ficients are functions of wind speed, air temperature,
and its difference from sea surface temperature, and the
difference of saturation humidity at the sea surface from
the specific humidity. In neutral conditions C, has a
value of 1.2 X 1073, and C, isaround 1.2 X 102 for
unstable stratification and 0.75 X 102 for stable strat-
ification. The basin-averaged 45-yr mean Q. and Q,
extracted from dSYL's dataset are 129 W m-2 and 5 W
m-2, respectively.

The mean Q. and Q,, from the above studies are
listed in Table 7 along with the exchange coefficients
in neutral conditions. The last entry will be discussed
shortly. Very large differences (up to 40%) exist be-
tween the quoted Q. values, indicative of the uncer-
tainty of this heat flux component. However, Q. can
be constrained by the water budget of the basin, which
is examined next.

d. Implications from the water budget

In section 2a we provided an estimate for the net
annual-mean evaporation rate of E,, = 1.60 = 0.35 m
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TABLE 7. List of exchange coefficients (in neutral conditions) used to calculate latent and sensible heat fluxes and their mean values in

the Red Sea.
Reference C. X 103 C, X 10°3 Q. (W m2) Q, (W m?
Bunker et al. (1982) 2.1 2.1 183 3
Ahmad and Sultan (1989) 21 21 169 -3
da Silva et a. (1994) 1.2 1.2 129 5
da Silva et a. (1994) corrected 13 1.2 146 5

yr—1, using the constraint of zero salt flux through the
strait. From this estimate we may infer the annual-mean
evaporation E = 1.75 = 0.35 m yr-* assuming an an-
nual-mean precipitation rate of P = 0.15 m yr-* from
the UWM/COADS climatology. Since the evaporation
rate is related to the latent heat flux as E = Q./pL, the
estimated annual-mean E corresponds to an annual-
mean Q, = 140 + 28 W m~2. The Q,, values estimated
by BCG and Ahmad and Sultan (1989), listed in Table
7, are too large to satisfy the water budget constraint,
as a conseguence of using an excessively high exchange
coefficient C,. The Q. value from dSYL fallswithin the
limits of the constraint, although it is closer to the lower
end.

For the calculation of the latent heat flux dSYL used
corrected data for the wind speed. This correction was
applied on a global basis to reduce the bias associated
with an erroneous Beaufort equivalent scale that causes
underestimated climatological wind speeds. This effect
appears as a trend in the long-term time series as the
proportionality of wind speeds estimated from sea state
versus speeds measured from anemometer changes. The
correction, based on a regression formula, has been ap-
plied to those data flagged as estimated, and according
to dSYL has reduced the trend.

The Red Sea averaged time series for the wind speed
(Fig. 7a), however, shows that thereis still aremarkable
trend in the wind, particularly during the last two de-
cades, which is transferred to the estimated latent heat
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FiG. 7. (8) Monthly mean wind speed averaged over the Red Sea
and filtered with a 23-point filter to remove seasonal variability. (b)
Latent heat flux estimated from UWM/COADS.

flux (Fig. 7b). This may be caused by limitations of the
dSYL method [such as the assumption that al ane-
mometer measurements are made at 20-m height, or due
to falsely flagged data (Kent and Taylor 1997)]. If the
trend in the wind speed is unrealistic and results in an
underestimation of the winds in the Red Sea, it may
provide an explanation for the relatively low latent heat
flux compared to the expected value from the water
budget constraint.

We note that in their inverse calculation, dSYL sug-
gested a correction factor of 1.13 for C, and 1.02 for
C,.. They ascribed this correction to the uncertaintiesin
the calculation of the exchange coefficients, implying
even higher C, and C, than those suggested by Large
and Pond (1982). We suggest that for the Red Sea the
correction to the exchange coefficients could be related
to underestimated winds rather than underestimated ex-
change coefficients. Using dSY L's correction parameters
the mean latent heat flux is Q, = 146 W m=2, very
close to the value inferred from the water budget. The
sensible heat flux is again Q,, = 5 W m~2 (Table 7).

e. Total heat flux

The heat flux components averaged over the Red Sea
according to the initial calculations of dSYL in the
World Ocean gave

Q- -QQ-Q%=Q
272 — 55 — 129 — 5= +83 W m-2.

We have found an overestimate of Q., due to two sep-
arate processes, amounting to 36 W m~2. The net long-
wave radiation was reestimated with anew formulafrom
Bignami et al. (1995), which gave Q, = 76 W m~2,
The latent heat flux appears low compared to the value
of 140 W m~2 suggested by the water budget, although
the uncertainty is very large (up to 39 W m~2). Further
increase of the coefficient C, seems physically implau-
sible, but the persistent trend in the wind speeds may
be the reason for the low Q. values. With the above
corrections, the total heat fluxes are

236 — 76 — 140 — 5= +15W m™2

so that the original discrepancy from the expected neg-
ative Q, of —8 = 2 W m~2 is reduced by 75%. The
remaining difference could be due to an overestimation
of Q. or, more likely, due to an underestimation of Q,
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distribution of the total heat flux Q,.

since a large further increase of Q. would result in in-
consistency with the currently known water budget.

It should be emphasized, however, that considerable
uncertainties exist in all four heat flux components.
Since the number of observations used for the estimate
of the long-term averagesis O(3 X 10%), random errors
become insignificant and the total uncertainty for each
heat flux estimate is only due to systematic errorsin the
observations and the bulk formulas parameterization.
Following the error analysis of Gilman and Garrett
(1994) the uncertainties for the heat flux components
are AQ, = 10 W m~2 (alowing for an extra +5 W
m~2 uncertainty introduced by the transmission anomaly
coefficient), AQ, = *10 W m2, AQ, = +15W m2,
and AQ, = =4 W m=2. The uncertainty in the total
heat flux is =21 W m~2. If we consider a change in
each individual component only 50% of its uncertainty,
we obtain our suggested budget

231 - 81 —148—-7=-5Wm=2

While thisisjust a guess, an independent estimate from
an inverse model would give a similar result.

The seasonal cycle of the four heat flux components
is shown in Fig. 8a. We note that seasonality is mostly
determined by the insolation and latent heat flux, and
that the total heat flux becomes negative during thewin-

ter. Figure 8b shows the long-term average geographical
distribution of the total heat flux. There is aremarkable
gradient in the heat flux of the basin, which loses heat
in its northern end and gains heat in the southern end.
The 45-yr time series (filtered for the seasonal cycle)
of the four heat flux components and the total are shown
in Fig. 9. The total heat flux mainly follows the inter-
annual variability of the latent heat flux, whereas Q. and
Q, appear to be relatively stable. We also note that there
is a probably unrealistic trend in Q, similar to the trend
of Q,, and that Q, is mostly positive before 1977 but
becomes negative from 1977 to 1989.

f. Buoyancy flux

Finally, we provide an estimate for the surface buoy-
ancy flux, as this is the important quantity for driving
the thermohaline circulation of the Red Sea. The surface
buoyancy flux is given by

By = —C,'9aQ; + po*gBS(E — P) = By + By,
(3.9)

where c,, is the specific heat of water, g the acceleration
due to gravity, a« = —p *(dp/dT),s the coefficient of
expansion of water at fixed pressure and salinity, and
BS = p~tYapldS), . Positive B, values correspond to
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buoyancy loss by the ocean, and B,; and B, are the
thermal and haline contributions.

The long-term average thermal buoyancy flux is es-
timated from

Bor = —%19(561 + a'Q;)

(6.0 — 41) X 10°kgmts3
19 X 108kgm-s3 (3.10)

using the adjusted total heat flux (Q, = —8 W m2)
that matches the heat budget at the strait. The nonlin-
earity of the equation of state gives rise to the second
term of Eq. (3.10), which is comparable to thefirst term,
and is compensated by cabbeling or densification on
mixing (Garrett et al. 1993). It should be emphasized,
however, that forcing a model that uses buoyancy as a
variable, with the total buoyancy flux B,, including the
second term of Eg. (3.10), would produce a false buoy-
ancy input (Zahariev and Garrett 1997).
The long-term average haline buoyancy flux is

Eos = PglgBS(E - E)
(158 — 1.3) X 10°kgm-s3
145 X 1075 kg m* 52, (3.12)

where E = 1.75 m yr! is the evaporation rate esti-
mated in section 3d and P = 0.15 m yr-* from the
UWM/COADS climatology.

We conclude that the total mean surface buoyancy
flux of the Red Seais B, = 20.5 X 10 * kg m* s°3,
ignoring the correlation term (—c;'ga’Q;) that would
produce spurious buoyancy flux. Thisvalueisin accord

with our estimate of the buoyancy flux through the strait
using the water properties, as was done in section 2 for
the heat and freshwater fluxes. The total surface buoy-
ancy flux is dominated by the haline term and, in par-
ticular, the evaporation; precipitation is very small and
including it changes the buoyancy budget by less than
7%. Cooling plays a secondary role in the long-term
mean buoyancy flux (due to its small annual-mean val-
ue), although it is dominant on seasonal timescales. We
also note that the interannual variability of B, is deter-
mined by the thermal term, which in turn is determined
by the evaporation viathe latent heat flux (Fig. 9). There
is buoyancy loss during most of the 45-yr period with
afew, short, periods of small buoyancy gain, which are
unlikely to upset the thermohaline cell of the Red Sea.
The spatia distribution of the mean total buoyancy flux
and itsthermal and haline components are shownin Fig.
10. Spatial changes in the total buoyancy flux are con-
trolled by the thermal component, while the haline com-
ponent determines the basin-averaged value.

4. Summary and discussion

Our interest in the heat and freshwater budgets of the
Red Sea is twofold: first, they allow discussion of the
reliability of parameterization schemes and datasets
(such as the UWM/COADS) used globally to determine
surface fluxes and, second, because they provide infor-
mation about the main driving force of the basin.

The total heat and freshwater transports through the
Strait of Bab el Mandab provide a strong constraint for
the surface fluxes. Our review of the existing obser-
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vations showed that there is an annual heat transport
equivalent to a surface heat flux of —8 = 2 W m~2,
and the conservation of volume and salt allowed for a
new estimate of the net evaporation rate of E — P =
1.60 = 0.35 m yr—*. When combined with the UWM/
COADS estimated P = 0.15 m yr-, the evaporation
rateisE = 1.75 m yr=*, lower than previously consid-
ered.

UWM/COADS contains measured and derived quan-
tities for the air—sea exchanges, which are very impor-
tant for climate studies and climate change. For the Red
Sea, however, the 45-yr average total surface heat flux
(estimated using standard formulas) appears to be in
error, compared to the heat exchange at the Strait of
Bab el Mandab, by almost 100 W m~2. We suggest that
a significant part of the discrepancy comes from the
overestimated insolation. The remaining difference ap-
pears to be due to the underestimated net longwave
radiation and latent heat flux; the sensible heat flux plays
a minor role.

More specifically, the bulk formula used globally to
calculate the insolation does not appear to perform well
in the Red Sea as indicated by ground-truth measure-
ments; spatial and seasonal variations of the transmis-
sion coefficient may become significant in areas of high
aerosol load. We have applied a correction for thiseffect
using satellite data calibrated to ground-truth records.
We note, however, that the inverse estimate of dSYL
gave a considerable reduction for Q. close to our esti-
mate for the dust-laden area of the Red Sea. Thisimplies
that insolation has been reduced uniformly even in areas
under “‘clear” atmospheric conditions, which may in-
troduce an error in the heat flux estimatesfor those areas.

Several uncertainties can be identified in our correc-
tionto Q,: Theinsolation has been multiplied by atrans-
mission anomaly estimated using observations from the
period 1980-85 and the monthly means were used to
calibrate the transmission coefficient calculated from
satellite data during just the three years 1989-91. The
monthly means from this calibration were used to cor-
rect the long-term insolation. These approximations
were introduced because of the paucity of ground-truth
records for the insolation available in the Red Sea, but
the weak interannual variability of Q. justifies our ap-
proach. At any rate, these observations show that there
is significant overestimation of Q, by the bulk formula
widely used.

For the estimation of Q, it seems that application of
one single bulk formula on a global scale is a source
of errors. Since the available bulk formulas are derived
for certain atmospheric conditions, it is unlikely that
they can produce reliable results everywhere in the
World Ocean. We have used the formula from Bignami
et al. (1995), which was derived from marine data in
the Mediterranean. It is not certain, however, that the
same conditions in the atmospheric column apply in the
Red Sea, but there are no marine observations for the
longwave radiation in the Red Sea, which would allow
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comparison with the results of bulk formulas or the
radiative transfer model.

Regarding the estimation of Q,, we have pointed out
that it has to be compatible with the water budget. The
latent heat flux obtained from UWM/COADS appears
to be underestimated compared to the evaporative loss
implied by the water budget, although the uncertainties
of the latter reach 28 W m=2. A likely cause for the
underestimation is the remaining trend in the wind
speed, particularly during the last two decades. How-
ever, Kent and Taylor (1997) found that dSY L's Beaufort
equivalent scale is satisfactory for the global dataset. In
addition, winds higher than average and drier conditions
during the last decade are in qualitative agreement with
the trend in the North Atlantic Oscillation index ana-
lyzed by Hurrell (1995), but there isno similarity in the
previous decades.

By applying certain corrections to Q,, Q,, and Q, we
have reduced the originally estimated error in Q, by
75%. There is still a difference of 23 W m~2 from the
expected value of Q, = —8 = 2 W m~2, but this can
be justified by only 50% of the uncertainty of each heat
flux component. We emphasi ze that the total uncertainty
in Q, was inadequate to account for the original dis-
crepancy of 100 W m~2.

We conclude from this study that the annual-mean
thermohaline circulation of the Red Seaisforced mainly
by net evaporation; the thermal forcing is of secondary
importance on long timescal es. Because the surface heat
flux issmall it iswell constrained in value by heat fluxes
through Bab el Mandab, whereas the water budget of
the basin is sensitive to uncertainty in the volume fluxes
through the strait. Further measurements of these vol-
ume fluxes, combined with rainfall estimates and the
requirement for conservation of salt, would alow a
more accurate estimate of the average evaporation rate
over the basin. This would also improve the estimate
of the latent heat loss from the sea and clarify the heat
budget. The interannual variability of surface fluxesin
the Red Sea and exchange through the strait remains
unexplored but is likely to be significant.
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