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Abstract. We present estimates of turbulent fluxes of heatl Introduction
and momentum derived from low levet80 m) aircraft mea-
surements over the tropical Eastern Pacific and provide emThe atmosphere and oceans interact and are coupled through
pirical relationships that are valid under high wind speed con-very small-scale processes that are related to the surface tur-
ditions (up to 25ms?). The estimates of total momentum bulent fluxes of momentum and heat (latent and sensible), as
flux and turbulent kinetic energy can be represented very acwell as to trace gas and particle fluxes. Momentum and heat
curately ¢2=0.99, when data are binned every Ithsby  fluxes are important to the atmospheric and oceanic dynam-
empirical fits with a linear and a cubic terms of the averageics, while trace gas and particle fluxes constitute sinks and/or
horizontal wind speed. The latent heat flux shows a strongsources for their global budgets. Surface entropy fluxes have
quadratic dependence on the horizontal wind speed and a lirseen found to relate linearly with the intensification of con-
ear relationship with the difference between the air specificvection in the tropical Eastern Pacific (Raymond et al., 2003).
humidity and the saturated specific humidity at the sea surThis correlation was more important than that with the lo-
face, explaining 96% of the variance. The estimated valuegal convective available potential energy (CAPE) or with the
were used to evaluate the performance of three currently usegonvective inhibition (CIN). An accurate representation of
parameterizations of turbulence fluxes, varying in complex-all these fluxes in large-scale weather and climate models is
ity and computational requirements. The comparisons withneeded, but the theory is sometimes not adequate and obser-
the two more complex parameterizations show good agreevations are scarce in many regions of the globe.
ment between the observed and parameterized latent heat n, this study we utilize high-resolution measurements ob-
fluxes, with less agreement in the sensible heat fluxes, anghined close to the surface (between 25 and 50m a.s.l.) to
one of them largely overestimating the momentum fluxes.derive turbulent fluxes of heat and momentum under condi-
A third, very simple parameterization shows a surprisingly tions of high horizontal winds, which are not typically sam-
good agreement of the sensible heat flux, while momentunpjed. The measurements are made in the region of the tropical
fluxes are again overestimated and a poor agreement was oz stern Pacific where not many studies have been conducted.
served for the latent heat flux%=0.62). The performance The tropical Eastern Pacific (Fig. 1a) is a region character-
of all three parameterizations deteriorates significantly in thejzeg by well determined rainy and dry seasons. The former is
high wind speed regime (above 10-15ths The dataset present during the Northern Hemisphere summer, when the
obtained over the tropical Eastern Pacific allows us to defiVQntertropicaI Convergence Zone (ITCZ) migrates northward.
empirical functions for the turbulent fluxes that are applica- pyring the dry season, the ITCZ moves South and often there
ble from 1 to 25 ms*, which can be introduced in meteoro- gre strong surface winds in the Gulf of Tehuantepec as a re-
logical models under high wind conditions. sult of the interaction of two factors: i) the establishment of
a large pressure gradient between the Gulf of Mexico and the
Gulf of Tehuantepec due to high pressure systems located in
the Gulf of Mexico, and ii) the presence of a gap in the Sierra
Madre del Sur, the mountain range that crosses from East to
West the Isthmus. While the average height of the moun-
Correspondenceto: G. B. Raga tain range is 2000 m above sea level, at the central part of the
(raga@servidor.unam.mx) Isthmus it drops to only~250 m, in a region approximately
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oON A 11 In this study we also examine the dependence of the empir-
ically determined fluxes on the mean variables that are pre-
dicted in large scale meteorological models: horizontal wind

] i speed, difference between air and sea surface temperature
and difference between air specific humidity and saturated
specific humidity at the sea surface. Furthermore, the obser-
] . vations are used to test the validity of three parameterizations
currently used in numerical models.

2 Measurements and methodology
] EPIC ! The data presented in this study were obtained during two
—GOTEX field campaigns in which the C-130 instrumented aircraft
| (operated by the National Center for Atmospheric Research,
0 - NCAR) made low-level flights close to the surface of the
ocean. Data were obtained from eight flights during the East
Pacific Investigation of Climate (EPIC2001), in September
1 - and October 2001 (Raymond et al., 2004). The flight patterns
alternated between near the surface (25-50m) for 10 min
o e el and then at 1600 m where another level run was made for
() 100w son ‘ oon sow ~7 min, heading south along the 98/ meridian from 14 N

to 2 S (Fig. 1b). During February 2004, the same aircraft
: participated in research flights during the Gulf of Tehuante-

P g pec Experiment (GOTEX), again making low-level runs, but
Sl ; the patterns were more variable than those during EPIC2001.
! The low-level segments from eight flights from GOTEX were
_ utilized for this study (Fig. 1¢). The height of the mixed layer
S was~500 m and the height of the surface layer was assumed

T to be around 50-100 m.
0 .98 - The high frequency wind measurements were obtained
S i . Lelgad) from the five-hole gust probe system located on the radome
e T FIC Vi e of the aircraft. The air temperature was determined from one
(b) Lon g - o
of the Rosemount thermometers and the specific humidity
was derived from one of the Lyman-alpha sensors. A detailed
description of the sensors and their performance (resolution,
' precision and errors) can be found in the web page of the Re-
search Aviation Facility at NCARN{tp://www.eol.ucar.edu/
raf/Bulletins/bulletin3.html).

Turbulent fluxes of the different variables were obtained
as the covariance of the turbulent fluctuations from the mean
values (also called eddy covariances), averaged over time pe-
riods of 100 s, which correspond roughly to spatial segments
of 10 km at the typical aricraft speed. The mean values were
: Wi determined over the same segment. Tests were performed
© to determine the sensitivity to the averaging period, utilizing

averages of 1, 5, 10, 15 and 20 km. The results indicate that
Fig. 1. (a) Geographical location of the region of study. Examples the mean value of the fluxes was independent of the averag-
of flight patterns fron{b) EPIC and(c) GOTEX. ing period, but the variance was largest when 1 km was used.

The choice of 10 km is consistent with other studies (Khe-

lif et al., 2005). This choice of 10 km averaging period gave
40 km wide (Romero-Centeno et al., 2003). The winds area total of 592 segments over which flux estimates were per-
confined by the topography and accelerate through this gagformed. Once the fluxes were estimated, they were plotted
resulting in the observations of intense near surface windsfgainst the mean variables and from the visual inspection of
over the Gulf of Tehuantepec. those plots, it was possible to identify outliers. These flux

BEREEE

Atmos. Chem. Phys., 7, 635-643, 2007 www.atmos-chem-phys.net/7/635/2007/


http://www.eol.ucar.edu/raf/Bulletins/bulletin3.html
http://www.eol.ucar.edu/raf/Bulletins/bulletin3.html

G. B. Raga and S. Abarca: Turbulent fluxes over the tropical Eastern Pacific 637

estimates had values that did not seem to belong to the samé("fw/) + Ta(uﬁuﬂ) _ (u/u/> ow (W) 3y
statistical population as the rest of the values. The time se- & Sy i0J) dxj J) 9xj

ries of the variables corresponding to the periods when those _ o

values were observed, were further explored and some val- + 9% (”?Qﬁ + 5i3w/95>

ues were defined as outliers. The definition was made sub- @)
jectively, based on the existence of either a low-frequency a(m) 1 (0w

change or drift of the variables during the segment and/or the T T ;7 Par (T

presence of an abrupt change in the magnitude of the vari-

ables. In some cases these outliers were linked to large di- N ap_/u,) a <%+3i> o
rectional shear close to the ocean (perhaps as a result of gust 9z Pair \ 92 0xi i

fronts associated with precipitation in the northern regions ) ) )

of the 95 W flights during EPIC2001). In other cases, out- Wheréi and j=1,2. The terms in this equation (from left
liers were related to segments that included precipitation (a&° 1ight) correspond to the local tendency of the TMF, the
determined by the presence of water drops in the 2-D-Cloud?dVection by the mean wind, the production/destruction by
probe, also part of the C-130 instrumentation). Less than 19#n€ar of the mean wind, the production/destruction by buoy-

of the total estimates of fluxes were excluded from the anal-2Ncy. the transport term due to turbulent eddies and the re-
ySis. distribution of TMF due to pressure correlations (which are

small and usually neglected) and due to the return-to-isotropy
term and finally, the viscous dissipation term. The Coriolis

3 Results and discussion and molecular diffusion terms have been neglected.
o Inspection and scale analysis of Egs. (1) and (2) indicate
3.1 Determination of turbulent fluxes that the dominant terms are: the advection and production

h ion for th lent kineti by shear terms, which are proportional to the cubic power of
The tehdency equaﬂonz or the turbu entkinetic energy (TKE)the velocity scale, and the buoyancy and transport by pres-
per unit massd=0.5(u;")] can be written as follows (Stull,  sure perturbations terms, which are a linear function of the
1994): velocity scale. This scale analysis suggests that the TKE and

— AT e erived from the observations would likely have a
o YO the TMF d d f the ob t Id likely h
e — 0 u.o, i . . . . .
3—; + Ujge; = _(u;u;)g% +6i3 {;J g — a)éj 1 dependence on the horizontal wind speed involving a linear
: 1 ) ' (@) and a cubic terms.
TPar i © The derived total horizontal momentum flux and the tur-
where, 77 correspond to the mean wind velocities in the 3 Pulent kinetic energy indeed present a strong non-linear rela-
dimensions (j=1,3)i, , to the turbulent fluctuations of the tionship with the mean horizontal wind, as shown in Figs. 2a
b _/ 1 - . .
wind; 6',, to the turbUlent fluctuation of the virtual potential 2nd b- Note that the observations presented in these figures
temperaturep’, to the turbulent fluctuation of the pressure; are derived from tWO_ different f|(?|d programs gnd It appears
B aNd0,, to the mean air density and mean virtual potential that the same fun.ct|onal form is apphcable in both cases,
temperature, respectively: andto the turbulent dissipation SI"Ce the observations do not cluster into two separate popu-
rate. The terms on the left-hand side of this equation correlations. These figures also highlight the range of horizontal
spond to the local tendency and the advection by the meal{/ind speeds over Wh'%the observations were made, from
wind. The terms on the right-hand side of the equation cor-ONlY & couple up to 25ms. Note that::ere are many obser-
respond to the production/destruction of turbulent kinetic en-Vat'O”IS ¥V'th wind speeds above 15mswhich is not fre-
ergy by shear of the mean wind, the production/destructiorduently found. , _ N ,
by buoyancy, the transport term due to turbulent eddies, the The individual data points were binned in intervals of hori-

redistribution of turbulent kinetic energy by pressure pertur-20ntal wind speeds of 1 mé and the best-fit curves were de-
bations and the viscous dissipation. termined for these binned data. In agreement with the scale

An equivalent expression can be written for the horizontal analysis of Egs. (1) and (2), a cubic polynomial was fit to the
momentum flux (TMF): data. The non-linear regression yields a cubic and a linear
term in each case, of the following form:

TMF=aV + bV® (3)
TKE=cV + dV3 4

where V corresponds to the magnitude of the hori-
zontal wind (in ms!) and a=3.39E03NsnT3,
b=7.72E-05NS$m>, c=3.01E-02ms? and
d=2.66 E-04snTl. Note that the estimates of TMF
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Fig. 3. Latent heat flux as a function ¢&) horizontal wind speed
Fig. 2. (a)Turbulent horizontal momentum flux (TMF) alol) Tur- and(b) difference of saturation specific humidities at the sea surface
bulent kinetic energy (TKE), as a function of the horizontal wind and at the height of the measurements.
speed. The datapoints‘600) correspond to eddy covariances aver-
aged over 100s. The solid lines correspond to best fits determined
when the data were binned in intervals of 1Ths(see text and magnitude from 10* and 1071, with the production term
Egs. 3and 4). due to the gradient of the mean specific humidity being the
dominant one and proportional 1? and Ag. As shown in
Fig. 3, the vertical latent heat flux (LHRz,LyW'() has a
and TKE in Figs. 2a and b show only moderate dispersionstrong (quadratic) dependence on the horizontal wind speed
from the respective best fit curves. Thus, the correlation(Fig. 3a), while only a linear relationship with the difference

coefficients are 0.99 for both the TMF and the TKE. of air specific humidity and saturated specific humidity at the
The relevant budget equation for the turbulent specific hu-sea surface (Fig. 3b). These dependences are consistent with

midity flux is given by: the scale analysis of the corresponding vertical component of
o - Eqg. 5. The observed LHF cover a range from close to O up to

a(thD +73(g)’5,’-) _ _W:’% _ (u;u/j_);% 500 Wnt2, increasing with the horizontal wind speed. The

LHF estimated as the eddy covariance was stratified only in
. terms of the horizontal wind speed in bins of 1Thsand the

d(q'uju’;) 16! . . . h .
- qazju’ +di3 (qg”)g () following empirical relationship was derived:
_ - 2
+i (p/aq/) . 28 LHF—a+ bV + CAq (6)
Pair  0x; q

where AQ=[Gair—0s;] and a=—100Wn12, b=0.772 W3
whereg andg’ correspond to the mean and the turbulent per-m—4 and c=34216 W m2. Note that for the LHF (Fig. 3), the
turbation of the specific humidity, respectively, and the otherobservations present more scatter than for the TMF and the
variables were introduced when discussing Egs. (1) and (2)TKE (Fig. 2). Nevertheless, the relationship given by Eq. (6)
Scale analysis of Eqg. (5) indicates that the terms range irexplains 96% of the variance for a horizontal wind range

Atmos. Chem. Phys., 7, 635-643, 2007 www.atmos-chem-phys.net/7/635/2007/
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values of the latent heat fluxes, utilizing the empirical fit: LHF=a+b
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between 1 and 20 m7$. It is possible that the larger scatter
in the LHF is related to the large range in ambient conditions -100 b——u '_4' —— @'@ s 41@ — 8'@
between summer and winter, with sea surface temperature ' ' SST-T [K] ' '
(SST) varying in the region of the tropical Eastern Pacific.

During the EPIC project (September and October 2001) bott]:
air and S_STS are warmer and the speC|f|(? humidity is hlgherand(b) temperature difference at the sea surface and at the height
than during GOTEX (February 2004). Figure 4 shows the it he measurements.

dispersion diagram between observed and predicted latent

heat fluxes. The observed fluxes are calculated from the eddy

covariance and then binned every Thswhile the predicted fiifference was observed (Fig. 5b), as expected from the scale

values are derived using Eq. (6). It is rather remarkable tha . . I,
: : : analysis. This dependence shows less scatter than in Fig. 5a,
such a simple function can reproduce quite accurately the la;

: . : - “but again larger scatter than estimates of the TMF and the
tent heat fluxes covering a wide range of wind speeds, give

that the magnitude of the flux also varies over a large range. ) . »
The observations were also used to estimate the verti- 'n€ SHF estimated as the eddy covariance was stratified

cal sensible heat flux (SHFgCW#'). Figures 5a and b only in terms Qf the ho_ri_zontal Wi_nd speed in bin_s of 1ths
present the estimates as functions of the horizontal wind®nd the following empirical relationship was derived:

speed and of the difference between the sea surface and the

air temperature at the hgight of the observations, rfas_pectivelyﬂ_”::a + bAT @)

It can been seen in Fig. 5a, that the SHF exhibited very

little dependence on the horizontal wind speed. This fig-

ure shows a very large scatter in the magnitude of the SHFWVhere AT=[T—Tay] in Kelvin and §:1.4Wm2 and

with both positive and negative values present. This range iP=9.1WnT2K~1. A correlation coefficient of 0.99 is ob-
SHF estimates is related to the large range on ambient corf@ined, based on the binned data.

ditions (summer vs. winter) over which the measurements These results presented here provide simple and accurate
were taken. Note that in some cases of high wind speed (e.dormulae for the turbulent fluxes of latent and sensible heat,
15ms 1), observations show a range of values fre80 to  momentum and TKE over the ocean that can be introduced
+50 Wnm 2, indicating no clear relationship between the SHF in mesoscale and large scale weather and climate models, to
and the wind speed. In contrast to this lack of relationship, aest their sensitivity over a wide range of observed horizontal
clear linear relationship with the air-sea surface temperaturavind speeds.

I
o
=

ig. 5. Sensible heat flux as a function @) horizontal wind speed

www.atmos-chem-phys.net/7/635/2007/ Atmos. Chem. Phys., 7, 635-643, 2007



640 G. B. Raga and S. Abarca: Turbulent fluxes over the tropical Eastern Pacific
1000 - &) b) c) ]
[ 4
800 [- + -+ ]
NE [ + +
L eoo o N .
= + .. 1o ..
— | + . 4+ + .
= 400 ++ fooe et +T N e '+++‘+" 7
E + _l_“'f' +- _!_-H- +.}_+ + R
[ T X3 H 1
200 i . i +1‘T‘ 7
F s + N
0 [ PR B +'f'++. . NP TR "j._ NP B 1l .
0 10 20 0 10 20 0 10 20 30

Wind speed [m/s]

Fig. 6. Turbulent latent heat fluxes from observations (dots) and derived from the three parameterizations (crosses) as a function of horizontal
wind speed (binned in 1 me intervals), for(a) K02, (b) M97 and(c) F96. Note that there is a change in performance of the parameterizations
at 10ms1 (K02 and M97) and at 15 n1& (F96), indicated by the vertical lines.
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Fig. 7. Turbulent sensible heat fluxes from observations (dots) and derived from the three parameterizations (crosses) as a function of
horizontal wind speed (binned in 1 mintervals), for(a) K02, (b) M97 and(c) F96.

tion coefficientis only 0.62 (see Table 1), with a difference in
the mean of the population about 34% from the observations.
The turbulent fluxes derived from the observations (using theNote the different behaviour of the latent heat flux calculated
eddy covariance method) were compared against the resullysing the K02 parameterization for low vs. high wind speeds,
ing fluxes from three different parameterizations currently indicated by the vertical line in Fig. 6a. The parameterized
utilized, which vary widely in level of complexity and com- values underestimate the “reference values” for wind speeds
putational requirements. The comparison is presented fofower than 10 m st and largely overestimate the “reference
latent heat fluxes (Fig. 6), sensible heat fluxes (Fig. 7) andsalues” for higher wind speeds. The sensible heat fluxes us-
horizontal momentum fluxes (Fig. 8), shown in these figuresing K02 (Fig. 7a) are systematically over-estimated for wind
as a function of the horizontal wind speed. Tables 1, 2 andspeeds lower than about 15 msand exhibit the largest vari-
3 present a quantification of the performace of each parameapility of the three parameterizations evaluated, as can be
terization, compared against the results from the covariancgeen comparing the three panels in Fig. 7. The correlation
method, for the three turbulent fluxes mentioned. coefficient is 0.79 (Table 2). The inclusion of the corrections
The parameterization presented by Kara et al. (2000), inpresented by Kara et al. (2002) led to a slight improvement
cluding the corrections introduced by Kara et al. (2002, in the representation of all fluxes, particularly of the momen-
herein denoted as K02), are in moderate agreement with theim flux. Nevertheless, this improvement is not enough to
observations, as can be seen in Figs. 6a, 7a and 8a. In paget a closer agreement with the “reference values” obtained
ticular, the latent heat fluxes (Fig. 6a) derived using the paty the covariance method, leading to an overestimate in 93%
rameterization KO2 are more variable than the observationgf the cases (see Table 3). In summary, the K02 parameteri-
derived by eddy covariance method (which are here considzation performs only moderately well for sensible heat fluxes
ered to be the “reference values” for the fluxes). The correla-

3.2 Comparison with parameterizations

Atmos. Chem. Phys., 7, 635-643, 2007 www.atmos-chem-phys.net/7/635/2007/
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Fig. 8. Turbulent horizontal momentum fluxes from observations (dots) and derived from the three parameterizations (crosses) as a function
of horizontal wind speed (binned in 1 m&intervals), for(a) K02, (b) M97 and(c) F96.

Table 1. Statistical parameters for the different methods of estimat-Table 2. Statistical parameters for the different methods of estimat-
ing the turbulent latent heat flux (COV: covariance method, KO2: ing the turbulent sensible heat flux (COV: covariance method, K02:
Kara et al., 2002; M97: Mendoza et al., 1997; F96: Fairall et al., Kara et al., 2002; M97: Mendoza et al., 1997; F96: Fairall et al.,

1996). 1996).
LHF Ccov K02 M97 F96 SHF Ccov K02 M97 F96
Average [W/r'r?] 238.9 321.0 2415 234.2 Average [W/n?] 10.93 22.11 16.77 11.48
RMSE [W/n?] 1944 602 658 RMSE [W/n?] 32.18 1945 12.65
Correlation coefficient 0.62 0.88 0.87 Correlation coefficient 0.79 0.78 0.76

(Fig. 7a) and over-estimates the horizontal momentum fluxeSable 3. Statistical parameters for the different methods of esti-
(Fig. 8a) at almost all wind speeds. It constitutes the poorestnating the turbulent horizontal momentum flux (COV: covariance
comparison of the three parameterizations evaluated with thenethod, KO2: Kara et al., 2002; M97: Mendoza et al., 1997; F96:

observed latent heat fluxes (Fig. 6). Fairall et al., 1996).

Mendoza et al. (1997, herein denoted M97) includes a sim-
ple parameterization of the air-sea turbulent fluxes to pre- TMF COv K02 M97 F96
Qict sea surface tempera.ture' anomalies in Fhe Gulf of Mex- Average [W/n?] 027 044 051 027
ico, based on parameterizations from the literature (Isemer RMSE [W/n?] 025 032 009
and Hasse, 1987, for the wind stress and Adem et al., 1994, Overestimation (%) 93 87 57

for the sensible and latent heat fluxes). The parameteriza-
tion does not require iterative calculations and the drag co-
efficients are described in terms of the Richardson number.
The evaluation of the performance of this parameterizatiorfute an under-estimate of the “reference values” (those deter-
against the fluxes derived by eddy covariance in the tropicamined by the covariance method) for wind speed less than
Eastern Pacific suggests that the parameterization is fairlylO m s and represent an over-estimate for higher winds.
good given its simplicity. It performs moderately well for ~ The parameterization presented in Fairall et al. (1996) was
latent (Fig. 6b) and sensible heat fluxes (Fig. 7b), particu-derived from the TOGA-COARE field project (herein de-
larly at low wind speeds, but over-estimates the horizontalnoted as F96). The calculation of the turbulent fluxes is
momentum fluxes (Fig. 8b) at almost all wind speeds. Ta-based on concepts of Monin-Obhukov similarity, involves
bles 1 and 2 show that the correlation coefficients are 0.8&n iterative method and is the most computationally expen-
and 0.78 for the latent and sensible heat fluxes, respectivelsive of the three parameterizations evaluated. The latent heat
The horizontal momentun flux is overestimated 87% of thefluxes compared favorably with the “reference values” es-
cases (see Table 3). Note that the performance of the lateiimated by the covariance method (Fig. 6c), but note that
heat flux as a function of horizontal wind speed is differentthere is a slight over-estimate for low wind speeds and a
for values lower and than 10 ms. As can be seen in Fig. 6b, systematic under-estimate for wind speeds above 15ms
the fluxes calculated using the M97 parameterization constiwith also much larger variability. The comparison of the

www.atmos-chem-phys.net/7/635/2007/ Atmos. Chem. Phys., 7, 635-643, 2007
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sensible heat fluxes against the “reference values” is th& Final remarks
poorest of the three parameterizations evaluated (with a cor-
relation coefficient of 0.76, Table 1), as the parameterizationEmpirical relationships have been determined for the latent
is clearly under-estimating the observations for wind speed$ind sensible heat fluxes as well as the total horizontal mo-
above 15mst. This bias may be due to the fact that the mentum flux and turbulent kinetic energy in a wind speed
fluxes depend strongly on the temperature difference rathefange from 1 to 25 mst (for 10km averages), applicable
than on the horizontal wind speed. There is no clear explaover the tropical Eastern Pacific. This range in velocity is
nation for this transition in the behavior of the parameterizedlarger than previous studies have explored, and, in addition,
values at a particular horizontal wind speed, but it may bethe Eastern Pacific is a region that has been largely neglected
because the parameterization may have been derived froiift observational studies. Moreover, because the sea surface
observations at lower wind speeds than those sampled in thigmperature in the Eastern Pacific rapidly changes through
study. In summary, the performance of the F96 parameterithe sea surface temperature front (observed betwe€erN);-2
zation is fairly good for all fluxes for wind speeds lower than the range of sensible heat fluxes sampled was also large.
15ms1, and it particularly performs well for momentum  The comparison with three currently used parameteriza-
fluxes at even very high horizontal wind speeds, as can b&ons has shown that the performance of each parameteriza-
seen in Fig. 8c. and from the statistics in Table 3. tion as a function of horizontal wind speed is different. F96,
There are some interesting features present in Figs. 6, @erived for TOGA-COARE provides the best results, when
and 8 that are worth noting at this point. Both the latent heatapplied to the tropical Eastern Pacific. The parameterization
and horizontal momentum fluxes show a clear dependencgresented by M97 and currently used at our research cen-
with the wind speed, indicating an increase in those fluxeder in Mexico gives a surprisingly good agreement given its
with the horizontal wind speed. This is obvious both for simplicity. In fact it performs better than KO2 for latent and
the “reference values” determined by the covariance methogensible heat fluxes.
and for all three parameterizations evaluated. In contrast, the The Working Group on Ocean Model Development of the
sensible heat fluxes (Fig. 7) show no monotonic response a€limate Variability and Predictability Program (http://www.
a function of wind speed. This behaviour is observed in alleprints.soton.ac.uk/91979; WCRP Informal Report 14/2002)
estimates, the covariance method and the three parameterizis-recommending the use of KO2 in coupled climate models.
tions. In all cases, there is an increase in the SHF with hori-Our results indicate that the latent and sensible heat fluxes
zontal wind speeds for values lower than 10thand no dis-  derived from the KO2 parameterization have a different be-
tinguishable trend for higher wind values. For the strongesthavior under low and high wind conditions and may not ad-
wind observed (close to 25 m¥), the estimates from the co- equately represent those fluxes in our region of study. More-
variance method show negative SFH at 30m. The reaso@ver, the momentum fluxes may also be mis-represented, po-
for this is possibly that these stronger winds were associatetentially leading to erroneous predictions. We recommend
with some upwelling of colder seawater, so that the sensithat further testing of the parameterization similar to the one
ble heat was transferred from the atmosphere to the ocearpresented in this study, be carried out before it is imple-
The three parameterizations perform moderately well for lowmented in more climate models.
wind speeds (below 10 m3), with performance becoming
increasingly worse as wind speed increases. The correlatioficknowledgements. The authors are grateful to D. Raymond (Lead
coefficients are shown in Table 2, between 0.76 and 0.79 fof! or EPIC) and K. Melville and C. Friehe (Co-PI for GOTEX) for
each parameterization, with significant mean root square er:31|Iowmg our participation in those projects. We are indebted to the
rors. crews and ground staff of the C-130 who generously supported our

. involvement during the installation of equipment on the aircraft and
The tur'bulent horizontal momentum qu>'(e's Calculateq b,ythroughout the field campaigns. This study was partially funded
the covariance method present a monotonic increase with inpy 4 grant from the Mexican Council for Science and Technology

creasing wind speed (Fig. 8), behavior that is reproduced bycConacyt-33319).

all three parameterizations. Nevertheless, only F96 is able

to reproduce the magnitude of the fluxes, slightly overesti-Edited by: W. E. Asher

mating the observations for winds speeds below 10'asid

underestimating them for higher winds speeds. The parame-

terizations of K02 and M97 systematically overestimate theReferences
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