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Abstract. The response of the oceanic mixed layer to atmospheric forcing during a 6 day period 
of weakly precipitating tropical atmospheric convection is investigated. A simulation of a cloud- 
resolving model is used to provide ground level fields of atmospheric variables that drive the upper 
ocean model. The effect of kilometer scale oceanic variability on the area average air-sea heat flux 
is assessed and found negligible. Spatial wind variability is found to be the dominant factor 
leading to temperature anomalies at the sea surface. A simple parameterization of this effect for 
weakly precipitating conditions is suggested. 

1. Introduction 

Ocean-atmosphere coupling occurs by transfer of momentum, 
heat, and moisture across the ocean surface. This exchange plays 
a key role in the dynamics of the Earth's climate system, and its 
accurate representation in numerical models is essential for 
obtaining reliable climate change predictions. 

Ocean-atmosphere interactions have been the subject of 
intense research in recent years. As a result, a thorough 
understanding of air-sea exchange processes was achieved and 
reliable local (one-dimensional) surface flux parameterizations 
were developed. Air-sea flux parameterizations (e.g., the 
Coupled Ocean Atmosphere Response Experiment (COARE) 
bulk flux algorithms, one of the major results from Tropical 
Ocean - Global Atmosphere (TOGA), [Fairall et al., 1996a, 
1996b]) relate fluxes of heat, momentum and moisture to both 
atmospheric parameters (temperature, humidity, and winds above 
the sea surface) and oceanic parameters (sea surface temperature 
(SST)). However, using accurate local air-sea exchange para- 
meterizations in a coupled ocean-atmosphere model does not 
automatically guarantee the accuracy of computed air-sea fluxes. 
The fundamental problem here is that numerous processes 
comprising air-sea exchange have relatively small spatial scales 
that cannot be explicitly resolved by atmospheric and oceanic 
general circulation models (GCMs), whose resolution is at best 
of order 100 km. In order to assess better the results of global 
models, these so-called subgrid processes must be carefully 
examined and either found negligible or else somehow related to 
grid-scale variables. 

One can identify two potential sources of errors in coarse-grid 
estimates of air-sea fluxes: (1) unresolved small-scale variability 
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of the atmosphere and (2) unresolved oceanic response to 
unresolved atmospheric variability. Mesoscale wind variability is 
the dominant effect that was studied by several authors [e.g, 
Godfrey and Beljaars, 1991]; Jabouille eta/., 1996]; Esbensen 
and McPhaden, 1996]; Redelsperger et al., 2000]. It was found 
that mesoscale motions in the atmosphere significantly increase 
the surface fluxes. A simple parametefization of this effect was 
first suggested by Godfrey and Beljaars [1991]. More recently, 
Redelsperger et al. [2000] suggested distinguishing between the 
case of boundary layer free convection and the case of deep 
convection accompanied by precipitating systems. They found 
that only free convection is adequately parametefized by the 
formula of Godfrey and Beljaars [1991] and suggested a 
different parametefization for the case of deep convection. 

This paper deals with the second potential error source, 
namely, the effect of unresolved oceanic response to small-scale 
atmospheric variability. The idea here is that, owing to the strong 
non-linearity of the ocean mixed layer, the true area average 
SST, resulting from spatially variable atmospheric forcing, is 
different from the SST computed in a coarse-grid model using 
uniform cell average atmospheric variables. Since the air-sea 
fluxes (most importantly, of heat) depend on SST, this difference 
translates into biases in computed area average surface fluxes. 
The question is how large are such biases: tens or tenths of watts 
per square meter? Obtaining this estimate for a moderate convec- 
tive day with light winds was the main objective of the present 
stuay. 

The other aim of this work was to investigate in a broad sense 
the upper ocean response to the fine-scale atmospheric influence. 
An abundance of fine-scale O(lkm) temperature and salinity 
anomalies in the mixed layer of the western tropical Pacific has 
been well documented [Soloviev and Lucas, 1996, 1997; 
Tornczak, 1995]. Here we are interested in identifying the factors 
responsible for such surface temperature anomalies and 
estimating the magnitude of SST variations under different 
atmospheric conditions. 
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We seek the answers to the formulated questions using 
numerical simulations of a cloud resolving model (CRM) in 
combination with numerical simulations of an upper ocean 
model. One can envisage two possible approaches to using 
numerical modeling for the task at hand. One way is to conduct a 
large number of idealized simulations and draw general conclu- 
sions from an ensemble of numerical results. In this case the 

major uncertainty is that the idealized simulations may not 
correctly reproduce nature. The opposite approach is to conduct 
fully realistic simulations of a small number of typical cases. In 
this case, pure modeling errors are less problematic, and the main 
uncertainty is whether the few chosen case studies are enough to 
draw general conclusions. 

The present work uses the "case study" approach. We focus 
on a typical case of weakly precipitating convection consisting of 
individual convective clouds. This brings into play the radiative 
effect of clouds and wind variability while leaving the rainfall 
influence negligible. The other typical case of intensively 
precipitating convection will be addressed further on the basis of 
the present results. 

The CRM is initialized from COARE soundings and is forced 
by large-scale fields observed during TOGA-COARE. The CRM 
resolution (1.5 km horizontal, variable from 70 to 600 m in the 
vertical) and time-step (12 s) enable us to scan space and time 
scales corresponding to variability introduced by convective 
activity. The atmospheric fields are subsequently used to force 
the upper ocean model whose output is analyzed. 

The results of the study suggest that the main quantity of 
interest, the area average heat flux bias, is quite small and can be 
safely neglected in coarse-grid models. However, the temperature 
anomalies themselves are remarkably large, reaching more than 
IøC in calm weather conditions. We found that in the weakly 
precipitating case considered the SST variability is primarily 
generated by variable winds through increased/decreased vertical 
mixing in the mixed layer and surface cooling. A parameteri- 
zation for the spatial standard deviation of SST is suggested on 
the basis of dimensional analysis. 

The paper is organized as follows. Section 2 presents the 
numerical models used in this study and outlines the details of 
the simulation. Section 3 estimates the net heat flux bias. Section 

4 discusses the SST variability and demonstrates that it can be 
approximated with a proposed semi-empirical formula. Section 5 
gives the conclusions. 

2. Numerical Models and Simulation Details 

The atmospheric model used in the present study is the CRM 
based on the anelastic deep convection model developed by 
Redelsperger and Sommeria [1986]. The atmospheric model is 
one of a few state-of-the-art CRMs that can provide highly 
realistic mesoscale simulations. For a more detailed description 
of the model, the interested reader is referred to a recent article of 
Jabouille et al. [1996] and the references mentioned therein. 

The model simulation was uncoupled from the ocean. A fixed 
SST value of 29.5øC was prescribed throughout the entire 
simulation period. Using constant SST is standard practice in 
stand alone cloud resolving modeling. The domain had the size 
of 36 x 36 km in the horizontal and 20 km in the vertical. The 

model used a constant 1.5 km grid spacing in horizontal dimen- 
sions and a variable vertical mesh, ranging from 70 m at the 
ocean surface to 600 m at the top of the domain. The model was 
initialized from COARE soundings and large-scale forcings of 
humidity and temperature deduced from COARE observations 
[Lin and Johnson, 1996]. During this time period the forcings 

were generally weak. The mean horizontal wind within the 
model domain was also nudged toward the observed wind. The 
fields of wind, air temperature, longwave and shortwave 
radiation, humidity and rain from the first model level (35 m 
above sea surface) were output at 5 min intervals and used to 
force the upper ocean model. 

The ocean mixed layer model was developed by the authors at 
the Flinders University of South Australia. The model is based 
on the one-dimensional mixed layer parameterization of Price et 
al. [1986], (hereinafter referred to as PWP). The PWP mixed 
layer model is an established parameterization of upper ocean 
mixing that has been around for more than a decade. A recent 
thorough test of the PWP model was made during TOGA- 
COARE when it was used to simulate mixed layer evolution 
observed for several months by the Woods Hole Oceanographic 
Institution (WHOI) Intensive Meteorology (IMET) mooring, 
equipped with meteorological and oceanographic instrumentation 
[Weller and Anderson, 1996]. The PWP mixing parameterization 
was found to represent accurately the ocean mixed layer under 
the tropical ocean conditions. In our model, this mixed layer 
scheme is embedded in a full 3-D fluid mechanics model. The 

model domain covers the upper 100 m of the water column with 
a nonuniformly spaced grid. The vertical resolution varies from 
0.1 m at the surface to 5 m at 100 m depth. The horizontal grid of 
the oceanic model matches the grid of the atmospheric model. 
Because of the small aspect ratio of the grid (Az -- 1 m, Ax 
-- 1 km), the ocean model is hydrostatic and parameterizes mixed 
layer convection as instantaneous convective adjustment. A 
derailed description of the model is given in Appendix A. 

The fluxes of moisture, heat and momentum that drive the 
ocean model were computed using COARE bulk flux routines 
version 2.5b, publicly available at the official COARE web site 
(http://www.coaps.fsu.edu/coare/flux_algor/). The flux algo- 
rithms were described by Fairall et al. [1996b]. The flux routines 
take into account the difference between the bulk sea surface 

temperature (available in our model at a nominal depth of 0.05 
m) and the true sea surface temperature, which can be 
substantially lower in the upper few millimeters of the water 
column due to the "cool skin" effect [Fairall et al. 1996a]. In this 
paper the SST always refers to the actual surface temperature, 
i.e., the uppermost model value minus the cool skin difference. 

The study area is located inside the TOGA-COARE Intensive 
Hux Army region at 1.45øS, 156øE. The particular case, chosen 
for the simulation and analysis, is a period of dry calm weather 
during November 13-19, 1992. A reader familiar with weather 
conditions during TOGA-COARE may recall that this was a 
calm period preceding a strong westerly wind burst in mid- 
December. A summary of area-averaged simulated atmospheric 
fields for the period November 13-19, 1992, is shown in 
Figure 1. The general atmospheric conditions are characterized 
by a dry intrusion which temporarily suppressed convection and 
reduced precipitation, as seen in Figure 1. A detailed case study 
of the simulated period is given by Parsons et al. [2000], who 
argue that such intrusions are a typical feature of the tropical 
convective atmosphere. 

3. Model Output Analysis 

3.1. General Characteristics of Simulated Upper Ocean 
Response 

The diurnal cycle of SST in the tropics has been observed, 
modeled and analyzed in a number of studies [e.g. Webster et al., 
1996; Weller and Anderson, 1996; Soloviev and Lucas, 1997]. 
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Figure 1. Average atmospheric conditions during the simulation period November 13-19, 1992. 

While the details of the cycle vary depending on particular 
atmospheric conditions, the overall behavior generally follows a 
clear pattern of the opposing influence of wind and solar heating. 
In the presence of light winds (as was the case during the model 
simulation), the vertical mixing in the ocean is weak. Therefore 
SST anomalies, produced by variable surface forcing, do not 
penetrate deep into the ocean (typically, they lie within a meter 
from the surface) and have large amplitudes (because the effect 
of nonuniform heating is applied to a thin layer of water). During 

the night, cooling of the sea surface leads to static instability and 
convection, which mixes the water column down to !5 - 20 m. 

This "dilutes" temperature anomalies in the vertical direction and 
results in a more or less uniform field of temperature at the 
surface. 

The model results closely follow this typical behavior. This is 
illustrated in Figure 2, which presents the time series of spatial 
mean SST, spatial standard deviation of SST, and mean mixed 
layer depth (MLD). It is seen that the mean SST follows a well- 
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Figure 2. Area-average SST (top) and mean mixed layer depth (bottom, dashed curve) and spatial standard 
deviation of SST (bottom, solid curve). 

defined diurnal cycle with intense warming in daytime hours and 
cooling at night. The standard deviation of SST is significantly 
increased during the day and decreases at night. 

Figure 3 shows a comparison between the mean model SST 
and observations taken at the WHOI IMET buoy, located inside 
the model domain. During the first 5 days of the simulation the 
model temperature is seen to be systematically about 0.2øC lower 
than the value observed at the IMET buoy. During the last day of 
the model run the agreement is nearly perfect. Note that the 
observed deviation of 0.2øC cannot be explained by the spatial 
variability of the simulated SST field, because it is substantially 

higher than the estimated spatial standard deviation (Figure 2) 
and does not have a diurnal pattern. The most likely reason for 
the discrepancy is horizontal advection of warmer water at the 
IMET mooring site which was not captured by our model. 
Overall, however, the model-data comparison is highly 
favorable. Note that the ocean model is driven by simulated 
rather than observed fluxes and yet it captures the major details 
of the observed SST record. 

Several examples of the spatial structure of the SST field are 
shown in Plate 1, along with simultaneous images of MLD and 
wind speed. The format of a journal article strongly limits the 
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Figure 3. Time series comparison of area-average simulated SST and IMET mooring measurements. 

possibility of presenting temporal evolution of 2-D fields; 
however, even a short glance at the 2-D structure is worthwhile. 
Plate 1 shows the images of SST, MLD, and wind speed taken at 
the instances of maximum SST variability in the afternoon of day 
2 and day 6 of the model run (1200 UTC, November 14 and 18, 
1992). The images demonstrate that the SST fields have the form 
of cold and hot spots with a typical scale of several kilometers. It 
is also seen that cold and hot patches in the SST field generally 
correspond to the areas of increased and reduced MLD, which in 
turn, more or less correspond to the wind speed anomalies. It 
should be noted that the state of the ocean at a given time t=to is 
the functional of the atmospheric fields (i.e., depends on the full 
history of forcing for all t<to). Therefore exact agreement 
between instantaneous wind and SST anomalies cannot be 

expected. 

3.2. Net Heat Flux Bias 

To delineate the effect of oceanic smallscale variability, we 
need to take the average of atmospheric fields, apply this uniform 
surface forcing to the mixed layer model, and compute the 
resulting air-sea heat flux. The sought quantity is the difference 
between this flux and the area-averaged value of the flux 
obtained in the full simulation presented earlier. For brevity we 
shall refer to such an obtained value as the heat flux bias. 

Note that wind velocity is a vector quantity. One way of 
taking its area-averaged value is to average independently the 
x and y components of wind speed and thus obtain the velocity 
vector of mean wind over the domain. The resulting vectorial 
average wind is the quantity that directly corresponds to a single 
grid value of the wind velocity in an atmospheric GCM. The 
problem with vectoria! averaging in terms of air-sea exchange is 
that local air-sea fluxes depend on wind speed (velocity 
modulus). Therefore, area-averaged fluxes are proportional to the 
mean wind speed over the domain <IUI>, while vectorial 
averaging of wind yields the value I<U>l. The difference between 
<lUl> and I<U>l gives rise to the earlier mentioned effect of 
mesoscale surface flux enhancement. In the case of large-scale 

simulations with GCMs, only vectorial average wind is known, 
and additional hypotheses and parameterizations are needed to 
estimate the scalar average. In our case, detailed output from the 
cloud-resolving model allows one to compute directly the scalar 
average wind. 

In discussing air-sea heat fluxes one should distinguish net 
heat loss by the ocean from the net heat gain by the atmosphere. 
The oceanic heat loss is comprised of the outgoing longwave 
radiation, and sensible and latent heat fluxes. However, only the 
longwave radiation and sensible heat flux are directly available 
for immediate atmospheric uptake because the latent heat of 
evaporation converts into chemical bonding of water molecules. 

Biases of both the oceanic heat loss and the atmospheric heat 
gain are shown in Figure 4. It is seen that substituting area- 
averaged atmospheric parameters instead of detailed 2-D fields 
leads to a difference in average air-sea heat fluxes. This 
difference, or bias, is understandably smaller for the net atmo- 
spheric heat gain, which excludes the latent heat flux of evapora- 
tion. However, even taking latent heat into account (as a part of 
oceanic heat loss), we only get net heat flux biases of about 
3 - 5 W m -2 during the day and about 1 W m -2 at night. 

It is interesting to see whether negative and positive heat flux 
biases average out in the course of a day or the tendency for 
overestimation or underestimation persists in time. Mean (time 
average) values for the 7 day period of our simulation are equal 
to -1.8 W m -: and -0.3 W m -: for net oceanic heat loss and net 

atmospheric heat gain, respectively. These numbers suggest that 
coarse-grid models slightly overheat the ocean and slightly 
underheat the atmosphere. However, this is a tiny effect that is by 
far overshadowed by more prominent error sources, such as, for 
example, mesoscale flux enhancement mentioned in section 1. 
Overall, we can estimate the net heat bias due to small-scale 
oceanic variability to be of order 0.1 - 1 W m -:. 

Figure 5 shows a time series of area-averaged SST bias 
relative to the control simulation. It is seen that nonlinear ocean 

mixed layer dynamics does in fact manifest itself in the SST bias. 
Figure 5 shows that coarse-grid computations lead to a slight 
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Figure 4. Top: Bias of net oceanic heat loss (longwave radiation + sensible heat flux +latent heat flux). 
Bottom: Bias of net atmospheric heat gain ((longwave radiation + sensible heat flux). The biases are 
computed relative to the control simulation with fine-grid atmospheric forcing. 

underestimation of average SST (the SST bias has a temporal 
mean of-0.006øC). 

4. SST Variability 

A number of upper ocean surveys conducted during TOGA- 
COARE have shown substantial horizontal variability of the 
ocean mixed layer at scales from hundreds of meters to tens of 
kilometers [Soloviev and Lucas, 1996, 1997; Tornczak, 1995]. 
These findings sparked the interest in the origins of surface 
temperature and salinity anomalies. Tornczak [1995] related 
observed cold SST/low salinity anomalies of the size of order 10 

km to the effect of individual rainstorms. $oloviev and Lucas 

[1996] used ship-borne bow probes to profile the upper 4 m of 
the ocean and found substantial temperature and salinity 
variability at scales down to hundred meters. Soloviev and Lucas 
related this variability to the influence of internal waves and 
suggested a possible mechanism for their generation. 

In this section we shall examine the origins of SST variability 
simulated by our model. We shall see that in calm dry conditions 
the SST anomalies are primarily generated by the surface wind 
and suggest a simple parameterization for this effect. It should be 
noted that our analysis excludes the internal wave mechanism of 
$oloviev and Lucas [1996] because of the model deficiency (no 
external wave mode, low resolution, etc.). 
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Plate 1. Snapshots of (top) SST, (middle) MLD, and (bottom) wind speed at 1200 local solar time: (left) 
November 14, 1992; (fight) November 18, 1992. Note that higher wind speeds generally correlate with deeper 
mixed layer and lower SST. 
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Figure 5. Mean sea surface temperature bias relative to control simulation. 

Many factors, such as variable insolation, air temperature, 
humidity, etc., can contribute to the variability of the simulated 
SST field, and it is interesting to identify the dominant cause. 
This is readily revealed by two test experiments. Experiment A 
uses nonuniform wind and spatially averaged other atmospheric 
variables, whereas experiment B uses spatially averaged wind 
and nonuniform other atmospheric parameters. The plot of 
resulting standard deviation of SST is shown in Figure 6. One 

can see that experiment A yields a standard deviation indistin- 
guishable from the control simulation (Figure 2), while SST 
variability in experiment B is greatly reduced. Therefore it is 
clearly the wind that creates the SST anomalies in the periods of 
calm dry weather. 

We shall now attempt to parameterize the standard deviation 
of SST (Oss r) as a function of mean atmospheric forcing over the 
simulation domain using the method of dimensional analysis 

0.4 : 

variable wind, 
uniform others 

uniform wind, 

t ñme, days 

Figure 6. Sea surface temperature variance under different atmospheric forcing conditions. Dotted curve: 
Experiment A with non-uniform wind field and spatially averaged other atmospheric variables. Solid curve: 
Experiment B with spatially averaged wind and non-uniform other atmospheric parameters. Note that 
experiment A is indistinguishable from the experiment with fully non-uniform forcing (Figure 3). 
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Figure 7. Time series of SST variance (solid curve) and its proxy (dashed curve). 

[see, e.g., Barenblatt 1994]. Recall that Ossr has a strong diurnal 
pattern with clear daytime peaks and strongly suppressed signal 
at night (Figure 2). The transition from the daytime mixing 
regime (primarily wind-driven) to nighttime mixing (driven by 
cooling and convection) can be approximately tied to the change 
of sign of the net heat flux to the ocean Q. We can therefore 
represent total SST variance as 

rlssr = I(Q) Oday + r/night, (1) 

where o •y is the daytime variance, o •ight is the nighttime 
variance, and I(Q) is the indicator function (i.e., I(Q) = 1 for 
Q > o, and I(Q) = 0 for Q _< 0). In what follows we shall focus on 
o •y because nighttime SST variability is too small to be of any 
interest (Figure 2). 

Let us make a list of variables that o •y depends upon. As we 
have seen, the main cause of SST variability is variable wind. It 
is therefore natural to start the list with the spatial standard 
deviation of the wind, o,v. We have also seen (Figure 2) that SST 
variability is closely linked to the mean MLD, with smaller MLD 
leading to higher Ossr and vice versa. The mean MLD, in turn, is 
primarily dependent on the net heat flux Q and mean wind speed 
M,v. It seems reasonable to add both variables to the list. Note 
that the heat flux enters mixed layer dynamics only in 
combination with density and heat capacity, Q/pCp (see (A6) in 
Appendix A). Therefore the actual determining parameter should 
be the temperature flux q - Q/pCp, rather than the heat flux Q. 

Assuming that the above variables are the only parameters 
influencing o •y, we can write the dependence as 

day 
o -- F(q, Mw,c•), (2) 

where the variables have the following dimensions: 

• L L [oday]- - O, [q] - [M w] -• [OW] -• (3) 

Here O denotes the dimension of temperature, L denotes the 
dimension of length, and T designates the dimension of time. 

Choosing q and M,v as two basic variables with independent 
dimensions, we can nondimensionalize the left-hand side of (2) 
and form a single nondimensional variable on the right-hand 
side. This implies that (2) reduces to 

0 'day M w -- •( .•--•), (4) 
q •w 

where •(•) is a function that cannot be determined from the 
dimensional analysis. 

We can make further progress by assuming small values of 
• = ow/Mw and expanding •(•) in the vicinity of • = 0. Given 
that • = 0 corresponds to uniform wind and hence negligible SST 
variance, we can approximately write 

ß (•) -- AS + O(• 2 ), (5) 

where A is an unknown constant. Finally, neglecting higher-order 
terms and recalling (1), we obtain a simple formula for SST 
variance 

QI(Q) tYW r/night 
Ossr= A pCp M• + (6) 

with two unknown constants A and o •ght. 

Figure 7 shows the plots of Oss r and its proxy obtained 
from (6) with A = 10000 and o •ot = 0.03øC. Although point-by- 
point agreement between real Oss r and its predicted value is 
rather poor, the general behavior of Ossr is represented well, with 
an exception of a strong peak on the first day. Because of the 
poor point-wise accuracy of (6), we could not use regression and 
find suitable values of A and o aght by simple trial and error. 

A possible explanation for the bad performance of (6) during 
day 1 of the model rtm is that wind conditions at that time were 
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Figure 8. Time series of • = o•Mw.. Note large values of • during day 1. 

outside the validity regime for (5), which requires smallness of 
• = o•Mw. The time series of • is shown in Figure 8. It is seen 
that most of the time ow/Mw is < 0.5 and marginally meets the 
condition • << 1. However, this is not so during day 1 when • 
reaches 0.7. It is at this very period that our formula is most 
badly off (Figure 7). It is interesting to note that one more peak 
of •, seen at the end of the time series, occurred during the night 
and thus did not adversely affect the formula. 

We would like to note that the theoretical arguments leading 
to the SST variance formula were not the way we actually arrived 
at it. In reality, we found (6) trying to understand the overall 
behavior of Oss r using common sense considerations, such as that 
Ossr should be in some way proportional to wind variance and 
inversely proportional to mean wind and should follow the daily 
cycle. After numerous trials we found that formula (6) was the 
best within a class of simple expressions with different powers of 
ow and Mw. Although we still cannot provide a real physical 
derivation, the dimensional analysis allows us to rationalize 
somehow the particular form of (6). 

It should be noted that the above analysis corresponds to 
almost nonprecipitating atmospheric conditions. An obvious 
question to ask is what happens in the presence of rain, a 
condition typical for the tropics. Unfortunately, we can anticipate 
that a moderate amount of rainfall wreaks havoc with all the 

above reasoning. For example, nocturnal rainfall strongly affects 
the nighttime SST variance because rain-induced stability of 
surface water leads to compensating overcooling, which creates 
numerous cold spots in locations of preceding precipitation. It is 
very unlikely that this process can be parameterized in a simple 
algebraic form. We should therefore limit applicability of (6) to 
conditions of light precipitation. 

5. Summary and Conclusions. 

A typical case of a weakly precipitating tropical convective 
atmosphere was simulated with a highly realistic cloud-resolving 
model. The atmospheric fields were subsequently used to force 
the upper ocean model. The primary aim of the study was to find 

out whether or not strong nonlinearity of the ocean mixed layer 
leads to systematic errors for net heat fluxes as estimated from 
coarse-grid models. Our investigation shows that the impact of 
kilometer-scale variability on the air-sea heat flux is negligible, 
with the heat flux biases being only of order 0.1 - 1 W m -2. 

The ocean model reproduced substantial spatial variability of 
SST, which is a well documented feature of the tropical ocean 
We established that under weakly or nonprecipitating conditions 
SST anomalies are primarily caused by variable winds, rather 
than by variable insolation. We also found that in the absence of 
rain the standard deviation of SST can be parameterized by a 
simple algebraic expression. 

It remains to be seen whether small-scale SST variability has 
any practical importance in the coupled atmosphere-ocean 
system. (It is likely to have biological implications, which we are 
not following up in this context.) It is possible that the hot and 
cold anomalies at the ocean surface feed back into the 

atmosphere by modifying atmospheric convection. Examination 
of this scenario requires coupled ocean-atmosphere modeling. 

Appendix A 

The upper ocean model is composed of the PWP mixing 
algorithm operating upon the incompressible Boussinesque fluid. 
The model is hydrostatic and baroclinic. It assumes an infinitely 
deep quiescent layer below the computational domain, so that the 
pressure is obtained by vertically integrating the density anomaly 
upwards from the bottom of the domain. The rigid lid condition 
for vertical velocity is used at the surface. 

The hydrodynamical equations solved by the model have the 
form 

ø•,•,u+(uV)u-fv=----1 øgP+l•rxf(Z)+VV•u, (A1) 
• P0 o9x P0 

ogv 1 o9p •00 vVh2v (A2) -- + (uV)v + fu .... + ,yf(z) + , 
0t P0 o9y 
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z 

.f•Ou o.v. a w--'9 •x+• ) z, (A3) 
0 

t,---g f oaz, (A4) 
-H 

where f is the Coriolis parameter, u = (u,v,w) is the velocity 
vector, x, y and z axes point zonally, mefidion.ally and upward, 
respectively, and z = -H is the bottom of the model domain. The 
total density p is decomposed into the mean reference part P0 and 
the density anomaly o, which is a known function of temperature 
and salinity given by the equation of state, 

P- P0 = o( S, T). (A5) 

The wind stress x is applied at the oceanic surface and, until 
the vertical mixing is invoked, does not affect the interior of the 
domain. The horizontal diffusion with constant viscosity 
coefficient v is included for numerical stability and kept at a 
minimum during the computations. 

The heat conservation equation is 

09 r •in o•A( z) Qout ¾v•r. (A6) ----+V(uT)-- . • + b(z)+ 
o• t P o Cp o• z Po C p 

Here Q• is the heat flux due to the incoming penetrating solar 
radiation, which is absorbed within the water column according 
to the absorptitn profile A(z). We use the absorption profile due 
to Paulson • Simpson [ 1981 ], 

A( z) 0.403e z/ø'ø3 2.27 /34.8 = + 0.360e z/ +0.237e z , (A7) 

where the depth z (negative downward) is measured in meters. 
The term Qo•t represents the outgoing heat flux from the ocean 
surface and consists of the sum of the longwave radiation, 
sensible and latent heat fluxes, and the heat flux due to the 

difference between the SST and the rain temperature (assumed 
equal to the wet bulb temperature), 

Qout ---[Q• + Qs•nsi•,l• + Qlat•nt + •oCt, (T- Train)V]. (^8) 

The salt conservation equation is given by 

---+ V(uS) -- (E- P)Sb(z) + •tV•S, (A9) 
•9t 

where E and P are the rates of evaporation and precipitation, 
respectively. 

For a detailed description of the mixing model and its nume- 
rical implementation the reader is referred to PWP. Here we shall 
only briefly outline their algorithm. The vertical mixing is 
pararneterized as a set of stability constraints that must be 
fulfilled at any given time moment. This assumes that evolution 
of the dynamical system as a whole is much slower than the 
mixing process so that the latter can be considered instantaneous. 
The constraints require that the water column be statically stable 
and the flow have the bulk and gradient Richardson numbers 
above the threshold values of 0.65 and 0.25, respectively. This 
assures the stability of the mixed layer and the shear layer below. 
The stability criteria have the form 

---->0, (A10) 
•9z 

gAoh 
Rt, = 2 > 0.65, (All) 

P0 ( • h) 

Rg = (SUhgSZ) 2 >025, (A12) 
where h is the mixed layer depth, Uh is the horizontal velocity 
vector, and A( ) takes the difference between the mixed layer and 
the layer just beneath. 

The model is initialized with a realistic density profile au- 
mented at the depth of 80 m by an isopycnal buffer layer about 
20 m thick. This buffer represents the top of an infinitely deep 
quiescent lower layer implied by the reduced gravity assumption. 
The model can "breathe" at the bottom of the domain since 

vertical velocity there is unconstrained. However, owing to the 
isopycnal buffer layer, vertical advection across the lower 
boundary of the domain is zero. 

The model operates by solving the vertically inviscid equa- 
tions (A1) - (A9) for several time steps using leapfrog time inte- 
gration. After a user-specified number of time steps (usually 
about 5 - 10) the density is computed and the static stability crite- 
rion (A10) is checked. If the density profile is unstable, tempe- 
rature, salinity and momentum are mixed from the surface down- 
ward until stability is achieved. The depth of the resulting mixed 
layer is then used to compute the bulk Richardson number (A11). 
If the latter is smaller than 0.65, the mixing from the top 
downward continues until the threshold value of Rb is reached. 
The gradient Richardson number mixing is a somewhat more 
involved procedure, and for its description we again refer the 
reader to the paper of PWP. Suffice it to say here that this form 
of mixing operates below the mixed layer and produces smooth 
vertical distributions of velocity and scalar properties. 

PWP mixing is a nonlinear shocklike procedure that can 
strongly distort dynamic fields. To minimize the effect of resul- 
ting discontinuity on the accuracy of leapfrog time integration, 
after each mixing event, At-old variables from the previous 
timestep are "backdated", taking the average of current (PWP- 
mixed) and two At-old variables. This procedure also serves to 
suppress computational odd and even timestep modes, a known 
malady of leapfrog schemes. 

The grid for all variables except vertical velocity is non- 
staggered. The grid points for w are offset in the vertical halfway 
between the grid points for the rest of the variables. The 
momentum equations are approximated with central differences 
in space. The advection scheme for T and S is the flux corrected 
transport algorithm of Zalezak [1979]. Lateral boundary condi- 
tions are periodic. No-stress conditions for horizontal velocity, 
temperature and salinity are applied at the bottom of the domain. 
We use the time step of 120 s and the coefficient of lateral 
viscosity v = 104 m 2 s 4. 
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