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ABSTRACT

The relationship among clouds, surface radiation flux, and the sea surface temperature (SST) of the tropical
western Pacific Ocean over the diurnal cycle is addressed in the context of the Atmospheric Radiation Mea-
surement (ARM) Program scientific objectives for the tropical western Pacific Ocean. An understanding of the
relationship between clouds and SST on a variety of time and space scales is needed to understand fully the
cloud—radiation feedback in the tropical oceans and the maintenance of the warm pool. Here the diurnal cycle
is emphasized. Data from the TOGA COARE Intensive Observation Period is examined and interpreted using
an ocean mixed layer model that includes a parameterization of the ‘‘skin’’ temperature, explicit salinity, a
surface heat budget that includes the sensible heat flux associated with rain, and the contribution of rain to the
surface momentum flux. Using a mix of modeling and observations, three different case studies are examined
in detail: clear and calm, clear and windy, and disturbed. For these typical sets of conditions and processes in
the tropical ocean warm pool, the upper-ocean structure is clarified so that the skin sea surface temperature, the
bulk surface temperature (at a depth of 1 cm), and the temperature at 0.5 and 5 m below the surface (which is
the level that buoys and ships routinely observe ‘‘surface’’ temperature) can be interpreted. Sensitivity studies
are conducted with the model to investigate the roles of wind speed, precipitation, ocean turbidity, and ocean
initial state in modulating the radiation-induced diurnal cycle in SST. It is found that in high insolation, low
wind regimes that the skin temperature may be as much as 30°C warmer than the 0.5-m buoy temperature.
Spatial distribution of the diurnal amplitude of the SST are calculated for the global Tropics, and speculations
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are made regarding the implication of the SST variability to the tropical climate.

1. Introduction

In the tropical western Pacific Ocean (TWP), clouds
and the cloud-radiation feedback can only be under-
stood in the context of air—sea interactions and the
ocean mixed layer. The importance of the TWP region
to world climate has been described by Webster and
Lukas (1992), among many others, and this region has
been the focus of considerable research activity. To in-
crease our understanding of the mean and transient
states of the warm-water regions of the western Pacific
Ocean and the associated air—sea interactions, the
Tropical Ocean-Global Atmosphere (TOGA ) Coupled
Ocean—Atmosphere Response Experiment (COARE)
program has been formulated (Webster and Lukas
1992). This program recently culminated in a major
field experiment in the tropical western Pacific Ocean,
with an intensive observing period (IOP) from Novem-
ber 1992 through March 1993. The Central Equatorial
Pacific Experiment (CEPEX) was conducted during
March 1993 to address specifically cloud-radiative
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feedback in the Tropics (Williams 1993). The Depart-
ment of Energy Atmospheric Radiation (ARM) Pro-
gram will continue this focus with long-term observa-
tions of clouds and radiation at a series of island sites
in the TWP.

Considerable interest has been shown in attempt-
ing to explain why sea surface temperature (SST)
rarely rises above 30°C, why the tropical western Pa-
cific Ocean warm pool has relatively uniform SST
between 28° and 30°C, and how clouds are related to
the magnitude, variations, and gradients of the SST.
Ramanathan and Collins (1991) postulated that cir-
rus clouds are the main mechanism that maintains the
local SST at an equilibrium value in the tropical
western Pacific. McPhaden and Hayes (1991), Wal-
lace (1992), Fu et al. (1992), and Liu et al. (1994)
have emphasized the importance of evaporation in
regulating tropical SST, and McCreary and Lu
(1994), Sun and Liu (1996), and Webster et al.
(1996; manuscript submitted to Science) have de-
scribed the role of ocean dynamics. Hartmann and
Michelson (1993), Zhang (1993), Arking and Zis-
kin (1994), and Lau et al. (1994 ) emphasize the im-
portance of large-scale atmospheric dynamics in
cloud evolution over the warm pool, and thus in the
regulation of warm pool SST.
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With the exception of the study by Fu et al. (1992),
the observational studies have been conducted using
monthly cloud and SST data, and the focus has been
on intraseasonal and interannual timescales. The use of
monthly averaged data misses a key feedback between
clouds and SST that occurs on the fractional cloudi-
ness-damping timescale of approximately 0.6 day and
the cloud-SST coupling timescale, which was esti-
mated to be 3—-6 days for the unstable tropical atmo-
sphere (Chu and Garwood 1991). This timescale is the
time needed for a change in cloud properties, due to
the change of ocean surface evaporation caused by SST
variation, to feed back to the SST through its effect on
the surface heat flux. The 3—6 day timescale was also
found by Lau and Chan (1988) in a spectral analysis
of the outgoing longwave radiation (OLR) over the
equatorial western Pacific. A fractional cloudiness-
damping timescale of approximately 0.6 day and an
osgan mixed layer cooling timescale of approximately
20-30 days was also derived by Chu and Garwood
(see also Webster 1994 ). The models described by Hu
and Randall (1994) and Lau et al. (1994) are capable
of addressing shorter timescale interactions between
clouds and SST.

In the TWP, there are many scales and forms of con-
vection, most of which reside within the 28°C surface
temperature isopleth. Satellite-observed outgoing long-
wave radiation (OLR) estimates indicate that the TWP
is dominated by deep and intense convection during
most of the year. Early results from TOGA COARE
indicate that the convective cloudiness is made up of a
complicated menage of cloud life cycles. Smaller
clouds and cloud clusters appear to undergo a distinct
diurnal cycle (e.g., Mapes and Houze 1995). Larger
mesoscale clusters are also tied to the diurnal cycle with
a predawn maximum in convective activity, vertical ex-
tension, and precipitation. During the morning, the con-
vective activity of these mesoscale clusters diminishes
but cloudiness persists as extended stratus decks (Ma-
pes and Houze 1995). Organized convection associ-
ated with disturbances may last for days. The larger-
scale convection, in turn, appears to be modulated by
a long period (30—60 day) dynamical pulse probably
associated with large-scale ocean—atmosphere inter-
action (e.g., Lukas et al. 1995), which may in turn be
modulated by the diurnal cycle in a cross-scale air—sea
interaction scenario (Zhang 1996). Machado et al.
(1992) and Machado and Rossow (1993 ) have noted
that the frequency of tropical cloud clusters decreases
as the inverse square of the radius of the disturbance,
indicating in a statistical sense that the total area of deep
cloud cover in the warm pool is approximately the
same, irrespective of the scale of the components. Shal-
fow convective clouds that have a small horizontal ex-
tent are abundantly present in this region, although they
have not been studied systematically to date.

Different cloud types play different roles in the TWP
climate. Deep convective precipitation accounts for ap-
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proximately 40% of the total precipitation in the Trop-
ics (e.g., Leary and Houze 1980; Liu et al. 1995), al-
though these clouds cover a small area and thus have
a relatively small impact on the radiation balance. An-
vil clouds cover a much greater region and thus influ-
ence the radiation balance more strongly, while at the
same time contributing approximately the same amount
of total precipitation as do the deep convective clouds
(e.g., Liu et al. 1995). Low- and midlevel clouds also
modulate the surface radiation and freshwater fluxes.
The type of cloud associated with the precipitation and
the timing of this precipitation with respect to the di-
urnal cycle may influence the impact of the precipita-
tion on the tropical sea surface temperature and ocean
mixed layer characteristics, as initially suggested by
Lukas (1991). Deep convective precipitation is typi-
cally associated with strong local surface winds, and
the ensuing freshwater is easily mixed into the ocean
below. By contrast, precipitation associated with shal-
low, isolated convection is generally accompanied by
low wind speeds, resulting in the formation of a fresh-
water lens on the ocean surface that acts to stabilize the
upper ocean and allows the sea surface temperature to
warm radiatively (e.g., Webster and Lukas 1992).

To clarify the sea surface temperature, we must dis-
tinguish between the ‘‘skin’> SST, which is the radio-
metric temperature of the sea surface, and the ‘‘bulk™
sea surface temperature. The true bulk SST is defined
to be the temperature within the upper few centimeters
of the ocean surface. The bulk SST determined from
buoy measurements is typically obtained at a depth of
0.5 m, while the bulk SST determined from ship mea-
surements may be obtained from depths as deep as 5
m. We note that infrared wavelength measugements
from satellites can be interpreted directly in terms of
the skin temperature, although most methods of satel-
lite SST retrieval have been regressed to reproduce
bulk temperatures for comparison with in situ bulk tem-
perature measurements made by ships and buoys (e.g.,
Reynolds and Marsico 1993). The radiative, latent, and
sensible heat exchanges between the atmospheric and
oceanic boundary layers depend on the actual skin tem-
perature of the ocean, making the skin temperature the
critical SST for examining air—sea interactions. The
skin temperature can differ from the bulk water tem-
perature in the Tropics by values that are as large as
1-3 K (e.g., Cechet 1993), although the magnitude of
the bulk — skin temperature difference is usually <1
K (Schlussel et al. 1987, 1990; Wick et al. 1992; Cop-
pin et al. 1991).

The mixed layer of the western equatorial Pacific
Ocean has some unique features that make modeling
the SST difficult. Lindstrom et al. (1987) have shown
a more complicated structure to the warm-pool upper
ocean than was previously thought. Rather than a deep
isothermal layer surmounting a strong halocline, the
near surface structure often contains a shallower iso-
haline layer accompanied by a warmer isothermal layer
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Fig. 1. Observations of temperature profiles in the ocean mixed
layer obtained from the SILVERFISH instrument on board the R/V
Franklin (a) 13 January 1993 and (b) 4 February 1993. The levels
where the skin, true bulk, buoy bulk, and ship bulk SST values are
commonly measured are indicated schematically in the diagram.

near the surface. This surface layer results from a
strong freshwater flux into the ocean. Lukas and Lind-
strom (1991) refer to the intermediate layer as a ‘‘bar-
rier layer’’ that inhibits entrainment of colder, saltier
water from below the main thermocline. Since surface
winds in the western Pacific are generally light, the
presence of the barrier layer effectively inhibits entrain-
ment cooling. Lukas and Lindstrom (1991) concluded
that the mixed layer in the western Pacific can only
deepen significantly and cool when the winds are able
to break through the barrier layer. Since strong enough
winds to erode through the barrier layer are rare, a de-
tailed knowledge of the role of surface fluxes is re-
quired to understand the SST.

Figure 1 shows observations of the upper-ocean tem-
perature obtained from the R/V Franklin SILVER-
FISH (F. Bradley, personal communication) during the
TOGA COARE Intensive Observation Period (I0P).
Two different examples are given: Fig. 1a represents a
case with light winds and high insolation, and Fig. 1b
represents a disturbed situation with strong winds and
low insolation. Profiles are shown for every 5 minutes
over a period of 30 minutes. The different values of
skin, true bulk, buoy bulk, and ship bulk ‘‘surface’’
temperatures are indicated schematically in the dia-
gram. The skin SST was not measured coincidentally
with these soundings, so the skin SST is represented
schematically in the diagram based on model calcula-
tions to be approximately 0.4°C cooler than the 1-cm
temperature during nighttime and approximately at the
same temperature (or occasionally warmer) during
daytime if surface insolation is high. A comparison of
the two figures shows that in light wind conditions (Fig.
la) very strong temperature gradients exist in the up-
permost meter. In the disturbed case (Fig. 1b), the up-
per ocean is nearly isothermal and little diurnal varia-
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tion is apparent. While the buoy (0.5 m) or ship (5 m)
values of sea ‘‘surface’’ temperature are within a few
tenths of a degree of the skin SST in Fig. 1b, the mea-
surements obtained at the buoy or ship levels are sev-
eral degrees cooler than the skin in Fig. 1a, even during
the period of peak insolation.

To evaluate the interfacial fluxes of sensible and la-
tent heat and the upwelling longwave radiation, the skin
temperature of the surface of the ocean is the critical
temperature. This temperature sets the saturation vapor
pressure at the surface and so determines the latent heat
flux into the atmosphere together with the atmospheric
boundary-layer state. Thus, accurate values of the skin
SST are required to determine accurate values of the
surface heat flux components. Table 1 shows the
changes in surface heat flux components associated
with a 1°C change in SST for average conditions during
the TOGA COARE IOP. The change in the upwelling
longwave radiation flux at the surface was determined
using the Stefan—Boltzmann law. To evaluate the
changes in the sensible and latent heat fluxes, the bulk
model described by Clayson et al. (1996) is used. Sub-
stantial changes are seen particularly in the surface la-
tent heat flux. All of the changes are of the same sign,
that is, none of the changes cancel if the net surface
heat flux is being evaluated. Therefore, a 1°C change
(or error) in sea surface skin temperature would result
in a change (or error) of 27 W m™2 in the net surface
heat flux. We note in particular that the percentage error
in the turbulent flux will be even larger under condi-
tions of lighter than average winds. In many instances,
an error of this magnitude would be large enough to
change even the sign of the net surface heat flux. An
error of 20 W m™ in moist static energy flux from the
surface could significantly modify atmospheric bound-
ary layer and convective processes. Because of the high
surface temperatures and the Clausius—Clapeyron re-
lationship, surface temperature variations (or errors) of
magnitude 1°C can thus have substantial impact on air—
sea interactions when the surface temperature is high.
Ledvina et al. (1993) have pointed out the importance
of using hourly values of bulk meteorological param-
eters in determining the daily average turbulent fluxes
from bulk methods, showing that air—sea surface scalar
fluxes computed from monthly, weekly, and even daily
averaged bulk meteorological parameters can be seri-
ously in error in equatorial, temporally variable wind

TaBLE 1. Changes in surface heat flux components associated with
a 1°C change in SST for average conditions during the TOGA
COARE IOP.

Flux change Flux change
Component (Wm™3) (%)
Upwelling longwave 6.3 1.3
Sensible heat 24 233
Latent heat 18.7 16.2
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regimes. Therefore, care must be taken in using the
correct skin SST to evaluate the surface fluxes and in
determining the diurnal variation of SST in the tropical
western Pacific, which may be as high as 3.8°C under
calm clear conditions (e.g., Fairall et al. 1996a).

In this paper, we use data obtained from the TOGA
COARE 10P along with an ocean mixed layer model
to address the relationship between clouds, surface ra-
diation flux, and the sea surface temperature (SST) of
the tropical western Pacific Ocean over the diurnal cy-
cle, in the context of the Atmospheric Radiation Mea-
surement (ARM) Program scientific objectives for the
tropical western Pacific Ocean. The diurnal cycle en-
compasses a critical timescale for tropical air—sea in-
teractions. Additionally, the TOGA COARE IOP data-
set provides a large enough sample of diurnal cycles to
address this topic systematically. A blending of the
model and observations are used as this analysis would
not be possible using only the observational data. Ob-
servations for the ocean mixed layer during the TOGA
COARE IOP are presently available only once a day.
Furthermore, there are no collocated observations of
surface skin temperature. By examining the relation-
ship between clouds, surface fluxes, and SST over the
diurnal cycle we can interpret the details of the direct
influence of clouds on SST. We examine the effects not
only of the surface heat fluxes, but the freshwater and
momentum fluxes as well. We also interpret these re-
lationships in the context of the temperature variations
at various depths in the ocean that are commonly used
to describe ‘‘surface’’ temperature. Sensitivity studies
are conducted with the model to investigate the roles
of surface wind speed, precipitation, ocean turbidity,
and ocean initial state in modulating the radiation-in-
duced diurnal cycle in SST. We address the implica-
tions of a significant diurnal amplitude to the SST in
regimes of light winds and high insolation. A simple
parameterization is developed for the diurnal amplitude
of the SST as a function of daily averaged wind speed,
precipitation, and peak surface insolation. Spatial dis-
tributions of the diurnal amplitude of SST for the global
Tropics is calculated and the question of whether these
variations rectify to climate timescales is discussed.

2. TOGA COARE data

The TOGA COARE Intensive Observation Period
(IOP) occurred from November 1992 through Febru-
ary 1993 in the western Pacific region bordered by
10°N, 10°S, 140°E, and 180°. Oceanographic and me-
teorological data were gathered from ships, buoys, air-
craft, and satellites. A full overview of the TOGA
COARE Intensive Observation Period (IOP), includ-
ing the scientific goals of the program and the planned
experimental design, is given by Webster and Lukas
(1992), and details of the observational platforms are
described by TOGA COARE IPO (1992).

In situ surface-based data obtained during the TOGA
COARE IOP includes data from both buoys and re-
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search vessels. Shortwave and longwave radiation
fluxes were measured from Eppley instruments on se-
lected buoys. Some of the buoys were also equipped
with optical raingauges so that freshwater flux esti-
mates are available. These surface data are, in general,
1-hour averages of measurements made at various sam-
pling rates. Subsurface data were also taken on all
buoys, although the depth and resolution of the mea-
sured temperature, conductivity, and currents vary and
only certain buoys measured the latter two quantities.
Ocean temperature measurements were obtained from
depths of 1 m to 4400 m (bottom). Salinity measure-
ments, when obtained, were restricted to the upper 750
m of the ocean and current measurements were made
between the surface and 1500 m.

Several datasets from research vessels are also avail-
able. In addition to the standard meteorological vari-
ables (temperature, humidity, winds, etc.), surface
fluxes were measured. Measurements taken aboard the
R/V Moana Wave (Fairall et al. 1996b) include the
downwelling components of both shortwave and long-
wave radiation, which were also measured by standard
Eppley pyranometers and pyrgeometers. Sea surface
temperature (nominally at a depth of 1 cm) was mea-
sured using a thermistor sealed in the top of a floating
hose. In order to measure the turbulent fluxes, mean
and perturbation wind and temperature measurements
were made using a sonic anemometer. A dual-wave-
length infrared hygrometer was used to measure both
mean and perturbation humidity. The turbulent fluxes
were calculated using the direct covariance method, de-
scribed by Fairall et al. (1990). Turbulent flux mea-
surements are also available from both cruises of the
R/V Franklin and the R/V Malaita. Each of the ships
also carried instruments for measuring meteorological
data that can be used for computation of bulk fresh-
water, heat, and momentum fluxes. Ocean microstruc-
ture measurements were also made aboard several of
the research vessels, including the Moana Wave, the
Natsushima, and the Hakuho-Maru.

In this study, we use the measurements obtained from
the R/V Moana Wave, which provided a collocated dataset
of surface fluxes and ocean microstructure measurements.
The location of the Moana Wave during the measurements
was 2°S, 156°E. Measurements were obtained during three
separate periods: 11 November through 3 December 1992,
17 December 1992 through 12 January 1993, and 28 Jan-
uary through 16 February 1993.

A summary of the surface meteorology and surface
fluxes from the R/V Moana Wave is given in Table 2;
the maximum and minimum values presented are for
hourly averages. Sea surface temperature (1 cm) shows
a range of 6°C over the entire period. Surface wind
speeds are relatively light but show a maximum value
of 16 m s ™' during a westerly wind burst. Large varia-
tions are seen in the peak solar flux, associated with
clouds, although clouds have much less influence on the
surface longwave flux. Surface latent heat fluxes are
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TaBLE 2. Average values of surface parameters and fluxes
measured by the R/V Moana Wave during the TOGA COARE 10P
(surface flux is positive into the ocean).

Parameter Average Minimum Maximum
SST, 1 cm (°C) 29.1 25.7 315
Wind speed, surface (m s™') 49 0.1 159
Peak insolation (W m™2) 732.9 180.0 958.0
Longwave flux, down (W m™2)  413.0 370.0 441.0
Latent heat flux (W m™2) —-115.6 ~7.0 —347.0
Sensible heat flux (W m™2) ~10.3 8.0 —69.0
Precipitation (mm h™") 0.45 0 37.1

generally an order of magnitude larger than the sensible
heat fluxes. Precipitation is very high in this region but
occurs sporadically during the TOGA COARE IOP.

3. Model description

A variety of ocean mixed layer (OML) models have
been used to study the tropical ocean mixed layer.
These models may be grouped into roughly two cate-
gories: bulk and diffusion models. Bulk models attempt
to model the OML in an integral sense (e.g., Kraus and
Turner 1967; Garwood 1977; Price et al. 1986; Gaspar
1988). Diffusion models vertically resolve the OML
and directly parameterize the turbulent mixing and dif-
fusion in the OML (e.g., Mellor and Yamada 1982;
Andre and Lacarrere 1985; Large et al. 1994; Kantha
and Clayson 1994).

The 1D ocean mixed layer model that we use here
is described by Kantha and Clayson (1994 ). The model
uses second-order turbulence closure and incorporates
the modified expansion of Galperin et al. (1988) that
leads to a much simpler and more robust quasi-equilib-
rium turbulence model than the original Mellor and Ya-
mada (1974) formulation. Improvements have also
been made to the parameterization of the pressure co-
variance terms in the second-moment closure, based on
results from large-eddy simulations. Penetration of
shortwave radiation into the upper ocean is modeled
following Morel and Antoine (1994 ) using three spec-
tral intervals. This level of complexity is necessary, as
Woods et al. (1984) and Lewis et al. (1990) have
shown that shortwave radiation penetrates to a signifi-
cant degree below the upper mixed layer of the ocean.
Treatment of the shear instability-induced mixing in the
strongly stratified region below the oceanic mixed layer
is done following Large et al. (1994). It may be ques-
tioned whether one-dimensional mixed layer models
can perform adequately in the equatorial regions be-
cause of the strong advective and other 3D processes
in the equatorial waveguide. However, it was shown
by Kantha and Clayson (1994) that the 1D model (with
the parameterization for shear-instability-induced mix-
ing) can be used for time periods on the order of a week
close to the equator. The model has been validated over
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many timescales and in many locations, including data
from the TOGA COARE Pilot Cruise (Kantha and
Clayson 1994).

A parameterization for skin SST has been added to
the Kantha—Clayson model. Based on surface renewal
theory, Liu et al. (1979) showed that the temperature
difference AT between the ocean skin and bulk tem-
peratures should be related to the net surface heat flux
(Qw), surface friction velocity (U*), and the surface
roughness Reynolds number (Re). This theory has
been extended by Soloviev and Schliissel (1994 ), who
determined the following for the temperature differ-
ence between the ocean skin and bulk temperatures:

QN ( tr>l/2
PwCy \Kk /)
where Qy is the net surface heat flux, p,, is the density
of seawater, ¢, is the specific heat of seawater, « is the
coefficient of thermal diffusion of seawater; ¢,, the time

period over which eddies are renewed, is given by
Wick (1995):

ATa (1)

tr = trx + (trc - trs) exp(RfL‘r/RfO)v (2)

where ¢, and ¢,. are respectively the timescales for sur-
face renewal due to viscous stress variations and due
to cyclic injections of fluid from the molecular sublayer
of a convective nature. The surface Richardson number
controls the transition from free to forced convection
in the near surface water. Further details on this param-
eterization are described by Soloviev and Schliissel
(1994) and Wick (1995), including validation of the
parameterization. Soloviev and Schliissel (1996) have
examined the evolution of the cool skin during daytime.
During the daytime, absorption of solar radiation
within the thermal molecular sublayer of the ocean can
modify the temperature difference across the cool skin.
Under low wind speed conditions, the solar heating
damp the convective instability, strongly increasing the
renewal time. During strong insolation, the skin tem-
perature may be warmer than the true bulk temperature
defined in Fig. 1. Under low wind conditions, convec-
tive instability caused by salinity flux due to evapora-
tion limits the surface temperature increase. A skin SST
parameterization has been incorporated into the Kantha
and Clayson (1994) ocean mixed layer model, follow-
ing Soloviev and Schliissel (1994, 1996) and Wick
(1995). When it is raining heavily, the ocean skin is
influenced by the water and momentum flux associated
with the rain. Calculations (P. Schliissel, personal com-
munication) indicate that this effect on the skin tem-
perature is relatively small unless rainfall rates are very
heavy.

The surface fluxes of radiation, sensible and latent
heat, fresh water, and momentum are specified using
hourly values measured on the Moana Wave (following
Young et al. 1992). Also included are additional sur-
face fluxes associated with precipitation. The surface






