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ABSTRACT

“Classical” and “‘sampling” methods of air-sea exchange estimates are considered. On the basis of meteorological
observations at ocean weather stations in the North Atlantic, datasets of midlatitudinal experiments, and voluntary
ship measurements calculations of sensible, latent, and momentum fluxes were obtained. The behavior of fluxes
with increasing spatial- and temporal-averaging scales is explained. Simple parameterizations, using the space-
time averaging influence on air-sea flux estimates, are produced. Some particulars connected with the role of

different correlation terms are discussed.

1. Introduction

There are two main problems in the application of
the bulk aerodynamic method for calculations of air—
sea heat and momentum exchange on synoptic and
climatological scales. One problem is connected with
dynamical conditions and the influence of stratification
on transfer and drag coefficients. The other is deter-
mined by the role of space-time averaging of hydro-
meteorological parameters. This problem is most im-
portant in midlatitudes and especially in frontal zones,
where the extreme temporal variability of the atmo-
sphere and strong SST gradients are observed. There
are a number of articles (Kraus and Morrison 1966;
Robinson 1966; Kondo 1972; Fissel et al. 1977; Es-
bensen and Reynolds 1981; Bortkovskiy 1983; Wright
and Thompson 1983; Thompson et al. 1983; Marsden
and Pond 1983; Larin and Panin 1985; Hanava and
Toba 1987; Simmonds and Dix 1989; Gulev and
Ukrainsky 1989) on the influence of temporal aver-
aging of independent meteorological parameters on
heat and momentum flux estimates. Most of the au-
thors obtained visible differences between the “classi-
cal” and so-called sampling method of sea—air exchange
estimates. However, Esbensen and Reynolds (1981)
and Simmonds and Dix (1989) found good agreement
between the monthly averaged heat fluxes and heat
flux estimates, derived as the product of the monthly
averaged wind speed and the monthly averaged sea—
air temperature and humidity differences.

In contrast with temporal averaging, there are only
a few studies connected with spatial averaging. Gar-
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stang (1965) was the first to give an evolution of in-
tramonthly correlations over the tropical Atlantic. Reed
(1985) calculated climatology of sea-air heat fluxes
over the tropical Pacific and also found 3%-10% dif-
ferences between sampling and classical estimates for
monthly means in 2°latitude by 10°longitude areas.
After that Mahrt (1987) proposed an approach for the
calculation of grid-averaged surface fluxes for numer-
ical models. He explored the relationship for exchange
coefficients using the Louis (1979) scheme, originally
chosen for continents, and tested his parameterization
using data, collected also over the land. Some model
studies focused on temporal averaging (Gavrilin and
Monin 1969; Adamec and Elsbery 1984; Simmonds
and Dix 1989), of course, indirectly take into consid-
eration also spatial averaging, but they prefer to discuss
their results in terms of temporal averaging. Several
authors (Husby 1980; Weare and Strub 1981; Gilhou-
sen 1987; Legler 1991) studied uncertainties in esti-
mates of averaged meteorological parameters and en-
ergy fluxes, connected with inadequate sampling and
annual and diurnal cycles. However, most of the es-
timates have been made for tropics of the Pacific Ocean.
This study attempts to consider joint effects of spatial
and temporal averaging in the North Atlantic midlat-
itudes on the basis of data for ocean weather stations
and special scientific experiments.

2. Data

The data used in this study (Fig. 1) consisted of
three-hourly sampled meteorological observations at
Ocean Weather Stations B, C, D, and E for the period
1953-1974; one-hourly sampled observations at Ocean
Weather Station C for the period 1975-1988; all vol-
untary meteorological observations in the northwest
Atlantic for the last 10 years; and meteorological data
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FI1G. 1. Spatial distribution of meteorological datasets: | —Ocean
Weather Stations, 2-—coastal meteorological stations, 3—meteoro-
logical buoys and platforms, 4—research vessels of NEWFOUEX
88 experiment, and 5—research vessels of ATLANTEX 90 experi-
ment.

from Canadian shore stations. The most significant
data were obtained during the stationary mesoscale
meteorological experiments in the period 1980-1990
under the program “SECTIONS.” This dataset consists
of 48 records of hourly observations. The record lengths
varied from 10 days to 2.5 months.

The most interesting time series were obtained dur-
ing the NEUFOUEX-88 (Lappo et al. 1989) and AT-
LANTEX-90 (Gulev et al. 1991) experiments. Both
of these experiments, as well as the earlier experiment,
NEWFOUEX-84, were designed to study air-sea in-
teraction processes in Newfoundland Basin during the
periods from November 1987 to April 1988 and from
December 1989 to May 1990, respectively. Ships, bal-
loons, buoys, and moorings were used to measure the
atmospheric and oceanic structures and properties. Al-
though the measurement program was designed pri-
marily for the region 40°-48°N, 40°-48°W, this study
includes all voluntary meteorological observations that
were onboard each of five research vessels during hy-
drological surveys (four surveys for each experiment)
and during the stationary phases of the experiments
(22 days in March 1988 and 24 days in April 1990,
respectively ), when three vessels situated in fixed po-
sitions (Fig. 1) and two others carried out surveys in
the vicinity of the triangles. Fortunately during March
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1988 and April 1990 the number of voluntary (primary
fishery) ships in this region was relatively high. Addi-
tional hourly meteorological measurements were ob-

- tained from voluntary ships courtesy of radio contacts.

Later (section 3, Table 1), more detailed information
will be given about the spatial distribution of meteo-
rological measurements. In total, more than 300 000
meteorological observations from ocean weather sta-
tions (approximately 32 000 hourly observations from
stationary experiments and more than 120 000 vol-
untary meteorological observations) were used.

3. The bulk aerodynamic calculations under classical
and sampling approaches

The bulk acrodynamic formulas for the sensible heat
flux, Qy; the latent heat flux, Qr; and momentum flux,
Qy, were used in the following form:

QH = C'ppaC’TI/‘s T’

0.622
Or = Lpa—5— CeVoe,

Oy = p.CrV?, (1)

where 67 = T,, — T,; e = ey — ¢,; T, is water tem-
perature; 7, is air temperature, e, is water vapor pres-
sure; e, is saturation vapor pressure; connected with
Tw, V is wind speed; p, is air density; C, is specific
heat of air at constant pressure; L is the latent heat of
evaporation of water; and Cr, Cr, and Cy are the
transfer coefficients known as the Stanton number, the
Dalton number, and the Schmitt number, respectively.
These coefficients were determined using the Ariel et
al. (1981) approach, which is based on Monin-Obu-
khov similarity theory. After Ariel et al. (1981) Cr,
Cg, and Cy depend on wind speed and stability and
vary from 0.9 X 1073 to 2.1 X 103, This approach is
very comparable with the Liu et al. (1979) method
used by Esbensen and Reynolds (1981). Figure 2 dem-
onstrates the comparison of the Ariel et al. (1981) and
Liu et al. (1979) schemes. For calculation of the Liu
et al. (1979) coefficients, the FORTRAN program
documented in Liu and Blanc (1984) has been used.
The heat transfer coefficient used in this study is in
good agreement with Liu et al. (1979) under moderate
winds and is 10%—-15% higher under relatively strong
winds. The drag coefficient is 10% smaller than that in
Liu et al. (1979) under moderate winds and very close
to Liu et al. (1979) for 10 < V' < 14 m s, if we use
the Kondo (1975) scheme for a neutral drag coeflicient
in the Liu et al. (1979) parameterization. In the case
of a combination of the Liu et al. (1979) with the Large
and Pond (1981) schemes for a neutral drag coefhicient,
Ariel et al. (1981) gives 20% higher C} for strong winds
and very close to that of Liu et al. (1979) under calm
and moderate winds. [ One can find (Fig. 2) from 10%
to 25% differences even between the two versions of
the Liu et al. (1979) parameterization.] For storm con-
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FIG. 2. Comparison of Ariel et al. (1981) (solid lines) and Liu et al. (1979) (dashed lines) schemes for heat transfer
coefficient (a), (¢) and drag coefficient (b), (d); (a), (b) the combination of Liu et al. (1979) scheme with Kondo (1975)
scheme for neutral drag coefficient; (c), (d) the combination of Liu et al. (1979) scheme with Large and Pond (1981)

scheme for neutral drag coefficient.

ditions (V > 14 m s™!) the Bortkovskiy (1983) ap-
proximation was used. In the case when V<3 m s~
(less than 2% of observations) under free convection
conditions, C7 and Cg coeflicients were computed by
the Grachov and Panin (1984) method.

When formulas (1) are used for individual values
of meteorological parameters, it is easy to obtain av-
eraged fluxes (the so-called sampling method). Alter-
natively, we can estimate averaged fluxes taking into
consideration averaged meteorological parameters (the
so-called classical method). The relationship between
the two methods is given by

(CrV T, = (CrYLVILSTY,
+ {CrILV'OT", + (CHT" AV,
+ {(CVN(OTY, + (CrV'8T"),. (2)

This equation illustrates the dependence of fluxes on
spatial- and temporal-averaging scales. This depen-
dence occurs because of the correlation between the
meteorological parameters and the nonlinearity of the
bulk formulas (1). In (2) { ), is the time-averaging
operator. Similar equations can be written for space
averaging ({ ),), space-time averaging ({ ).,), and
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for latent heat flux ({Cgéel )) and momentum flux
({CyV?}).In this study temporal averaging with time
scale 7 was given by the low-pass digital filtration of
sample series 7°(¢):

(== |

ti~7/

titT/2

, T(t)d:. (3)
To examine the spatial averaging we choose 69 datasets
where the duration varied from a minimum of 1 day
to a maximum of 19 days. All these datasets contained
very high spatial resolution observations (more than
36 simultaneous meteorological measurements in a
circle within a radius of 100 km). The location and
duration of these datasets are presented in Table 1.
Most of the data were collected for cold seasons, pri-
marily for those periods when special meteorological
observations on research vessels were also available.
To produce regular data around each grid point, mea-
surements were interpolated on a circular network with
a number of nodes on each concentric circumference
connected with averaging radius extension, ér:

ny = ngl(re + kér)/ ro,
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where k is the number of extensions, ry the initial ra-
dius, and ny the initial number of nodes. This network
was adjusted to equalize the grid point separation in r
and 9, where ¢ is polar angle. Figure 3 demonstrates
an example of the location of nodes for o = ér = 40
km. The spatial average for every grid point was then
given by

1 R Ul
— f f T(r, O)rdddr.
0 0

wr?

(T), = (4)

In this study we consider a wide range of temporal-
and spatial-averaging scales. The estimates were
obtained for sampling periods (7) of 1, 3, 6, 12 h;
1,2,3,5,7.5,10d; 1, 3, 6 mo; and 1, 2, 10, 20 yr.
For spatial averaging the diameter (d = 2r) varied
from a minimum of 40 km to a maximum of 800
km. For time scales of less than 10 days, the joint
effects of spatial and temporal averaging were con-
sidered.

According to (2) the following coefficients were used
to describe the influence of the averaging on heat and
momentum flux estimates:

TABLE 1. Location and duration of datasets used for examination of spatial averaging.

Latitude Longitude Number of Latitude Longitude Number of
N (North) (West) Duration observations N (North) (West) Duration observations
1 38°-44.5° 42°-45° 28-31 Oct 82 681 36 43.5°-48° 54°-62° 11-23 Aug 87 5731
2 43°-49° 51.5°-64° 5-6 Nov 82 104 37 38°-40.5° 50°-53° 26-29 Nov 87 529
3 46°-53° 41°-45° 21-24 Dec 82 328 38 46°-53° 41°-46.5° 5-8 Feb 88 438
4 44°-48° 46°-50.5° 23-26 Sep 83 711 39 40°-42° 47.5°-50° 10 Feb 88 96
5 47.5°-56° 50°-54° 11-12 Oct 83 293 40 37°-40° 52°-58° 11 Feb 88 124
6 37°-41° 45°-50° 23-30 Dec 83 1386 41 46°-53° 35.5°-39° 11 Feb 88 69
7 46.5°-48.5° 41°-43° 24 Dec 83 24 42 38°-44° 56°-61° 7-13 Feb 88 1070
8 37.5°-41° 40°-47.5° 4-16 Jan 84 4132 43 41°-46° 39.5°-43.5° 18-21 Feb 88 1237
9 48°-51° 47.5°-50° 8-10 Jan 84 131 44  41.5°-46.5° 41°-47.5° 3-21 Feb 88 6134
10 43°-46° 40°-42.5° 18 Jan 84 91 45 46°-54° 51°-56° 9-14 Feb 88 1382
11 41°-44° 43°-46° 19-20 Jan 84 106 46 38°-43° 39°-40.5° 12-16 Mar 88 316
12 38°-40° 48.5°-52° 21-22 Dec 84 86 47 51°-54° 35°-42° 7-10 Mar 88 761
13 39°-43.5° 42°-45.5° 24 Jan-22 Dec 84 1069 48 40°-47.5° 38.5°-52° 22 Mar 88 298
14 47°-52° 42°-46° 9-14 Feb 84 311 49 50°-53° 46°-49° 24 Mar 88 86
15 §52°-54° 35°-38° 17 Feb 84 80 50 40°-44° 49.5°-55° 29.3-2 Apr 88 171
16 47°-49° 36.5°-38.5° 18 Feb 84 57 51 37°-41° 36°-40° 1-6 Apr 88 621
17 44°-49° 47.5°-52.5° 17-20 Feb 84 219 52 41°-45° 54°-60° 21.5-2 Jun 88 1629
18 36.5°-43° 41°-49° 28-29 Feb 84 369 53 50.5°-54.5° 45°-52° 24-25 May 88 731
19 39°-46° 45°-52° 23 Nov-6 Dec 84 3874 54 38°-~46° 57°-62° 15-19 Aug 88 828
20 47°-51° 39°-44° 17-19 Jan 85 184 55 42°-47° 53°-58° 2-9 Nov 88 1056
21 36°-42° 51°-57° 26 Jan 85 172 56 44°-49.5° 40°-44.5° 4-9 Nov 88 794
22 46°-49° 41°-44° 29 May-4 Jun 85 172 57 46°-53° 39°-46° 15-23 Mar 89 2031
23 44°-49° 49°-55° 23 Jun-8 Jul 85 1717 58 38.5°-43° 56°-59.5° 6-18 Apr 89 1416
24 44°-48° 41.5°-45.5° 14-15 Jul 85 93 59 43°-48° 50°-57° 24-26 Jul 89 917
25 46°-50° 50°-52.5° 2 Sep 85 51 60  44°-46° 42°-44° 28 Jul 89 161
26 39°-45° 43°-51° 14-20 Oct 85 1151 61 45°-48° 38°-41° 29 Jul 89 147
27 45°~-50° 40°-45° 23-26 Oct 85 108 62 39°-49° 53°-61° 9-15 Oct 89 2089
28 41°-46° 43°-51° 4-12 Nov 85 819 63 46°-50.5° 49°-54° 4-14 Mar 90 1241
29 47.5°-51.5° 35°-38.5° 15-17 Nov 85 334 64 42°-47° 39°-44° 8-13 Mar 90 738
30 38°-42° 36.5°-40° 21 Nov 85 46 65 46°-50° 40.5°-46° 20-26 Mar 90 591
31 44°-47.5° 45°-51° 3-10 Mar 86 4934 66 41°-49.5° 42.5°-48° 4-20 Apr 90 5378
32 39°-42° 47°-63° 16-21 Jun 86 3721 67 47.5°-51.5° 40°-52° 29.4-11 May 90 1098
33 45°-52° 41°-47° 9-12 Oct 86 1223 68 49°-55° 44°-48° 5-12 Oct 90 488
34 51°-54.5° 38°-43° 12-18 Mar 87 938 69 47.5°-53° 43°-47° 16-20 Nov 90 794
35 49°-53° 40.5°-44° 21-22 Mar 87 431
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CrVoT),
EH(T) = < >
(Cr)LV)(8T),
<CEV58>.,
te(7) = ,
(Ce)LV)(0e),
CyV? O
Ev(r) = L&V, . (5)
(Cv)L V)2
The same coefficients can be written for spatial [£(r)]
and for space-time averaging [£(7, r)]. Since the de-
nominator of &y can go to zero, we assumed 67 = 6T
+ 0.05 for 67 = 0 to exclude near-neutral values from

the empirical determination of £4. For a number of
years there was considerable debate as to the proper
method of wind speed averaging in order to choose
between scalar and vector averaging (Saunders 1976;
Wright and Thompson 1983; Thompson et al. 1983;
Marsden and Pond 1983; Hanava and Toba 1987;
Lander et al. 1989; Weare 1989). The most compre-
hensive studies were made by Hanava and Toba (1987)
and Thompson et al. (1983), the latter proposed a for-
malism that gives good agreement with Willebrand’s
(1978) results. Most authors found differences between
scalar and vector averaging that are significant for wind
stress component calculations. However, we will dis-
cuss in this study scalar averaging, which is used more
often for heat and moisture flux estimates (Kondo
1972; Fissel et al. 1977; Esbensen and Reynolds 1981;
Simmonds and Dix 1989).

4. The results
a. Temporal averaging

The time-averaging influence on the flux estimates
is shown in Fig. 4 for all periods. The coeflicients (5)
for fixed-averaging periods are given in Table 2. For
averaging periods less than one month, sensible and
latent heat fluxes decrease by 43% and 47%, respec-
tively. The most visible reduction of average estimates
for both sensible and latent fluxes corresponds to the
range 10 < 7 < 30 days. Momentum flux estimates for
the averaging period of 1 month are 1.5 times smaller
in comparison with sampled observations. Generally,
the most significant influence of temporal averaging
on sensible and latent heat fluxes appears for the av-
eraging periods from 10 days to 3 months. For mo-
mentum flux, the synoptic scales (1 < 7 < 240 h) give
the most important contribution to the mean estimates.
Our results demonstrate more significant differences
. between the classical and sampling methods than were
obtained by Esbensen and Reynolds (1981) and Sim-
monds and Dix (1989). Esbensen and Reynolds (1981)
deals with data for the period from 1948 until 1971-
1972. This disagreement may be related to the long-
term variability of intramonthly statistical properties
of meteorological parameters and their monthly mean
values over the North Atlantic. Previous calculations
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F1G. 3. Example of the location of nodes of the circular network
(crosses) and spatial distribution of voluntary observations (dots)
for 13 February 1988.

" of intramonthly statistics (Gulev 1994) clearly show

an increase in intramonthly mean square deviations
of 67 and de in the period of 1975-1988 at least for
OWS C. Besides, there are indications of a positive
trend of monthly mean wind speed for the same period,
obtained on the basis of Comprehensive Ocean—At-
mosphere Dataset (COADS) data (Ramage 1984;
Cardone et al. 1990; Lindau et al. 1990) and OWS
data as well (Isemer and Lindau 1992; Isemer 1993).
The point of discussion now is only about the reason
for the observed trend, which may be caused by the
use of inadequate Beaufort scales and different types
of ships for different periods (Peterson and Hasse 1987,
Isemer and Hasse 1991; Isemer 1993). We repeated
our calculations for the period 1953-1972 to exclude
the possible influence of the latest data. Coeflicients
&y, £k, and &) for 1 = 1 month equaled 1.38, 1.19, and
1.40, respectively, which is less than presented in Table
2, but also higher in comparison with Esbensen and
Reynolds (1981). Marsden and Pond (1983), using
practically the same dataset as Esbensen and Reynolds
(1981) and transfer coefhicients after Pond et al. (1974)
and Large and Pond (1981, 1982), obtained much
clearer differences between the sampling and classical
methods than Esbensen and Reynolds (1981). In con-
trast, Kondo (1972) obtained results similar to those
of Esbensen and Reynolds (1981), using, however, only
data from the year of 1959.

Another possible reason for the disagreement with
Esbensen and Reynolds (1981) is the location of our
dataset, which is mostly in the northwest Atlantic and
characterized by strong synoptic and mesoscale vari-



JUNE 1994

Qh, W/m**2

250

200

Qv, (N/m**2)*10**-3

In (TAU)

GULEV

1241

&
®
E
£
)
S
In (TAU)
1-6 T ‘liD)
@ 15F month 17 ]
M
=
* 1.4" -3
Sl
1.2 — :
5 10
In (TAU)

FIG. 4. The behavior of (a) sensible heat flux (W m™2), (b) latent heat flux (W m~?), (c) momentum flux
(103 N m™), and (d) transfer coefficients Cz and C,(2) as a function of temporal-averaging scale.

ability of meteorological characteristics. According to
Marsden and Pond (1983), OWS D has the largest
difference between sampling and classical methods.
However, Esbensen and Reynolds (1981) demon-
strated good coincidence of both methods for OWS D.
Further analysis of the differences in parameterizations
of transfer coefficients used by Esbensen and Reynolds
(1981), Marsden and Pond (1983), and present study
can be continued in terms of different correlation terms
of (2) (see Appendix); this is summarized in Fig. 4d,
which demonstrates a weak dependence of transfer
coeflicients on averaging scale. The estimates shown
here are more comparable with the Marsden and Pond
(1983) calculations. Our results for sensible heat fluxes
with synoptic averaging practically coincide with the
results of Efimov et al. (1985), who obtained (for the
Black Sea) £y ranging between 1.2 and 1.3 for r = 1
mo and §;; ranging between 1.5 and 2.0 for 7 = 1 yr.

As shown in Fig. 5 the coefficients &5, £z, and &y
have a clear seasonal dependence. The coeflicient £y
for = 1 month varies from a minimum of 1.2 to 1.3
in winter to a maximum of 1.5 to 1.6 in spring and
autumn. An absolute minimum is observed in July.
However, the sensible heat fluxes for this month are
close to zero and & = 1.5 in absolute form corresponds
to Cppa(<C7V5T> - <CT><V><5T>) =051t 50

W m™2, which is less than the accuracy of bulk calcula-
tions. Generally, as shown in Fig. 5, a significant seasonal
march of £y, &g, £ appears only for 7 > 3 days. For
averaging scales less than 3 days the coefficients &, &g,
£, can be assumed constant for all seasons.

To describe the behavior of the coeflicients &5, £k,
£y on time-averaging scales, simple formulas were con-
structed. All the coefficients were considered as func-
tions of wind speed and sea—air temperature differences
for all averaging periods. It was assumed a priori that
an appropriate general formula for &y, £, £y is the
following:

En Fy
¢t = a(lnT — @) Fg i + as, (6)
&y Fy

where 7 is the averaging period in hours; a,, a,, and
as, are empirical coefficients; Fy, Fr, and F) are func-
tions of sea-air temperature difference and wind speed.
These functions describe the dependence of £y, &£, and
£y on dynamical conditions and stability, which is pre-
sented in Fig. 6 for &5 and &g for 7 = 1 mo. Coefficient
£ decreases with both sea—air temperature differences
and wind speed. The behavior of £, with wind speed
is similar. In contrast with £4 and &, the coefficient £g
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TaBLE 2. Coefficients (5) dependence on time-averaging scales.
Hours Months
Sampled
observations 6 12 24 72 120 240 1 3 6 12 24
Ey 1.00 1.02 1.03 1.05 1.15 1.20 1.27 1.43 1.75 1.93 2.10 2.10
te 1.00 1.01 1.03 1.04 1.11 1.15 1.19 1.27 1.38 1.46 1.52 1.54°
3% 1.00 1.08 1.13 1.19 1.32 1.35 1.40 1.49 1.53 1.56 1.59 1.59

increases with 8, and V. This is the reason for differ-
ences in annual cycle between £y.and &y coefficients
on one hand and £z on the other (Fig. 5). Thus, func-
tions Fy, Fr, and Fy in general form were written as

Fy=1+1/(a|{8T)] +[3<V>),
Fp=1+a(6Ty+ BV,
F,=1+ 1/6<V>, (7)

where the angular brackets indicate averaging over a
fixed period. The parameters a;, a,, as, a, and 3 were
chosen to minimize the mean square errors in formulas
(6), (7). Actually coefficients a,, a,, and a; were firstly
determined for constant F, corresponding to mean val-
ues of 67, de, and V. After that « and 8 were calculated
for fixed a;, a,, and az. All the parameters were deter-
mined for two ranges of time-averaging scales that cor-
respond to intramonthly and intermonthly averaging.
For the difference stability conditions (67 > 0, 67 < 0)
different parameters were also determined. All param-
eters in (6) and (7) for different ranges of averaging
periods and stability conditions are given in Tables 3

and 4. Marsden and Pond (1983) also determined the
power law behavior with wind speed of the coefficients
of the kind in (5). Their formula includes three empir-
ical coefficients. They also demonstrate the decrease of
£, and £, with wind speed. However, in contrast to our
study, Marsden and Pond (1983) found a negative
power law for £z. The principal difference is that Mars-
den and Pond (1983) used the vector-averaged wind
speed in their empirical formula. Using for a very rough
estimate the relation between mean scalar wind speed
and mean vector wind speed of Thompson et al. (1983),
we found reasonable agreement between (6) and the
formulas of Marsden and Pond (1983), at least for sen-
sible and momentum fluxes.

b. Spatial averaging

We now turn our attention to spatial averaging. As
before we have calculated the coefficient (5) for fixed
space-averaging scales (Table 5) and the behavior of
sensible heat, latent heat, and momentum fluxes with
an increase of the averaging diameter (Fig. 7). Since
Fig. 7 indicates two definite breaks in the slope at d = 2r
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FIG. 5. Seasonal dependence of the coefficients &4 (a), £z (b), and £, (c) for different scales of temporal averaging:
1-24 h, 2-72 h, 3-120 h, 4-240 h, 5-720 h.






