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ABSTRACT

A model of the thermally mixed layer in the upper ocean as developed by Kraus and Turner and extended
by Denman is further extended to investigate the effects of salinity. In the tropical and subtropical Atlantic
Ocean rapid increases in salinity occur at the bottom of a uniformly mixed surface layer. The most signifi-
cant effects produced by the inclusion of salinity are the reduction of the deepening rate and the correspond-
ing change in the heating characteristics of the mixed layer. If the net surface heating is positive, but small,
salinity effects must be included to determine whether the mixed layer temperature will increase or de-
crease. Precipitation over tropical oceans leads to the development of a shallow stable layer accompanied
by a decrease in the temperature and salinity at the sea surface.

1. Introduction

The upper layer of the ocean responds to changes in
atmospheric parameters on a time scale of several days
or less. Recent works concerned with these responses
have assumed the existence of a thermally homogeneous
mixed layer at the ocean surface. Kraus and Turner
(1967) modeled the development of such a layer by
assuming that the heat inputs at the air-sea interface
and the mass entrainment at the bottom of the layer
are mixed uniformly throughout the layer in a time
scale short relative to the time scales of interest. The
wind stress at the ocean surface generates turbulent
kinetic energy which does work against the buoyancy
forces, thus increasing the potential energy in the mixed
layer. A model-generated discontinuity in temperature
and density occurs at the bottom of the mixed layer,
and the deepening rate of the mixed layer is inversely
proportional to the magnitude of the density jump.
The work of Kraus and Turner was extended by
Denman (1973) to investigate the time-dependent be-
havior of the upper mixed layer of the ocean in response
to varying meteorological inputs.

The theoretical model of Denman was used by
Denman and Miyake (1973) to predict sea surface
temperature for a 12-day period in the Pacific Ocean
(145°W, 50°N). The agreement with the observed sea
surface temperatures was heartening. The effect of
salinity in this case was insignificant because the
salinity was constant to a depth of 60 m, and the
thermal mixed layer was always less than 60 m deep.
In the subtropical and tropical Atlantic Ocean (25°S to
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30°N), a homogeneous layer of constant salinity occurs
at the surface; according to Defant (1961) the thickness
of this layer is usually somewhat less than the depth of
the thermal layer. At the bottom of this layer the
salinity increases rapidly to a maximum, and then
decreases again with depth. Profiles exhibiting this
behavior will be presented. They have been obtained
from the U. S. Dept. of Commerce BOM EX Period IIT
Upper Ocean Soundings (hereafter referred to as
BOMEX).

The purpose of this paper is to study numerically
several specific cases in which the salinity distribution
must be considered if the thermal characteristics of the
mixed layer are to be understood. The model to be used
is developed by adding an equation for the conserva-
tion of salt to Denman’s model. Some observational
data which include salinity jumps at the bottom of the
mixed layer will be used to specify initial conditions for
the model. The effect of salinity on mixed layer tem-
peratures and depths as well as the effect of precipita-
tion on salinity and temperature in tropical oceans will
be discussed.

2. Governing equations

A one-dimensional, time-dependent model of the
upper ocean developed by Kraus and Turner has been
extended by Denman to include physically realistic
time-dependent boundary conditions. Equations for the
conservation of heat and mechanical energy are the
physical basis for the model. The effect of salinity can
be investigated by extending Denman’s model to in-
clude an equation for the conservation of salt content.
A mixed layer of depth % is assumed to be completely
homogeneous with respect to temperature and salinity;
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it is bounded below by fixed temperature and salinity
gradients. A system of ordinary differential equations
1s derived which specifies the time derivatives of &, T,
Ty, S and S, as functions of the time-dependent
boundary inputs. The temperature and salinity of the
mixed layer are denoted by T and S, respectively; T
and S denote the temperature and salinity immediately
below the mixed layer. The boundary inputs include
wind stress, solar and back radiation, latent and
sensible heat fluxes, and the temperature and salinity
gradients below the layer.

The time-averaged turbulent form of the equation
for conservation of salt in the mixed layer is

as as 4
—+w—+—(@'S") =0, 1)
ot dz 0Oz

where @' and S’ are fluctuating components of the
vertical velocity and salinity, respectively. At the air-
sea interface (= 0), changes in salinity occur as a result
of precipitation and evaporation. At the bottom of the
mixed layer, salinity changes are due to entrainment
of water having a different salinity. The equations for
salt fluxes at the upper and lower boundaries with
w=0are

WS’ |y=S(P—E), 2)
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N dh
w’S’! = —;;(S—Sh) (3)

Precipitation and evaporation rates (mm h™!) are de-
noted by P and E, respectively, and dk/d! is the rate
at which the mixed layer deepens. Eq. (1) is integrated
over the depth of the mixed layer to obtain

dS dh
h—+—(S=S»)+S(P—E)=0. 4
at dt

Ordinary differential equations for the time deriva-
tives of &, T and T, were obtained by Denman. The
derivation of these equations does not change appreci-
ably when salinity is included. The primary effect of
including salinity is to alter the term for the turbulent

flux of density w'p’. If po is the mean density, then

(') =polow T'+\w'S"), (5)

where a=pg1(dp/8T) and A=p;(dp/3S). Only the
case of a deepening mixed layer is considered here, and
vertical and horizontal advection have been assumed
to be zero. With the inclusion of salinity, the equations
of Denman are modified to yield the following system
of equations: :

A
2AG—D+Ry (1 —e"")]—h [B+H3+H,+R(1+e—vh)——S (P—E):l
. a4

dt

ar 1 dh
— = [———(T— Tw)+B+H.+H,+R(1 —e’“f")] €
at h dt

daT,, dh
——=yRe"""——Lyp ®)
dt dt
s 1r dk
_=_[___(5—_Sh)—S(P—E):| ©
dt kL dt
. dS,  dh
or_ % (10)
di dt

In the above equations (G—D) is the turbulent
energy derived from the wind stress, R the incident
solar radiation, —B the net longwave back radiation
from the sea surface, and H, and H, are the sensible
and latent heat fluxes, respectively. The evaporation
E is proportional to the latent heat flux. At the bottom
of the mixed layer, the temperature and salinity gradi-
ents are denoted by Ly and L,, respectively. When
A==0, the equations for %, T and T, are equivalent to

(6)

h[(Tfrh)+2<s—sh>]

those of Denman. Eq. (9) is simply a rearrangement
of (4), and Eq. (10) indicates that the salinity profile
below the mixed layer is time-independent. A similar
derivation for the inclusion of salinity has been inde-
pendently derived by Kraus and Rooth (1975).

A fundamental assumption of the Denman model is
needed to evaluate the wind stress term, G—D. Some
of the momentum transported into the oceans by the
wind stress is assumed to produce turbulent energy on
small scales. This turbulent energy is used to increase
the potential energy of the water column by doing
work against the buoyancy forces. The rate of increase
in potential energy of the mixed layer as a result of
work done by mixing is assumed to be a constant
fraction m of the rate of turbulent energy transferred
downward by the wind stress at 10 m above the surface.
Hence, m= —poag(G—D)/(rU), where g is the gravita-
tional acceleration, 7 the surface wind stress, and U the
wind speed at 10 m. The constant m will be set equal
to 0.0012.

According to Jerlov (1968), the BOMEX region con-
tains water types IT and III which have larger extinc-
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tion coefficients than the oceanic mean. Hence, the
extinction coefficient v is set at 0.2 m™! unless other-
wise specified. Changes in the value of v will not ap-
preciably change the qualitative nature of the results
to be presented. A Runge-Kutta numerical integration
scheme with a time step of 3 min is used to solve the
system (6)—(10). Results of the computations are pre-
sented in the next section.

3. Characteristics of the deepening regime

In this section three different cases in the deepening
regime will be considered. Two of the cases will deal
with the heating and cooling characteristics of the
mixed layer itself, while the other case will deal with
the thermal relationship between the mixed layer and
the region below. If the mixed layer salinity is greater
than the salinity immediately below the mixed layer,
convective overturning will occur because of a density
instability unless a very rapid temperature decrease
occurs across the interface. Only the case of stable
salinity stratification will be considered; hence the
mixed layer salinity will always be less than the salinity
immediately below. Fig. 1 shows a salinity-temperature-
density (STD) profile taken in the Atlantic Ocean at
17°35'N, 54°36'W (BOMEX, p. 177). The profile ex-
hibits a sharp increase in salinity at the bottom of a
nearly homogeneous mixed layer. Numerical solutions
of the system (6)-(10) have been obtained for three
different cases using the initial conditions given in
Table 1.

Before discussing the numerical results, an analytic
solution will be derived which gives an approximate
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Fic. 1. Observed vertical profiles of temperature, salinity and
density. The parameters on the horizontal axis are the density in
sigma-# units, the salinity in parts per thousands, and the tempera-
ture in °C. On the vertical axis the pressure in decibars is approxi-
mately equal to the depth in meters (BOMEX, p. 177).
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TaBLE 1. Initial values and boundary conditions for the four
model cases. The transformation (R, B, H,, H,)= (R4, Bs, He,
H.,.)/pocy) is used to obtain the values used in Egs. (6)—(10).

Case 1 Cage 2 Case 3 Case 4
k(m) 50 40 20 50
T (°C) 27.5 28.5 28.1 274
Ty (°C) 27.2 284 28 26.9
S (%X 10%) 0.03575  0.03375  0.0318 0.0356
Su (%oX10%) 0.0369 0.0353 0.0332 0.0361
Lr (°Cm™) 0.055 0 0.02 0.04
L, (% m™1X10%) ~0.00002 —0.00003 —0.00012 —0.00003
U (ms™) 8 8 6 5
R, (W m™2) 189 97 73 75
H.,, (Wm™) 85 85 194 136
H,, (W m™?) 24 24 24 25
B, (W m™) 61 73 73 8

expression for the temperature change of the mixed
layer as a function of time and depth. This expression
will be useful in helping to understand the results of
the three cases to be presented. Rearrangement of (7)
yields
dT dh  dh
h—+—T——T,=0,
at dt A

where Q=H 4+ H,+ B+ R(1—¢7*) is the net heating.
The temperature gradient Ly is assumed to be fixed,
the solar radiation below the mixed layer to be negligi-
ble, the initial temperature jump across the bottom
interface to be 8, Q to be constant, and %, to be the
initial depth of the mixed layer. Integration of (8)
provides an equation for T, which is then substituted
in (11). At any time ¢, the temperature change (AT)
of the mixed layer is obtained by integrating (11) from
#'=0 to ¢'=1¢; this leads to

(1)

1
AT:Z [—F(h)+0Qt], (12)

where

Ly
F(h)= (h—ho)[6+—2—(h—ho):|. (13)

The term F (k) is a positive, increasing function of #,
representing the cooling of the mixed layer due to en-
trainment from below. The term Q¢ represents the
heating or cooling of the mixed layer due to the atmo-
spheric fluxes.

a.Case 1

The initial conditions for Case 1 have been chosen to
correspond to Fig. 1. Both the temperature and salinity
are very nearly constant to a depth of 50 m. The bound-
ary inputs have been chosen to be approximately equal
to their annual averages and are held constant for a 10-
day integration period. The wind speed U is 8 m s, If
salinity is not included (A==0), the mixed layer deepens
to a depth of 65.6 m at the end of the 10-day period;.
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F16. 2. Model-computed changes of mixed-layer
temperatures in Case 1.

with salinity included [A=0.7(%o)1X 10~%], the layer
deepens to only 54.9 m. The rapid increase in density
at the bottom of the mixed layer in Fig. 1 is due to the
salinity jump across the interface. A large density
jump significantly slows the deepening rate of the
mixed layer because it leads to an appreciable increase
in potential energy with only a small amount of
deepening.

Fig. 2 shows the change in mixed layer temperature
over the integration period. A surprising result emerges!
Without salinity the mixed layer temperature decreases;
but when salinity is included, the mixed layer tempera-
ture actually increases. A physical explanation of this
result is as follows. For both cases the net heating at
the surface is positive and tends to heat the mixed
layer. At the bottom of the layer, however, colder
water is being entrained into the deepening mixed
layer and tends to cool it. In the case without salinity
the cooling due to entrainment is greater than the
heating from the surface inputs, and the layer cools.

With salinity included, the layer deepens more slowly

and entrains less cold water at the bottom. The heating
terms dominate, and the mixed layer temperature
increases.

The physical explanation can be understood analyti-
cally by consideration of (12). If ,(¢) denotes the mixed
layer depth when salinity is included and %4r(f) when
it is not, then for the same atmospheric inputs /%, (¢)
< k(). This inequality holds for all the cases in this
section since inclusion of the salinity jump increases
the stability rather than decreasing it. Since >0, Eq.
(12) indicates that AT will be positive whenever F (k)
<Qt, and AT will be negative whenever F(k)>(Qt.
When salinity is not included, the deepening rate is
sufficiently large to insure that F(kr)>(Q¢, and the

mixed layer temperature decreases. However, when.

salinity is included, the left-hand side of the inequality
decreases sufficiently such that F(k,)<Q¢, and the
mixed layer temperature increases.

b. Case 2

Observations from the BOMEX experiment indicate
that the layers of thermal and saline homogeneity are
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not always the same depth. The initial conditions for
Case 2, given in Table 1 and also by the dashed lines
in Fig. 3, correspond roughly to an observed profile
(BOMEX, p. 122) in which the thermal layer is 52 m
deep and the saline layer 40 m. The mixed layer depth
is assumed to be the smaller of the two depths, and the
temperature gradient immediately below is set equal
to zero. A small artificial temperature jump has been
inserted at 40 m since a jump is necessary in the nu-
merical calculations when salinity is not included. If
the mixed layer deepens below 52 m, the temperature
gradient is reset to 0.047°C m™ to reflect the actual
thermal conditions.

Other than the different initial profiles, the only
difference from Case 1 is a decrease of the solar radia-
tion by a factor of 2; this leads to a net surface cooling.
At the end of a 10-day integration period, the mixed
layer depth is 89.4 m but if salinity is included the final
depth is only 49.8 m. Fig. 3 shows the initial and final
profiles for both cases; the temperature decreases for
both cases but at a faster rate if salinity is not included.
The most interesting result in this case is the develop-
ment of a mixed layer which is colder than the layer
immediately below. If a thermal mixed layer is con-
sidered without the effects of salinity, this situation
cannot occur because the stratification would be un-
stable; convective overturning would then occur to
readjust the layer. A comparison of Fig. 3’ with an
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F16. 3. Comparison of mixed-layer deepening and cooling with
and without the effect of salinity. Dashed lines denote the initial
temperature and salinity profiles; solid lines denote the profiles
after 10 days. The profiles on the left depict the case when salinity
is not included, those on the right when salinity is included. The
initial temperature profiles are the same for both cases.
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Fic. 4. Vertical profiles of salinity, temperature
and density (BOMEX, p. 155).

observed profile in Fig. 4 (BOMEX, p. 155) shows
that actual profiles do occur in which an increase in
temperature occurs immediately below the layer.

An equation for the time-dependent temperature dif-
ference across the bottom interface of the mixed layer
can be derived by combining the solution of (8) with
v Re™7*=0 and (12) to obtain

T-T ! ok LTh ko) (h+h 14
- h-;[ o+ =) i+ o>+Qt]. (14)

For the case with salinity effects included, T—T} is
initially positive, but at the end of the integration
period T—73<0. The numerical results indicate that
the mixed layer deepens approximately linearly in time
when salinity is included. This linear relationship can
be assumed since the salinity jump sufficiently reduces
the deepening rate which in turn reduces the nonlinear
effects. If the deepening rate 7 is assumed constant, the
time at which the mixed layer temperature first becomes
colder than the layer immediately below is given by
setting the right-hand side of (14) equal to zero. This
yields
dho

" Q+rLrhy

The value of 7 is obtained from (6) by setting
dh,

r=-——

at | o

Substituting the initial conditions into (15), #=52.6 h;
this value of ¢ is within 0.5 of the numerical solution.
A solution to (15) occurs only if Q+7Lrhs<O; hence a
determination of whether T—7T), will change sign de-

=

(5)
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pends on a relationship between the surface fluxes, the
temperature gradient, and the initial depth.

c.Case 3

With the particular choice of boundary and initial
conditions in the previous two cases, the mixed layer
was found to cool at a faster rate if salinity was not
included. The case of a shallow mixed layer with a
large salinity jump at the bottom and strong surface
cooling will now be considered. The specification of the
initial profile in Table 1 corresponds to an observed
profile (BOMEX, p. 270). The integration period is
again 10 days. Initially, the cooling rate is greater
without salinity as in the previous two cases, but after
5 days the cooling rate is greater with salinity.

The cooling rate without salinity will be greater
than when salinity is included if the following inequality
derived from (12) is satisfied: .

L
8h0+Qt+—;(hTh,—h02)>0. (16)

Since the mixed layer is initially only 20 m deep and Q
is negative with a large magnitude, the term Qt domi-
nates after approximately 140 h, and the above inequal-
ity reverses. A physical explanation can be based on
changes in total heat content over layers of different
depths. Since the salinity effect reduces the depth of
the mixed layer, the heat loss occurs over a thinner
layer than if the salinity jump were absent. Hence, the
temperature decrease for a given heat loss would be
greater when the salinity effect is included. The in-
crease in surface salinity is about 1.1%, of which about
5% is due to the large evaporative heat flux (E=~0.7
cm day™).

4. Effects of precipitation

Salinity and temperature changes occur at the sea
surface during periods of precipitation. The nature of
these changes is not well understood. Ostapoff et al.
(1973) have detected salinity changes in tropical oceans
of about 0.15% over a large area of steady rainfall
during an 18 h period. Efforts by Elliott (1974) to
determine precipitation rates over the ocean by mea-
suring the changes in surface salinity at 1 h intervals
were less successful. He found that during periods of
no rain, salinity regularly fluctuated by +£0.15%, and
that such fluctuations tended to obscure salinity de-
pressions due to rainfall. He also found, however,
that if the sampling intervals were taken at 6 min
intervals, short-term salinity depressions were visible.
In this section the effects of precipitation will be in-
vestigated numerically using the observational data of
Ostapoff et al. for a comparison.

In Denman’s model, transition from a wind to a heat
regime occurred whenever the numerator of (6) became
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TABLE 2. Effects of precipitation on the model results. Atmo-
spheric fluxes are listed under Case 4 of Table 1. A total precipita-
tion of 45 mm falls uniformly throughout the period of rainfall.
The maximum temperature and salinity changes in the surface
layer are denoted by AZmax and ASmax, respectively. The new
mixed layer forms at a depth 4;. It persists for a time ¢, which is
assumed to be the time at which the salinity jump at the bottom
of the mixed layer falls below 0.1%,.

Dura-
tion of
rain-
fall ATmax ASmax hp ty
(h) °C) %o (m) (h)
4 0.76 2.0 0.76 15
U= 5ms™?
15 0.31 0.24 6.2 5
4 0.09 0.26 6.0 5
U=10m s
15 0.04 0.04 38.1 0

negative. A new, shallower mixed layer then formed at
a depth which was determined by setting the numerator
of (6) equal to zero and solving for %#. The same pro-
cedure is followed here for the case of a precipitation
regime. If the mixed layer is deepening and there is no
precipitation (P=0), then the initiation of rainfall
(P>0) will change the sign of (6) from positive to
negative. The numerator of (6) is then set equal to
zero and solved for 4. This value of 74 is assumed to be
the depth to which the new stable layer formed by the
precipitation is mixed by the turbulent fluxes. The
changes in salinity and temperature will be determined
from (7) and (9) with dk/dt=0, and T} and S, will be
fixed at the surface values of T and S at the onset of
precipitation. The value of T, can continue to increase
due to radiation which penetrates below the new mixed
layer; it will be assumed that this radiation is dis-
tributed uniformly throughout the depth of the mixed
layer which existed prior to the onset of precipitation.
Time steps in the precipitation regime are taken to be
1h.

The fluxes for Case 4 of Table 1 correspond to those
observed by Ostapoff et al. for an 18 h period in July
at 5°N, 21°W. A total rainfall of 45 mm is assumed to
fall uniformly during the first 15 h of this period. The
extinction coefficient v is set equal to 0.1 m™, and the
solar radiation assumes the value given in Table 1 for
12 h, starting at the onset of precipitation; otherwise,
R=0. The results of Case 4 will now be discussed.

Initially the mixed layer is deepening slowly; then
at 0900 GMT precipitation begins, and the model pre-
dicts the formation of a new mixed layer at 6 m. After
15 h the precipitation stops, and the model reverts to a
deepening regime. The observations taken 18 h after
the onset of precipitation indicate the formation of an
11 m mixed layer with a temperature and salinity de-
crease of 0.2°C and 0.164%, respectively. The model
results produce a 10 m mixed layer with temperature
and salinity decreases of 0.24°C and 0.15%, respec-
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tively. At the end of the precipitation period, however,
the model mixed layer depth is only 6.2 m; hence much
of the agreement between the model and observation is
due to the deepening which occurred during the 3 h
period after the cessation of rainfall.

The depth at which the new mixed layer forms during
the precipitation regime is quite sensitive to the value
of the parameter m which was defined in Section 2.
This empirically determined parameter represents the
fraction of the energy generated by the surface winds
which appears as turbulent fluxes in the ocean mixed
layer. The value of m in this paper has been assumed to
be independent of wind speed and mixed layer depth.
For shallow mixed layers which occur in the precipita-
tion regime, the transfer of energy might be more
efficient, and the value of m might be larger. More
observational information during periods of precipita-
tion would be useful for verification.

When precipitation occurs in conjunction with high
surface winds, the new mixed layer is deeper than at
lower wind speeds. Also, for a given total amount of
precipitation, the depth of the newly formed stable
layer depends on the duration of rainfall. Table 2 lists
the surface characteristics for a fixed total rainfall
(45 mm) over different periods of time and for different
surface wind speeds. The results of Case 4 are included
in the table. The table shows that the occurrence of
light precipitation accompanied by large surface winds
cannot be detected by changes in surface salinity or
temperature. However, heavy rainfall accompanied by
light winds can lead to temperature and salinity de-
creases of 0.76°C and 2.0%,, respectively.

Although sufficient data have not been presented to
document the quantitative results of this section, the

"qualitative results are of interest. The formation of a

new stable layer as a result of precipitation has been
observed. The net surface cooling then acts over a
thinner layer, which leads to a greater decrease in sea
surface temperature. The cooling of the sea surface
would tend to decrease the fluxes of latent and sensible
heat into the atmosphere and reduce the amount of
moisture that enters the atmosphere. This negative
feedback could be useful in a coupled ocean-atmosphere
model as a cutoff mechanism for precipitation over
tropical oceans.

5. Conclusions

The work in this paper was originally motivated by
the desire to couple a relatively simple mixed layer
ocean'model to a global atmospheric general circulation
model for the purpose of predicting seasonal weather
anomalies. Accurate sea surface temperatures must be
provided to the atmospheric model for such predictions.
Denman and Miyake have shown that, at least in one
case, sea surface temperatures can be accurately deter-
mined using a thermally homogeneous mixed layer
model. The results presented here (neglecting the
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effects of upwelling and horizontal advection) show that
the presence of a homogeneous saline layer can have a
significant effect on the depth and temperature of the
mixed layer.

In general, the deepening of the mixed layer occurs
when the turbulent energy produced by the surface
stresses works against the density gradient to increase
the potential energy of the mixed layer. The most im-
portant difference which arises when the mixed layer
has a salinity jump as well as a temperature jump at
the bottom is the formation of a larger density jump
across the interface. The increased density jump causes
the mixed layer to deepen more slowly, which leads to
a change in the heating and cooling characteristics of
the mixed layer.

The most significant thermal effect produced by the
inclusion of salinity is the tendency to reduce the cool-
ing rate of the mixed layer due to entrainment across
the bottom interface. In Case 1 the reduced entrain-
ment of cold water at the bottom interface enables the
positive net heat inputs at the surface to actually
warm the mixed layer; when salinity was not included,
there was sufficient entrainment to cool the mixed
layer. Hence, in some cases the thermal effect due to
salinity will be such as to result in the correct sign for
the temperature change of the mixed layer.

The presence of a salinity jump at the bottom inter-
face in conjunction with a significant net cooling at the
air-sea interface can lead to the development of a
mixed layer which is cooler than the region immediately
below. Observed profiles such as in Fig. 4 confirm that
such situations do occur. This situation would not
occur if only a thermal mixed layer were considered,
since the layer would then be unstable and convective
overturning would cause the region below to cool.

Whenever there is a net cooling at the sea surface, a
deepening regime occurs, and two different mechanisms
contribute to the cooling of the mixed layer. The net
heat loss at the surface cools the layer, and the entrain-
ment of colder water as the layer deepens also leads to
cooling. If a shallow mixed layer with a large salinity
jump at the bottom interface is exposed to large surface
cooling, the inclusion of salinity effects can lead to a
faster cooling rate in the mixed layer. In this case the
cooling is dominated by the surface fluxes. Hence, the

JAMES R. MILLER 35

inclusion of salinity effects can lead to either an in-
crease or a decrease in the cooling rate of the mixed
layer, depending on whether the surface fluxes or the
entrainment is the dominant cooling mechanism.

The occurrence of heavy precipitation over tropical
oceans leads to the development of a stable oceanic
mixed layer at the ocean surface. The ability to detect
significant changes in the. surface temperature and
salinity fields depends on the precipitation rate, the
wind speed, and the atmospheric fluxes. During periods
of rainfall, heat losses are restricted to this newly
formed stable layer, and significant decreases in surface
temperature as well as salinity can occur. This decrease
in sea surface temperature may be important in a
coupled ocean-atmosphere model. The temperature
drop would lead to a decrease of the latent heat flux
into the atmosphere thus providing a negative feedback
mechanism for precipitation over tropical oceans.
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