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ABSTRACT

The enhancement of monthly averaged evaporation by atmospheric mesoscale systems is estimated from long-
term hourly observations of surface meteorological data from the Tropical Ocean Global Atmosphere (TOGA )
Tropical Atmosphere Ocean (TAQ) buoy moorings over the equatorial Pacific Ocean and a bulk aerodynamic
flux algorithm developed as a result of the TOGA Coupled Ocean-Atmosphere Response Experiment
(COARE). It is shown that mesoscale enhancement is due primarily to the lack of wind steadiness on subsynoptic
timescales and is associated with periods of significant precipitation.

The magnitude of the mesoscale enhancement of monthly averaged sea surface evaporation is found to be
~10% or less of the total. During occasional periods with weak and variable winds over the western Pacific
warm pool and the other major precipitation zones in the equatorial Pacific, the mesoscale enhancement of
monthly averaged evaporation can reach 30% of the total evaporation.

A similar result is obtained for mesoscale enhancement of diffusive air—sea sensible heat transfer using data
from TOGA TAO moorings. However, a comparison of results from the colocated TAO and Improved METeo-
rological measurements (IMET) moorings during TOGA COARE, and results previously reported from a pre-
COARE cruise in the western Pacific warm pool region, indicate that processes in addition to mesoscale wind
variability may be important contributors to the mesoscale enhancement of the sensible heat flux.

It is suggested that the most important effects of atmospheric mesoscale systems on tropical ocean evaporation
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and sensible heat flux are represented in existing climatologies.

1. Introduction

It is well established that monthly averaged wind
speeds, temperatures, and humidities may be used to
estimate the monthly averaged open ocean surface
evaporation' and sensible heat flux from the bulk aero-
dynamic equations with a relative error of ~10% or
less, except where the bulk aerodynamic estimates are
near zero and the relative error does not provide a use-
ful measure of accuracy. The use of monthly averaged
meteorological data for flux calculations has been re-
ferred to as the classical method by Esbensen and
Reynolds (1981), in contrast to the sampling method,
which computes the sample monthly mean from indi-

! The terms evaporation and latent heat flux will be used inter-
changeably in this tropical study.
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vidual bulk aerodynamic flux estimates. The accuracy
of the classical method has been estimated for the mid-
latitude and subtropical oceans by Esbensen and Reyn-
olds (1981) and Josey et al. (1995) using ocean
weather ship data, and by Gulev (1994) for a region
southeast of Newfoundland using a variety of in situ
surface meteorological measurements. The classical
method accuracy has also been examined for the equa-
torial oceans by Liu (1988) and Zhang (1995) using
data from moored buoys. Most global climatological
computations to date have used the classical method
(Budyko 1963; Esbensen and Kushnir 1981; Hsuing
1986; Oberhuber 1988), although a Comprehensive
Ocean—Atmosphere Data Set (COADS ) analysis using
the sampling method has been published recently (da
Silva et al. 1994).

The classical method for computing evaporation and
sensible heat flux works as well as it does in middle
and subtropical latitudes primarily because it uses the
monthly average of the scalar wind speed, rather than
the speed computed from the monthly average of the
vector wind components. A secondary reason for the
success of the classical method is the fortuitous can-
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cellation of some nonlinear terms involving correla-
tions of the transfer coefficient with wind speed and the
air—sea temperature and humidity differences (Esben-
sen and Reynolds 1981; Josey et al. 1995). In com-
parison with conditions over land (e.g., Mahrt et al.
1986; Sun and Mahrt 1995), the stability of the marine
surface boundary layer tends to be relatively constant
in space and time throughout the day. The nonlinear-
ities introduced through diurnal variation of the transfer
coefficients are not strong enough to cause large errors
in classical method estimates in midlatitude and sub-
tropical ocean regimes. Furthermore, the flux due to the
covariance between variations in the wind speed and
the air—sea temperature and humidity differences is no
more than 10% of the monthly averaged flux over most
of the global oceans, even in wintertime midlatitude
storm tracks. The reader is referred to Esbensen and
Reynolds (1981) and Josey et al. (1995) for further
discussion.

In the oceanic Tropics, synoptic-scale disturbances
are typically not associated with strong horizontal ad-
vection of temperature and moisture. The vertical
movement of air in convective cloud systems provides
the primary mechanism for rapid changes of boundary
layer thermodynamic properties. Case studies have
consistently shown that the sensible heat flux in the
wakes of mesoscale convective systems can be an order
of magnitude larger than the undisturbed boundary
layer air in the surroundings (e.g., Johnson and Nich-
olls 1983; Young et al. 1992). Johnson and Nicholls
(1983) find a fourfold enhancement of evaporation
associated with a steady moving squall line in the
northeastern Atlantic intertropical convergence zone
(ITCZ). Evaporation enhancements in the western Pa-
cific warm pool region have been observed to be
smaller and less systematic ( Young et al. 1992).

If we are to believe existing climatologies of evap-
oration (e.g., Esbensen and Kushnir 1981; Oberhuber
1988), however, the regions of deep convection and
rainfall over the tropical oceans are not maxima in the
evaporation fields. One cannot clearly identify the
regions of heavy tropical precipitation from an inspec-
tion of climatological evaporation fields. In fact, the
climatologies show that the equatorial zone has gen-
erally lower values of evaporation than the tradewind
zones to the north and south. The sensible heat flux
field is also relatively broad and featureless in regions
of deep tropical convection, although uncertainties in-
volved in measuring the small air—sea.temperature
from voluntary observing ships (e.g., Kent et al. 1993)
make a definite conclusion impossible at this point.

We therefore pose the following questions: How
large is the enhancement of monthly averaged evapo-
ration and sensible heat flux by atmospheric mesoscale
systems and is it possible that existing climatologies
have missed a large enhancement of evaporation by
tropical convective systems through inadequate sam-
pling of the boundary layer in tropical mesoscale cloud
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systems? The potential importance of such evaporation
enhancements for climate modeling has been demon-
strated in the sensitivity study by Miller et al. (1992).
The objective of this study is to provide a quantitative
climatological estimate of the magnitude of the meso-
scale enhancement over the tropical Pacific Ocean.

Using the unprecedented dataset from the Tropical
Ocean Global Atmosphere (TOGA) Tropical Atmo-
sphere Ocean (TAO) array of moored buoys over the
equatorial Pacific, and IMET data from the TOGA
Coupled Ocean—Atmosphere Response Experiment
(COARE), we will estimate the enhancement of evap-
oration and sensible heat flux by mesoscale convective
systems. We will see that large local enhancements of
evaporation and sensible heat flux can occur on a given
day during a month with significant precipitation, but
that the large flux enhancement events apparently do
not occur with sufficient frequency or duration to have
a dramatic effect on the monthly averaged total evap-
oration and sensible heat flux fields.

We will find that the magnitude of the mesoscale
enhancement of monthly averaged sea surface evapo-
ration and diffusive sensible heat transfer to the atmo-
sphere is ~10% or less of the total. During occasional
periods with weak and variable winds over the western
Pacific warm pool and the other major precipitation
zones in the equatorial Pacific, the mesoscale enhance-
ment of monthly averaged evaporation fields can reach
30% of the total evaporation. These findings are con-
sistent with the Ledvina et al. (1993) analysis of evap-
oration and sensible heat flux estimates using boundary
layer data from a three-week pre-COARE cruise in the
western Pacific warm pool region, and extend the anal-
ysis to the entire equatorial Pacific for all months of
the year. Our results suggest that existing climatologies
contain most of the total signal for tropical evaporation
and sensible heat flux, but that accounting for the meso-
scale enhancement of evaporation and sensible heat
flux may be required for understanding and modeling
the disturbances whenever spatial or temporal differ-
ences ~10 W m~? are important for the evolution of a
specific large-scale tropical disturbance.

Section 2 presents the methcdology for estimating
mesoscale enhancements of evaporation and sensible
heat flux, which is followed in section 3 by a brief
description of the TAO and Improved METeorological
Measurements (IMET) buoy datasets. Results are pre-
sented and discussed in sections 4 and 5.

2. Methodology

The central working hypothesis of this study is that
it is possible to isolate and measure mesoscale enhance-
ments of large-scale surface evaporation and sensible
heat flux through the use of simple temporal averages
of moored buoy time series. It will be assumed that the
bulk aerodynamic formulas are adequate to describe the
local relationship between the surface fluxes and bulk
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TABLE 1. Analyzed TAO buoy locations.

143°E 147°E 156°E 158°E 165°E
8°N
5°N 5°N 5°N
2°N 2°N 2°N
EQ EQ EQ EQ
2°S 2°S
8°S
180°W  170°W  155°W  140°W  125°W  110°W  95°W
9°N
8°N 8°N 8°N
5°N 5°N 5°N 5°N 5°N
2°N 2°N 2°N 2°N 2°N 2°N
EQ EQ EQ EQ EQ EQ
2°S 2°S 2°S 2°S 2°S 2°8
5°S 5°S 5°S 5°S 5°S 5°S
8°S 8°S 8°S

wind, temperature, and humidity variables. The prob-
lem of analyzing the mesoscale enhancement of the
surface fluxes then becomes one of describing the co-
variability of the bulk properties in time. The results of
the time series analysis may then be used to evaluate
the possible importance of mesoscale systems in deter-
mining the climatological fields of evaporation and sen-
sible heat in key climatic regimes over the tropical
oceans.

a. The bulk aerodynamic method

We assume that the surface evaporation E and dif-
fusive sensible heat flux § may be estimated from bulk
aerodynamic formulas relating the turbulent flux of wa-
ter vapor and sensible heat just above the sea surface
to locally averaged values of sea surface temperature,
and wind speed, air temperature, and humidity in the
surface boundary layer. The bulk aerodynamic for-
mulas may be written

E=pow'q’
=5C,( 1 2 2) U@ e — G (2z)] (1)

S=pew'T’
=5GCH" s 2w ) U(z) [0 — 8(20)1,  (2)

where p and c, are the air density and specific heat at
constant pressure, respectively, and C,(. . ., z,, z,) and
Co(. .., z., 2¢) are the transfer coefficients defined in
terms of the specific humidity ¢ and the potential tem-
perature 6§, respectively. The transfer coefficients C,
and C, depend on sea state, atmospheric surface bound-
ary layer stability, and the observation heights z,, z,,
and z, above the surface. Overbars indicate a local time
averaging operator that defines the turbulent fluctua-
tions; fluctuations are denoted by primes, for example,
q' = q — q. The local averaging scale is chosen in such
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a way that it separates variability due to turbulence and
convection from mesoscale and synoptic-scale vari-
ability. Mahrt and Sun (1995) and Sun et al. (1996)
discuss the dependence of E and S on the choice of the
local averaging length scale. The quantity U(z,) [= (i*
+ 9%)1?] is the wind speed calculated from a local
average of the vector wind components” at height z,,
while gy, Osc, §(2,), and 6(zy) are the locally averaged
values of specific humidity and potential temperature
at the sea surface and heights z, and z,, respectively.

We adopt the COARE (version 2.0) algorithm (Fair-
all et al. 1996b) for evaluating £ and S from the bulk
aerodynamic formulas. The COARE algorithm recali-
brates and extends the Liu—Katsaros—Businger for-
mulation (Liu et al. 1979) using turbulence data from
TOGA COARE. The new algorithm includes a separate
model that permits the determination of the ocean skin
temperature from buoy observations of subsurface tem-
perature, provided that the time history of incoming
atmospheric radiation is known.

We have made several minor modifications to the
COARE algorithm for the purposes of this study. To
be consistent with the conventional definition of the
bulk aerodynamic formulas in Egs. (1) and (2), we
absorb the gustiness parameter dependence ( see Fairall
et al. 1996b) into our definition of the transfer coeffi-
cient. For simplicity, we assume p, c,, and the latent
heat of vaporization L are constant and equal to 1.2
kgm™, 1005 J kg™' K™!, and 2.5 X 10°J kg ', re-
spectively. In other words we do not consider the so-
called Webb correction to evaporation or the small dif-
ference between S evaluated by p c,w'T’ and the true
thermal conduction of heat at the sea surface, which
involves the so-called moisture correction term to the
sensible heat flux; discussions of these effects can be
found in Businger (1982) and Sun et al. (1995). The
constant value of L is used whenever it is needed to
convert between evaporation and latent heat flux. A
slightly more accurate saturation vapor pressure routine
is used for all of our calculations (Buck 1981).

b. Definition of mesoscale enhancement

Data from the TAO and IMET buoys may be re-
garded as regularly spaced time series consisting of lo-
cally averaged field variables at a fixed point in space.
Let us define a large-scale averaging operator of the
form

1 N
(( )>=an=:1( I (3)

that separates the signal into its synoptic-scale and

smaller-scale parts. Here » is the time index and N is a

2 To be more accurate, « and v should be evaluated as the velocity
shear between the wind at z, and the ocean surface current.
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constant corresponding to the period of the uniformly
weighted time average.

We may use the averaging operator in Eq. (3) to
define three measures of ocean surface evaporation and
sensible heat flux.

Total flux
(E) = p(CU(qse ~ q)) (4)
(8) = pe,{CoU (bt — 0)). (3
Scalar-mean flux
E; = pC,(KU), UK gse) — g)) (6)
Ss = pc,Co({U), (D) (bsre) = (0)).  (T)
Vector-mean flux
= pC(V, )V (g — (@) (8)
S = pc,Co(V, (-))V (b} — (6)). 9

In Egs. (4)-(9), we have dropped the averaging
operator symbols on p and ¢, since we have assumed
them to be constants. We have also dropped the local
averaging operator denoted by overbars on the wind
and thermodynamic variables without ambiguity. The
vector averaged wind, V, is defined as the wind speed
computed from the large-scale average of the vector
wind components; that is, V = ({(u)? + (v)*)'2. The
transfer coefficients for E; and S; are obtained by for-
mally substituting (U) and time-averaged thermody-
namic variables indicated by (-) into the transfer co-
efficient algorithm. The transfer coefficients for E, and
S, are determined in an identical manner to the scalar-
mean flux, except that V is formally substituted for the
wind speed.

We define mesoscale enhancement of evaporation
and sensible heat flux as AE = (E) — E, and AS = (S§)
— §,, respectively. The vector mean fluxes E, and S,
represent the air—sea flux estimates that would be com-
puted by formal substitution of synoptic-scale fields of
sea surface temperature, vector wind speed, and ther-
modynamic variables into the bulk aerodynamic for-
mulas. If mesoscale disturbances were nonexistent, we
would expect the large-scale flux to equal the vector-
averaged flux and the mesoscale enhancement to be
zero. In general, mesoscale disturbances may modulate
the surface fluxes through nonlinear interactions of
wind and thermodynamic fields, creating a discrepancy
between the total flux and the vector-averaged flux.

ESBENSEN AND McPHADEN
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TABLE 2. Root-mean-square flux errors due to TAO
temporal sampling strategy.

2°S,156°E  EQ,165°E EQ,110°W(1) EQ,110°W(2)

(a) Hourly estimates: Sensible heat flux

Mean flux 12.2 5.8 24 0.9
Std dev 12.6 38 49 3.8
Rms diff 3.30 0.77 0.45 0.49
Rms diff/std 0.26 0.20 0.09 0.13
No. estimates 3193 2927 4304 4364

(b) Daily estimates: Sensible heat flux

Mean flux 122 58 24 0.9

Std dev 79 24 4.2 33

Rms diff 0.46 0.13 0.08 0.06

Rms diff/std 0.06 0.05 0.02 0.02

No. estimates 132 121 178 182
2°S,156°E

(c) Hourly estimates: Latent heat flux

Mean flux 131.5
Std dev 56.7
Rms diff 19.95
Rms diff/std 0.35
No. estimates 3193
(d) Daily estimates: Latent heat flux

Mean flux 1314
Std dev 434
Rms diff 2.82
Rms diff/std 0.06
No. estimates 132

This discrepancy is our measure of mesoscale enhance-
ment.

To isolate the effect of wind variability, we further
decompose the mesoscale enhancement of evaporation
AE and sensible heat flux AS into two parts,

AE =(E) — E,= AE + AE
AS=(S)—S,=A,S+A,S,

(10)
(11)

where A,E = (E) — E;,, AJE = E, — E,, A,S = (S)
— S, and A,S = S, — S,. The quantities A;E and A,S
correspond to the differences between the classical and
sampling methods discussed in the introduction, except
we are dealing with a time average on the order of a
day, rather than a monthly average. The quantities A, E
and A, S measure the portion of the mesoscale enhance-

FiG. 1. (a) Time series of daily averaged 1-m water temperature, air temperature, dewpoint, and scalar-averaged wind speed at the 9°N,
140°W TAO mooring. (b) Time series of the daily averaged scalar average wind speed (U), the difference between the scalar average and
vector average wind speed (U) — V, the air-minus-water temperature difference, and the air-minus-‘‘surface’’ specific humidity difference
at the 9°N, 140°W TAO mooring. The 1-m water temperature is used for Ty, and to calculate g .. (c) and (d) Time series of daily averaged
sensible heat flux and latent heat flux estimates and their enhancement by atmospheric mesoscale systems at the 9°N, 140°W TAO mooring.
See section 2b for definition of mesoscale enhancement. (¢) Time series of monthly averaged GOES Precipitation Index (dashed line) and
Microwave Sounding Unit (solid line) precipitation estimates are presented as a measure of convective activity.
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FiG. 2. Simulated temporal sampling errors of TAO moorings for estimates of the hourly averaged sensible and latent heat fluxes. The
scatterplot compares hourly averaged flux values at the TOGA COARE IMET mooring with hourly averaged flux values obtained by applying

the TAO sampling pattern to the IMET data. See section 3 for details.

ment of evaporation and sensible heat flux that can be
explained by mesoscale wind variations alone. It
should be noted that if there were no variation in wind
direction, then (U) would equal V and A E and A,S

would be zero.

c. Selection of averaging scale

The above definition of mesoscale enhancement re-
quires the selection of an averaging timescale that sep-
arates mesoscale convective systems from their syn-
optic-scale environment. Since tropical mesoscale con-
vective systems have typical lifetimes of ~10 h (Houze
1993), we choose 24 h as as the large-scale averaging
period.

TaBLE 3. Statistics of mesoscale enhancement of sensible and
latent heat fluxes at 9°N 140°W TAO mooring during the rainy half
of the year, the ““ITCZ regime,’’ from 1 July to 31 December during
the years 1991-1994.

Mean Std dev Percent mean

(Wm™?) (Wm™) Skewness X 100
L(E) 113.3 33.1 0.65 100
LAE, -1.3 1.7 —1.44 -1
LAE, 16.5 15.3 1.56 15
LAE 15.2 15.0 1.59 13
(S) 10.7 6.2 0.65 100
AS; -0.1 0.6 —0.55 -1
AS, 1.8 23 2.73 17
AS 1.7 2.3 227 16

In nature, there is no clear separation between syn-
optic and mesoscale systems. Furthermore, our method
does not distinguish between diurnal variation of large-
scale fields and the signals directly attributable to meso-
scale convective systems. The values of mesoscale en-
hancement estimated from the buoy analysis will there-
fore suffer from some ambiguity in terms of scale
separation and the mixing of synoptic-scale diurnal
variability with the signal from mesoscale convective
systems. We do not believe that this is a serious defi-
ciency. It might also be argued that individual elements
of convective systems having shorter timescales, such
as individual convective cells at the leading edge of
banded mesoscale systems, should not be included in
the definition of mesoscale enhancement. These ele-
ments, however, are characteristic features of meso-
scale convective systems. We would therefore argue
that the contributions to the total flux by smaller-scale
elements of the convective systems should be regarded
as part of mesoscale enhancement for the purposes of
this discussion.

d. Sampling error

For a given mesoscale convective system, a moored
buoy may sample only a portion of the system as it
evolves in space and time. Over the period of a month
in a convectively active region, however, we expect
that a moored buoy will sample a significant number
of systems in all stages of development. In the absence
of strong mesoscale sea surface temperature gradients
that might preferentially trigger convective systems at
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FiG. 3. Thirty-day running mean of daily averaged sensible heat flux and latent heat flux estimates and their enhancement
by atmospheric mesoscale systems at the 9°N, 140°W TAQO mooring. See section 2b for definition of mesoscale enhance-
ment. Time series of monthly averaged GOES Precipitation Index (dashed line) and Microwave Sounding Unit (solid
line) precipitation estimates are presented as a measure of convective activity.

a particular spatial location, we expect that the evapo-
ration and sensible heat flux statistics measured at two
nearby buoy locations separated by a distance ~10 km
would not differ in a qualitative sense over the period
of a month. Analysis of data from two colocated TOGA
COARE moorings (see section 4c) will support this
assertion.

3. Datasets

a. TOGA TAO moored buoy array

The Tropical Atmosphere Ocean (TAO) buoy array
consists of 69 moored buoys deployed in a regular ar-

ray across the equatorial Pacific Ocean as part of the
Tropical Ocean Global Atmosphere Program (Hayes et
al. 1991; McPhaden 1995). For this study, we have
extracted and analyzed all records having at least one
month of continuous hourly observations through the
end of 1994 and having simultaneous reports of the
vector wind (u, v), sea surface temperature T, air
temperature 7, and relative humidity RH. A list of the
buoy time series satisfying our criteria is given in Table
1. In addition to the extensive quality control and data
editing performed by the NOAA Pacific Marine Envi-
ronmental Laboratory, a very small number of the re-
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Fic. 4. As in Fig. 3 except for the 2°N, 147°E TAO mooring.

maining data points and records having obvious data
quality problems have been removed from the analysis.

The reliability of the TAO system is remarkable for
an untended system at sea. Figure 1a shows daily av-
eraged meteorological variables computed from the
hourly observations at the 9°N, 140°W mooring; a daily
averaged value was not computed if any of the 24
hourly reports was missing. For more than a year, the
buoy system returned an essentially countinuous time
series of hourly values having no obvious data quality
problems. The existence of such long records makes it
possible to examine a wide range of disturbed and un-
disturbed boundary layer conditions using a uniformly
sampled time series.

The reported hourly values of Ty, T, and RH are
the arithmetic average of six evenly spaced samples
throughout the hour. The reported wind vector is a 6-
min average of the vector wind components from dig-
ital 2-Hz samples at the top of the hour. A 6-min av-
erage is a reasonable length of time to integrate over
the turbulent elements carrying most of the flux. For
example, a mean 3 m s ! wind would advect ~1.1 km
of air past the buoy, which, using Taylor’s hypothesis,
would be sufficient to relate turbulent flux to bulk pa-
rameters in the equatorial zone (Sun et al. 1996).

In principle, the local average designated by the
overbar in Eqgs. (1) and (2) should be applied con-
sistently to all wind and thermodynamic data. The
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FiG. 5. As in Fig. 3 except for the 2°S, 110°W TAQ mooring.

TAO sampling strategy, however, was not designed
for turbulent flux estimates, but was driven by mean
wind and temperature sampling requirements plus
engineering requirements (e.g., power consump-
tion). The present sampling strategy is therefore a
compromise.” We have examined the effect of the
sampling strategy on bulk aerodynamic flux esti-
mates by simulating TAO buoy data using indepen-
dent data from an older style TAO mooring reporting
15-min averages, and by using the TOGA COARE

* The next generation of ATLAS moorings to be used in the TAO
array will better synchronize the sampling of all variables.

IMET mooring at 2°S, 156°E reporting 7.5-min av-
erages for all bulk variables from 21 October 1992
through 3 March 1993. The TAO moorings were lo-
cated at EQ, 165°E during 24 December 1988
through 24 April 1989, and at EQ, 110°W during 1
May through 27 October 1987 (period 1) and from
1 November 1987 through 30 April 1988. The sim-
ulation results are shown in Table 2 and are illus-
trated in Fig. 2. At the IMET mooring, the rms errors
introduced by the sampling strategy are 3 W m~2 for
the hourly averaged sensible heat flux and 20 W m™2
for the hourly averaged latent heat flux. The fluxes
computed with sampled data from the simulated
TAO data are highly correlated with properly com-
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Mesoscale Enhancement of Evaporation
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F1G. 6. Comparison of the monthly average mesoscale enhancement of evaporation at TAO
mooring locations with MSU estimates of the precipitation pattern over the equatorial Pacific
Ocean for (a) March 1993 and (b) September 1993. See section 2b for definition of mesoscale

enhancement.

puted, hourly averaged fluxes. Furthermore, the es-
timates of the daily averaged fluxes computed from
the 24 hourly sampled values have very small rms
differences and are consistent with the hypothesis
that the discrepancies in the hourly estimates are sta-
tistically independent and unbiased. Thus, the rms
errors introduced by the TAO buoy sampling strategy
are not expected to have serious implications for the
statistical results of this study. We make an a poster-
iori check of this assertion in section 4c using data
on simultaneous days from the IMET and TAO
moorings at 2°S, 156°E during TOGA COARE.

The nominal observation depth for the TAO ‘‘sea
surface temperature’’ observation is taken to be 1 m.
The nominal observation heights for wind, air temper-
ature, and relative humidity are taken to be z, = 3.8 m,
Zr = z,, = 3 m, respectively.

For the calculations described below, we will not
consider the difference between the near-surface
water temperature and the ocean skin temperature
at TAO moorings, since incorning radiation instru-
ments are available on only a few of the cur-
rent generation of moorings. In section 4c, how-
ever, we make an estimate of the skin temperature
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effects using IMET mooring data from TOGA
COARE.

b. TOGA COARE IMET mooring

Processed IMET mooring data, based on observa-
tions at 2°S, 156°E during TOGA COARE, were ob-
tained from Dr. Robert Weller at the Woods Hole
Oceanographic Institution. In addition to simultaneous
measurements of u, v, T, RH, and water temperature
with depth, the IMET instrument package measures in-
coming shortwave and longwave radiation permitting
an estimate of ocean skin temperature T, using the
COARE bulk flux algorithm. The IMET buoy also
measures surface currents, so that ¥ and v can be eval-
vated more accurately as the velocity shear between the
wind at z, and the moving surface, as well as atmo-
spheric pressure and rain rate. The dataset values used
in this study are simultaneous 7.5-min averages.

The nominal observation depths for the two IMET
subsurface water temperatures used in this study are
taken to be 0.45 m and 1 m. The nominal observation
heights for wind, air temperature, and relative humidity
are taken to be z, = 3.4 m, zr = z, = 2.75 m, respec-
tively.

¢. Monthly averaged precipitation

Monthly averaged large-scale precipitation estimates
are used in this study as crude indicators of mesoscale
convective system activity in the vicinity of the buoy
moorings. One set of estimates was obtained at nominal
TOGA TAO and IMET buoy locations from the NOAA
GOES Precipitation Index (GPI) archived at the Na-
tional Center for Atmospheric Research. The GPI is
one of the primary tropical precipitation indices used
in the global analysis by the Global Precipitation Cli-
matology Project (GPCP). A description of the GPI
and the GPCP can be found in Arkin and Xie (1994).
To provide a measure of uncertainty in the precipitation
estimates, we obtained a second set of independent pre-
cipitation estimates based on data from the Microwave
Sounding Unit aboard TIROS-N satellites (Spencer
1993). Both datasets were archived as averages over
2.5° lat X 2.5° long grid boxes, which we bilinearly
interpolated from the centers of the grid boxes to the
buoy locations.

4. Results
a. Mesoscale enhancement in key climatic regimes

To illustrate the influence of precipitating cloud sys-
tems on the equatorial Pacific surface fluxes, we present
time series from several key climatic regimes sampled
by the TOGA TAO buoy array. The major open ocean
climatic regimes in the equatorial Pacific are the inter-
tropical convergence zone, stretching from the Central
American coast to the western Pacific in the Northern
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FiG. 7. Comparison of fractional mesoscale enhancement of sen-
sible latent heat flux March and September 1993 at TAO moorings
with more than 20 days of complete data. The monthly averaged
mesoscale enhancements, AS and AE, are divided by the respective
monthly averaged fluxes, (S) and (E).

Hemisphere; the equatorial cold tongue regime, ex-
tending from the South American coast into the central
Pacific; the western Pacific warm pool regime; and the
easterly trade wind regimes in both the Northern and
Southern Hemisphere.

1) TRADE WIND AND ITCZ

The 9°N, 140°W TAO mooring is located in the vi-
cinity of the moving boundary between the North Pa-
cific trade wind regime and the ITCZ. During the
Northern Hemisphere winter and spring, relatively
strong northeast trade winds dominate conditions at the
mooring (Fig. 1a). During the Northern Hemisphere
summer and fall, the ITCZ moves into the region of the
mooring. The ITCZ conditions coincide with relatively
weak winds, high sea surface temperatures, and the
largest rainfall rates for the year.

Comparing the daily averaged scalar wind speed (U)
with the daily averaged vector wind speed V (Fig. 1b),
we see that the trade wind regime is relatively steady
within the day, while the ITCZ regime has occasionally
periods where ((U) — V)/{U) approaches order one.
The magnitude of the monthly averaged air—sea tem-
perature difference and its day-to-day variability are
clearly larger in the ITCZ regime during the rainy half
of the year from July through December. The air—sea
temperature difference is strongly skewed by occa-
sional large negative values, associated with relatively
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FiG. 8. Time series of the Reynolds-averaged decomposition of (a) the daily averaged latent heat flux
and (b) the daily averaged sensible heat flux. See section 4b for details.

cool air temperatures. The magnitude of the air—sea
hurmnidity difference increases in the high sea surface
temperature regime, but this is not a general feature at
all the moorings we have analyzed.

Figures 1c and 1d show that the mesoscale enhance-
ment of evaporation and sensible heat flux is much
larger in the ITCZ than in the trade wind regime. Table
3 shows that the statistical distribution of mesoscale

enhancement in the ITCZ is strongly skewed by oc-
casional spikes, which are a significant fraction of the
total flux. The effects of mesoscale wind variability,
that is, A,E and A, S, are much larger than all remain-
ing effects. The differences between the scalar aver-
aged flux and the total flux for the day, AE, and AS,,
are negligible in comparison to (E) and (S), respec-
tively, as well as A, E and A,S. In other words, lack of
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Decomposition of Daily Averaged Sensible Heat Flux
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F1G. 8. (Continued)

wind steadiness over the period of a day explains nearly
all of the mesoscale enhancement of sensible and latent
heat fluxes in the ITCZ.

To estimate the magnitude of mesoscale enhance-
ments on monthly averaged surface flux estimates,
and to reduce sampling error (sections 2d and 3a),
the flux quantities shown in Figs. 1c and 1d are av-
eraged using a 30-day running mean and presented
in Fig. 3. The mesoscale enhancements of monthly
averaged evaporation and sensible heat flux are

~10% in the ITCZ and are much smaller in the trade
wind regime. The enhancements due to mesoscale
wind variability are at least an order of magnitude
larger than all other effects. The mesoscale en-
hancement of monthly averaged evaporation fields
approaches 30% of the total in the ITCZ during pe-
riods when the winds are weak and variable. It is
interesting to note that the evaporation changes very
little throughout the year despite a large annual cy-
cle in wind speed.
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2) WESTERN PACIFIC WARM POOL

The western equatorial Pacific is characterized by
relatively weak winds, high sea surface temperatures,
and large values of precipitation. In this sense, the me-
teorological conditions are similar to the ITCZ condi-
tions documented above at the 9°N, 140°W mooring.
The mesoscale enhancement statistics at moorings in
the western Pacific warm pool region are also similar.
As an example, Fig. 4 summarizes mesoscale enhance-
ment estimates at the 2°N, 147°E mooring. Enhance-
ment values are again ~10% of the total evaporation
and sensible heat fluxes and are almost entirely ex-
plained by lack of wind steadiness. There is an inter-
esting signature of the Madden—Julian oscillation
(Madden and Julian 1994 ) in late 1992 and early 1993
in the time series of evaporation, sensible heat flux and
precipitation. During the passage of the waves, there is
a mesoscale enhancement of the fluxes due to wind
variability. Additional results from the 2°S, 156°E TAO
and IMET moorings in the warm pool region are pre-
sented in section 4c.

3) CoLD TONGUE

The cold tongue region in the eastern equatorial Pa-
cific undergoes a strong annual cycle that is occasion-
ally interrupted by El Nifio/Southern Oscillation events
(Wallace et al. 1989). The coldest sea surface temper-
atures typically occur during September and October
when the cold tongue extends from the South American
coast well out into the central Pacific. Warmest tem-
peratures occur in February through March when the
Northern Hemisphere ITCZ nears the equator and a
weak ITCZ is often observed in the Southern Hemi-
sphere.

Figure 5 summarizes the mesoscale enhancement es-
timates for the cold tongue region at the 2°S, 110°W
TAO mooring. Mesoscale enhancement is negligibly
small throughout the year except during the short pe-
riod of warm sea surface temperatures and precipitation
in the February through April period in each of the
three years of record.

4) SPATIAL PATTERN

The relationship between precipitation and meso-
scale enhancement of evaporation is again emphasized
in the spatial patterns of these quantities for March and
September 1993 (Fig. 6). These patterns also reveal
subtleties in the relationship not evident in the previous
discussion of individual time series. For example, the
enhancement values in the region of weak precipitation
south of the equator in the central and eastern Pacific
during March 1993 are comparable to values obtained
in regions of much stronger precipitation in both March
and September. It is well known that the structure of
an atmospheric mesoscale system is sensitive to the
vertical structure of the environmental wind, tempera-
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ture, and humidity profiles (e.g., Houze 1993). It is
therefore possible that two mesoscale systems may
have quite different relationships between the near sur-
face wind and air—sea temperature and humidity dif-
ferences, and hence differing amounts of enhancement
of evaporation and sensible heat flux, even if the
amount of precipitation produced by each system over
its life cycle is similar.

Figure 7 compares the magnitude of the mesoscale
enhancement of sensible and latent heat flux, ex-
pressed as a fraction of the respective monthly av-
eraged flux, for March and September 1993 at each
TAO mooring location shown in Fig. 6. The meso-
scale enhancement is ~10% or less of the total evap-
oration and sensible heat flux. The sensible heat flux
enhancements tend to be larger on a percentage basis
than the evaporation enhancements; the slope of a
linear fit to 63 data points in Fig. 7 has a 99% con-
fidence interval of [1.14, 1.45]. The largest fractional
values of monthly averaged evaporation and sensible
heat flux enhancements found at any mooring during
these months are 0.21 and 0.26 of the total, respec-
tively. The fractional contributions of A,E corre-
sponding to the total fractional values shown in Fig.
7 range from —2.0 X 107% to 1.4 X 107%; in other
words the contribution of this effect is almost always
smaller than the effect of wind variability, and is two
orders of magnitude less than the total evaporation.
The corresponding fractional enhancement contri-
butions of AS range from —-4.4 X 1072 to 7.9
X 1072, In other words, A,S is occasionally the same
magnitude as the contribution of wind variability to
the mesoscale enhancement of the sensible heat flux.
In nearly all cases, the lack of wind steadiness is the
major contributor to the mesoscale enhancement of
evaporation and sensible heat flux; the exceptions oc-
cur when the mesoscale enhancement values are on
the order of a few watts per square meter.

b. Scalar-averaged fluxes

We have found in section 4a that the scalar-averaged
latent and sensible heat fluxes for representative TAO
moorings and months are within a few percent of the
total latent and sensible heat fluxes, respectively. We
can also deduce from Figs. 3-7 that the largest values
of AE and AS are generally found in periods with rain
and unsteady winds. It is therefore instructive to ex-
amine the temporal behavior of the mesoscale enhance-
ment processes in the warm pool region where AF and
AS tend to be largest on a percentage basis.

The small values of AE, and AS, shown in Figs. 1
and 3-5 suggest that the scalar-averaged fluxes E, and
S, provide very accurate estimates of the total fluxes
(E) and {S), the bulk aerodynamic estimates of the true
daily averaged evaporation and sensible flux. This re-
sult is consistent with results of recent numerical model
simulation by Jabouille et al. (1995) of two convective
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cases observed during TOGA COARE. The result is
also consistent with the findings of Ledvina et al.
(1993) for evaporation estimated over a three-week
pre-COARE cruise in the warm pool region, but not for
the sensible heat flux. Ledvina et al. (1993) find that
the scalar-averaged flux S, is 60% of the 5 W m™2 of
total sensible heat flux when averaged over the three-
week cruise. The present results from TAO mooring
data give a monthly average AS; that is at least an order
of magnitude less than the monthly averaged flux in all
the major equatorial Pacific climate regimes, including
the warm pool region. The reason for the discrepancy
is not certain. It may, however, be due to sampling of
abnormal or extreme meteorological conditions during
the three-week pre-COARE cruise, or due to a com-
bination of instrumental and sampling errors (see sec-
tion 4c).

To gain insight into the reasons for the accuracy of
the scalar-averaged fluxes, the daily averaged bulk
aerodynamic flux is decomposed into contributions due
to the time mean and perturbation parts of the bulk sea
surface temperature and meteorological variables. We
write

1 2
L<E> = LE; + pL(<Cq> - Cqs)<U><Aq>
3 4
+ pL{C}(U*Ag*) + pL{U)(C} Ag*)
5 6
+ pL{AG)(CFU*) + pL(CFU*Ag*) (12)
1 2
<S> = Ss + pcp(<C6> - CBS)<U><A6>
3 4
+ pc,{CHU*A0*) + pc, (UM C§ Ab*)
5 6

+ pc,{ A CHU*) + pc,{CFU*AG*), (13)

where Cqs = Cq(<U>7 <'>)a_C9s E_C9(<U>’ ())9 Aq
= (Gsc. — q) and Af = (A — 0), Here we have
adopted the convention of Ledvina et al. (1993) in
breaking out the classical scalar-averaged flux on the
-rths of the equations. Overbars denoting a “‘local av-
erage”’ have been included to avoid ambiguity. The
local average is defined over a time period long enough
to contain a statistically significant population of the
turbulent eddies responsible for surface boundary layer
fluxes, but shorter than the characteristic timescale of
meso- and synoptic-scale atmospheric systems that
constitute the environment of the transporting eddies.
Deviations of the locally averaged variables from the

larger-scale time means are given by ( )* = ( )
—{( )), for example,
Ag* = g% — §* = (Gue — {qu)) — (7 — {T))-
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IMET Warm Layer, Cool Skin Effects
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Fi1G. 9. Differences in the daily averaged sensible and latent heat
fluxes using data from the TOGA COARE IMET mooring, with and
without the warm layer, cool skin model in the COARE bulk flux
algorithm. The flux estimate assuming 7y equal to the measured
1-m water temperature is subtracted from the flux that determines ¢
from the warm layer, cool skin model, using the 1-m water temper-
ature as input data.

Figure 8 presents time series of the terms on the rhs
of Egs. (12)-(13) for the TOGA COARE IMET
mooring assuming Ty equals the 0.45-m water tem-
perature. The results show that nonlinearities in the
transfer coefficient in the second and fifth terms, and
correlations of U with Ag and A8, are the largest cor-
rection terms to E, and S, on the rhs of Egs. (12) and
(13), respectively. The fourth term involving correla-
tions of the transfer coefficients with Ag and Af and
the triple correlation terms are apparently negligible. It
is also interesting to note that the discrepancies intro-
duced by the second and fifth term are negatively cor-
related and tend to cancel each other. This tends to
leave (U*Ag*) and (U*A6*) terms as the primary
determinants of the sign and magnitude of the discrep-
ancy between the scalar-averaged fluxes and large-
scale fluxes.

The results in Fig. 8 depend of course on the choice
of transfer coefficient algorithm. With the COARE al-
gorithm, the transfer coefficients tend to decrease with
wind speed for constant unstable air—sea temperature
and humidity differences. In addition, as wind speed
increases, the transfer coefficients tend to decrease rap-
idly at low wind speeds and less rapidly at higher wind
speeds for constant unstable air—sea temperature and
humidity differences. There is, thus, a tendency for
wind speed to be negatively correlated with the transfer
coefficients, and for the mean transfer coefficient to be
larger than the value at an intermediate wind speed for
constant unstable air—sea temperature and humidity
differences. The out of phase relationship between
terms 2 and 5 in Fig. 8 are consistent with these ten-
dencies.
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TABLE 4a. Mesoscale enhancement statistics at COARE IMET mooring using estimated skin temperature based on the 0.45-m water
temperature and observed surface current. See text for details.

Wind (ms™)  Number of days L(E) (Wm™) AEKE)X 100 AENKE)X 100 (S) (Wm™)  ASKS) X 100  AS,/AS) X 100
All 83 115.5 8.7 —0.3 8.0 17.6 6.5
<4 34 83.8 14.2 -0.7 5.7 26.0 8.2
>4 49 137.5 6.3 -0.1 9.5 144 58

c. Skin temperature, spatial sampling, and surface
current effects

In this section, we investigate several sources of er-
ror in mesoscale enhancement calculations by taking
advantage of the colocation of the TAO and IMET
moorings at 2°S, 156°E during TOGA COARE. In par-
ticular, we examine the error caused by neglecting the
warm layer, cool skin effects, and surface currents in
the bulk aerodynamic computations at TAO moorings,
as well as sampling errors due to the nominal spatial
separation of approximately 25 km between the TAO
and IMET moorings.

As mentioned previously, the mesoscale enhance-
ment estimates reported in section 4a are calculated
with the ocean skin temperature Ty, set equal to the
TAO mooring 1-m water temperature. The ‘‘warm
layer, cool skin’’ model included in the COARE al-
gorithm was not used. Warm layer effects are expected
to be largest when wind speeds are less than 4 m s~
and the solar radiation is large (e.g., Fairall et al.
1996a). These conditions were obtained during several
periods in the warm pool region sampled by the IMET
mooring.

Figure 9 shows the difference between the daily av-
eraged evaporation and sensible heat flux with and
without a proper accounting for warm layer, cool skin
effects at the IMET mooring. The flux was first cal-
culated using the COARE algorithm without the warm
layer, cool skin option; the flux was then calculated in
an identical manner except for the inclusion of the
warm layer, cool skin option. The subsurface water
temperature at 1 m was used as the water temperature
input for both calculations. Since the TAO mooring
water temperature nearest the surface is at 1-m depth,
the difference presented here is an estimate of the error
due to neglect of warm layer, cool skin effects in the
TAO flux estimates presented in this study.

At wind speeds greater than 4 m s ', Fig. 9 suggests
that the cool skin effect dominates the statistics for the

day, resulting in lower daily averaged evaporation and
sensible heat fluxes. At low wind speeds, the warm
layer effect compensates for the effect of the cool skin
in the average for the day. The average reductions of
the sensible and latent heat fluxes for the entire COARE
period are 2.1 W m™? and 9.0 W m™2, respectively. For
very light winds (~1 m s™") and relatively clear sky
conditions, we might expect the sign of the daily av-
eraged warm layer, cool skin effects to become posi-
tive, but our dataset did not contain enough days of
very light winds to provide a statistically significant
estimate of this effect.

Statistics related to the mesoscale enhancement of
the daily averaged total fluxes at the 2°S, 156°E IMET
and TAO moorings are shown in Table 4. IMET moor-
ing results are shown with and without warm layer,
cool skin effects. We have used only those days for
which we were able to calculate fluxes continuously
for the 24-h period at both the TAO and IMET moor-
ings. The arithmetic average of the two daily averaged
wind speed values was used to stratify the flux statis-
tics. The fractional values are computed from the ratio
of the mean values for each wind speed category.

From Table 4, we see that the warm layer, cool skin
physics included in the COARE flux algorithm and the
inclusion of surface current effects make quantitative
differences in the values of the flux and mesoscale en-
hancement statistics for both the low and moderate
wind speed regimes. Qualitatively, however, the con-
clusions that one would draw regarding the mesoscale
enhancement statistics for the IMET mooring would be
the same whether the warm layer, cool skin or current
effects are included or not.

Over the 83 days of common record, the average
mesoscale enhancement at the IMET mooring is ~10%
of the total flux, and, in light wind speed conditions,
the average mesoscale enhancements reach maxima of
approximately 15% and 25% of the total evaporation
and sensible heat flux, respectively. This is consistent

TABLE 4b. COARE IMET mooring using estimated skin temperature
based on the 0.45-m water temperature and assuming zero surface current.

Wind (ms™') Number ofdays IL{(E) (Wm™) AEKE)X 100 AE/E)X 100 (S)(Wm™2) AS/(S) X 100 AS,/XS) X 100
All 83 117.8 8.3 -0.3 8.1 17.0 6.3
=4 34 849 13.9 —-0.6 5.8 25.0 8.3
>4 49 140.6 6.0 -0.1 9.7 13.8 5.5
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TaBLE 4c. COARE IMET mooring using 1-m subsurface water temperature and assuming zero surface current.

Wind (ms™') Number of days L{(E) (Wm™) AEAE) X 100 AENE)X 100 (S)(Wm™2) ASKS) X 100 AS/KS) X 100
All 83 126.4 8.2 -0.2 10.2 15.5 5.5
=4 34 91.6 13.8 -0.3 73 24.1 8.5
>4 49 150.5 58 -0.2 12.2 12.0 42

with our findings using all of the TAO mooring data.
There is a qualitative difference, however, in the frac-
tion of the mesoscale enhancement that is explained by
lack of wind steadiness. The IMET mooring data sug-
gests that a greater fraction of the mesoscale enhance-
ment is explained by other processes, such as the cor-
relation of stronger winds with larger air—sea temper-
ature and humidity differences. This might explain
some of the discrepancy between the scalar-averaged
sensible heat flux results reported in this study and the
results reported by Ledvina et al. (1993) for the three-
week pre-COARE cruise in light winds over the warm
pool. The differences between TAO and IMET esti-
mates are most notable for sensible heat flux and less
for latent heat flux.

Comparing the TAO and IMET mooring results in
Table 4, we see that the total estimated fluxes are in
very close quantitative and qualitative agreement for
all wind speed regimes. The rms$ differences between
simultaneous daily sensible and latent heat flux values
at the two buoys are 8 W m~? and 40 W m™, respec-
tively. Some of these differences may be due to the 25
km spatial separation of the buoys. Nevertheless, while
the difference in the daily simultaneous fluxes can be
large, averaged over the entire TOGA COARE period
they are small (on the order of one standard error, as-
suming the differences are uncorrelated normal random
noise). This suggests that the temporal and spatial sam-
pling errors discussed in sections 2d and 3a are not
important for the conclusions of this study.

5. Conclusions and discussion

On the basis of surface marine meteorological data
from TOGA TAO moorings and the TOGA COARE
bulk aerodynamic flux algorithm, the magnitude of the
mesoscale enhancement of monthly averaged sea sur-
face evaporation is estimated to be ~10% or less of the
total evaporation over the equatorial Pacific Ocean.
During occasional periods with weak and variable
winds over the western Pacific warm pool and the other

major precipitation zones in the equatorial Pacific, the
mesoscale enhancement of monthly averaged evapo-
ration fields can reach 30% of the total evaporation.
The mesoscale enhancement was found to be due pri-
marily to the lack of wind steadiness.

The magnitude of the sensible heat flux enhancement
by mesoscale systems is found to be similar to the evap-
oration enhancement, but we are less certain about the
primary importance of mesoscale wind variability in
the case of the sensible heat flux. A recent numerical
model simulation by Jabouille et al. (1995) of two con-
vective cases observed during TOGA COARE supports
the conclusion that mesoscale wind variability plays a
major role in determining the mesoscale enhancement
of both the sensible and latent heat fluxes. The model
integration assumed that the sea surface temperature is
a constant, however, and it is not obvious how the
model results would change when the sea surface tem-
perature assumption is relaxed. Furthermore, our com-
parison of results from colocated TOGA TAO and
IMET moorings, and the previously reported results of
Ledvina et al. (1993), indicate that the contribution of
processes other than wind variability may be equally
important for the enhancement of the sensible heat flux.

The reader should note that the conclusion regarding
the importance of mesoscale wind variability does not
imply that thermodynamic effects of mesoscale sys-
tems can be ignored in parameterizations for large-
scale numerical or theoretical models. The large-scale
air—sea humidity and temperature differences are de-
termined in part by the vertical exchange of heat, mois-
ture, and momentum between the boundary layer and
the free atmosphere, including the net effect of meso-
scale convective system components such as convec-
tive and mesoscale downdrafts and updrafts. Rather,
the conclusion regarding wind variability simply fo-
cusses attention on the need to determine all-weather
mesoscale surface wind speed statistics to achieve an
accuracy of 10 W m™2 for evaporative heat flux esti-
mates on timescales of a season or longer when using
the bulk aerodynamic formulas.

TABLE 4d. The 2°S,156°E TAO mooring.

Wind (ms™')  Number of days L(E) (Wm™) AEAE) X 100 AE/KEyx 100 (S)(Wm™) ASKS) x 100  AS,/S) X 100
All 83 120.8 8.4 —0.8 9.0 11.6 1.9
=4 34 86.1 171 -1.2 6.3 227 33
>4 49 144.9 4.8 -0.6 10.8 7.0 1.3




2324

We now return to the question of whether existing
climatologies have missed a large contribution of at-
mospheric mesoscale systems to tropical surface evap-
oration and sensible heat flux. On the basis of our study,
the contributions of atmospheric mesoscale systems to
the total evaporative and sensible heat fluxes appear to
be'in the range of 0%-30%. Previous studies have in-
dicated that the classical method of using monthly av-
eraged wind speed and thermodynamic data may be
used to calculate monthly average evaporation and sen-
sible heat flux to within a relative error of ~10% (see
introduction); Zhang (1995) has confirmed this result
for the equatorial Pacific using TOGA TAO buoy data.
We therefore suggest that most of the enhancement of
tropical ocean evaporation and sensible heat flux by
atmospheric mesoscale systems is represented in exist-
ing climatologies. The discrepancies between the ex-
isting climatological fields are more likely to be due to
differences in bulk parameterizations, the time period
of the data, instrumental error, and undersampling in
data sparse regions of the Tropics, than on whether the
classical or sampling methods are employed. In any
case, the mesoscale contributions to the total heat flux
are the same order as the errors typically quoted for
uncertainties in bulk aerodynamic transfer coefficients
and systematic data errors (e.g., Weare 1989),

Recent improvements in bulk aerodynamic formulas
(e.g., Fairall et al. 1996) and historical datasets (e.g.,
DaSilva et al. 1994) will ultimately lead to quantitative
improvement in climatological evaporation and sensi-
ble heat flux estimates in data dense regions. Large
sampling errors will still be possible, however, in con-
vectively active, data sparse regions, where the statis-
tical distribution of mesoscale enhancements and the
air—sea temperature differences may be strongly
skewed (see section 4a.1). Quantitative estimates of
such sampling errors could be obtained from an ob-
serving system simulation experiment using long data
records from TOGA TAO moorings.
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