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Abstract

The flux-profile relationships over non-homogeneous ground surfaces were investigated in detail using a
wind tunnel facilitated with a weighing lysimeter at NIED. The flow over a non-homogeneous rough surface
become homogeneous above a certain height enabling the flux-profile relationships for homogeneous surface
to be adopted for non-homogeneous surfaces using “effective” parameters. The “effective” parameters,
however, suggest that the surface non-homogeneity which is a perturbation part of the obstacle distribution
has a significant effect on roughness properties and that non-homogeneous surfaces exhibit the roughness
properties of a homogeneous surface with a greater degree of average roughness. It was also found that the
momentum roughness lengths of the non-homogeneous surfaces are significantly greater than scalar roughness
lengths. These results may contribute to the estimation of input parameters for large scale evaporation models

which simulate evaporation from heterogeneous surfaces.
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1. Introduction

Evaporation of water in the natural environment is
one of the important processes in the hydrological
cycle of the earth. The hydrological cycle is a closed
cycle of water transfer through the atmosphere, the
earth surface, and the subsurface. Water is removed
from the ground surface by evaporation and becomes
unavailable to human beings as a water resource.
Evaporation which is the vaporization of water also
involves energy transfer, so that it has a significant
effect on other surface fluxes such as momentum
transfer and heat transfer between the ground surface
and the atmosphere. The relationships between the
surface fluxes of momentum, heat and vapour, and the
mean profiles of wind velocity, potential temperature
and specific humidity over homogeneous surfaces are
well described by the three flux-profile equations
based on the Monin-Obukhov similarity theory shown
below (Brutsaert, 1982). The “mean” in this study
refers to the average over a certain time period.

i=x[n( 2= ) - (1)] ()
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g:% (4)
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# is the mean wind velocity, u« the friction velocity,
) the von Karmin constant, z the height above the
sand surface, d, the zero-plane displacement height,
Zoms Zom Zou, Lhe roughness lengths for momentum, heat
and vapour, respectively, v¥m, ¥, ¥, the stability
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correction functions for momentum, heat and vapour,
respectively, @, the mean potential temperature,

s, the surface potential temperature, H the sensible
heat flux, p, the air density, C, the specific heat, g, the
mean specific humidity, g; the surface specific humid-
ity, £ the water vapour flux, and g, the gravitational
acceleration.

Since most actual surfaces are non-homogeneous,
these flux-profile equations for homogeneous surfaces
are often applied to heterogeneous surfaces. The
surface non-homogeneity is lumped into “effective”
parameters in such cases. This is based on the idea
that a non-homogeneous surface can be represented
by an equivalent homogeneous surface with some
“effective” parameters. Thus, for instance, momen-
tum transfer from a non-homogeneous surface is
described by the momentum transfer equation for a
homogeneous surface (Equation (1)) with an “effec-
tive” zom and an “effective” u+ values which account
for the effect of the physical non-homogeneity of the
surface on the momentum transfer.

Many laboratory (Buckles et al., 1984), numerical
(e.2. Wood and Mason, 1993) and field (e.g. Kustas and
Brutsaert, 1986, Grant and Mason, 1990) studies sup-
port the validity of this approach for momentum
fluxes when the scale of the surface non-homogeneity
is small compared to the depth of the boundary layer
and when the mean profile over the non-homogeneous
surface is still logarithmic. Most of these studies
reported that the “effective” z,,s were much larger
than the local z,, values, suggesting that the use of
local z,, values for large scale weather prediction /
climate models may lead erroneous results.

Though some recent numerical studies (e.g. Wood
and Mason, 1991) have also demonstrated good appli-
cability of the “effective” parameter approach to
describe heat and vapour transfer from non-homoge-
neous surfaces, the validity of this approach for these
scaler fluxes in actual field needs to be further inves-
tigated.

The primary purpose of this study is to investigate
the applicability of this “effective” parameter
approach for heat and vapour transfers as well as for
momentum transfer by means of laboratory wind
tunnel experiments over physical roughness models.
In particular, the properties of the three “effective”
roughness lengths of non-homogeneous surfaces were
examined in detail, and were compared to those of
roughness lengths for homogeneous surfaces.
Although the scale of the laboratory experiments is
much smaller than the actual boundary layer, a close
examination of the relationships between the mean

profile and the surface fluxes over non-homogeneous
surfaces in the laboratory should give some insight
into the properties of the “effective” parameters of
actual non-homogeneous surfaces in the field.

2. Experimental Arrangement

A series of wind tunnel experiments were conducted
over surfaces with small scale heterogeneity in a
closed circuit wind tunnel at the National Research
Institute for Earth Science and Disaster Prevention.
The schematic of the wind tunnel is shown in Fig. 1.
The wind tunnel has an observation section of 1m by
1lm in the cross section and is 3m in length, and is
fitted with an underlying weighing lysimeter (Im in
width, 3m in length and 0.6m in depth) packed with
uniform fine sand.

A hot-cross wire anemometer(Model 1241-20, TSI
Inc.), a hygrometer (Model HMP35A, Vaisala) and a
thermocouple (Model SCPSS-040E-6, OMEGA) are
installed on the movable sensor arm in the wind tunnel
for two-dimensional or three dimensional profile
measurements. The water table in the sand was
maintained at a constant level (either 0.1 or 0.5m
below the surface) to give a steady state water supply
to the evaporating surface. Sixteen tentiometers,
eighteen thermometers and two heat flux plates are
also installed in the sand box. A removable radio
meter (THRDS7?, Radiation and Energy Balance Sys-
tem Inc.) was occasionally inserted into the wind
tunnel to estimate the net radiation flux to the sur-
face. The average soil surface temperature was
measured by an infrared thermometer (Model 350,
Everest Interscience Inc.) which was attached to the
ceiling of the wind tunnel.

All experiments were conducted under steady state
atmospheric as well as subsurface conditions. In
-coming air was controlled to have a mean velocity of
1m/s, a temperature of 20/25 °C and a relative humid-
ity of 609%. These gave almost neutral but slightly
stable atmospheric conditions.

The first experiment was conducted over a smooth
sand surface. Then the sand surface was covered with
roughness obstacles which were cylinders or sand
ridges as shown in Fig. 2a. One of these two types of
obstacles were distributed either homogeneously or
non-homogeneously on the surface for rough cases (e.
2. Fig. 2b). The shortest separation distance between
the cylinders was 5 cm in our experiments. The
cylinders were distributed non-homogeneously or
homogeneously to the mean wind direction and
always homogeneously to the lateral direction (verti-
cal to the mean wind direction). In order to restrict



Evaporation from Non-homogeneous Ground Surfaces: A Wind Tunnel Investigation—T. KISIIII & F. SUGITA

e W e 3m —---_ Infrared thermometer

T -~

™ -

i 1. 1 B

|
: | / N\
l1m Air flow Movable sensor arm

Remgvable Hygrometer
Radiometer <)~ Hot wire anemometer

i &r @Z- _Therm(!couple

S ey

A tube connected” SRR ,,,-o,»ﬁ'@’
' R L5

to a mariot tank 5 8%%4,‘%5}%

2 o ~ ?S‘ \, Sy “'._ ‘—&
Observation windows ; Heat probe soil Thermometers Tensiometers
moisture sensers

Heat flux plates

Fig. 1 Schematic of the wind tunnel.
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Fig. 2a Roughness obstacles: a single ridge obstacle Fig. 2b Examples of the roughness obstacle distribu-
and a single column obstacle. tions.

the heterogeneity to a small scale, every surface
section of 0.3m in the main wind direction was set to
have the same number of obstacles. Thus the rough-
ness in these experiments is considered to be statisti-

3.0

cally homogeneous.

After the steady state of the subsurface and the
atmospheric conditions were established, profiles of
wind velocity, temperature and relative humidity were
observed at 2.6m downwind in the wind tunnel. In
total, experiments were conducted over 27 different
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3. Results and Discussions

3.1 Mean vertical profiles 0.0 — T T I
Fig. 3 shows a typical #’w’ profile observed for 0.01 0.02 0.03 0.04 0.05 0.06

, ; Mean U'W'(m /s )

rough surfaces. #’ and w’ are the turbulent fluctua-

tion component of the mean wind velocity in main Fig. 3 An example of a typical #'w’ profile.

wind direction (#) and that in the vertical direction,

respectively. Three distinct parts can be found in the
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profile : an interfacial sublayer (below the height A in
Fig. 3) where the turbulence is affected by each rough-
ness element, a dynamic (constant flux) sublayer
(between the heights A and B in Fig. 3) in which the
effect of roughness elements is averaged over and #’
w’ is almost constant with height, and an outer region
(above the height B in Fig. 3) where the effect of the
roughness is small and #’w’ decreases as the height
increases. Although the scale is different, this struc-
ture of the profile found in the wind tunnel is similar
to that of the actual atmospheric boundary layer of
the earth.

The mean wind velocity was observed simultane-
ously with #'w’ measurements for all cases. The
mean wind velocity profile obtained corresponding to
#'w’ profile shown in Fig. 3 is indicated in Fig. 4.
Although the interfacial sublayer can not be recog-
nized clearly in the profile shown in Fig. 4, the
dynamic sublayer (between the heights A and B in Fig.
4) where the profile is almost log-linear, and the outer
region (between the heights B and C in Fig. 4) can be
found easily. The profile above the height C in Fig. 4
is the layer often referred to as free atmosphere,
where no surface effect is found.

The length of the dynamic sublayer found in the
mean wind velocity profile is always somewhat longer
than the one found in the #'w” profile. This log-linear
region in the lower part of the each mean wind veloc-
ity profile, was fitted to the flux-profile equation
(Equation (1)), using a non-linear least-squares fitting
program (FIT, coded by van Genuchten, 1971).

The log-linear parts of the profile were also found
in the mean temperature and the specific humidity
profiles observed. These parts were also fitted to the
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Fig. 4 The mean u of the profile shown in Fig. 3.

semi-logarithmic flux-profile equations (Equations (2)
and (3)). The length of the profile used for curve
fittings were different from profile to profile, depend-
ing on the length of the log-linear part of each profile.

Due to almost neutral but slightly stable atmo-
spheric conditions in our experiments, the stability
correction functions were assumed to be,

Tp=—5(¢— Gim) (6)
wh:*5(§*§nk) | (7)
Y= —5(8— Low) (8)

where &, & and &, are the surface values of £ for
momentum, heat and vapour, respectively, and were
assumed to be zero in our analysis. The potential
temperature was replaced by temperature due to very
small pressure variation in the system used in this
study. In the three flux-profile equations(Equations
(,(2) and (3)), wx, do, Zom, H, Zon s E, 29p were
optimized through curve fittings. Sometimes more
than one best fit parameter sets were found because of
these multiple parameter fittings. In such cases, one
set which had the most appropriate d, value that
should be less than a single obstacle height was cho-
sef.

Some examples of the results of the mean wind
velocity curve fittings are shown in Fig. 5. Fig. 6 and
7 show examples of the mean temperature and the
specific humidity profile curve fittings, respectively.
Fairly good fits were found for all mean wind velocity
profiles. Good fits were also found for most tempera-
ture and specific humidity profiles.
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Fig. 5 Examples of the mean wind velocity profiles
observed over non-homogeneous surfaces and
fitted curves.
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Fig. 6 Examples of the mean temperature profiles
observed over non-homogeneous surfaces and
fitted curves.
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Fig. 8 The relationships between the evaporation
rates estimeted by the mean profile methods
and those observed by the weighing lysimeter.

The evaporation rates (E) estimated by the curve
fitting were plotted against the true values obtained
by weighing (Fig. 8). An excellent agreement is found
between the estimated and the true values for most
homogeneous and non-homogeneous surfaces, sugges-
ting a high reliability of the curves fitted.

The direct measurement of the evaporation rates in
the atmosphere was also attempted by eddy correla-
tion methods. In order to obtain the covariance of #’
and ¢’, the hot-cross wire anemometer and the
Krypton hygrometer (KH20, Campbell Scientific Inc.)
were placed in the constant flux layer (approximately
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Fig. 7 Examples of the mean specific humidity pro-
files observed over non-homogeneous surfaces
and fitted curves.
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Fig. 9 The relationships between the evaporation
rates estimated by the eddy correlation
methods and those observed by the weighing
lysimeter.

Jcm above the ground surface). A single measurement
was taken in 100Hz for 10 minutes. The calculated
results are plotted against the true evaporation values
in Fig. 9. Though the calculated E value of a smooth
surface and those of almost half the rough surfaces
agreed well with the true values, the rest show signifi-
cant deviations from the true values. Most of them
underestimate the fluxes, suggesting a poor correla-
tion between #” and ¢’ in these measurements. The
separation distance of 2cm between the sensor of the
anemometer and that of the hygrometer may be too
large in this wind tunnel for these cases.
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The sensible heat flux was estimated by calculating
the energy budget at the ground surface for each
surface setting. The energy budget at the ground
surface is expressed as,

Ry=G—IE=H (9)

where K, is the net radiative flux, G is the energy
flux leaving the surface into the subsurface, / is the
latent heat of vaporization. R, was measured by the
radio meter, and G was estimated by the observed
values of the two heat flux plates buried at 3cm and
5cm below the sand surface. Substituting R, G and E
obtained by weight measurements into Equation (9),
H was calculated. The results are plotted against the
estimated values by the profile curve fittings, and are
shown in Fig. 10. A fairly good fit was found for most
cases.

These agreements hetween optimized and observed
or estimated fluxes of E and H suggest a high degree
of accuracy of the other parametersie.g. zym 20, and
Z5p) Optimized through the curve fittings.

3.2 Roughness lengths for momentum, heat and
vapour

The roughness lengths estimated by profile fittings
are summarized in Table 1. The z,, for the smooth
sand surface is very small (in the order of 10~ m),
which is slightly smaller than most values reported for
flat sand/mud surfaces. This is probably because the
experiments were conducted on a very small scale, so
that the surface physical properties were similar to
those of smooth surfaces rather than flat sand sur-
faces in field scale. The z,,s for rough surfaces are
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Fig. 10 The relationships between the sensible heat
flux estimeted by the mean profile methods
and those estimated by energy budget
methods.

two to four orders of magnitude larger than the z,,s
for the smooth surface.

It was also found that the non homogeneous rough
surfaces have the “effective” z,,s of almost an order
of magnitude greater than those for homogeneous
rough surfaces for both obstacles. Since exactly the
same number of obstacles are on every surface for the
cylinder cases, the difference between the z,, values
of homogeneous and those of non-homogeneous sur-
faces can be attributed to the differences in the distri-
bution of obstacles. Specifically, the perturbation
part of non-homogeneity is causing these differences
since the average number of obstacles were
homogeneously distributed in all experiments.

The ratio of zym/z,, and the ratio of zon/zev found
for the smooth sand surface are not in unity which is
often assumed in modeling studies. Small zom/ 200
ratio may be due to the wet surface condition.

All zom/zon and zem/zes for tough surfaces are
greater than unity. Thus, it is obvious that z,m=zen=
Z,» can not be assumed either for rough homogeneous
or for non-homogeneous surfaces. Non-homogene-
ously rough surfaces with cylinders have an order of
magnitude greater values of both z,n/2sn and zem/2ss
than those for homogeneously rough surfaces, while
non-homogeneous surfaces with sand ridges have nine
and .six times greater ratios of zom/Zen and Zzom/ Zow,
respectively, compared to those for homogeneously
rough surfaces.

Thus, it can be concluded that the surface non
-homogeneity seems to serve as greater roughness
and makes the momentum roughness length signifi-
cantly greater than the scaler roughness length.

When 2z, 2,4, the surface temperature (6;) which is
the temperature at z=z,, and the temperature at z=
Zom (6,) are not equal. Under neutral conditions, the
difference between 6; and 6, can be expressed as,

b6 1 30’?5_)
B k ln( 20n 10

where

Table 1 The arithmetical means of roughness

properties.
Zom(1N1) an/znh an/zov

smooth 61078 2.3 0.2
cylinders

homogeneous 1.5%10° 58.6 2.5

non-homogeneous 2.2#%10°2 1145.3 38.3
ridges

homogeneous 3.3%10* T3.8 3.0

non-homogeneous 3.3%10°% 681.5 18.3
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H

6*: - ,GCpH*

{h]
s and 8, was calculated based on the values of z,,, and
Zon, and # profile obtained by the curve fittings for
each case. By substituting H and u. obtained by the
profile curve fittings into Equation(11), & was also
calculated and its relationship to 6,-6; is shown in
Fig. 11. A linear curve was fitted to the data obtained
from rough surfaces. The slope of the fitted curve
was 15.551, which indicates the ratio of z,m/z,m would
The smooth
surface cases do not agree with the fitted curve, in-
dicating the ratio of z,,./zom for the smooth surface is
different from that for the rough surfaces.

be 502.8 on average for these cases.

In a similar way, the surface specific humidity(g,)
which is the specific humidity at z=2z,, and ¢ at z=
Zom (4o) 18 mot equal, when z,,%2m. @o-¢s can be
expressed as,

Go—gs _1{, Zom
4* x (].1'1 2ov ) (12)
where

_IE

Fig. 12 shows the relationship between ¢,-qs and q«
calculated based on the parameters obtained by the
curve fittings. The slope of the fitted linear curve is
5.067, which indicates the ratio of zym/zv is 7.591 on
average. Since many g,-g. values of rough surfaces
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Fig. 11 The relationship between the near-surface
temperature difference (#,-4;) and the tem-
perature scale (8%).

are zero, the reliability of the slope value for specific
humidity is not very high. The g,-gs for the smooth
surface seem to agree with the fitted curve.

Though the geometrical average ratio values found
by the above method are smaller than the ones
obtained by arithmetical means (Table 1), 2.5 are
still shown™to be significantly larger than the scaler
roughnesses of z,, or 2., for both homogeneous and
non-homogeneous rough surfaces.

It is known that zom/zon and z,./z,, are strong
function of roughness Reynolds number (z,.) (Brut-
saert, 1975), which is defined as

U
=T 19
where 2z, is the roughness length(z, = z,,, was assumed
in our analysis) and v is the kinematic viscosity. The
surfaces in our experiments were found to have the
roughness Reynolds number of approximately 0.013 to

1500.

Fig. 13 shows the relationship between log (zon/ Zos)
and 2, found in our experiments. Although the data
for rough cases shows significant scattering, it gener-
ally obeys the curve predicted theoretically for homo-
geneous bluff-rough surfaces (Brutsaert, 1975)except
extreamly rough cases.

Fig. 14 shows log (2om/2:x) and z,, relationships.
Although there is significant scattering again for
rough surfaces, the data obtained for non-homogene-
ous surfaces also shows fairly good agreement with
the theoretical curves predicted for homogeneous
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Fig. 12 The relationship between the near-surface
specific humidity difference (g,-gs) and the
specific humidity scale (g*).
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rough surfaces. The observed log (zom/200) Scatters
below the predicted curve, while log (zom/ z0n) Scatters
somewhat above the predicted curve.

These results indicate that the properties of the
“effective” roughness parameters for non-homogene-
ous surfaces are, in general, similar to those of rough-
ness parameters for homogeneous surfaces. Thus, the
relationship between the “effective” z,», and the
“effective” scaler roughnesses (z,, and z,,) are also
similar to those of homogeneous surfaces. The “effec-
tive” roughness parameter values found for the non
-homogeneous surfaces, however, indicate that the
average roughness of the equivalent homogeneous
surfaces are significantly greater than the actual
roughness of the non-homogeneous surfaces.

4. Conclusions

A series of wind tunnel experiments were conducted
to study evaporation from non-homogeneous rough
surfaces. The wind tunnel is fitted with weighing
lysimeter uniformly packed with fine sand on which
small columns or sand ridges are distributed as rough-
ness obstacles. Under almost neutral, but slightly
stable atmospheric and steady state subsurface condi-
tions, the profiles of wind velocity, temperature and
humidity were observed at 2.6m downwind in the wind
tunnel for 27 different surfaces.

A semi-logarithmic region was found in the lower
part of each profile, which was fitted to the flux
-profile equations to estimate surface fluxes and the
roughness parameters such as roughness lengths for
momentum (z,,), heat (z,,) and vapour (z,,). The
evaporation rates and the sensible heat fluxes esti-
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Fig. 14 The relationship between log (z,m/2.») and
the roughness Reynolds number (z,;)

mated by the curve fittings agreed well with the true
values obtained by weighing lysimeter and the esti-
mated values obtained by heat budget method, respec-
tively, indicating good reliability of other roughness
parameters estimated by the curve fittings. The
results are summarized as follows.

(1) The flow over non-homogeneous rough surfaces
becomes homogeneous above a certain height,
enabling “effective” parameters for the flux
-profile equations to describe average surface
fluxes can be found.

(2) The roughness properties of non-homogeneous
surfaces are, in general, similar to those of
homogeneous surfaces. A non-homogenous sur-
face, however, exhibits the roughness properties
of a homogeneous surface which has a greater
degree of average roughness than the actual
surface. Thus, it is concluded that non-homoge-
neity which is the perturbation part of obstacle
distribution has a significant effect on roughness
properties, and that perturbation in the obstacle
distribution makes an equivalent homogeneous
surface have a greater degree of average rough-
ness than the actual non-homogeneous surface.

(3) The momentum roughness lengths of the non
-homogeneous surfaces (i.e. “effective” z,,) are
significantly greater than scaler roughness
lengths(i.e. “effective” z,, and z,,) The differ-
ence between z,, and z,, or z,, of non-homoge-
neous surfaces are greater than that of homoge-
neous surfaces.

The actual surface physical properties which con-
tribute and determine the values of these “effective”
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surface parameters needs to be further investigated.
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