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RESUMEN

Se estudian los flujos de calor entre la atmdsfera y la superficie del mar en el Golfo de México, utilizando los datos
climatolégicos de la base Comprehensive Ocean-Atmosphere Data Set (COADS), férmulas empiricas, estimaciones
de la radiacién mediante satélite y con la ayuda de la modelacién numérica. Para los flujos superficiales de calor se
obtuvo una media de 9 W m™2. Este valor es més alto que el de estudios previos debido a que se utilizaron distintas
fuentes de datos y férmulas empiricas. Para el ciclo anual se obtuvo una amplitud de 168 W m™2. Se calcula y
analiza la contribucién de cada término en la ecuacién de calor comparando los valores obtenidos con los de estudios
previos.

Un modelo numeérico con termodindmica es utilizado para estudiar la importancia relativa de la adveccién de calor
y los flujos verticales asociados al aporte de agua de la capa intermedia a la superficial. Los resultados muestran que
los flujos entre capas son importantes en el enfriamiento de invierno de las aguas superficiales. Cuando estos flujos,
que dependen de la pérdida de flotacién y de la induccién de energfa cinética turbulenta a través de la superficie,
no son incluidos en el modelo, las temperaturas de invierno permanecen nids altas que las observadas y el error
cuadrético medio es de 1.5°C, mientras que al incluirlos decrece a 1.0°C.

Palabras clave: Golfo de México, flujos de calor, modelacién numérica, temperatura superficial del mar, variacién
estacional.

ABSTRACT

Heat fluxes between the atmosphere and the sea surface in the Gulf of Mexico are computed using the COADS
climatology, bulk formulae, radiation estimations from satellite, and a numerical model. 9 W m™~2 is the estimated
mean surface heat flux into the ocean, this is higher than previous studies due to different bulk formulae and data
sources. The annual cycle has an amplitude of 168 W m™°. The contribution of each term in the heat equation is
computed, analyzed and compared to previous studies.

A numerical model with thermodynamics is used to study the relative importance of heat advection and entrain-
ment on the sea surface temperature. The results indicate that the entrainment is important in the winter cooling
of surface waters. When entrainment, which depends on the buoyancy loss and the wind induced turbulent kinetic
energy, is not included, temperatures in winter stay higher than observations, with a root mean square (RMS)
difference from observations of 1.5°C'. Including entrainment and detrainment the RMS decreases to 1.0 °C.

Key words: Gulf of Mexico, heat fluxes, numerical model, sea surface temperature, seasonal variability.
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1. Introduction

The Gulf of Mexico, a semiclosed marginal sea, is located in the western Atlantic Ocean. It has an area of
1.5 x 105 km? (Fig. 1) and communicates in the southeastern end with the Caribbean Sea and to the east,
through the Florida Strait, with the Atlantic Ocean. Most of the attention in the gulf has focused in its
dynamics due to the presence of one of the strongest currents in the world, the Loop Current, which is part
of the Gulf Stream current-system. This current sheds large anticyclonic eddies with diameters sometimes
larger than 250 km and speeds greater than 1 m s~!, which migrate slowly at about 5 km day~! to the
western gulf (Hurlburt and Thompson, 1980; Elliot, 1982; Vukovich, 1995; Vukovich and Crissman, 1986;
Dietrich and Lin, 1994). The wind forcing of the Gulf plays an important role because it drives, or at least
reinforces, a western boundary current flowing northward, near the northwestern shelf break of the gulf and
the cyclonic circulation in the Bay of Campeche (Sturges et al., 1993; Vazquez, 1993; Zavala et al., 2001).
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Fig. 1. Location of the Gulf of Mexico and numerical model domain shown with stepped line. BC indicates the Bay of
Campeche, WBC the western boundary current, WGAG the western Gulf anticyclonic gyre, LCE a Loop Current eddy, and
LC the Loop Current.

The gulf also has a high sea surface temperature (SST) variability and an intense seasonal heat flux
cycle, which are the main interest of this paper. In the northern part of the gulf, from winter to summer,
there is a variation of more than 12°C in the surface waters. The seasonal heat budget of the Gulf of
Mexico (GM) has been the subject of several studies which investigated the heat fluxes and modeled the
SST (Hastenrath, 1968; Etter, 1983; Etter et al., 1987; Adem et al.,, 1991; Adem et al., 1993; Adem et al.,
1994). Those studies have focused their attention in understanding the changes in one of the so called “heat
budgets” of the ocean, defined as H = [ pCpTdz where p is the density, C), is the specific heat and T is the
temperature, and the integral ranges from bottom to sea surface. The rate of change of this heat budget is
due to the surface fluxes and the advection, as expressed schematically in the relation

BH/at=Q3+Qb+Qe+Qh+Qa (1)

where Q is the net short wave radiation into the ocean, @ is the heat flux emitted by the ocean as long
wave radiation, including cloud feedback, Q. is the heat lost by the ocean due to evaporation, Q@ is the
heat flux through the ocean-atmosphere interface as sensible heat, and Q, is the horizontal advective heat
flux. The left hand side of equation (1) and the term Q, follow directly from the vertical integral of the
temperature equation, all other terms are the separation in contributions of the net boundary condition at
the upper limit of the integral.
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An estimation of 6H/dt was done by Etter (1983) using historical hydrographic data. The fluxes due
to short-wave and long-wave radiation have been estimated using empirical formulae (Hastenrath, 1968;
Etter, 1983; Adem et al., 1993) (hereafter H68, E83, A93). The formulae used by these authors have some
differences in their dependence on climatological variables. Turbulent fluxes have been computed in different
ways: by bulk formulae (H68, E83, A93), and computing them as a residual using equation (1) (H68). The
advected heat has been estimated using the temperature and water fluxes on the Yucatan Channel and the
Strait of Florida (H68, E83, A93) or as a residual of the other fluxes using equation (1) (E83).

The vertical heat flux within the water column was estimated by E83 following a method proposed by
Emery (1976). This method is based on the vertical variation of the temperature and an equation for the
divergence of heat. Adem et al. (1991) worked with a fixed mixed layer of 60 m and concluded that the
influence of the vertical fluxes into the mixed layer from below is negligible.

These authors have shown that 0H/dt is positive between March and September reaching its maximum
in May-June and the minimum in December-January. The sea surface temperature has a maximum in
July-August (~29.5 °C) and a minimum in February (~17 °C) (values offshore of the continental shelf).
The SST is very homogenous in the whole gulf surface during summer while in winter there are strong
horizontal gradients. Zavala et al. (1997) show that there are considerable uncertainties on the heat fluxes
parameterization.

In spite of the studies mentioned, considerable uncertainty persists in the heat flux estimations. Different
proposals of the bulk formulae produce significant differences. The turbulent fluxes, i.e. the latent heat
flux, and the sensible heat flux, have been estimated with the same formulae or an equivalent set, but with
different value of the turbulent coefficients (Appendix III). In the estimation of the radiation fluxes, different
formulae have also been proposed. These fluxes are affected by the presence of clouds whose influence has
been considered under different algorithms or values of coefficients, producing odd results. Another source
of uncertainty in the estimation of the turbulent fluxes is related to the database used. Some common
problems are that not all the regions have enough samples, and some variables have a bias (i. e. ships avoid
storms, local influences on costal meteorological data, etc.)

The main interest of this paper is to study the seasonal variation of the surface heat fluxes and the SST in
the Gulf of Mexico, with emphasis on understanding the relative importance of advection and entrainment.
We analyze in detail the contribution of each term in the heat equation and its influence on the seasonal
variability of the SST. The heat fluxes are reviewed computing them by bulk formulae, usmg radiation data
from satellite (Darnell et al., 1992), and numerical modeling. Also, heat fluxes estlrnated in this work are
compared to previous estlmatlons Data from the Comprehensive Ocean Atmosphere Data Set (COADS)
are considered and a set of bulk formulae are chosen based on the results of recent works by Reed (1983),
Geernaert (1990), and Katsaros (1990). The COADS sea surface temperature is also used to qualify model

results. Several numerical experiments were done in order to evaluate the importance of different influences
on the SST.

In the numerical experiments, a 22 inhomogeneous layer model (reduce gravity with 2 active layers) is
used, similar to those used by McCreary and Kundu, (1988), Schopf and Cane (1983), and McCreary et
al. (1993) This model allows for variations, within each of the two active layers, of the horizontal velocity,
thickness and temperature, each with dynamic consequences. In particular, the inclusion of laterally varying
temperature allows the modeling of non-uniform surface heat fluxes and realistic vertical exchanges between
the layers. Forcing mechanisms are the monthly climatological wind stress, the surface heat flux deduced
from a Haney’s type of equation (Haney, 1971), and prescribed transports for the Yucatan Channel and
the Strait of Florida. The entrainment, thickness and temperature of the upper layer follows a Niiler-Kraus
mixed layer model.

Section 2 includes a description of the model; sections 3 includes the analysis of the heat fluxes, and section
4 describes the influence on the SST of different terms in the heat equation and the entrainment. Discussion
and final remarks are included in section 5. Specifications of the bulk formulae used, a linearization of them,
and a compilation of formulae from other works using bulk formulae, are found in Appendlces I, IT and III,
respectively.
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2. The Model

A primitive-equations inhomogeneous layered numerical model is used. These kind of models have been used
by many authors (Schopf and Cane, 1983; McCreary and Kundu, 1988; McCreary et al., 1993; McCreary
and Lu, 1994), the origins of its formulation is not that recent (Dronkers, 1969; Lavoie, 1972). In this study,
the model consists of an active upper layer with variable thickness related to the mixed layer, an active
intermediate layer, and an infinite depth motionless and homogeneous deep layer. The model allows for the
exchange of heat, momentum, and mass through each of the three interfaces. For this work no exchanges
are included between the intermediate and deep layers, nor is mass exchanged through the surface. The
temperature equations include surface heat flux and cooling due to entrainment from the lower layer. For
entrainment it is understood the thickening of the upper layer due to the incorporation of water from the
intermediate layer. A mixed layer model was coupled to the upper layer to allow changes of temperature and
thickness in the upper layer even in the absence of advection. There is also the possibility of detrainment,
the process of thinning the upper layer by expelling a fraction of its water into the intermediate layer.
Detrainment does heat up the cooler intermediate layer. The lateral boundaries are either open or vertical
walls and the shelf processes as well as its interaction with the interior are not considered in this work. This
last feature simplifies to a great extent the numerical model, but it is likely the major limitating factor to
be realistic.

The momentum, continuity, and heat equations for the upper layer are
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In the above equations, 6 is the latitude, ¢ is the longitude, u; and v; are the longitudinal and latitudinal
components of the velocity respectively, i is the layer index, T; and h; are the temperature and the layer
thickness respectively, U; = u;h; and V; = v;h;, are the transport components, 7 is the component of the
wind stress in the j direction, Q is the heat flux through the surface, w, is the entrainment and wy the

detrainment. (Vpi)gk) is the k component of the depth-averaged horizontal pressure gradient in the layer.

A biharmonic damping is used to prevent motions with structure at grid scale while allowing practically
undamped large-scale motion (Holland, 1978).

Entrainment is defined as the rate of the upper layer thickness increase due to the influx of water from
the intermediate layer and is positive definite. The detrainment is minus the rate of volume water received
in the intermediate layer from the upper layer, and is negative definite. The momentum and heat exchanged
by the entrainment (detrainment) are distributed uniformly in the vertical on the receiving layer. Notice
from the previous equations that total volume (h; + h3) is conserved.

The depth-averaged pressure gradients are given by

1
(Vpl)z = agV [hl(Tl - T3) + h2(T2 - Tg)] — §agh1VT1, (10)
1
(Vp2): = agV|[(h1+ ho)(To — T3)] — ag(hi + §h2)VT2, (11)
where o is the coefficient of thermal expansion and g is gravity. .

The numerical model was run on a C grid (Mesinger and Arakawa, 1976), with a zonal and meridional
resolution of 1/6 of degree between the same variable points. A leap frog scheme was used to integrate the
equations in time, with a forward derivative every 99 time steps to prevent time-splitting instability. The
time step was 20 min. The parameters used in the model are listed in Table 1.

Transports in open boundary upper layer (0-75 m) 6 Sv
Transports in open boundary intermediate layer (75-275 m) 6 Su
Meau Inflow temperature of upper layer 27.28 °CC
Amplitnde o'f sinusoidal term of the 194 °C
upper layver inflow temperature
Date of maximum upper layer inflow temperature Ang 10
Inflow temperature of intermediate layer water T, 150 °C
Temperature of deep ocean T 40 °C
Initial thickness of upper layer I, 65 m
Initial thickness of intermediate layer 1, 200 m
Lutrainment time scale [  day
Detrainment time scale 1y 1 day
Minimum detrainment upper layer depth Hiin 15 m
Maximum entrainment upper layer depth i 100 0
Dyvnamic entrainment. depth I, 45 m
Dynaniic detrainment depth A 100 m
Coefficient. of wind stirring m 1.3
Coefficient of the seasonal entrainment term D, 1.5
Coetficient of the seasonal detrainment term Dy 1.5
Coeflicient of thermal expansion o 0.00025 °C-!

Table 1. Model parameters.
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2.1. Forcings

The model was forced with the climatological wind stress data of Hellerman and Rosenstein (1983). The
data set comes in a monthly and 2 x 2 degree resolution, and it was interpolated in space to the model-grid
resolution and in time.

Transports were prescribed in the open boundaries: an inflow at the Yucatan Channel and an outflow at
the Strait of Florida (Table 1). The upper layer temperature at the Yucatan Channel is prescribed with a
seasonal (sinusoidal) variation obtained from a least squares fit to the Levitus (1982) surface temperature
data.

The surface heat flux is computed using a Haney’s type expression ( Haney, 1971):

Q" =q¢"(T; - T) (12)

where Q* ~ Q = Q, + Qb + Q. + @, is an estimation of the surface heat fluxes, 77 is the upper layer
model temperature, ¢* is a linearized factor computed from the bulk formulae, and T is a function of air
temperature. These variables are time and space dependant. A description of the equation (12) and the
bulk formulae used to compute the surface heat fluxes are included in Appendix 1.

The surface heat fluxes were computed using ten years of data from the Comprehensive Ocean-Atmosphere
Data Set (COADS) covering the period 1980-1991 and satellite radiation data from Darnell et al. (1992).
The data were averaged to obtain a monthly climatology and a Hanning spatial filter was applied to them.
The surface heat fluxes and the functions TF and g¢*, required for equation (12), were computed from these
data. The results of the surface heat fluxes are discussed in section 3. The functions T; and ¢* were linearly
interpolated in time and space to have the same resolution of the numerical model.

2.2. Mized layer physics

One of the features of the model is that it has a simplified mixed layer. It is implemented through the
coupling of a Niiler and Kraus (1977) mixed layer model to the upper layer. The aim of this formulation
is to model the balance of temperature and thickness of an upper mixed layer given the surface heat and
momentum fluxes and a way to compute entrainment and detrainment.

2.2.1. A simplified mized layer model

A one dimension simplified model of the mixed layer, similar to the one embedded in the numerical
model, illustrates the seasonal evolution of the temperature and the mixed layer depth. The model has the
equations:

oTh Q we(Tz — T1)

L = 13
o pCh T (13)
Ohy
bbbl 14
gD We + Wy, ( )
We = wér(w;)r (Hmax — h1), (15)

wg = W,T(=w,)T (b1 — Huin) , (16)
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(17)

where h; is the upper layer thickness, u, is the friction velocity, m is the wind stirring coefficient, By is the
buoyancy flux, g is gravity acceleration, « is the coefficient of thermal expansion, T and T3 (constant in
this case) are the temperatures of the upper and intermediate layer respectively. The entrainment is w, and
the detrainment wy. D is a coefficient that controls the rate of entrainment and detrainment, H,,,, and
Hupin restricts h; to a predefined thickness range. I'(z) is a Heaveside step function, where I'(z) = 1 when
z > 0, otherwise I'(z) = 0. The buoyancy flux is a function of the surface heat flux and was computed as

- 29
pCp

0

Entrainment and detrainment change h; toward the Monin-Obukhov thickness, given by

The Monin-Obukhov thickness corresponds to equilibrium between the terms in the numerator of the
right hand side of equation (17). When By is positive and small, Hyo is large. If By < 0 then Hpyo = o0
or negative and correspond to a water column that is mixed from surface to bottom. The Monin-Obukhov
thickness is never reached because of the changing conditions. The rate at which h; follows this thickness
is controlled by the density difference relative to the intermediate layer, the wind stirring (mu2), and the
buoyancy flux (Bp). It is also adjusted by the parameter D; for larger values of D the seasonal variability
of h; and T} increase. This because as D increases entrainment enhances in winter and detrainment in
summer producing thicknesses closer to their prescribed limits (i.e. Hpyax in winter and Hy,, in summer).
Then, given the same seasonal heating the temperature variation is amplified as D is increased. On the
other hand, the value of m heavily influences the average depth; for larger values the mean depth increases
and the seasonal signal of temperature decreases due to the larger layer thickness.

Year

Fig. 2. a) Modulation of the seasonal variation of the mixed layer thickness with different value for the coefficient D. Thick
line for D = 0.3 and thin line for D = 0.5. b) Mixed layer temperature using constant depth, and entrainment-detrainment
with two different values for the coefficient D. The higher temperature corresponds to the case with constant depth, and the
intermediate and cooler temperatures to those with variable depth with D = 0.3 and D = 0.5, respectively. Results show a
larger seasonal variation of temperature when entrainment is included with cooler winter temperatures.
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Figure 2 shows the seasonal variation of the mixed layer thickness and temperature computed with the
model defined by equations (13) to (17). Results illustrate the variation of the seasonal range of the mixed
layer thickness and temperature for two different values of the parameter D. For this example we use the

average surface heat fluxes and winds in the gulf from Tables 2, 3, 4, and 5, other values are those on Table
1.

2.2.2. The model mized layer

To compute the entrainment (w.) and detrainment (wg4) in the numerical model we use the following
expressions:

,  (h1—H.)? mud — h1By
=——"T(H,—h D, = )
We H.t, ( )+ gahy (Ty — Ty + 6) (18)
, (hy — Hy)? mu? — b1 Bo
=——-—"T(h) - H
b Hgtg (ha )+ Ddgahl (T — T+ 6)’ 19)
We = w;F(w;)F (Hmax — M), (20)
wq = wil(=w)T (h1 — Hmin) » (21)

where H, and Hy are limiting depths for entrainment and detrainment respectively, t. and ¢4 are the relaxing
time for entrainment and detrainment, D, and Dy are coefficients that control the rate of entrainment and

detrainment respectively, 8 is a constant to prevent overturning, and all other variables have been previously
defined.

The first term in the right hand side of equation (18) becomes important in upwelling regions and
eliminates numerical singularities avoiding zero thickness of layers. This term has been used by several
authors (for example McCreary and Kundu, 1988). The second texm in the right hand side of (18) is
a Niller and Kraus (1977) term. It involves hy, the surface buoyancy flux, the density difference between
upper and intermediate layers, and wind stress; it is weaker than the first term, but is active during seasonal
periods in wide areas, making its contribution important in the seasonal scale.

Equations (20) and (21), through the values of Hpnax and Hyin, restrict entrainment and detrainment to a
priori determined range of the mixed layer. They also prevent numerical instabilities produced from a very
thin or thick mixed layer due to extreme conditions in buoyancy or turbulent kinetic energy production.

2.3. Numerical experiments

Several numerical experiments have been accomplished with the purpose of recognizing the relative
contribution on the temperature variability of the advection and the entrainment. In all the experiments
the model is forced with the wind stress and the Yucatan Current producing an eddy shedding period of 8.5
months. In each experiment we spin-up the model for one model year from an initial state of rest to reach
stable conditions, then we use the following 12 years to extract the mean annual cycle. Experiment E-0 was
carried out to quantify the contribution of the entrainment-detrainment to the seasonal variability of the
SST. In this experiment all the terms in both, the heat equation and entrainment-detrainment equations are
included. Experiments E-1A and E-1B show the contribution to the SST of the radiative fluxes estimated by
bulk formulae and satellite respectively. In Experiments E-1A and E-1B all the terms in the heat equation
and only the first term in the right hand side of equations (18) and (19) are included. Experiment E-2 was
accomplish in order to quantify the contribution of the heat advection to the SST. In this experiment the
advection terms in the temperature equations (5) and (9) are removed and only the first term on the right
hand side of equations (18) and (19) are considered. '
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3. Heat fluxes

The heat fluxes through the surface are computed by the equation

Q=Qs+Qp+Qc+Qn (22)

where Q is the total heat flux through the surface. The first two terms in the right hand side of equation
(22) are usually called radiative fluxes and the last two the turbulent heat fluxes.

The radiation fluxes (Qs + @) were estimated from the satellite data of Darnell et al. (1992), and in an
independent way, following the equations proposed by Reed (1977, 1983). The selection of these formulae
is supported by the review of Katsaros (1990). The computation of the turbulent fluxes was done using
the equations given by Gill (1982) choosing constant turbulent coefficients consistent with the results of
Geernaert (1990) (Cg = Cir = 1.4 x 1073). A description of the formulae used is in Appendix L.

3.1. Discussion on heat flur estimates

Heat fluxes were computed for each point in a 2° x 2° grid and, from them, the mean surface heat
flux per unit area for the entire gulf. The mean heat flux values obtained with these formulae are shown
on Figure 3 together with previous results from H68, E83, and A93. Our results have a similar seasonal
variation than those of previous works but with higher values during all the year. Moreover, differences are
larger in winter compared to E83 or A93, and in summer when are compared to H68 (Fig. 3, Table 2).

Q (total)
200 iy
150+
100+ y
501
o
g Of
= 501 .
-100 1 E83 J
-150}F N A
\A93
-200 . N A \ R .
J FMAMUJIJI AS OND
MONTH
Fig. 3. Total surface heat fluxes including t 10se of previous studies: EF, results obtained using empirical formulae; Sat, results
obtained using satellite radiation data and cmpirical formulae; H68, Hastenrath (1968); E83, Etter (1983); and A93, Adem

et al. (1993).

These differences are smaller than the seasonal signal but they are significant compared to the expected
interannual variability. They also have consequences on the role that the gulf has in the northward heat
transport. We review the estimation of each term in the heat equation. Unfortunately not all previous
works separate the short-wave and long-wave radiation nor the latent and sensible heat fluxes considering
them together as radiative and turbulent fluxes respectively.
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Monthi  Sat & EFF BF 168  E83  A93
1 -69.5 -43.9 -64.4 -137.0 -105.0
2 -32.0 -0.9  -266 -720 -48.3
3 12.1 559 198 -11.0 8.3

4 56.1 1027 363 640 650
5 84.1 135.5 523 840 76.7
6 78.8 134.7 315 830 88.3
7 80.8 1209 36.8 720 1000
8 70.9 1082 339 490 437
9 17.2 545 -0.5  -230 -12.7
10 -37.7 58 -741  -96.0  -69.0
11 -69.5 <453 -107.4 -149.0 -81.0
12 -83.5 -66.0 -118.6 -155.0 -93.0
“Annual 9.0 6.6 -15.1 241 22

Table 2. Total average surface heat fluxes (@) in W m™2. The abbreviations have the following meaning: Sat means radiation
measured by satellite, EF, means estimation made by empirical formulas (radiation), BF means estimations by bulk formulas
(turbulent fluxes), H68 means estimations of Hastenrath (1968), E83, estimations made by Etter (1983), and A93 means
estimations made by Adem et al. (1993).

3.1.1. Radiative fluzes

The radiative flux estimates are represented on Figure 4 and Table 3. There are three previous estimates
(E83, H68, and A93) and the two computed here: one using Reed’s formulae with data from COADS as
input, and another using radiation measured by satellite (Darnell et al., 1992). The data produced by Reed’s
formulae have the largest mean value, and are larger during all the year than the values proposed by E83
and H68. Differences increase in summer reaching more than 100 W m—2 between H68 and those obtained
following Reed’s formulae.

Table 3. Average radiative fluxes (Qs + @p) in W m=2.
Abbreviations as in Table 2.

250
Month  Sat Er 168  E83  AU3
i 6H.8 911 62.0 62.0 117.0
200} | 2 89.6 1207 87.6  99.0 149.0
3 1225 166.2 1207 1300 181.0
o~ 4 L1628 2094 1467 166.0 213.0
£ 5 1851 236.4 156.3 183.0 217.3
;150' 1 G 188.0 2439 139.9 1850 221.7
7 196.1 2453 1384 181.0 226.0
8 186.9 224.1 140.4 167.0 200.3
100 } | 9 1500 1883 1336 1350 174.7
10 1188 150.8 96.8 1060 149.0
1 8.6 1089 70.7 760 1383
12 66.4 81.0 64.9 38.0 127.7
50 » : . . Atnual 138 1724 1139 1200 176.3

J FM AMUJUJASOND —

Month

Fig. 4. Estimation of radiative fluxes from different authors.
Symbols as in Figure 3.

The short-wave radiation in cloudy sky has been computed with many formulae giving significant differ-
ences. The computation of the cloud attenuation to the short-wave radiation is one of the main causes of
disparities, it has been computed as a linear or nonlinear function of cloudiness with different coefficients
(Katsaros, 1990). Another difference between the short-wave radiation estimates is due to the fact that
some formulae also include the angle of declination of the sun in the computations. We choose Reed’s
formulae since Katsaros (1990) underlines that this formula better agrees with direct measurements. The
values obtained with this formula are considerably higher than those obtained following the formula from
Budyko (1974), which is the same used by Etter (1983). The term related to the sun declination in Reed’s
formula induces larger differences in the summer. As an example, if Budyko’s and Reed’s formulae are
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used with the same Q. (clear sky radiation) and cloudiness at 25° N, there is a mean annual difference of
33 W m~2 (Fig. 5). On the other hand, using Reed’s formula, a difference of 13% in cloud cover (from 52%
obtained using COADS data to 65% used by A93) induces a difference of 23 W m~2 on the annual mean
(Fig. 5).

The long-wave radiation estimation formulae differ because the black body radiation is multiplied by
an absorption function which depends on the cloud cover and the humidity. The absorption function has
different parameterizations in the formulae of each author.

The surface heat fluxes obtained using satellite radiation data are similar to those reported by E83, larger
for summer than those of H68 and lower all the year than A93 (Table 3). These data were computed from
a two year data set (1987-1988). Using these data to compute the total surface heat fluxes, the monthly
values are also similar to E83 and slightly larger than A93 and H68 (Fig. 3). The net mean surface heat
flux is 9.0 Wm™2.

Qs
300 +
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Reed C=.65
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Fig. 5. Estimations of Qs from Budyko’s and Reed’s formulae using the same clear sky radiation (Q.) and two different
cloudiness: constant with C = 0.65, and variable cloudiness computed from COADS with monthly mean values ranging
from 0.47 to 0.56.

3.1.2. Turbulent fluzes

The formulae that we used in the computation of the turbulent fluxes are similar to those used in previous
studies in the Gulf of Mexico (H68; E83; Etter et al.,, 1987; A93) but with different turbulent coefficients.
These authors had used very different values (Appendix III), which produce significant differences. The
estimation of the turbulent fluxes is linear in the turbulent coefficient. In the Gulf of Mexico an increment
in Cg and Cy of 0.1 x 1073 in the turbulent coefficients of the latent and sensible heat flux equations
produces a decrease in the annual mean flux of ~10 W m~2. Recent experiments (Geernaert, 1990) show
that the best approximations are linear functions of the wind speed. We use a constant value for the
turbulent coefficients of Cg = Cy = 1.4 x 1073 corresponding to tropical areas for wind speed of 10 m s~!.

Figure 6 shows our estimates of monthly means of the turbulent fluxes together with those of previous
works. Qur values are lower than those obtained by A93 and E83. The seasonal signal is more intense in
the E83 and A93 calculations. The higher seasonal variation on the E&3 turbulent fluxes could be due to
the fact that he used variable coefficients which increase the turbulent fluxes in winter, when the wind speed
is stronger. A93 used a constant coefficient Cx = Cyy = 1.6 x 1073, a value between the one used by H68
and E83, but they obtained the strongest turbulent fluxes (Table 4 and Fig. 6). The large values estimated
by A93 might be due to the wind data that they used (from the US Weather Bureau, 1952). Unfortunately
they do not include in their paper the values of the wind data itself. The wind speed data used by H68
are similar to COADS, as can be seen on Figure 7. However, in both cases, it has to be considered that
both data sets could underestimate the turbulent fluxes since they are from ships, and ships tend to avoid
storms.
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Fig. 6. Estimation of turbulent fluxes from different authors. BF indicates our results obtained using bulk formulae, other
symbols as in Figure 3.

Table 4. Average turbulent fluxes (Q¢+ @) in W m™2. Abbreviations as in Table 2.
Month  BF 168 L83 A3

! -135.3 1263 199.0 -222.0
2 -121.6 1142 i71.0 -197.3
3 -10.4 1099 1410 -172.7
4 -106.7 1104 1020 -148.0
o -101.0 1041 99.6 -140.7
6 -109.2 1084 1000 -133.3
7 -115.3 1016 1090 -126.0
8 -116.0 106.5 118.0 -156.7
9 -133.8 I34.1 138.0 -187.3
10 -156.5 1709 202.0 -218.0
1 -1540 1781 2250 -219.3
12 -149.9 1834 213.0 -220.7

Annual 1258 129.0° 15331 -178.5

Wind Speed

m s
N WA O N D O O

J FMAMGUJASOND
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Fig. 7. Average wind speed data from COADS and those of Hastenrath (1968).
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Wind speed cloud coverage
Month  COADS H68 COADS 1168~
hline | G.8 7.2 0.54 0.147
2 6.9 8.0 .56 0.47
3 6.6 6.9  0.51 .46
B 6.3 6.5 047 0.40
) 9.9 5.9 049 .42
6 5.3 52 0.52 0.56
T 4.9 3.9 050 0.56
3 4.9 5.7 0.54 0.51
4 5.5 56 0.56 0.47
14 6.2 5.3 0.50 0.47
1] 6.8 7 0.51 0.52
12 6.8 8.2  0.56 0.46
Aunual 6.1 63 0.52 048

Table 5: Average wind speed (ms™') and cloudiness (in tenths). COADS means data
from the Comprehensive Ocean-Atmosphere data set.

4. Modeling the sea surface temperature

The SST was analyzed with the numerical model described in section 2. The heat fluxes into the model
are prescribed using equation (12). To study the seasonal behavior we suppressed the variability due to
propagating eddies by taking the monthly mean temperature over 12 years of monthly model data.

4.1. Radiation estimated from satellite and empirical formulae

Experiments E-1A and E-1B have the same mixed layer physics, but different heat input sources. In
experiment E-1A the radiation fluxes were computed with the empirical formulae of Reed (1977, 1983). In
the output of this experiment the average temperature stays higher than the observed during all year with a
difference in the mean temperature of 1.9°C and a root mean square (RMS) error, relative to observations,
of more than 2.5°C.

In experiment E-1B the radiation fluxes estimated from satellite were used in the computation of the
surface heat fluxes. In this case the average model temperature has a mean difference to the average
temperature of observations of 0.6°C, with a RMS error relative to observations of 1.47°C.

As we have shown, there are considerable differences in the estimation of the radiation fluxes using Reed’s
formulae and those from satellite. If the computations using Reed’s formulae were correct, with a transport

of 25 Sv and considering as a good approximation that all the heat gained is exported through the Strait of
Florida, there must be an average difference of 0.5°C between the temperatures of inflowing (at the Yucatan
Chanuel) and the outflowing (through the Strait of Florida) water temperatures. If we consider that the
temperature changes are limited to the upper 300 m and the transport in this layer is of 12 Sv (Gallegos et
al., 1998}, the temperature difference must be 1°C.

The studies that refer to the heat transport in the Yucatan Channel and Strait of Florida do not indicate
those temperature differences (H68). On the other hand, in E-1A, which was ran with the data from Reed’s
formula, the model temperature remained higher than observations indicating that the heat advection
through the Strait of Florida, necessary to decrease the Gulf temperature, is not there.

Based on these results we decide to perform our experiments using the satellite radiation data as the best
approach.

The SST in E-1B is determined mainly by air-sea interaction and heat advection. In this experiment,
vertical fluxes between the upper and the intermediate layers are limit¢d to small regions where there are
strong boundary currents.

E-1B reproduces qualitatively well the most important characteristics of the SST in the Gulf of Mexico.
Model SST data are higher than COADS data from October to March and lower from April to September.
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The mean temperature of model results is similar to the mean temperature of observations, with differences
between them with an average of 1.3°C (Fig. 8) and a RMS of 1.47°C (Fig. 9). In winter, model tempera-
tures are higher than COADS-SST, and differences reach more than 2.5°C in the northern gulf. The
maximum model temperature is reached in September, lagging one month the maximum of COADS data;
the minimum occurs in February as in observations. The lag in the SST cycle can be explained by the
fact that in the model the surface heat is distributed instantaneously over the entire upper layer instead of
progressively, diffusing it from the surface, in which case the SST responds faster.

4.2. Advection and entrainment-detrainment contributions to the SST change

In E-2 the advection terms on the heat equation are removed and the SST is determined solely by air-
sea interaction. The mean spatial temperature is similar to that of E-1B. The Loop Current and eddies
temperature signal disappears, while north-south temperature gradients are more intense. In winter and
spring the temperature at the northern gulf are lower than in E-1B, and remain closer to observations, but
in other regions temperatures are higher and consequently produce a similar RMS (Figs. 8, 9).

a1 MEAN SEA SURFACE TEMPERATURE

30+

25+

24t

Q (E:?-OADS

23+ ™~ EO b

22

JF M A M J J A S O N D
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Fig. 8. Monthly mean SST from COADS data and those obtained in the numerical experiments. E-1A corresponds to data
from experiment 1 using Reed’s formulae for the radiative estimations, E-1B when satellite data are used, E-2 data from
experiment 2, without heat advection as explained in the main text, and E-0 are data from experiment 0, including all terms
in the heat equation and entrainment-detrainment produced by surface heat fluxes.
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Fig. 9. Root mean square error of the sea surface temperature between numerical experiments and COADS data. Symbols as
in Figure 8.
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The higher winter temperature of the model, both E-1B and E-2, compared to observations, suggests that
there are other important cooling processes besides the interaction through the sea surface and advection.

In E-0, we included an entrainment-detrainment process associated to surface fluxes that simulate the
seasonal thickness change of the mixed layer. The seasonal variation of the SST is better reproduced when
entrainment is included because it contributes to the winter cooling. The RMS from E-0 upper layer mean
temperature to observations has an average of 1.0°C while E-1B and E-2 have 1.5°C and 1.7°C, respectively
(Figs. 8, 9).

Our results differ from A93 in that they consider a mixed layer of constant depth (60 m) and vertical
fluxes negligible below this depth. The main difference is due to the turbulent fluxes that they have, which
are considerably stronger than ours. They use a larger turbulent coefficients (Cz = Cy = 1.6 x 1073) than
the ones that recent experiments suggest, and a different wind speed data source.

The annual cycle of the mean value of the entrainment is represented in Figure 10. Entrainment is
stronger during October and November. The mean thickness of the mixed layer is represented in Figure
11 showing that deepening of the upper layer begins in late September and ends in February, reaching its
maximum rate of change in November. Another evidence of entrainment is reviewed in section 4.4.
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Fig. 10. Mean value of the entrainment. It is more intense in autumn and winter and weaker in spring summer due to the
balance between buoyancy flux and wind drag.
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Fig. 11. Annual cycle of the mean upper layer thickness. It shows the seasonal variation of the mean upper layer thick-
ness, maximum depth is reached in February and minimum in August. This cycle is determined by the entrainment and

detrainment.
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4.8. Seasonal sea surface temperature variability

Monthly SST from COADS and model upper-layer temperature from E-O show lower values in February
and maximum in August-September (Figs. 12 and 13). The SST begins to rise in March at the same time
that the mixed layer thickness begins to decrease and the heat flux through the surface becomes positive
(Figs. 3, 8, 12, 13). In March, after the previous winter season, there are strong north-south gradients. The
anticyclonic eddies and the Loop Current are clearly identifiable in SST (removed on figures 12 and 13 since
they are monthly composite means), due to the higher temperature than their surrounding. Meanwhile, the
Bay of Campeche has higher temperatures than the northern gulf. However, in the middle of the Bay of
Campeche the water is cooler than its surroundings due to a cyclonic circulation. In the Bay of Campeche,
the model temperatures are higher than observations. A review of the causes shows that, during winter,
the COADS winds are low and cloud cover fields show clear skies in the south and southeastern Bay of
Campeche (there are few data values in the region) producing low heat loss by latent heat flux and strong
heat input by short-wave radiation.

NOV

R S ———
85W 80w

Fig. 12. Maps of SST from COADS data (from a 2° x 2° grid).

In May the downward heat flux is positive in the entire gulf, the SST still has some north-south gradients
and the Bay of Campeche SST reaches 28°C. The Loop Current, their eddies, and the Strait of Florida
gradient are still evident in SST.

In July the entire gulf has almost the same SST, between 28°C and 29.5°C making indistinguishable

the Loop Current and the eddies through surface temperature observations due to the lack of temperature
contrasts.

The scenario described for July continues until September, increasing the SST to 29°C or 30°C in the
entire gulf. In October, the gulf starts to cool because the heat flux through the surface changes its direction.
The winds are stronger and change to a more southwestward direction. In November, the heat loss to the
atmosphere is more intense and in combination with stronger winds that rise the levels of turbulent kinetic
energy produces entrainment, deepening and cooling of the mixed layer. The cooling mechanisms are not
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spatially homogeneous; entrainment is more intense in the northern and western gulf. The surface cooling
and the inflow of subsurface cold waters increase the SST gradients and the anticyclonic eddies and the Loop
Current have higher surface temperature than their surroundings. Also, a cold signature in the western Bay
of Campeche can be seen due to the cyclonic circulation in the region (Fig. 13). Entrainment in the upper
layer continues until February, cooling and deepening the mixed layer, and increasing the SST gradients.

18N -
95w oW B5W Ly

Fig. 13. Maps of model upper layer temperature from Experiment E-0.

4.4. Evidence of entrainment

We look for an independent evidence of the existence of the entrainment in the concentration of pigment
values from the satellite images processed by NASA’s Goddard Space Flight Center (Tran et al., 1992).
Pigments in the Gulf of Mexico are more intense in the shelf area and near the river mouths, with weaker
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Fig. 14. Monthly mean pigment concentration in the deep region of the Gulf of Mexico computed from the Coastal Zone Color
Scanner data. Relative high values are found during winter and lower in summer in concordance with the entrainment cycle.
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values in the deep areas. Figure 14 presents the monthly average values for regions off the shelf. The
pigment concentrations in the inner gulf are weak but show a clear seasonal signal with higher values in
winter and spring and lower in summer in agreement with the results obtained for the entrainment. Pigment
estimations from Tran et al. (1992) data are similar to those of Miiller et al. (1991) and Walsh et al. (1986).
The correspondence in phase of the pigment and the entrainment cycle does not prove that this mechanism
is the cause of a fraction of the winter cooling but it reinforces the hypothesis.

The mechanism that we proposed implies that a fraction of the heat gained by the gulf through the
surface is transferred by detrainment into intermediate waters and exported through the strait.

5. Discussion and final remarks

The heat fluxes in the Gulf of Mexico were reviewed using a 2% numerical layer model with thermodynamics
and mixed layer physics and through the analysis of bulk formulae, climatological data from COADS and
radiation estimations from satellite. Heat fluxes estimate was compared with those of previous studies.

The numerical model was forced by a constant inflow and outflow through the Yucatan Channel and
the Strait of Florida respectively, and monthly climatological winds. Monthly heat fluxes through the
surface were parameterized as Haney (1971). Different versions of the entrainment parameterization and
the heat equation were used to determine the influence of different physical processes on the SST. Also, the
contribution of each term in the heat equation was reviewed by examining its impact on the modeled SST.

It is shown that the use of different formulae to compute the short wave radiation results in considerable
uneven estimations. Results are very sensitive to changes in the cloud cover value and its parameterization.
This analysis shows that the satellite radiative estimates are good for the radiative fluxes. The computation
of the long wave radiation is sensible to the black body absorption function, which varies depending on cloud
cover and humidity values. In addition, it is shown that turbulent fluxes are highly dependant on the values
of the turbulent coefficients in the empirical formulae. Based on the review of different parameterizations
of the turbulent fluxes discussed by Geernaert (1990), we choose values for the turbulent coefficients that
are smaller than those considered in previous works.

In order to analyze the relative influence of different processes on the SST, several numerical experiments
were conducted including or removing terms in the model equations. When temperature advection is
removed (E-2), the SST shows significant changes, relative to the tase in which it is included (E-1B),
mostly in the northwestern gulf where the advection of water from the south increases winter temperatures.
However, when entrainment-detrainment associated with the wind stress and the buoyancy flux are included
(E-0), the winter temperatures are better reproduced and the RMS error between modeled and observed
SST decreases to almost half of that in E-1B.

A mean net heat flux of 9.0 Wm™2 is estimated, the composite year with the mean removed has a
maximum value in May (84.1 Wm~?), remaining almost with the same value until July and has a minimum
in December (-83 Wm™2). It is shown that differences between our estimate of the heat fluxes and those of
previous studies are due to different data sources and algorithms used in the computation. Another possible
source of differences with E83 is the lack of data in the Bay of Campeche in his work.

It is shown that the entrainment and detrainment (shallowing and deepening of the mixed layer) have a
significant role in the seasonal evolution of the sea surface temperature of the Gulf of Mexico. In addition,
the entrainment seasonal cycle, characterized by an increase in winter and a decrease in summer, agrees
with the pigment cycle as is expected by the input of subsurface water rich in nutrients into the mixed layer.
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APPENDIX I. HEAT FLUXES ESTIMATION

The surface heat flux computation was made based on bulk formulae. The net heat flux Q through the sea
surface is given by

Q=Q3+Qb+Qe+Qh

where Qg, Qb, Qe, and Qy are the heat flux due to the short wave radiation, long wave radiation, latent
heat, and sensible heat respectively.

1. Incoming short wave radiation

The short wave radiation was estimated following Reed (1977)

Qs = Qc(1 - 0.62C + 0.0019a)(1 — A) (23)

where C is the fraction of sky covered by clouds in tenths, a is the altitude of the sun from the horizontal at
noon (in degrees), A = 0.06 is the albedo, a is computed with the relation sina = sin | sin[23.87 sin(2w (t —
82)/365)] + cos I cos[23.87 sin(2m(t — 82)/365)], where [ is the latitude (Reed, 1977). The radiation under
clear sky (Q.), is computed with the formula

Qc= Ao+ Ai1cos¢d + By sing + Ay cos2¢ + By sin 2¢ (24)

from Seckel and Beaudry (1973), cited in Reed (1977). In equation (21), ¢ = (2m/365)(t — 21) is a function
related to the day of the year in which ¢ is the Julian day. The coefficients in equation (24) were computed
following Reed (1983).

2. Long wave radiation

The long wave radiation was computed as Reed (1983):

Qb = 0€T*(0.254 — 0.00495¢,)(1 — 0.7C) (25)

In this equation o = 5.67 x 1078 Wm~2K~* is the Stefan Boltzman constant, € = 0.97 is the emissivity
of the sea surface, T is the temperature in degrees Kelvin, e, is the water vapor pressure (in millibars)
computed following Gill (1982) and is given by

eqa = (H/100)e,,
with H the percentage of relative humidity, and e,, is the saturation vapor pressure computed as

ew = 0.98[1 + 107°P(4.5 + 0.0006¢2)]10”
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where P is the atmospheric pressure at sea. level in millibars and v = (0.7859 + 0.03477t,)/(1 + 0.00412t,),
in which t; is the temperature in Celsius.

3. Latent heat flur

The latent heat flux was computed with the relation

Qe = paCEwL(q.s - Qa) (26)

In this relation p, is the air density, Cg is the turbulent coefficient, L is the latent heat of vaporization,

w is the wind speed, g, is the saturation specific humidity and g, the specific humidity at anemometer level.

The latent heat was calculated following Gill (1982) as L = 2.5008 x 106 — (2.3 x 10%)T,; p, = 1.25 Kgm™3,

((15 lzi,n(d qa,)the saturation specific humidity at sea surface and the specific humidity of air were calculated as
ill (1982):

gs = (0.62197e,,)/(P — 0.378¢y,),

go = (0.62197e,)/(P — 0.378e,).

In this work, a constant value of Cg = 1.4 x 1073 is used, following Geernaert (1990).

4. Sensible heat flux

The sensible heat flux was calculated with the formulae

Qn = PanCHw(TS - Ta), (27)

with Cy the sensible heat turbulent coefficient, Cj, is the specific heat o.f air, T, the sea surface temperature,
and T, the air temperature at ship deck level. We use a constant value of Cy = 1.4 x 1073, as Geernaert
(1990).

APPENDIX II. LINEARIZATION OF BULK FORMULAE

The idea developed by Haney (1971) to simplify the algorithm used to compute the surface heat fluxes for
modelling proposes is derived from the Taylor expansion of the bulk formulae respect to the sea temperature
and evaluating them at the air temperature. With this idea, Qs and Q. can be estimated as

%=l + (58) @-T),

and

_ Q. _
Qe = Qulr, + <8Ts )Ta (T, - To).

Now, using
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Q1= Qs — Qbly, —Qelr,

and

aQb 8Qe )
q‘—qh+<aTs>Ta+<aTs Ta)
where gr, = poCpwCp, and p,, Cp, w and Cx have the same meaning as in equation (27).

() can be estimated as

Q = Ql + q(Ta - Ts)'

Defining Ty = T, + Q1/g, the previous equation reduces to
Q=qT; -T). (28)

This equation is the one used for numerical modelling. T} as well as g are then functions of time and
space derived from climatological data (the COADS data in our case) and T, is the temperature of the
first layer of the model. However, in our case we can evaluate the derivatives in the Taylor series using
climatological values of the SST instead of air temperatures.

APPENDIX III. COMPARISON OF FORMULAE AND DATA SOURCES USED ON THE
HEAT FLUXES ESTIMATION IN THE GULF OF MEXICO BY VARIOUS AUTHORS

1. Q. computations

For the computation of @, usually the radiation in clear sky is computed first and with this data the net
short-wave radiation is computed including the effect of clouds. The clear sky short-wave radiation (Qc)
has been computed by several authors: '

Hastenrath (1968) and Hastenrath and Lamb (1978) takes data from Bernhard and Phillips (1958) maps.

Etter (1983) and Etter et al. (1987) used a combination of results from Bunker (1976) and Hastenrath
and Lamb (1978).

Bunker (1976) based its computations on Budyko (1963).
Adem et al. (1993) used data from Budyko (1974).

This work uses Seckel and Beaudry formula: Q. = Ag + A; cos ¢ + B sin ¢ + As cos 2¢ + By sin 2¢, from
Reed (1977) and Reed (1983) for the coefficients values.

2. Qs estimations
Hastenrath (1968) takes data from Bernhard and Phillips maps (1958). He used A = 6%.

Etter (1983), and Etter et al. (1987) used a combination of results from Bunker (1976) computed with
the formula of Budyko and Hastenrath and Lamb (1978) data.

Adem et al. (1993) used the formula given by Budyko (1974), cn I = (Q+¢)o(1— (a+bC)C)(1— A), where
(Q + q)o is the total radiation received by the surface with clear sky with a = 0.35, b = 0.38, (parameters
recommended for 25°N), C is the cloud cover in tenths, and A = 6% the albedo at the sea surface.

In this work we follow Reed (1977) using the formula Q, = Q.(1 — 0.62C + 0.0019a)(1 — A).
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3. Qp computations

Hastenrath (1968) used Qp = Qpo(1 — 0.60C), where Qpo is the long-wave radiation for clear skies, and
C the fraction of sky covered by clouds (in tenths). He follow Kuhn (1962) for the computation of Q0.

Etter (1983) and Etter et al. (1987) used Hastenrath and Lamb (1978) results.

Adem et al. (1993) used Qy = —80T2[0.254 — 0.0066Ue,(T,)}(1 — AC) — 460 T3 (T — Ty,); from Budyko
(1974), where 6 = 0.96 is the emissivity of the sea surface, A is the cloud cover coefficient (= 0.65 in their
computation), U is the relative humidity and e, the saturation vapor pressure.

In this work we use Qp = geT3%(0.254 — 0.00495¢,)(1 — 0.7C) following Reed (1983).

9.4. Qe, Qn, Cr and Cy computations

All works use the formulae: Q. = p,CrwL(gs — q2) and Qn = poCpCrw(Ts — T,), or an equivalent set
using different unit system, but with different turbulent coefficients.

Hastenrath (1968) used Cg = Cy = 1.4 x 1073.

Etter (1983) and Etter et al. (1987) computed Q. as an average of the results of the work of Budyko
(1974), which uses Cg = Cy = 2.1 x 1073, and Bunker (1976) with turbulent coefficients computed as a
function of the wind speed and the difference of temperature between the air and the sea surface (Cr and
Ch get values from 0.071 x 1073 to 2.52 x 1073).

Adem et al. (1993, 1994) used an equivalent formula, with Cg = Cy = 1.6 X 1073.

In this work Cg = Cy = 1.4 x 1073, a value slightly higher than those suggested in recent papers
(Geernaert, 1990).

REFERENCES

Adem, J., V. M. Mendoza, E. E. Villanueva-Urrutia, and M. A. Monreal-Gémez, 1991. On the simulation
of the sea surface temperature in the Gulf of Mexico using a thermodynamic model. Atmdsfera, 4, 87-99.

Adem, J., E. E. Villanueva-Urrutia, and V. M. Mendoza, 1993. A new method for estimating the seasonal
cycle of the heat balance, with application to the Gulf of Mexico. &eofis. Int., 32, 21-34.

Adem, J., E. E. Villanueva-Urrutia, and V. M. Mendoza, 1994. Preliminary experiments on the prediction
of sea surface temperature anomalies in the Gulf of Mexico. Geofis. Int., 33, 511-521.

Bernhart, F., and H. Philipps, 1958. Die raumliche und zeitkiche Verteilung der Einstrhlung, der
Ausstrahlung und der Strahlungsilanz im Meeresniveau. Teil I. Abdandl. Meteorol. Hydrol. Dienstes
DDR, 45, 257 p.

Budyko, M. L, 1963. Atlas of the Heat Balance of Earth. Academy of Sciences, Moscow, 69 pp.
Budyko, M. 1., 1974. Climate and Life, International Geophysics Series, Vol. 18, Academic Press, 508 p.

Bunker, A. F., 1976. Computations of Surface Energy Flux and Annual Air-Sea interaction cycles of the
North Atlantic Ocean. Mon. Wea. Rev., 104, 1122-1140.

Darnell, W. L., W. F. Staylor, S. K. Grupta, N. A. Ritchey, and A. C. Wilber, 1992. Seasonal variation of
surface radiation budget derived from ISCCP-C1 data. J. Geophys. Res., 97, 15741-15760.

Dietrich, D. E., and C. A. Lin., 1994. Numerical studies of eddy shedding in the Gulf of Mexico. J. Geophys.
Res., 99, C4, 7599-7615.

Dronkers, J., 1969. Tidal computations in rivers, costal areas and seas. J. of Hydraulics Division ASCE,
95, 44-77.

Elliot, B. A., 1982. Anticyclonic rings in the Gulf of Mexico. J. Phys. Oceanogr., 12, 1292-1309.



Seasonal variability temperature and heat fluxes Gulf of Mexico 103

Emery, W. J., 1976. The role of vertical motion in the heat budget of the upper Northeastern Pacific Ocean.
J. Phys. Oceanogr., 6, 299-305.

Etter, P. C., 1983. Heat and fresh water Budgets in the Gulf of Mexico. J. Phys. Oceanogr. 13, 2058-2069.

Etter, P. C., P. J. Lamb, and D. H. Portis, 1987. Heat and fresh water Budgets in the Caribbean Sea with
Revised Estimates for the Central American Seas. J. Phys. Oceanogr., 17, 1232-1248.

Gallegos, A., L. Victoria, J. Zavala, M. Fernandez, and I. Peiné, 1998. Hidrologia de los Estrechos del Mar
Caribe Rev. Invest. Mar., 19.

Geernaert, G. L., 1990. Bulk parameterizations for the wind stress and heat fluxes, on Surface waves and

fluzes. Vol. I Current Theory, Chapter 4, edited by Geernaert, G. L., and W. J. Plant, Kluwer Academic
Publishers.

Gill, A. E., 1982. Atmosphere-Ocean Dynamics, International Geophysics Series, Vol. 30.

Haney, R. L., 1971, Surface thermal boundary condition for ocean circulation models. J. Phys. Oceanogr.,
1, 241-248.

Hastenrath, S. L., 1968. Estimates of the latent and sensible heat flux for the Caribbean and the Gulf of
Mexico. Limnol. Oceanogr., 13, 322-331.

Hastenrath, S. L., and P. Lamb, 1978. Heat Budget Atlas of the Tropical Atlantic and Eastern Pacific
Oceans. University of Wisconsin Press. 104.

Hellerman, S., and M. Rosenstein, 1983. Normal monthly wind stress over the world ocean with error
estimates. J. Phys. Oceanogr., 13, 1093-1104.

Holland, W. R., 1978. The role of mesoscale eddies in the general circulation of the ocean-numerical
experiments using a wind driven quasi-geostrophic model, J. Phys. Oceanogr., 8, 1093-1104.

Hurlburt, H. E., and J. D. Thompson, 1980. A numerical study of Loop Current intrusions and eddy
shedding. J. Phys. Oceanogr., 10, 1611-1651.

Katsaros, K. B., 1990. Parameterization schemes and models for estimating the surface radiation budget,

on Surface waves and fluzes. Vol. II Remote Sensing, Chapter 18 edited by Geernaert, G. L. and W. J.
Plant, Kluwer Academic Publishers. '

Kuhn, P. M., 1962. Radiometersonde measurements of water vapor flux emissivity. Ph.D. thesis, University
of Wisconsin, Madison, 53 p.

Lavoie, R., 1972. A mesoscale numerical model of lake-effect storms. J. Atmos. Seci., 29, 1025-1040.
Levitus, S., 1982. Climatological Atlas of the World Ocean. NOAA Prof. Pap.

McCreary, J. P., Jr., and P. Kundu, 1988. A numerical investigation of the Somali Current during the
Southwest Monsoon. J. Mar. Res., 46, 25-58.

McCreary, J. P., Jr., P. Kundu, and R. L. Molinari, 1993. A numerical investigation of dynamics, thermo-
dynamics and mixed-layer processes in the Indian Ocean, Prog. Oceanog., 31, 181-224.

McCreary, J. P., Jr., and P. Lu, 1994. Interaction between the Subtropical and Equatorial Ocean Circula-
tions: The Subtropical Cell. J. Phys. Oceanogr., 229, 466-497.

Mesinger, F., and A. Arakawa, 1976. Numerical methods used in atmospheric models. GARP Publications,
17.

Miiller-Karger, F. E., J. Walsh, R. H. Evans, and M. B. Meyers, 1991. On the seasonal phytoplankton

concentration and sea surface temperature cycles of the Gulf of Mexico as determined by satellites. J.
Geophys. Res., 96, 12645-12665.

Niiler, P. P., and E. B. Kraus, 1977. One dimensional model of the upper ocean. in Modelling and prediction
of the upper layer of the ocean, E. B. Kraus, Ed., Pergamon, 143-172.



104 J. ZAVALA-HIDALGO et al.

Reed, R. K., 1977. On Estimating Insolation Over the Ocean, J. Phys. Oceanogr., 7, 482-485.

Reed, R. K., 1983. Heat fluxes over the eastern tropical Pacific and aspects of the 1972 El Nifio, J. Geophys.
Res., 88, 9627-9638.

Tran, A. V., E. Smith, J. Hyon, R. Evans, O. Brown, and G. Feldman, 1992. Satellite-derived multichan-
nel sea surface temperature and phytoplancton pigment concentration data: a CD-ROM set containing
monthly mean distribution for the global oceans, NOAA.

Seckel, G. R., and F. H. Beaudry, 1973. The radiation from sun and sky over the North Pacific Ocean
(abstract), Eos Trans. AGU, 54, 1114.

Schopf, P. S., and M. A. Cane, 1983. On equatorial dynamics, mixed layer physics and sea surface temper-
ature. J. Phys. Oceanogr., 13, 917-935.

Sturges, W., J. C. Evans, S. Wesch, S., and W. Holland., 1993. Separation of warm-core rings in the Gulf
of Mexico. J. Phys. Oceanogr., 23, 250-268.

Vazquez, A. M., 1993. Bay of Campeche Cyclone, Ph D Thesis. Texas A&M University.

Vukovich, F. M., 1995. An updated evaluation of the Loop Current’s eddy-shedding frequency. J. Geophys.
Res., 100, C5, 8655-8659.

Vukovich, F. M., and B. W. Crissman, 1986. Aspects of warm rings in the Gulf of Mexico, J. Geophys.
Res., 91, 2645-2660.

Walsh, J. J., A. D. Dieterle, M. B. Meyers, and F. E. Miiller-Karger, 1989. Nitrogen exchange at the
continental margin: A numerical study of the Gulf of Mexico. Prog. Oceanog. 23, pp 245-301.

Zavala, J. Ochoa, A. Parés-Sierra, and J. Sheinbaum, 1997. A Numerical study of the circulation and the
sea surface temperature in the Gulf of Mexico. In Numerical simulations in the environmental and Earth
Sciences, Ed. Fernando Garcia et al., Cambridge.

Zavala, J. Ochoa, and A. Parés-Sierra, 2001. Seasonal circulation in the Gulf of Mexico: A numerical study.
(Manuscript in preparation.)





