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HEAT BUDGET OF THE CENTRAL AMERICAN SEAS

!

STEFAN HASTENRATH*

RESUMEN

Se calculd el balance caldrico de las arcas del Golfo de México, Corriente de Florida, Mar Cari-
be y Océano Pacifico Oriental, a base de obscrvaciones de barcos durante 1911-70. La distribu-
cién de la radiacion neta esta dictada sobre todo por la nubosidad y la latitud geogrifica. Los
flujos de calor sensible y latente alcanzan sus mdximos valores en el drea de la Corriente de Flo-
rida y en invierno, cuando los contrastes de temperatura entre mar y aire son mas pronunciados;
por otra parte, los valores mas bajos se encuentran en la zona de aguas frias a lo largo de la
costa Norte del Continente Suramericano. Para el afio cntero, el océano exporta energfa de 13
Watts m=2 del Pacifico Oriental, pcro importa calor de 24, 43 y 3 Watts m™2 en el Golfo de
México, la Corriente de Florida, y el Mar Caribe, respectivamente.

ABSTRACT

The oceanic heat budget of the Gulf of Mexico, Gulf Stream region, Caribbean Sea, and Eas-
tern North Pacific is calculated on the basis of ship observations during 1911-70. Net radia-
tion largely follows the pattern of cloudiness, apart from its latitudinal dependence. Latent and
sensible heat flux is largest in the Guilf Stream domain during winter, when sea-—air temperatu-
re contrasts are most pronounced ; smallest values are found in the cold water regions along the
North Coast of South America. For the year as a whole, the ocean imports heat at the rate of
24, 43 and 3 W m 2 in the Gulf of Mexico, Gulf Stream region, and Caribbean Sea, respecti-
vely, but exports 13 W m™2 from the Eastern North Pacific.

*  Department of Meteorology, The University of Wisconsin, U.S.A.
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INTRODUCTION

The atmospheric—hydrospheric energetics of the Caribbean—Gulf of
Mexico region have been studied on the basis of climatic atlas data
(Coldén, 1963), and in more detail for a single year (Hastenrath, 1966 a,
b, 1968). Budyko’s (1963) atlas also covers this area. Long—term ship
observations compiled in an unprecedented spatial resolution (Hasten-

rath and Lamb, 1977) invited a reappraisal of the oceanic heat budget.
Results of these calculations are presented in this paper.

2. DATA

Ship observations taken over the tropical Atlantic and Eastern Pacific
during 1911-70 were obtained from the National Climatic Center at
Asheville, North Carolina, and compiled into a climatic atlas (Has-
tenrath and Lamb, 1977), with data being processed by one degree
square areas. An atlas of the oceanic heat budget, based on the same
data, and containing monthly and annual maps of the key budget
terms, is in preparation. Some 3.7 million ship observations are
available for the ocean area depicted in Figs. 1-4. Satellite—derived net
radiation data for the top of the atmosphere averaged over a few years
have been published recently (Vonder Haar and Ellis, 1974), but these
refer to the middle of ten degree squares.

3. BASIC THEORY

The heat budget equation for the oceanic water body can in approxi-
mate form be written:

SWH + LWt =Q + Q, + (Q, + Q) (D

The left—hand terms are net shortwave and longwave radiation at the
ocean surface, and the right—hand terms denote sensible and latent heat
flux at the sea—air interface, heat export and storage within the ocean,
respectively.
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For the computation of net shortwave radiation SW1{ a variety of
empirical formulae has been suggested (e.g., Budyko, 1958), using total
cloudiness C. and latitude as input. In the present study use was made
of the theoretical framework presented by Bernhardt and Philipps
(1958). The net shortwave radiation at the ocean surface is the
resultant of five flux components:

SWti . =SWi . (dir, clear) + SWy . (diff, clear)

+SW1 . (diff, cloudy) + SWt_,_(dir) + SWt__(diff) (2)

These are the downward directed direct solar radiation for the clear
portion, the downward directed diffuse solar radiation for the clear and
the cloudy portions of the sky, and the upward directed direct and diffuse
shortwave radiation, respectively.

The downward directed direct solar radiation for the clear portion of
the sky is given by Bernhardt and Philipps (1958):

_T
SWJ, 0907 ] cos ¢ (3)

1
. — 0o 0207
(dir, clear) = (1 - Cy) cos 6 [ (cos ) 0918

sfc pz %)

The zenith angle 6 of the sun is determined by the declination §, the
latitude ¢, and the hour angle w, namely

cos @ =sin b sin¢ + cosd cos ¢ cos w 4)

The value for the solar constant 1 = 1,352 W m™2  the ratio of true to
mean distance of the sun p, and the solar declination 8 for the middle
of each calendar month, were taken from List (1968).

T is the so—called “old” Linke turbidity factor. A spatially varying T
by calendar month was calculated from surface specific humidity g
(g/kg) according to

T=1.40+0.136q )
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In specifying the dependence on q in Eq. (5) use was made of conven-
tional empirical relationships between absorption and precipitable
water and between precipitable water and surface humidity. For the
contribution by dust the constant value of 0.40 was adopted, due to
lack of information on spatial pattern and seasonal variation of dust
loads over the Atlantic and Eastern Pacific (Bernhardt and Philipps,
1958 Lettau, 1939;Drs. T. N. Carlson, Pennsylvania State University, J.
Prospero, University of Miami, R. Jaenicke and L. Schiitz, Max—Planck
Institut fir Chemie, Mainz, personal communications 1976).

To obtain monthly means of SWi . (dir, clear), Egs. (3) and (4)
were applied by hourly intervals and values were then integrated over
all sun angles. This was done for the middle of each calendar month and
for one degree latitude strips, with a spatially varying turbidity factor
according to Eq. (5).

Values of n = 8 = 0.36 were used in the calculation of SVWSfC (diff,
clear) and SWi ¢, (diff, cloudy). Here 7 is the ratio of diffuse radiation
under completely cloudy to global radiation with cloudless sky; and g is
the ratio of diffuse radiation to the difference between extraterrestrial
radiation and direct radiation with cloudless sky. With these ratios,
SWi . (diff, clear) and SWi ¢, (diff, cloudy) were calculated using
Eqs. (3) and (4). The upward directed shortwave flux components
SWTSfC (dir) and SWleC (diff) were then computed using an albedo
for the ocean surface of 6 percent (List, 1968).

SW1| was computed using the above procedure, rather than that due
to Budyko (1958), because it accounts for spatial variation of water
vapor turbidity and would allow for varying dust turbidity as pertinent
information may become available. For comparative purposes both
procedures were applied to actual data, with the following results. Global
radiation with cloudless sky computed using the above method is
smaller than Budyko’s latitude—-mean values by about 15 W m™2,
However, variations along a latitude circle resulting from the humidity
pattern are of the same magnitude, but are ignored by the Budyko
procedure. For global radiation with actual cloud cover, the above
method vyields values only about 5—10 W m—2, or a few percent,
smaller than Budyko’s procedure: Budyko uses a somewhat stronger



GEOFISICA INTERNACIONAL 121

reduction of radiation due to cloudiness. Both methods assume the
same value for the albedo of the ocean surface. Consequently maps of
net shortwave radiation with actual cloud cover differ by a few percent.
This is well within the uncertainty of either method.

Net longwave radiation was computed from Brunt’s formula (Budyko,
1958):

LWH = ¢co qu (0.39 - .056,9 ) (1 —0.53 CTz) (6)
+4 EUTW3 (Tw - Ta)

sea surface temperature T, and air temperature T, being in degrees K,
and surface specific humidity q in gm/kg, emissivity ¢ = 1 and Stefan—
Boltzmann’s constant 0 = 567 x 10~'® Wm—2 K—*

Sensible and latent heat flux were calculated from the bulk—
aerodynamic equations:

Qg =pCp ¢, (T, ~T,)V (7
Q. =prCphLl(qy —q,) V (8)

Values of o = 1.175 kgm ? and Cp = 1.4 x 107% were used
for air density and drag coefficient, respectively. Cp is specific heat
at constant pressure and L latent heat of evaporation. ‘Lhe satura-
tion specific humidity corresponding to the sea surface temperature T,
was computed for qy.with reference to a salinity of 35 per mille; and
scalar mean wind speed was used for V.

Of the observational data mentioned in section 2, the following
elements thus served as input to- the heat budget calculations: total
cloudiness, dew point, and pressure for SW1!; sea surface and air
temperature, dew point, pressure, and cloudiness for LWt! ; sea surface
and air temperature, dew point, pressure, and scalar wind speed for Q,
and Q,.

Calculations were performed by calendar month, using sixty—year
mean data. Covariance between elements can make the product of
averages differ from the average of products, and Cp depends on:
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stability (Bunker, 1976). However, these effects may be of subordinate
importance for the low—latitude oceans mapped here. In fact, Bunker’s
(1976) annual maps of Q, and Q; for the North Atlantic are rather
similar to the present charts: only in limited areas are his figures of Q,
by about 15 W m~2 larger than the present ones, a difference of about
ten percent. However, Bunker’s (1976) values of net radiation
SWLW+t! | calculated from somewhat different empirical formulae, are
systematically larger than in the present study. Consequently, his
residual (Q, + Qp) differs from Fig. 4 towards larger positive values.
The drag coefficient chosen here is well within the tolerance of recent
empirical studies (Pond et al., 1974; Ching, 1975). Annual maps of heat
budget components were constructed from the sets of twelve monthly
computations. All maps were machine—isoplethed and then re—drawn
by hand.

4. SPATIAL PATTERNS

The annual mean map of net radiation SWLW*{, Fig. 1, shows some
latitudinal variation, but apart from that largely follows the pattern of
cloudiness. Comparatively large values are found at the margin of the
North Atlantic high and in the region of lower—tropospheric divergence
along the North coast of South America (Hastenrath, 1976). Net radia-
tion is smallest in the Western Caribbean off the Central American coast
and in the zonally oriented band of maximum cloudiness over the
Eastern North Pacific.

Sensible heat flux at the sea--air interface QS, Fig. 2, is a small term
in the energy budget of the tropical seas. The flux is mostly directed
from ocean to atmosphere, except for the cold water region along the
North coast of South America.

Latent heat flux Q,, Fig. 3, reaches its highest values in the Gulf
Stream domain, where the advection of warm waters accounts for a
large seca—air temperature difference especially during winter. Evapora-
tion is small in the cold water region along the North coast of South
America.

Fig. 4 maps the sum of divergence of heat transport and storage
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within the ocean (QV + Q) obtained as a residual. For annual mean
conditions depicted here, this essentially represents the divergence of
heat transport within the oceanic water body Qv. Heat export takes
place from much of the area, but import is indicated for the .higher
latitude portions of the map, in particular the realm of the Gulf Stream
system. Comparison with satellite—derived net radiation estimates for
the top of the atmosphere (Vonder Haar and Ellis, 1974), suggests that
oceanic export/import contributes substantially to the heat balance of
the atmosphere—hydrosphere system (Table 1).

5.SEASONAL MARCH

The seasonal variation of the major heat budget components is
displayed in Figs. 5—8 for four representative sea areas as identified in
Fig. 4, by straight dotted lines namely Gulf of Mexico, Gulf Stream
domain, Caribbean Sea and Eastern North Pacific.

Consistent with the subtropical latitude of the Gulf of Mexico, the
annual range of net radiation is comparatively large (Fig. 5). The
exchange of latent and sensible heat is most intense during fall and
winter, when sea—air temperature contrasts are most pronounced. The
sum of divergence of heat transport and storage within the water body
(Q, + Q,), obtained as a residual is positive in spring and summer,
reaches the largest negative values in late fall and early winter, and
indicates an import of heat for the year as a whole. Net radiation,
plotted in Fig. 5 has a somewhat larger annual mean and smaller range
than Hastenrath’s (1968) earlier estimates. The (Qv + Qt) obtained here
as a residual is similar to the earlier estimates by direct calculation
(Hastenrath, 1968). )

Heat budget characteristics in the Gulf Stream domain, to the East of
Florida (Fig. 6) are similar to the Guif of Mexico, except for the larger
evaporation and the larger heat import within the oceanic water body.

For the Caribbean Sea (Fig. 7) net radiation has a larger annual mean
and smaller range than for the Gulf of Mexico. Mean and seasonal
variation of the sensible and latent heat fluxes are also much reduced.
The residual (Qv + Qt) has a similar though much smaller seasonal
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variation as in the Gulf of Mexico, with a near zero heat import result-
ing for the annual mean. In comparison to earlier estimates for the
Caribbean Sea (Colén, 1963; Hastenrath, 1968), the annual mean of net
radiation arrived at in the present study is somewhat smaller, while the
residual (Qv + Qt) is similar.

The area of the Eastern North Pacific depicted in Fig. 4 and 8 is at
the same latitude as the Caribbean Sea (Fig. 6), and the heat budget
terms have a similar magnitude, though less distinct seasonal march.
The ocean exports heat from this region for the year as a whole.

6. CONCLUSIONS

Evaluation of long—term ship observations allowed a mapping of the
key oceanic heat budget components in greater spatial detail than had
so far been available (Budyko, 1963). The pattern of net radiation is
largely dictated by cloudiness, apart from the broad latitudinal control.
The major features in spatial and temporal distribution of the sensible
and latent heat flux can be understood from the pattern of sea—air
temperature difference, in that the largest heat exchange is found in the
higher latitudes during winter.

From a comparison with earlier calculations the error in net radiation
(SW + LW)t! is estimated to be about 10—20 W m 2, or around ten
percent. The error in estimating the sum of sensible and latent heat flux
(QS + Qe) is primarily related to uncertainties in the drag coefficient
Cp- This error may be of the order of ten percent, or about 10—15
Wm—2. Accordingly, the residual sum of divergence of heat transport and
storage within the oceanic water body may be in error by about 20—-30
W m—2. With this reservation, the ocean imports heat in the realm of
the Gulf of Mexico and the Gulf Stream, with export indicated for
much of the lower—latitude portions of the map area. A comparison
with satellite—derived estimates of net radiation at the top of the
atmosphere (Table 1) indicates that the oceanic water body in part of
this region contributes a sustantial share to the redistribution of energy
to other parts of the globe.
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Table 1. Ratio of annual mean divergence of heat transport and storage
within the ocean to net radiation at the top of the atmosphere, (Q, +
Qt)/SWLWNtop, in percent.

110—100W 100-90 90-80 80-70 70-60 60-50

30-20N - -50 -108 -120 -52 -14

20-10 +10 — — - 5 +11 -25
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Fig. 1. Annual mean net radiation at the ocean surface, SWLWN inWm~2,
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Fig. 2. Annual mean of sensible heat flux, Qs’ in W m™2, Stippling denotes areas of downward
directed heat flux.
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Fig. 3. Annual mean of latent heat flux Qe’ inWm—2,

Fig. 4. Annual mean of divergence of heat transport and storage within the ocean (Qv +Qt),

obtained as residual, in W m~2, Stippling denotes areas of heat export. Dotted rectangles
indicate areas referred to in Figs. 5-7.
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Fig. 5. Gulf of Mexico. Seasonal march of heat budget components. Solid, dotted, dash-dotted,
and broken lines denote net radiation (SWLW?)), sensible QS and latent heat flux Qe, and the
sum of divergence of heat transport and storage within the oceanic water body (Qv + Qt)’
obtained as residual.
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Fig. 6. Gulf Stream domain. Seasonal march of heat budget components. Symbols as in Figs.
5-6.
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Fig. 7. Caribbean Sea. Seasonal march of heat budget components. Symbols as in Fig. 5.
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Fig. 8. Eastern North Pacific. Seasonal march of heat budget components. Symbols as in Figs.
5-7.
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