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Abstract. Air modification due to a sudden increase in surface temperature when the air flows from
the sea over a beach exposed to the sun has been studied. The temperature changes were measured as
a function of horizontal distance from the step change up to 1000 m and as a function of height up to
12m. Some simple formulas have been developed to describe the variation of air temperature
downwind. The description of the air modification is satisfactory in most cases and only requires
knowledge of the step change in surface temperature, the wind velocity and the roughness length.

1. Introduction

When air flows from the sea over a dry sandy beach exposed to strong solar
radiation, it encounters a sudden increase in surface temperature. The roughness
of the water and of the beach are of the same magnitude so the transition is
largely thermal. The air modification as a result of such a transition is the subject
of this study.

The north beach of the island Schiermonnikoog in the Netherlands (53°30" N,
6°10' E) provided a nearly ideal site because it is extensive and nearly horizontally
uniform. During the fair weather period from 7-12 June 1975, the air over the
sea was nearly in equilibrium with the underlying surface and appeared to be
close to neutral in the lower part of the boundary layer. Consequently, when this
air traveled over the beach, an almost steady-state condition of air modification
occurred and a substantial data set could be obtained in a reiatively short time.
The internal boundary layer that develops in this type of situation has been
studied to some extent but relatively few observation sets have been published.
Comparable experimental work has been done by Hsu (1973) who studied the
temperature and wind profiles in the surface layer over a beach. Several theoreti-
cal models have been proposed, e.g., Philip (1959), Townsend (1965), and Taylor
(1970). Philip and Townsend made simple assumptions concerning the behavior
of the eddy-transfer coefficients and the stratification of the incoming air. Taylor
developed a more detailed numerical model which describes the air flow in the
lowest hundred metres of the atmosphere above changes in surface roughness and
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temperature or heat flux, based on boundary-layer approximations, the Businger-
Dyer description of the surface layer, and a mixing-length hypothesis.

Although the Businger-Dyer description is strictly valid only for horizontally
uniform conditions and its use for modeling the internal boundary layer is
questionable, as Taylor himself points out, we have also used it in the present
paper for fitting the profiles. However, a correction function is introduced to
accommodate the strong divergence of the heat flux which takes place in the
lowest 2 m.

It turns out that the observed air modification can be described with simple
interpolation formulas using only the step change in surface temperature, the
wind velocity at, e.g., 2-m height, and the roughness length.

2. Experimental

At the measurement site, the width of the beach is about 400 m, measured from
the high-tide level to the first dunes. Over this distance the surface is slightly
inclined rising about 1 m; the beach surface is most of the time uniform, except
during periods (of at least a few days) when the wind is blowing continuously from
one direction, then barcans develop with a maximum height of about 0.5 m,
During the experimental period, barcans were absent except on the last day when
they developed over part of the fetch.

To investigate the changes in temperature as a function of height and distance
downwind, three masts for measuring temperature profiles were erected. Each
provided temperature values at five levels, 1.0, 2.5, 5.0, 9.0 and 12.5 m above the
ground. The sensing elements were thermistors shielded against radiation and
naturally ventilated. For all the runs investigated, the wind velocity was at least
4ms~'. Between the three tall masts, a row of small masts was set up for
measuring the air temperature at a height of 2.5 m. Also the water temperature
and the air temperature about 4 m above sea level were recorded; see Figure 1.
Every 5 min all the temperatures were recorded on three strip-chart recorders,
whose recordings were checked against those from separate thermographs
situated near the three 12-m masts.

Near mast 1I, wind-velocity profiles were measured with anemometers at levels
of 0.5, 1.0, 2.0, 3.0 and 5.0 m, and readings were made during daytime every half
hour. Also wind velocity and wind direction were continuously registered at a
level of 2.0 m. Near mast II, continuous surface temperature recordings were
carried out at two places, and during the day every half hour a series of 15
readings were made along the array of masts with an infrared thermometer.

3. Results

During the period from June 7-12, 1975, the weather was good: each day the
situation was favorable for the study of air modification, i.e., there was an air flow
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Fig. 1. Schematic diagram of the array of towers and the formation of the internal boundary layer.

from the cold sea to the heated beach. There were no clouds, the global radiation
was more than 26 MIm™> per day, and the observations were more or less
complete.

From the temperature recordings for each series of 12 measurements, a mean
hourly value was calculated to the nearest hundredth of a degree centigrade. (It
will be apparent that absolute accuracy is not so important as the relative
accuracy.) Figure 2 shows a typical example of an actual hourly temperature
average. At the bottom of the figure the surface temperatures have been
indicated; also the mean value (30°C). The coastal water temperature was
16 °C while the open sea water temperature measured at a light-vessel was 14 °C.
An increase of a few degrees was observed along the wet beach between the tide
line and the high-tide level (about x =0m). The figure also shows that the
temperature increase of the air at 1.0 m (about 1.5°C) is about two times the
increase at 12.5m (0.7 °C) over a distance of about 400 m. Mean hourly values
were also obtained for the surface temperature, wind velocity and wind direction.

From the daytime wind-profile measurements, it was impossible to find a
consistent z, value due to the wide scatter in the z, data. Although z, values
obtained from near-neutral profile data during the night are more consistent, the
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Fig. 2. Vertical section of the temperature observation on June 10, 1975, 1400 LST. Actual points of
measurement are indicated by A. The surface temperature measurements are indicated by x.

scatter is still unmistakable. This is due to the fact that over very smooth surfaces
the zero intercept has a large uncertainty. The best mean value obtained from the
near-neutral runs is zo =40 um, which differs very little from values obtained in
situations when the air flow did not come from the sea, and is comparable with
values given by Hsu (1971). It may be concluded then that the wind profile has
adjusted to the new surface conditions at x/zo=5X 10°, which is comparable with
values indicated by Rao et al. (1974) and Taylor (1969).

The wind speed and temperature profiles from the three 12-m masts were
obtained by a least-square fit using non-dimensional wind speed and potential
temperature gradients and the Businger-Dyer representations with y=16 and
k = 0.4; see Paulson (1970). For the temperature profiles, the observations at the
five levels were used, together with the surface temperature, which is assumed to
be the temperature at the z, level. For the wind profile, the values at 2.0 m were
used with zo =40 pum. From the profiles obtained in this way, the Obukhov length
L, the friction velocity us and the heat flux Fy; were calculated.
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Theories and experiments concerning air modification can be divided roughly
into two groups. One group deals with the horizontal scale 0-20 m; see, e.g.,
Rider er al. (1963), who studied the air modification at a tarmac-grass boundary
to a downwind distance of 16 m and a height up to 1.5m. The other group
concerns a scale of 10km or more; see, e.g., Malkus and Stern (1953), who
studied the air modification at a water-land boundary to a downwind distance of
10km and a height up to 2000 m. Relatively little work has been published
concerning a scale 0-1000m. In this area the most detailed reports are those
published by Taylor (1970, 1971), who constructed a numerical model. From our
measurements (see, e.g., Figure 2), it is clear that the order of temperature change
predicted by Taylor for the first 1000 m agrees well with our observations.

The attempt now is to describe the development of the temperature profile,
starting from mast I, to masts II and III with simple empirical relations and
common meteorological observations. This means in our case: wind velocity at
2 m, surface temperatures and knowledge of zo.

A. THE HEAT FLUX

From the heat fluxes calculated for masts II and III, it appeared that the fluxes
derived from profiles II are always greater than or equal to the fluxes from
profiles III. The differences are from 0 to about 5%. Due to the fact that the air is
warmed with increasing distance from the coast, the heat flux will decrease, which
is, however, only a few per cent in the first 1000 m.

Now we assume that the heat flux can be written as:

FHzx apcpu2(02—~ 01), (1)

where:
p = density; kgm™,
¢, = specific heat at constant pressure; J°C™' kg™,
u, =wind velocity at 2.0m; ms™,
6, — 6, =step change in surface temperature; °C
a = constant.

The correlation diagram is given in Figure 3, using 60 values, calculated for
mast II. The constant a seems to be 2.088x 107>, which is in close agreement
with a value given by Fleagle and Businger (1963), derived for large-scale air
modification.

B. THE AIR TEMPERATURE CHANGE

From the numerical model proposed by Taylor (1970) and the numerical model-
ing of the planetary boundary layer given by Estoque (1973), it is expected that
the height lo(x), above which the temperature is not affected by the change in
surface temperature, is of the order of 100-200 m when x is between 200 and
1000 m. According to Townsend’s formula (1965) for the internal boundary layer,
Io would be about 25 m. This value seems too small, because the intercept of our
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Fig. 3. Heat-flux correlation diagram calculated with Equation (1).

observed temperature profiles appears to be at a level of 100m at least.
Nevertheless it is attractive and feasible to use formulas similar to those used by
Townsend (1965) to predict the temperature change observed by Rider er al
(1963).
Assume that the internal boundary-layer thickness lo(x) is given by
x =K ly{x)In {M} ,

Zo

2)

where K is a constant (=0.23 in our case). The shape of this curve is close to x°*
which is often given for the growth of the internal boundary layer. Assume
further that after a step change in surface temperature, the temperature profile
changes logarithmically. The potential air temperature at a distance x and a
height z is then given by:

1 F,
8(x, 2) = 6(0, lo)—%j’k‘-’;c—”z In (,5) , (3)
p 0

where:
0(0, lp) = the extrapolated potential temperature at height [, from profile 1,
ux = the friction velocity of the downstream air flow,
k = the von Kirmén constant,
z = height,
lo = the height defined by Equation (2).
If we substitute the values of Fy, and uy, obtained from our fitted profiles 11
and II1, it is not possible to find a completely consistent description of the profiles
at masts II and III with Equations (2) and (3). The best compromise was obtained
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when K, was taken to be 0.23. Further it appeared that the extrapolated values of
6(0, ly) differ no more than a few tenths of a degree from the measured values
above the sea. Forty-five profiles each were calculated for both masts with
Equation (3). Then the deviations were computed between the observed profiles
and the profiles predicted from Equation (3). These deviations were calculated as
a correction on In(z/ly) and were carried out for the respective z values. The
results were grouped in successive classes of the Obukhov length, L, with width
1.0, 2.0, or 3.0 m, in such a way that each group contained at least four calculated
deviations. The mean values of the groups are given in Figure 4 as a function of
—L, and separated for each level of z. For every level, a least-square fit of the
form y =a+b In(—L) was calculated, where y is the deviation in units of In(z/ly)
and a and b are constants. These lines are also drawn in Figure 4. The five curves
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Fig. 4. Deviations between measured and predicted profiles calculated with Equation (3) in units of
In(z/lo) versus —L for the various z levels. Full line is the least-square fit of the form y=a+b In(—L).

The correction functions calculated by means of Equation (4) for the corresponding z levels.
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obtained in this way can be described numerically by a function of the form:

2 {ren () @

with zg=1.0m, K, =298, K;=12.57 and z, =40 um. These correction functions
for the different heights are also given in Figure 4.

The introduction of zy, which is necessary as a boundary condition for z—0,
may be explained as follows. In fitting the profiles, it is implicitly assumed that the
heat flux is constant with height. In the situation described here, with a step
change in heat flux, it is to be expected that the heat flux varies with height,

K,
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Fig. 5. Measured and calculated temperature profiles for four different stability situations. X:

measured potential air temperature, mast [;
temperature, mast II;

I: fitted profile, mast I; A: measured potential air
II: fitted profile, mast II; — - — - predicted profile, mast II, with Equation
(3); —-—-—-: predicted profile, mast I, with Equations (3) and (4);

II, with Equation (5) and estimated values of Fy,, uy and L.
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having high values near the surface and decreasing to the original value at a
higher level. Probably the divergence of the heat flux decreases rapidly from the
surface to a height z4. This is supported by the measured profiles, as shown in
Figure 5; above 2.5 m, profiles I and II are nearly parallel. In unstable conditions
with (z/—L)>355, it is possible to neglect zx in Equation (4). A comparable
boundary condition which can be derived if zy is not introduced is: (2/ly) » (zo/2),
which means that the description fails close to the ground.

To show how the correction functions influence the temperature profiles, four
situations each with different stability are given in Figure 5. The measured profiles
of masts I and II are shown, together with the predicted profiles for mast II
calculated with Equation (3), and the corrected profiles after application of
Equation (4). From these profiles, it is clear that application of the correction
improves the agreement with the measured profiles. However, extrapolating the
temperatures to z, by means of Equations (3) and (4) gives erroneous results,
which occurs in many other theories also.

C. PREDICTION OF AIR MODIFICATION BY SIMPLE MEASUREMENTS

Our goal was to predict the change of the temperature profiles by simple
measurements. For this purpose we use Equations (3) and (4) together:

— 600, 1) 0gr0e Frn [ (2 ,/__Zo_{ _ (:_E)H
9(x, 2)=8(0, Iy) Kitap, {ln (10)+K2 etz K;-In Z .

&)
The meteorological parameters are estimated as follows:

(i) The heat flux is given by Equation (1). If the accuracy of (8,—6,) is about
1°C, representing about 10% in most cases, and that of u,, about 0.2 ms™" for
the mean hourly values, then the error in Fy, will be about 15%.

(ii) The friction velocity ug can be estimated with the equation:

u==21n (i) (6)
k Zo
which differs 3 to 7% from the ux obtained by fitting the profiles with the
appropriate formulas.

(iiiy The Obukhov length can be estimated by equating it to the Richardson
number:

z g 36/3z

L 6@apz?

(7

We substituted for 38/dz: 6, —0,=dT the step change in surface temperature and
dz=4m; dii/fdz was calculated with Equation (6) for the level z=2m while
8=6,+273.15. The result is given in Figure 6 where the best fit for L corres-
ponds to:

1
et -, 8
L 8.25Ri (8



304 H. F. VUGTS AND J. A. BUSINGER

281 L=825x1/Rim

0 T T T T T T T T T T T T T
0 02 04 06 08 1.0 1.2 14 K3} 1.8 20 22 24 26

e -1/ Ri

Fig. 6. The Obukhov length as determined by Equation (7).

The error in L will be about 10%, due to the error 6;—6,.

With the estimates described in (i), (ii) and (iii), modified temperature profiles
were calculated. The results are also given in Figure 5. As expected, the error will
be about 25%, which means in the situations given: +£0.3—0.4°C. This is
confirmed by Figure 5. On June 11 the prediction is bad, on the other days there
is close agreement between observed and calculated values.

3. Conclusions

(1) From our measurements, it can be concluded that the air modification due to
a step change in surface temperature may be described satisfactorily by a simple
Equation (5).

(2) I the wind velocity at 2.0m, the change in surface temperature, the
roughness length z, and the incoming profile are known, the air modification can
be estimated with reasonable accuracy. An improvement in the accuracy of the
surface temperature measurement would improve the prediction significantly.
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