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Abstract:  To study the effect of cloud on the variabilities of turbulent fluxes over the flat terrain, we used the gradient
method to analyze the dynamic and thermodynamic data from the meteorological 9-m mast (0.75, 3 and 9m) in Villaf-
ria airport in Spain. The decrease of the surface wind speed is governed by cooling at the surface following the evening
transition. The sensible heat flux and the momentum flux are increased with the dynamic factor rather than the thermody-
namic factor, and the sensible heat flux was not affected by the thermal condition. The global radiation did not play an
important role in the variation of the sensible heat flux in the cloudy day, but the atmospheric surface layer was charac-
terized rather by the wind intensity.
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evolution and daily behavior of surface layer
through the surface-atmosphere interface, can be

Introduction

The atmospheric surface layer comprises the low-
est one-tenth of the atmospheric boundary layer. The
sharpest variations in meteorological variables with
height occur within the surface layer and, conse-
quently, the most significant exchanges of momen-
tum, heat and mass also occur in this layer (Arya,
1988). Characteristics of parameters, determining the
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analyzed by turbulences resulting in a continuous
diffusion of properties between regions. This interac-
tion makes a random motion and mixing with
another vortices inside different levels, determined
by their parameterization. The atmospheric surface
layer is the active link between the atmosphere and
the surface of the earth. Thus its ability to trans-
port momentum, sensible heat, water vapour and
other constituents is of fundamental importance in
all studies related to land surface/atmosphere as well
as ocean/atmosphere exchange processes, including
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parameterizations in global circulation models
(Hogstrom, 1996). The turbulent structure of the
atmospheric surface layer has been investigated in
numerous experiments. Parameterizations of the tur-
bulence structure over the ocean was not different
from those obtained over continental surfaces and
surface fluxes are closely related to the wind
strength (Lenschow et al., 1980).

Absorbing gases play an important role in the
atmospheric heat. budget because of their maximum
concentration iri the atmospheric boundary layer. The
cloud absorbs and reflects the longwave radiation,
and moreover emits the longwave radiation. Rechou
et al. (1995) found that the mixed layer top is well
under the cloud layer, which translates as the clouds
are decoupled from the mixed layer. Lambert and
Durand (1999) showed that the mixed layer is
driven by surface fluxes and is decoupled into the
surface layer and the cloud layer by the stratocumu-
lus. The nocturnal stable layer can be destroyed due
to the presence of cloud heating the surface layer
(Kwon, 2001). Over the oceanic Azores Current the
heat budget must be balanced by a radiation diver-
gence term, which could become large when clouds
are present in the boundary layer (Kwon et al,
1998). Cloud-radiation interactions produce a temper-
ature increase in the marine atmospheric boundary
layer. During JASIN with a longwave radiation
transfer model, Roach and Slingo (1979) found a
heat supply 0.1-0.2°C/h to balance the heat budget.
For the purpose of an examination of the cloud
effect on the heat budget and the variabilities of tur-
bulent fluxes over the homogeneous terrain, we ana-
lyzed, in this study, dynamic and thermodynamic
data from a meteorological mast using the gradient
method. A variation of the sensible heat flux and
the momentum flux according to the global radia-
tion will give an information for the relation
between the cloud and the atmospheric turbulence in
the atmospheric surface layer.

Data

A meteorological 9-m mast is operating since

summer 1997 in Villafria airport (7km away from
Burgos, a 180,000 inhabitants city in Spain), 900 m
over sea level, in a flat and homogeneous terrain.
Three anemometers, two wind vanes, three tempera-
ture-humidity probes with a shelter, one pyranome-
ter and three soil temperature sensors are placed on
the site. A comparison of the each instrument data
during the period of Jul. to Dec. 1997, with the
routine observational data correspondingly, has been
done. The values and variation tendency of the data
are all in agreerhent with each other and compara-
tively precise and reliable. Moreover, the data
sequence from Jul. 1997 to Dec. 1999 are stable,
ie. there is no obvious differences in data each
year. In spring 1999, an atmospheric pressure sen-
sor, a net radiation sensor and two soil heat flux
plates were added to the instrumentation. With all
this set of sensors the wind speed vector and the
air temperature and relative humidity at 0.75, 3 and
9m are obtained; solar radiation at 2m and soil
temperatures at 10, 25 and 50cm are also mea-
sured. Data are obtained every 10 or 30s, and
every 10 min the mean values are stored in a solar-
powered data logger. We used air temperature, sur-
face wind, global radiation (Rg) and net radiation
(Rn) for two days (4 and 5 October, 1997) to ana-
lyze the heat balance in the surface layer depend-
ing on the presence of cloud.

Gradient Method

In the atmospheric surface or boundary layer,
direct measurements of turbulence with sophisti-
cated fast-response turbulence instrument are most
reliable to study heat and momentum. However,
eddy-correlation (or even profile) measurements at
ordinary weather stations are generally not avail-
able, while maximum wind gusts are often recorded
routinely. The ratio of the maximum gust and the
mean wind speed called gust factor is an alterna-
tive approach to get the intensity of turbulence,
which was developed as a method for estimating the
friction velocity and a representative roughness
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length from gustiness observation during strong
winds (Wieringa, 1973, 1995; Beljaars, 1987). The
practical advantage of determining roughness from
station-measured gustiness is that only a single stan-
dard anemometer is needed.

Indirect methods of estimating fluxes from more
easily measured mean winds and temperatures, for
instance the bulk aerodynamic method, are most
widely used to describe turbulent exchanges in the
sutface layer. In order to use this bulk transfer
method, one needs to know the surface roughness
and the surface temperature that is difficult to be
determined. The surface roughness length and the
friction velocity determine the structure of the neu-
tral atmospheric surface layer. In ideal homoge-
neous terrain these parameters can be produced by
measuring wind speed profiles in near-neutral condi-
tions, and by application of a logarithmic wind pro-
file. In practice this approach often fails, since wind
profiles are quite sensitive to terrain inhomogeneity
over fairly long fetches, and wind speed observa-
tions have limited accuracy. So the profile method is
a shaky foundation for getting representative sur-
face roughness length and friction velocity in the
field (Priestley, 1959; Peterson et al., 1978). In order
to minimize errors in the estimated fluxes, it is
highly desirable to make measurements of mean
velocity and temperature at several levels within the
surface layer. However, data from two or three lev-
els are appropriate for the gradient method or aero-
dynamic method, which determine fluxes from
measurements of mean differences or gradients of
velocity and temperature between any two heights
within the surface layer, but well above the top of
roughness elements.

When measurements are made at two or more
heights in the surface layer, the momentum flux and
the sensible heat flux can be calculated without the
surface roughness and the surface temperature. The
gradient method determine fluxes from measure-
ments of mean differences of velocity and tempera-
ture between any two heights z; and z, within the
surface layer, but well above the tops of roughness

elements (Arya, 1988). When the difference in mean
velocites  and  potential  temperatures s
AU=U,-U; and, AG®=0,-0, respectively
across the height interval Az =2z,-z, . The Rich-
ardson number can be determined approximately at
the geometric mean height z,=.zz, assuming
the logarithmic wind profile near the surface

. - Z;\ AO®
Rl(zm)=]-§;zm(1n-z—l)(/m)2 )

The Richardson number is related to the basic
stability parameter ¢=2/L of the Monin-Obukhov
(hereafter referred to as M-O) similarity theory,
namely, ¢ = f(Ri)

z./L =Ri(z,), for Ri<0 )
z./L = Ri(z,)/[1-5Ri(z,)], for 0<Ri<0.2 (3)

According to the M-O theory, the non-dimen-
sional wind and temperature profiles are universal
functions of z/L that are valid for the horizontally
homogeneous and stationary surface layer (Monin
and Yaglom, 1971):

dUkz

aZ E = ¢m(g) (4)
P 0,(0) G

where u. and 0- are the- friction velocity and the
scaling temperature, respectively, and k is the Von
Karman constant. The flux-profile relations used in
this study are generally accepted forms on the basis
of the Kansas Experiment (Izumi, 1971; Businger et
al,, 1971):

O = Om = (1-15¢)™, for ¢<0 ©)
on=0n=1+5¢, for ¢20 @)

Using the finite-difference approximations, the sur-
face shear stress and sensible heat flux are given by

_ kAU :
To= p(q)m(gm)ln(zz/zl)) ®
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Fig. 1. Varation of the net radiation and the global radia-
tion from 0000 LST 04 Oct. 1997 to 0000 LST 06 Oct.
1997.
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Surface Fluxes

The atmospheric surface layer is approximately
10% of the atmospheric boundary layer depth near-
est the interface where the height dependence of the
turbulence fluxes is small and the dynamical proper-
ties are described by M-O similarity theory. Turbu-
lent fluxes in the surface layer depend on the
intensity of wind as well as the heating by the
solar radiation. Therefore, surface roughness and the
cloud are more important factors to study dynamic
and thermodynamic characteristics of the atmo-
spheric surface layer. We analyzed the effect of the
cloud on the variability of the surface fluxes and
the stability.

Figure 1 shows that it was cloudy all through the
day on 5 Oct. 1997: the global radiation is less
than 100 Wm™ until the maximum becomes about
200 Wm™ at 1400 LST while Rg on 4 Oct. shows
general daily variation of which the maximum is
about 700 Wm™ near 1400 LST. The variation of
temperature in the surface layer responds to the
solar radiation: the temperature decreases with height
in the daytime and increases with height in the
nighttime due to the surface heating and cooling by
the shortwave radiation and the longwave radiation,
respectively (Fig. 2). On 5 Oct. cloudy day, the
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Fig. 2. Variation of the potential temperature during the
same period as Fig. 1 at the three different levels (0.75, 3.0
and 9.0 m).
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Fig. 3. Same as Fig. 2 but for variations of the wind speed.

temperatures are low by about 2K in the daytime
and high in the nighttime when the air temperature
increases by longwave radiation from the cloud
(Kwon, 2001). We find an incoming of the cloud
after 0000 LST when the temperature increases in
Fig. 2. The intensity of wind varies logarithmically
with height according to power laws of which the
power is about 0.4 (Fig. 3). Panofsky and Dutton
(1984) described the properties of the power that
varies in neutral air from 0.1 over smooth to about
0.4 over rough terrain and increases with increasing
stability. The diurnal wind was stronger on 5 Oct.
(3-6ms™) than on 4 Oct. (I-3ms™). The cloudy
day was dominated by synoptic condition (low pres-
sure) rather than by local condition around the
observation post.

The surface layer is the region at the bottom of
the boundary layer where turbulent fluxes and stress
vary by less than 10% of their magnitude. Since the
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Fig. 4. Variations of the momentum flux calculated by the
gradient method for two levels (1.5 m between 0.75 and 3.0
m, 5.2 m between 3.0 and 9.0 m) during the same period as
Fig. 1.
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Fig. 5. Same as Fig. 4 but for variations of the sensible
heat flux.

sensible heat flux decreases linearly and is up to
zero at the top of the mixed layer, the bottom 10%
of the boundary layer is called the surface layer
(Stull, 1988). This linear variation with height may
be given by normalized formula:

QH = I—CZ

O i (10)

where Qy is the sensible heat flux and the sub-
script ‘0’ indicates the surface, and h the mixed
layer height, C the coefficient depending on the

entrainment at the top of the mixed layer and the
intensity of the convection. Thus, over the Gulf
Stream with the cold advection in the experiments
AMTEX (Agee and Howley, 1977) and GALE
(Chou and Ferguson, 1991), C is up to 1.45. Fig. 4
and Fig. 5 show the sensible heat flux and the
momentum heat flux, respectively, calculated for
geometric mean heights (z,=1.5m and 52m) by
the gradient method. Vertical variations of the aver-
age heat flux and the average momentum flux are
already 10-20% of the maximum values at the sec-
ond level in the daytime (Table 1). Thus the gradi-
ent method does not describe, in detail, vertical
variations of the turbulent fluxes in the surface
layer.

Lapworth (2003) determined factors governing the
decrease in the surface wind speed: the surface
wind speed is linked with surface cooling and gradi-
ent wind which have relationships with momentum
and heat fluxes. In the case of unstable surface
layer (¢<0), turbulent fluxes are less related to the
universal functions (¢n and ¢n) depending on the
stability like the equations (6) and (7). So the
momentum flux depends on the wind shear while
the sensible heat flux depends on the temperature
shear as well as the wind shear in the equation (8)
and (9). The sensible heat flux and the momentum
flux increase on 5 October when the wind is stron-
ger than on 4 October. The all peaks of the
momentum flux variation are found when the wind
intensity is strong, and also the decrease of the
wind and the momentum flux occur at the same
period around 1200 LST on 4 Oct. Over both the
land and the ocean, heat fluxes of the surface
depend on the thermal effect (temperature shear for
the sensible heat flux and water vapor shear for the
latent heat flux) rather than dynamical effect (wind

Table 1. Diumnal mean and maximum values of the momentum flux and the sensible heat flux calculated by the gradient

method for 4 and 5 Oct. 1997,

Momentumn Flux (m'2 )

Sensible Heat Flux (W m™)

Mean Maximum Mean Maximum
4 Oct. 0.024 0.25 255 150
S Oct. 0.1 0.5 423 350
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shear) (Kwon, 1998; Min et al., 1999). Since ther-
mal effect in this study means the temperature dif-
ference between the two levels, which is analogous
in the daytime on 4 and 5 Oct. (Fig. 2), the
decrease of diurnal averaged temperatures due to the
cooling by the overcast does not reduce the sensi-
ble heat flux on 5 Oct.

Conclusions

In the atmospheric surface layer fluxes were ana-
lyzed for the clear and cloudy day. The gradient
method calculating the moment flux and the sensi-
ble heat flux without the surface roughness and the
surface temperature is not appropriate to analyze the
vertical structure of atmospheric turbulences. Since
the difference of the temperature between two lev-
els is similar during two days, the sensible heat flux
is not influenced by the thermal condition. The glo-
bal radiation according to the cloud does not play
an important role in the variation of the sensible
heat flux. The sensible heat flux and the momen-
tum flux increase with the wind. In cloudy day the
atmospheric surface layer is characterized rather by
the dynamic condition,
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