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ABSTRACT

The paper investigates the enhancement of surface fluxes by atmospheric mesoscale motions. The authors
show that horizontal wind variabilities induced by these motions (i.e., gustiness) need to be considered in the
parameterization of surface fluxes used in general circulation models (GCMs), as they always occur at subgrid
scale.

It is argued that there are two different sources of gustiness: deep convection and boundary layer free
convection. The respective scales (time and length) and the convective patterns are very different for each of
these sources. A general parameterization of the gustiness distinguishing these two effects is proposed.

For boundary layer free convection, the gustiness is related to the free convection velocity. To establish this
relationship, both observations and numerical simulations are used. Revisiting the Coupled Ocean–Atmosphere
Response Experiment data, the authors propose a new value of the proportionality coefficient that links the free
convection velocity and the gustiness.

For deep convection, the dominant source of gustiness is the occurence of downdrafts and updrafts generated
by convective cells. It is shown that these motions produce large enhancement of surface fluxes and should be
parameterized in GCMs. Results indicate that the gustiness can be related either to the precipitation or to the
updraft and downdraft mass fluxes.

1. Introduction

Ocean–atmosphere interactions are known to play a
key role in the earth’s climate, especially over tropical
oceans. Atmospheric general circulation models
(GCMs) and coupled ocean–atmosphere models suffer
from uncertainties in the fluxes of heat, moisture, mo-
mentum, and radiation at the air–sea interface. The at-
mosphere over tropical oceans is indeed very sensitive
to sea surface temperature (SST) fluctuations, and the
response of the models to SST variations depends on
the surface flux parameterizations (e.g., Palmer et al.
1992; Webster and Lukas 1992).

The Tropical Ocean Global Atmosphere and Coupled
Ocean–Atmosphere Response Experiment (TOGA
COARE) addressed this issue. One major goal was to
obtain a better understanding of the principal processes
that are responsible for the coupling between the ocean
and the atmosphere in order to improve the surface flux
parameterizations (Webster and Lukas 1992; Godfrey et
al. 1998). COARE was conducted in the vicinity of the
western equatorial Pacific warm pool where the SST is
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higher than 288C and the monthly mean wind speed is
typically less than 3 m s21. It is also one of the most
convectively active regions on the planet. Variations
over the warm pool are thought to play a key role in
the triggering of El Nino–Southern Oscillation (ENSO).
The coupling between the ocean and the atmosphere in
this region occurs on timescales ranging from intradi-
urnal to interannual and on space scales ranging from
a fews kilometers (cloud scale) to thousands of kilo-
meters (westerly wind bursts) (e.g., Palmer and Mans-
field 1986; Geisler et al. 1985; Lukas et al. 1991; God-
frey et al. 1998). Accurate surface fluxes of heat and
moisture, and stresses need to be accurately predicted
by GCMs. Thus the net surface heat flux must be known
to an accuracy of 10 W m22 in order to predict an SST
change that indicates the initiation of an ENSO event
(Godfrey et al. 1991). On the basis of climatological
data, it is estimated that the overall uncertainty of the
heat budget over the Pacific warm pool is of the order
of 80 W m22 (Godfrey and Lindstrom 1989). The net
heat budget is the sum of the radiative, sensible, and
latent heat flux. Each of these fluxes has to be known
as accurately as possible to provide a precise heat bud-
get.

The parameterization of surface fluxes in atmospheric
and oceanic GCMs is based on the bulk aerodynamic
method. Current schemes, in general, use formulas
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FIG. 1. Enhancement of surface fluxes for (a) undisturbed convec-
tive boundary layer and (b) disturbed boundary layer.

based on local measurements and assume horizontally
homogeneous parameters over the grid scale. However,
this assumption is not necessarily true. For example, the
impact study conducted by Miller et al. (1992) using
European Centre for Medium-Range Weather Forecasts
model data revealed the sensitivity of GCMs to the air–
sea flux parameterization at low surface wind speed.
Miller et al. showed the ‘‘dramatic positive impact’’ on
GCM simulations of employing an improved sea surface
flux parameterization. By taking into account the effect
of free convection on surface fluxes, they obtained a
more realistic simulation of the tropical circulation and
an improved prediction of the seasonal rainfall distri-
bution. In their climate simulations, Slingo et al. (1994)
and Ju and Slingo (1995) found that it was essential to
take into account the increase in wind speed due to
mesoscale motions. A pragmatic approach in repre-
senting the increase in surface fluxes due to winds as-
sociated with deep convection had a direct and beneficial
effect on the simulation of tropical circulation. For ex-
ample, the easterly zonal wind and temperature errors
were reduced and the hydrological cycle became more
intense.

Using TOGA array mooring data, Esbensen and
McPhaden (1996) found that the enhancement of evap-
oration due to mesoscale motions can reach up to 30%
of the total amount of evaporation. They showed that
this enhancement was mainly associated with the me-
soscale wind variability. Therefore, in order to meet the
objectives of TOGA COARE, it seems that coupled
GCMs need to be able to represent not only the net heat
budget but also, to some extent, the details of coupling
processes (e.g., Webster and Lukas 1992; Godfrey et al.
1998). As discussed in Jabouille et al. (1996) and Mon-
don and Redelsperger (1998) and schematized in Fig.
1, the mesoscale wind variability (or gustiness) origi-
nates mainly from two physical processes: fair weather
convective motions in the boundary layer and gust
winds from precipitating convection.

Godfrey and Beljaars (1991) addressed in term of
parameterization, the problem of gustiness in the bound-
ary layer for the case of fair weather convection (un-
disturbed conditions). Heating from the ocean surface
produces eddies in the boundary layer. The induced
gustiness is at the scales of these eddies, that is, on the
order of a kilometer. These motions are thus always
smaller than the grid scale of GCMs and need to be
represented by a subgrid parameterization. Godfrey and
Beljaars proposed a scaling of the effect of subgrid con-
vective motion on the wind speed by the free convection
velocity. One difficulty with this approach, though phys-
ically grounded, is to determine the empirical propor-
tionality coefficient relating these two quantities. Values
proposed in literature range from 0.6 to 1.25. Mondon
and Redelsperger (1998) recently addressed this issue
for a detailed case study of COARE, where they used
aircraft and ship measurements together with large eddy
simulations. They were able to reconcile a number of

existing approaches so as to obtain a measurement of
the empirical parameter in the proposed parameteriza-
tion of Godfrey and Beljaars. Nevertheless, the value
found by Mondon and Redelsperger (1998) was smaller
than the one deduced from measurements made during
the intensive observation period (IOP) of TOGA
COARE (Fairall et al. 1996). One of the objectives of
the present paper is to address this issue.

The impact of deep convection on the surface fluxes
is also important to consider. It represents a crucial com-
ponent of the feedback between ocean and atmosphere
(e.g., Webster and Lukas 1992). Results from TOGA
COARE (Godfrey et al. 1998) suggest that the transition
between supressed and active convective periods and
between low wind and high wind periods needs to be
represented in GCMs. Such phenomena include periods
where weak mean winds and convection are present at
the same time. This coupling is partly reproduced in
current GCMs through the increase of winds when deep
convective systems travel over the warm pool region
during the westerly wind bursts (WWBs).

A number of previous studies (e.g., Gaynor and Ro-
pelewski 1979; Johnson and Nicholls 1983; Young et
al. 1995; Esbensen and McPhaden 1996; Jabouille et al.
1996; Saxen and Rutledge 1998) have addressed the
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increase of surface fluxes by deep convective systems.
Convergence induced locally by upward convective mo-
tions is thought to increase the wind and hence the sur-
face fluxes. Downdrafts associated with convective sys-
tems are also thought to enhance surface fluxes by bring-
ing cold, dry, and gusty air into contact with the sea
surface (Fig. 1). Although the physical processes re-
sponsible for the mesoscale wind enhancement have
been known for a long time now, a systematic study of
their representation in GCMs and regional models is
still missing. In this paper, an approach to address the
problem of parameterization of the gustiness is proposed
based on interactive use of observations made during
TOGA COARE and of numerical simulations of a
cloud-resolving model (CRM) applied to different
scales. These simulations enable the scaning of space
scales and timescales that correspond to variability in-
duced by fair weather boundary layer convection up to
large precipitating convective systems.

The paper is organized as follows. In section 2, we
present the general problem of the mesoscale enhance-
ment of surface fluxes. The following two sections deal
with the parameterization of the effects of free convec-
tion in undisturbed conditions (in section 3) and that of
the effects of precipitating convective systems (in sec-
tion 4).

2. Mesoscale enhancement of surface fluxes

In numerical models, the surface fluxes are generally
formulated in terms of the bulk aerodynamic relation-
ship:

FA 5 2CA(Aa 2 As)U, (1)

where FA is the surface flux for quantity A, U is the
wind speed, Aa is the transported variable at the first
model level, and As the surface value of the transported
variable. Here, CA is the bulk transfer coefficient de-
pending on the atmospheric stability and the roughness
length, which is generally taken differently for momen-
tum, heat, and moisture. Equation (1) gives locally valid
expressions of the fluxes. To be used in GCMs, this
equation is firstly averaged over one horizontal grid and
takes the following form:̂ ̂F . F 5 C (A 2 A )U, (2)A A A a s

where x is the ensemble average of x over the mesh,
and x̂ stands for the value of the parameter x computed
from averaged quantities. Mondon and Redelsperger
(1998) and Jabouille et al. (1996) showed that the ap-
proximation made in Eq. (2) is valid for various case
studies of TOGA COARE. For deep convection, Ja-
bouille et al. (1996) found that the effects of the cor-
relation between humidity and wind fluctuations on flux-
es are on the order of 1% in comparison to the mean
term. For the sensible heat flux, the correlation between
the temperature and the wind accounts for 5% of the
mean flux. These approximations are also well verified

for all the cases discussed in the present paper. In the
above expressions, U represents the mean velocity of
the wind (\U\). In contrast, a GCM predicts at each grid
point the velocity of the mean wind U0 5 \U\. Thus
the vector-averaging method, as used in a GCM, ap-
proximates U by the modulus of the mean vectorial
surface wind U0. Therefore, the fluxes computed in
GCM are given by

̂ ̂F 5 C (A 2 A )U . (3)A0 A a s 0

The difference DFA between FA and will representF̂A0

the mesoscale enhancement in the surface flux of quan-
tity A. Using the Eqs. (2) and (3), it can be written as

̂ ̂ ̂DF . F 2 F 5 C (A 2 A )(U 2 U ). (4)A A A0 A a s 0

That leads to an underestimate of surface fluxes in
GCM as U is always greater than U0, except for un-
disturbed horizontally uniform flow (U 5 U0). There-
fore in GCMs, we need to parameterize the difference
between the true mean wind U and the wind U0 pre-
dicted by GCMs. This difference is representative of the
effect of the subgrid horizontal wind variability. In the
extreme case of a near zero wind speed (U0 . 0), Eq.
(3) gives the following in a general circulation model
where subgrid horizontal wind variability is not repre-
sented:

F . 0. (5)A

In fact, small-scale wind inhomogeneities exist and
induce mean surface fluxes. Such a result suggests that
in contrast to observations, the ocean and the atmo-
sphere are decoupled in terms of turbulent transfers for
light wind conditions (e.g., Bradley et al. 1991; Godfrey
et al. 1998). For wind speed below 3 m s21, exchanges
between ocean and atmosphere are mostly due to con-
vectively driven motions.

A general approach to this issue is presented by
Wright and Thompson (1983) and Jabouille et al. (1996)
who show the direct influence of the horizontal wind
variance on U . Jabouille et al. (1996) showed that it is
appropriate to calculate U from U0 on the basis of char-
acteristic gustiness velocity Ug with a quadratic inter-
polation:

5 1 .
2 2 2U U U0 g (6)

Equation (6) shows how the gustiness can influence
U and hence large-scale surface heat fluxes. As argued
above, two different sources of gustiness have to be
distinguished in Ug: fair weather convection and pre-
cipitating deep convection. The timescales and space
scales and the convective patterns are very different for
each of these cases (Fig. 1). These convective processes
also occur for different physical reasons. For all these
reasons, it seems important to separetely parameterize
the two effects. Their parameterization is the object of
the following two sections.
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3. Enhancement by boundary layer convection

a. Formulation

For undisturbed conditions, fair weather convection
generates gustiness in the atmospheric boundary layer
due to updrafts and downdrafts associated with con-
vective structures. It is illustrated by the schematic rep-
resentation of an undisturbed convective boundary layer
(Fig. 1). The heating from below of the atmospheric
boundary layer (ABL) produces updrafts responsible for
turbulent transfer throughout the depth of the ABL. The
presence of eddies within the convective boundary layer
has an important impact on the transport properties and
the surface fluxes, in particular generating small-scale
variability (scales of order 1 km). There are many ways
to look at this impact. Williams and Hacker (1992, 1993)
used aircraft data and a composite method to study the
internal flow patterns and the distribution of physical
variables within the convective boundary layer over
southern Australia. Large eddy simulations, by resolv-
ing coherent structures in the boundary layer, are useful
for explaining heat transports (e.g., Schumann 1988;
Sykes et al. 1993; Mondon and Redelsperger 1998).
Finally, this problem can be theoretically analysed by
modifying the similarity theory to take into account the
scaling law for free convection (Godfrey and Beljaars
1991; Stull 1994; Beljaars 1995). Transport processes
in the convective boundary layer are dependent upon
the intensity of thermals. Convective intensity can be
related to the free convection velocity w* (Deardorff
1970) as follows:

1/3Ziw* 5 g F , (7)uy1 2uy

where g is the gravitational acceleration, uy is the virtual
potential temperature of air, Zi is the boundary layer
height, and is the surface buoyancy flux. Using theFuy

large eddy simulation (LES), Schumann (1988) has
shown that the free convection velocity w* can be re-
lated to the horizontal wind variability. The effective
wind U can be calculated in a similar way as before,
using w* and an empirical coefficient b (Godfrey and
Beljaars 1991):

5 1 (bw*)2,
2 2U U 0 (8)

where b, called the free convection coefficient, is an em-
pirical coefficient. The difficulty of this simple approach
is in determining the value of this coefficient. Mondon
and Redelsperger (1998) have presented and compared
different methods to estimate and calculate b.

b. Estimation of b from a case study

A common way to estimate the free convection co-
efficient b is to use observed time series (Fairall et al.
1996). In this approach, it is assumed that 2 can

2 2U U 0

be approximated by the sum of the temporal variances

of the wind ( 1 ). This assumption leads to the2 2s stu ty

definition of a coefficient bst that approximates b:

2 2 1/2(s 1 s )tu tyb 5 . (9)st w*

The coefficient bst is thus calculated directly from tem-
poral variances that are deduced from observed time
series averaged over an ad hoc period. From the LES,
it is also possible to compute bst by simulating measured
data at given points with a sampling similar to obser-
vations (Mondon and Redelsperger 1998).

From Eq. (8), the free convection coefficient is de-
fined as

2
2 1/2(U 2 U )0b 5 . (10)

w*

In Eq. (10) the value of the mean velocity of the
surface wind U is required. As defined in Eq. (2), U is
obtained by averaging (spatial average) the local mod-
ulus of surface wind over a domain representative of
the large scales (GCM mesh). In order to accurately
compute U , the wind speed has to be known at a large
number of data points. At the present time, the numerical
approach (LES) seems a good way to directly compute
U over a wide domain. By averaging over the whole
domain of the simulation the wind predicted in each
LES grid point, direct estimates of U and thus of b are
obtained.

One boundary layer convection case (28 Nov 1992;
day of flux intercomparison) was simulated by Mondon
and Redelsperger (1998). The model used a very fine
grid (50 3 50 3 50 m3) on a 2.5 3 2.5 3 3 km3 domain.
After a validation of results with aircraft measurements
in the PBL, the LES was used to estimate the free con-
vection gustiness coefficient b, from Eq. (10). This
‘‘true’’ value of b was compared with simulated values
of the time variance bst and with estimates as deduced
from local observations (Fig. 2). The LES leads to a
mean value of b 5 0.65 6 0.1. Observed and simulated
bst gives a value varying between 0.8 and 0.9 and a
ratio a 5 b/bst equal to 0.73. Theoretical work by Ja-
bouille et al. (1996) indicates that a is equal to 0.8.
Thus, both theoretical derivations and numerical com-
putations show that estimates of the true b from the
variances are possible but only after applying a correc-
tion factor equal to 0.8. If this correction is not used,
b is overestimated by about 25%. Several values of b
have been proposed in the past, ranging from 0.6 to
1.25. As shown by Mondon and Redelsperger (1998),
this relatively wide range of b estimates can be to a
large extent explained by the differences in the methods
used by the authors. Nevertheless by using time series
recorded on R/V Moana Wave during the COARE IOP,
Fairall et al. (1996) proposed a value of b equal to 1.25.
This last estimate corresponds to the bst coefficient and
is larger than the value of 0.8 found by Mondon and
Redelsperger (1998).
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FIG. 2. Time evolution of (a) bst and (b) b. Curves correspond to the estimations made from LES. The value bst

is estimated on 50-min periods with an 8-s sampling. The bar represents the amplitude of simulated bst due to
random sampling of 10 min (corresponding to the average observation sampling). Diamonds correspond to observed
values of bst with a 50-min period and a sampling ranging from 8 min to 12 min (from Mondon and Redelsperger
1998).

c. Revisiting the COARE data
Figures 3a and 3b show the time series of bst as

deduced from the first two cruises of R/V Moana Wave.
The first started on 10 November 1992 and ran through
3 December 1992, and the second started on 17 De-
cember 1992 and ended on 12 January 1993. Large

variations of the coefficient are observed, while the
mean values are 0.99, 1.25, and 1.34 for the first, second,
and third cruises, respectively. The average value of bst

for the three cruises is 1.25, that is, the value found by
Fairall et al. (1996). Applying the correction above leads
to a value of b equal to 1. In fact, this analysis does
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FIG. 3. Time evolution of bst for all days where observations are available during (a) the first (10 Nov–3 Dec
1992) and (b) the second cruise (17 Dec 1992–12 Jan 1993) of R/V Moana Wave.

not distinguish between wind enhancement due to
boundary layer free convection and enhancement due
to precipitating convection but is based on all the days
for which surface data were available. Thus, it includes
several days during which precipitating convective sys-
tems occured and generated wind variability near the
surface. As argued above, the effect of deep convective
systems cannot be parameterized in terms of the free

convection velocity but has to be separately parame-
terized in terms of the precipitation activity. Using sur-
face radar observations, the coefficient bst has been re-
computed by considering only the periods with no pre-
cipitation. The identification of disturbed periods was
automated as follows. Times for which a reflectivity
pixel in a circle of 50-km radius around the R/V Moana
Wave was found larger than 25 dbZ were registered as
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FIG. 4. Same as Fig. 3, but only considering the cases where no precipitation were observed by the surface radar
over the R/V Moana Wave area.

active times of deep convection. Assuming a 1-h life-
time of isolated convective events, the period starting
30 min before and ending 30 min after the time of active
convection was considered as a disturbed period. This
rather simple method probably also eliminates some pe-
riods for which the effect of precipitating convection
on the surface fluxes was small, for example, cases in
which the outflow generated by convection propagated

in an opposite direction to the R/V Moana Wave. The
results are shown in Figs. 4a and 4b for the two first
cruises. Time variations of the bst coefficient are less
than before, while the mean values become 0.80, 0.85,
and 0.79 for the first, second, and third cruises, respec-
tively. The mean value of bst for the three cruises is
0.82, leading to a value of b between 0.60 and 0.66.
These values are now in full agreement to the ones
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obtained from observations and from the simulation of
the case studied in Mondon and Redelsperger (1998).

4. Enhancement by precipitating convection

a. Sources of evidence

The increase of surface fluxes due to convective ac-
tivity was noted a long time ago (Riehl and Malkus
1958) and was confirmed later by analysis of atmo-
spheric data in tropical regions. Garstang (1967) showed
that for low-latitude disturbances, surface fluxes are in-
creased on the synoptic scale by an order of magnitude
when convection occurs. Global Atmospheric Research
Program (GARP) Atlantic Tropical Experiment (GATE)
observations confirmed these results. By analyzing 137
disturbances observed in the course of this experiment,
Gaynor and Ropelewski (1979) found that the surface
sensible heat flux was enhanced. For a squall line of
GATE, Johnson and Nicholls (1983) found significant
increase of the sensible and the latent heat fluxes in the
gust front region. By analyzing the wakes of 42 con-
vective events observed in the COARE region, Young
et al. (1995) found that the surface latent and sensible
heat fluxes and the wind stress in convective region were
dramatically increased. Using observations and numer-
ical simulations for several COARE case studies, Ja-
bouille et al. (1996) confirmed that the increase of the
surface fluxes was largest in the gust front region. They
showed that the enhancement of the surface heat flux
was due to increased wind speeds. The sensible heat
flux was also enhanced by the drop in air temperature
in the rainfall region behind the gust front. The ampli-
tude of the second effect was, however, smaller in com-
parison to the one induced by the increase in the wind
speed. This study also showed that at the grid-mesh
scale of GCMs, convective activity significantly en-
hances the averaged surface heat fluxes. Using ship ra-
dar data and improved meteorological surface mooring
(IMET) obtained during COARE, Saxen and Rutledge
(1998) studied how different modes of convective sys-
tems modify the surface fluxes of heat, moisture, and
momentum. They found that all the convective modes
alter the surface fluxes in a similar manner, by causing
sharp enhancement of the surface fluxes during the con-
vectively active phase and weaker enhancement during
the recovery. The magnitudes of the surface fluxes were
found to differ according to the mode of convective
organization. The linear mesoscale convective systems
that produced a large amount of rainfall and were char-
acterized by extensive stratiform patterns caused the
greatest modulations of the surface fluxes. For all types
of convective organization the latent heat flux enhance-
ment was due primarily to the increase in the wind
speeds. For the sensible heat flux, both the increase in
the wind speeds and the decrease in the air temperature
played a role.

b. Analysis of enhancement for two periods of
COARE

In GCMs, gustiness generated by deep convection is
subgrid scale and is hence unresolved. Jabouille et al.
(1996) suggested that flux enhancement due to convec-
tion may be parameterized by extending to deep con-
vection the gustiness correction previously proposed for
free convection. Numerical simulations make it possible
to estimate the variability of surface fluxes from the grid
scale of the cloud model (ø1 km) up to the scale cor-
responding to a GCM grid box (ø100 km). Based both
on numerical results and observed wind time series, they
proposed to parameterize this gustiness as a function of
parameters characterizing the convection intensity, such
as rainfall and convective mass fluxes. Preliminary re-
sults for 1-week 2D simulations with environmental
conditions of GATE (Zulauf and Krueger 1997) and
COARE (Redelsperger et al. 1998a) have confirmed
these results.

In order to establish a parameterization of gustiness
speed as a function of convective activity, the previous
results on deep convection are here extended to more
convective cases and different wind regimes.

Two simulations of TOGA COARE previously per-
formed on two different periods of 1 week are used. For
both cases, a two-dimensional framework was used with
a horizontal resolution of 2 km over a total domain of
512-km width. With such horizontal resolution, the gust-
iness due to boundary layer convection as discussed in
section 3 is subgrid scale in the CRM. For this reason,
the following simulations include the parameterization
described above. All following results concern the gust-
iness explictly resolved by the CRM and thus exclude
the subgrid gustiness due to boundary layer convection.
Large-scale forcings and SST deduced from COARE
observations (Lin and Johnson 1996; Weller and An-
derson 1996) were imposed on the model. The hori-
zontal wind was also nudged toward the observed wind.
Both cases have been the object of extended papers that
include various comparisons between observed and sim-
ulated fields. In particular, the rainfall and the surface
fluxes showed a good agreement.

The first case corresponds to the period of 10–17
December 1992 prior to the WWB of December (Gui-
chard et al. 1999, manuscript submitted to Quart. J. Roy.
Meteor. Soc.). Figure 5a shows that the surface mean
wind is weak, the temporal average of the velocity of
mean wind being 1.85 m s21. Looking on the same figure
to the mean velocity of the wind, this period stresses
how the difference between these quantities can vary.
Around 13 December, the difference is relatively small.
In contrast, the mean velocity of the wind is around 3
times larger than the velocity of the mean wind for 11
November. This day corresponds to the smallest veloc-
ities of mean wind (with values less than 1 m s21) and
to the maximum of rainfall (up to 6 cm day21) of the
period. During the period, several intense convective
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FIG. 5. Time evolution of simulated wind (m s21) for two periods of COARE: (a) 10–17
Dec 1992 and (b) 20–26 Dec 1992. Solid and dashed curves represent the scalar mean of
the wind speed and the magnitude of the mean vector wind, respectively. Time is UTC.
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systems give large values of rainfall (Figure 6b). This
figure shows that the convective events are able to ex-
plain the difference between the two measures of wind
speed. The second case corresponds to a Global Energy
and Water Cycle Experiment Cloud Systems Studies
intercomparison of models (Moncrieff et al. 1997; Krue-
ger et al. 1999, manuscript submitted to J. Atmos. Sci.).
That concerns the first part of the WWB period (20–26
December 1992). Surface winds over the intensive flux
array (IFA) are larger than during the previous period
(Figure 5b) with a 1-week-averaged velocity of the mean
wind equal to 3.4 m s21. If the wind regime is different
this period than during the first period, the rainfall in-
tensities are similar (Figure 6b). The differences be-
tween the mean velocity of wind and the velocity of the
mean wind are smaller than during the previous period.

From the above remarks, the wind enhancement of
surface fluxes can be expected to be significant, espe-
cially for the first period, and to vary in time for the
two periods. This is illustrated in Figs. 7, 8, and 9 show-
ing the surface sensible and latent heat fluxes and stress-
es as well as their enhancements due to gustiness for
the two periods. For the first period, the time-averaged
enhancements due to gustiness of the surface sensible
fluxes and stresses are 37% and 47%, respectively. The
relative enhancement due to gustiness is by definition
[Eq. (4)] the same for the sensible and latent heat fluxes.
For the second period, the same numbers for the second
period are 15% and 23%. Contribution of wind en-
hancement also peaks at nearly 100% and 50%, re-
spectively, for the first and second periods. These wind
peaks correspond to peaks of rainfall (Figure 6).

In addition to these two long-term simulations, sim-
ulation of a intense squall line observed in the south of
the IFA (Redelsperger et al. 1998b) is also used to build
a parameterization of gustiness. This case will allow us
to sample large values of parameters representative of
the convection intensity. The 1-h-averaged rainfall (not
shown) for a similar domain to the two previous cases
reaches values of 5 cm day21, similar to some peaks
observed for the previous cases.

c. Parameterization of the gustiness

As the gustiness velocity is due to the convective
activity, it has to be related to parameters measuring the
convective activity. Convective parameters predicted in
current GCMs and regional models are the precipitation
and the updraft and downdraft cloud mass fluxes. Figure
10 shows the distribution of gustiness wind as a function
of precipitation rate for our two 1-week simulations, for
the observational and numerical results of Jabouille et
al. (1996) and for the squall line case. In all cases, the
distribution indicates a saturation effect of gustiness
around 3 m s21, confirming the previous finding of Ja-
bouille et al. for specific cases. This also partly justifies
a posteriori the pragmatic parameterization used in the
UGAM climate model (Slingo et al. 1994; Ju and Slingo

1995). In order to improve the tropical circulation, they
added to the mean wind speed used in the surface flux
computation a gustiness speed equal to 3 m s21 for grid
points with precipitating convection.

A fit to a logarithmic function with a correlation co-
efficient of 0.752 gives

Ug 5 log(1.0 1 6.69R 2 0.476R2), (11)

where Ug and R are expressed in m s21 and cm day21,
respectively. For R larger than 6 cm day21, Ug should
kept constant equal to 3.2 m s21. An alternative ex-
pression valid for any R is

4219.8 R
.

21 21.5 1 R 1 R

For most of the convection schemes used in GCMs,
estimates of the updraft and downdraft cloud mass fluxes
(e.g., mass flux schemes) are given. These quantities
can be considered as estimates of convective activity.
Figures 11 and 12 give the relationship between the
gustiness wind and the updraft (Fig. 11) and downdraft
(Fig. 12) cloud mass fluxes, respectively. Both cloud
mass fluxes are computed from the definition given by
Krueger et al. (1999, manuscript submitted to J. Atmos.
Sci.). Fits to a logarithmic function for these last quan-
tities give the following relationships:

2U 5 log(1.0 1 386.6M 2 1850.0M ) (12)g u u

2U 5 log(1.0 2 600.4M 2 4375.0M ), (13)g d d

where Mu and Md are expressed in kg m22 s21.
The correlation coefficients for Eqs. (12) and (13) are

0.722 and 0.733, respectively. These expressions can
readily be compared to the empirical expression used
by Emmanuel and Živković-Rothman (1999):

MdU 5 2200.0 , (14)g r

where r is the air density. In this expression, the constant
was determined like the other parameters of the con-
vection scheme through an optimization procedure that
uses observations and the adjoint of the linear tangent
of a single-column model. Considering the very differ-
ent ways of determining empirical parameters there is
a remarkably good agreement between the two param-
eterizations for the gustiness speed (2 m s21) when
downward mass flux values peak around 20.01 kg m22

s21. This value for the mass flux correspond to the most
frequent convective regime for the cases under study.
For more intense regimes, Eq. (14) overestimates the
gustiness speed.

In view of the scattered character of the previous
figures, it is interesting a posteriori to know how well
the proposed parameterization of surface flux enhance-
ment works when applied to our initial dataset. Figures
13a, 13b, and 13c show that, in general, the three re-
lationships given above approximate well the mesoscale
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FIG. 6. Time evolution of simulated rainfall (cm day21) for two periods of COARE: (a)
10–17 Dec 1992 and (b) 20–26 Dec 1992.
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FIG. 7. Time evolution of sensible heat flux (solid) and its mesoscale enhancement (dashed)
for two periods of COARE: (a) 10–17 Dec 1992 and (b) 20–26 Dec 1992 (W m22).
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FIG. 8. Same as Fig. 7, but for latent heat flux.
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FIG. 9. Same as Fig. 7, but for stress (g m21 s22).
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FIG. 10. Scatterplots of rainfall vs the gustiness speed Ug for present simulations: the 10–17 Dec 1992 period (*),
the 20–26 Dec 1992 period (plus sign), and the squall line case (triangle). Observed (blank square) and simulated
(filled square) values from Jabouille et al. (1996) are also plotted.

FIG. 11. Scatterplots of updraft mass flux at cloud base Mu vs the gustiness speed Ug for present simulations: the
10–17 Dec 1992 period (*), the 20–26 Dec 1992 period (plus sign), and the squall line case (triangle).
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FIG. 12. Same as Fig. 11, but for the downdraft mass flux at cloud base Md.

enhancement of surface latent heat flux for the 10–17
December 1992 period of COARE. Similar good agree-
ment were found for the other surface fluxes (Fig. 14)
and the other period (not shown). Tables 1 and 2 list
the time-average 5, rms errors, and correlation factors
of various surface fluxes for the first and second periods,
repectively. To give a more precise insight on the var-
ious methods to parameterize the gustiness effect, each
line gives the results from each method. The first line
of each table shows the actual fluxes. The second and
third lines show the fluxes when neglecting the con-
vective gustiness [Eq. (3)] and using a constant value
of 3 m s21, respectively. The three last lines show the
fluxes obtained when using the parameterizations pro-
posed above. As expected, the parameterizations pro-
posed in the present paper lead for both periods to a
better forecast of mean values of surface fluxes. The
rms errors and the correlation factor are also always
improved. In specifying a constant gustiness speed, the
forecast of surface fluxes is better than when the effect
is neglected, though overestimated in comparison to the
actual fluxes. Moreover, the lack of any time variation
of gustiness speed leads to larger rms errors and smaller
correlation factor. The method using the updraft cloud
mass-flux to estimate the gustiness gives slightly better
results than the ones using rainfall and downdraft cloud
mass-flux. It is partly due to a better temporal coherency
between the gustiness speed and the updraft cloud mass
flux.

5. Conclusions

Both atmospheric and oceanic general circulation
models require parameterization of surface fluxes. Most
of surface flux schemes in GCMs use formulas based
on local measurements, where horizontally homoge-
neous parameters on the gridscale are assumed. This
assumption is not valid in cases when the subgrid mo-
tions induce horizontal wind variability that is not ex-
plicitly represented. Studies with GCMs (Miller et al.
1992; Slingo et al. 1994) and single-column models
(Emanuel and Živković-Rothman 1999) have shown in
various ways that it is important to take into account
this gustiness in the surface flux parameterizations.
Their results show large improvement of the tropical
circulation in terms of the predicted temperature, hu-
midity and wind. In addition, on the basis of TOGA
COARE observations and small-scale simulations, re-
cent studies have shown that these mesoscale motions
increase significantly the surface fluxes on the size of
GCM mesh size (Jabouille et al. 1996; Esbensen and
McPhaden 1996).

It is argued that there are two different sources of
gustiness: deep convection and boundary layer free con-
vection. The respective scales (time and length) and
convective patterns are very different for each of these
sources. As the physical processes involved are differ-
ent, we propose differing approaches to the parameter-
ization of the two sources of wind mesoscale enhance-
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FIG. 14. Comparison of time evolution of (a) sensible heat flux
and (b) stress as initially simulated (solid line) and as parameterized
(dashed line) in using Eq. (11) (rainfall) for the 10–17 Dec 1992
period of COARE (W m22).

←

FIG. 13. Comparison of time evolution of latent heat flux as initially
simulated (solid line) and as parameterized (dashed line) in using (a)
Eq. (11) (rainfall), (b) Eq. (12) (updraft mass flux), and (c) Eq. (13)
(downdraft mass flux) for the 10–17 Dec 1992 period of COARE (W
m22).

ment. As the mesoscale variability is hard to determine
solely through local measurements, we propose an ap-
proach based on both observations and numerical sim-
ulations of TOGA COARE. Numerical simulations en-
able one to scan time- and space scales corresponding
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TABLE 1. Time averages, rms errors, and correlation factors r for surface fluxes for 10–17 Dec 1992 period as deduced from various
methods. Units are in W m22 and g m21 s22.

Method

Sensible

Mean rms r

Latent

Mean rms r

Stress

Mean rms r

Reference
UG 5 0.
UG 5 3.
UG 5 f(R) [Eq. (11)]
UG 5 f(Mu) [Eq. (12)]
UG 5 f(Md) [Eq. (13)]

18.6
11.5
23.6
19.4
18.8
19.2

0.0
5.0
3.1
2.2
1.8
2.2

1.0
0.49
0.81
0.94
0.94
0.92

106.2
67.4

137.6
110.5
108.2
109.5

0.0
22.4
21.0
12.0
10.5
12.6

1.0
0.55
0.30
0.86
0.85
0.82

11.8
6.2

18.6
12.5
12.1
12.4

0.0
2.7
4.6
2.4
2.2
2.7

1.0
0.96
0.82
0.95
0.96
0.93

TABLE 2. Same as Table 1, but for 20–26 Dec 1992 period.

Method

Sensible

Mean rms r

Latent

Mean rms r

Stress

Mean rms r

Reference
UG 5 0.
UG 5 3.
UG 5 f(R) [Eq. (11)]
UG 5 f(Mu) [Eq. (12)]
UG 5 f(Md) [Eq. (13)]

25.5
21.7
29.8
26.0
25.6
26.0

0.0
3.3
3.0
2.6
2.1
2.7

1.0
0.95
0.94
0.96
0.97
0.96

155.2
132.1
184.6
158.0
156.0
158.1

0.0
15.5
19.5
14.0
11.2
14.9

1.0
0.75
0.56
0.84
0.87
0.81

32.8
25.4
45.2
34.2
33.0
34.3

0.0
5.2
6.7
5.4
4.7
5.7

1.0
0.89
0.80
0.89
0.91
0.88

to variability induced by convective activity of various
scales (from large eddy simulations to precipitating sys-
tem simulations).

Undisturbed conditions associated with the fair
weather convection case are first addressed. Following
Godfrey and Beljaars (1991), the effects of subgrid con-
vective motions on large-scale fluxes are assumed to
scale with the free convection velocity w* through Eq.
(8). This leads to the definition of the empirical coef-
ficient b linking the gustiness speed to w*. Observed
time series of wind speed allow an indirect estimation
of b from the wind temporal variance (bst). LESs pro-
vide a direct estimation of b and bst. In the case study
by Mondon and Redelsperger (1998), the estimation of
the surface wind from simulated temporal variances of
surface wind leads to a similar value as the one esti-
mated from observed time series in the same case study
(bst ù 0.8). On the other hand, estimation of b from
LES leads to a value of 0.65. As shown theoretically
and numerically by Jabouille et al. (1996) and Mondon
and Redelsperger (1998), a correction factor equal to
0.8 needs to be applied to the value of bst to get the
value of b (0.65). Looking at the time series obtained
in the three cruises of the R/V Moana Wave, large time
variations of bst are found with a mean value of 1.25,
that is, the value found by Fairall et al. (1996). In fact,
this estimate for the full dataset includes numerous days
where large precipitating convective systems occur. As
argued above, the effect of deep convective systems
cannot be parameterized in terms of the free convection
velocity but has to be separately parameterized in terms
of the precipitation activity. Using surface radar obser-
vations, the b coefficient has been recomputed by con-
sidering only the days without precipitation. In this case,
the time variations of bst are smaller than before. The

mean value is then 0.82 for the three cruises. This value
is similar to the one found earlier from observations and
simulations in the case studied by Mondon and Redel-
sperger (1998). This new analysis allows us to fully
reconcile the different approaches to estimating b. This
leads us to recommend the value of 0.65 for b in Eq.
(8) in GCM and mesoscale models.

When precipitating deep convection is present, the
previous parameterization is not suitable as clearly the
free convective velocity is not representative of the deep
convection activity. Examination of numerical simula-
tions of TOGA COARE performed on two different
periods of the same week show that enhancement of
surface fluxes induced by deep convection is always
important, but its relative importance depends on the
intensity of the velocity of the mean wind. For periods
when weak winds and deep convection are present at
the same time, the surface fluxes are almost entirely
produced by the convectively generated gustiness. In
GCMs and regional models, the wind increase generated
by convection is subgrid scale and is hence unresolved.
Jabouille et al. (1996) suggested that flux enhancement
due to convection may be parameterized by extending
for deep convection the gustiness correction previously
proposed for free convection. Numerical simulations
make it possible to estimate the variability of the surface
fluxes from the grid scale of a cloud model (ø1 km)
up to the scale corresponding to a GCM grid box (ø100
km). Based both on numerical results and on observed
wind time series, it is possible to derive a parameteri-
zation of this gustiness as a function of parameters char-
acterizing the convective intensity: rainfall and convec-
tive updraft and downdraft mass fluxes [Eqs. (11), (12),
and (13)]. These parameterizations lead not only to a
better forecast of mean values of surface fluxes but also
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to decrease the rms errors. The pragmatic approaches
used in some GCMs (Slingo et al. 1994; Emanuel and
Živković-Rothman 1999) correspond to particular cases
of this new parameterization. From present results, they
are only valid for some specific ranges of convective
intensity.

From the results of TOGA COARE and previous sen-
sitivity studies with GCMs, the proposed parameteri-
zation should help to improve the representation of trop-
ical ocean-atmosphere interactions in GCMs as well as
coupled ocean–atmosphere models. The parameteriza-
tion should lead to significant changes in the predicted
surface fluxes in regions where the mean wind is weak
as in the region of western equatorial Pacific warm pool.
Benefits can be expected in terms of mean state but also
in terms of variability. The mesoscale coupling occuring
between the ocean and atmosphere when deep precip-
itating convection is present indeed seems to be one of
the keys to understand the dynamics of the warm pool
region (e.g., Webster and Lukas 1992; Godfrey et al.
1998).
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