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Response of Atmospheric Surface Layer Turbulence
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Measurements of velocity and temperature fluctuations were made over a period including a solar
eclipse of 80% totality to determine the response of surface layer to the change in ground heat flux. The
response of the rms velocity fluctuation lags behind that of the rms temperature fluctuation by about 20
min. Although the velocity spectrum exhibits a good inertial subrange for the whole period of observa-
tion, the inertial subrange in the temperature spectrum disappears shortly after the start of the eclipse. It is
found that during the eclipse the surface layer turbulence approximately follows a continuum of equilib-
rium states in response to stability changes brought about by the change in surface heat flux.

INTRODUCTION

Since solar radiation is the eventual source of energy input
to the atmosphere, the effect of the sudden removal of the
incoming radiation is of considerable interest. Since the
ground adjusts to a sudden change in radiative heating or
cooling from the sun faster than the air above it, the surface
layer is first to feel this change. In the case of surface cooling
an internal thermal layer [Townsend, 1976, p. 379] propagates
away from the ground through the surface layer. Townsend
[1976] describes a tendency to deceleration of the mean flow
with, as a most dramatic consequence, the collapse of both the
turbulent motion and the mean flow when the Richardson
number exceeds a critical value. Townsend's [1957] analysis
showed that this critical value is of the order of 0.1. In the
laboratory, Nicholl [1970] has observed such a collapse and
reported that although the rate of working of turbulence
against gravity was an order of magnitude less than the rate of
supply of turbulent energy from the mean shear, it was suf-
ficient to suppress the turbulence in a very short time. In the
atmosphere a sudden decrease in the gustiness of the surface
wind is observed at sunset with clear skies. Townsend suggests
that the depth of the affected region is of the order of the
Monin-Obukhov length (about 10 m). A better approximation
to a sudden change in surface cooling occurs during a total
solar eclipse. On October 23, 1976, some parts of southern and
southeastern A ustralia experienced a total solar eclipse (for a
general description, see, for example, Trainor [1976]). During
this period we were participating in the International Turbu-
lence Comparison Experiment organized by the Council for
Scientific and Industrial Research (CSIRO) Division of Atmo-
spheric Physics (Aspendale, Victoria) and conducted at a site
near Conargo, 40 km northeast of Deniliquin, in the Riverina
district of New South Wales. Although the eclipse at Denili-
quin reached only 80% totality and the period following the
eclipse merged gradually into the normal sunset period, it still
seemed worthwhile to examine the response of both temper-
ature and velocity fluctuations in the surface layer to the
decrease in surface heat flux. ldeally, the return to normal
sunny conditions following the eclipse would have provided a
situation opposite to the one considered here. However, the
redeeming features of the present experiment were the fine
weather prior to the eclipse and a generally cloudless sky,
especially during the eclipse.
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EXPERIMENTAL CONDITIONS AND INSTRUMENTATION

A detailed description of the site will be given elsewhere. It is
sufficient to point out here that the site had a long obstruction-
free fetch of about 2 km in the direction of the wind. Mean
velocity and temperature were measured at heights of 1, 2, 4, 8,
and 16 m above the ground. (These data were supplied to us by
the CSIRO.) Both temperature (9) and horizontal streamwise
velocity (u) fluctuations were obtained with the use of cold and
hot wires, respectively. Two pairs of hot-cold wire combina-
tions were mounted on a mast at heights of 2 and 4 m. For
each pair the separation between the hot and cold wires was
about 1 ¢m. The cold wire was a 0.6-um Pt-Rh Wollaston wire
of approximately 560-Q resistance. It was operated with a dc-
coupled constant current bridge at a current of 0.1 mA. This
low value of heating current ensures that the wire is sensitive to
temperature fluctuations only. The hot wire was a 5-um Pt-Rh
Wollaston wire operated with a DISA 55M01 anemometer at
an overheat ratio of 1.8. Both hot and cold wires were pre-
calibrated in the laboratory and checked for consistency with
the wind conditions that prevailed during the experiment.
Signals from both wires were passed through DISA 55D26
signal conditioners (to provide the required gain, filtering, and
dc offset) before recording them on a 3960A Hewlett-Packard
tape recorder at a speed of 95 mm/s. The recorded signals were
later digitized with a 10-bit A-D converter and processed on a
PDP 11/45 computer.

Total solar radiation was obtained from two identical pyra-
nometers located a small distance away from the mast. Net
radiation data were obtained from the CSIRO radiation mea-
surements.

RESULTS AND DISCUSSION

Averages, taken every half hour (unfortunately, we did not
have any control in the setting of this time), of mean velocity
and temperature were recorded. From the mean velocity and
temperature profiles (Figure 1) the gradient Richardson num-
ber was determined from the approximate relation

Ri(z) = [(g/0) 20/ 22))/(aU/ oz}

where 4 is the potential temperature. Here, all the gradients
were evaluated, at the geometric mean height, according to the
equation

U(Zz) - U(Zl)
(z122)* In (25/21)

and a similar equation for 80/éz. The friction velocity U.

[0U/0z] ez zpn =
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Fig. 1. Mean velocity and temperature profiles normalized by

values at a height of 16 m. Symbols denote the following profiles: solid
circles, 1400-1430 hours, Ujgm = 6.6 m/s, Tiem = 20.98°C; crosses,
1400-1430 hours, Uem = 6.91 m/s, Tien, = 21.27°C; open triangles,
1500-1530 hours, Uy, = 6.42 m/s, Tyem = 21.22°C; open squares,
1530~1600 hours, Uiem = 5.83 m/s, Twem = 21.20°C; open circles,
1600-1630 hours, Uygn = 4.87 m/s, Tiep = 20.94°C; solid triangles,
1630-1700 hours, Uiem = 4.93 m/s, Tyem = 20.32°C; inverted open
triangles, 1700-1730 hours, Uyem = 4.92 m/s, T1em = 20.03°C; hexa-
gons, 1730-1800 hours,.Uiem = 4.35 m/s, }'mm = 19.84°C; solid
squares, 1800-1830 hours, U,em = 4.54 m/s, Tyep, = 19.10°C.

(= —(uw)'/%, w being the vertical velocity fluctuation) and the
friction temperature 7. (= —(w#f)/U.) shown in Figure 2 were
obtained from the relations

(kz/UX 20U/ 8z) = ¢pm(z/L)
(kZ/T.)80/8z) = ¢pn(z/L)

where L is the Monin-Obukhov length. The Karman constant
« is here taken as 0.4, and the function ¢, and ¢, are approxi-
mated by [Yaglom, 1977]

om(z/L) = 1.14(1 — 13.1z/L)~"*
on(z/L) = 0.84(1 — 7.9z/L) 2
for unstable conditions and by
om(z/L) = 1.14(1 + 4.1z/L)
on(z/L) = 1.14(0.74 + 4.1z/L)
for stable conditions (0 < z/L < 1). The stability parameter
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Fig. 2. Variation of U, and T, inferred from pairs of points on
mean velocity and temperature profile. Geometric mean of pairs of
points: open circles, 1.4 m; crosses, 2.8 m; open triangles, 5.6 m. Solid
curves refer to averaged values. (The variation of (4% and (6% at a
height of 4 m: pluses, («%); solid circles, (#%). Average values in the
figure are denoted by angle brackets in the text.)
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z/L (shown in Figure 3 for z = 4 m) was obtained from the
relation z/L = (¢p*/dn) Ri.

Strictly speaking, the above relations are not likely to be
valid immediately following a step change in the surface heat
flux, since they have been derived for near-equilibrium condi-
tions. Diffusion of (6 within the internal thermal layer is
likely to be a significant part of the (§%) budget [e.g., Townsend,
1976, equation 8.3.4) and may lead to an inequality between
production and dissipation terms. The propagation velocity of
this layer can be written [e.g., Antonia et al., 1977] as

d51-/dt = awU*

where a;p = WO/ —uw)/? = T, /(6®*? is approximately
0.5 for conditons (z/L >~ —0.3) prevailing before the change.
For U. =~ 0.3 m/s, dé;/dt ~ 0.15 m/s, which is a relatively
rapid propagation rate of the edge of the internal layer.

For the present temporal variation of the incoming solar
radiation @, (Figure 3b) we can follow Wyngaard's [1973]
example by considering whether the surface layer turbulence
follows a continuum of equilibrium states in response to
changes in stability brought about by the change in Q,. A
characteristic time 7o, for solar radiation is

7o, = | Qu/(8Qu/01)|

For the distribution (Figure 3b) of Q. during the eclipse, 74, is
about 2 hours at 1600 hours. (Note that for the distribution of
Q. on a normal day, 7, is significantly larger, being about 4
hours at 1600 hours.) A characteristic response time for the
turbulence may be written, in the case af (§?), as

Tom = — 0%/ (wh)(8T/dz) ¢))
In the case of (g% (the turbulent kinetic energy),
Ty = @)/ (—uwloU/oz)(1 — Ry) (2)

where R, is the flux Richardson number:
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Fig. 3. Variation of total radiation, rms velocity, and rms temper-
ature at a height of 4 m. (The variation of z/L shown referstoz = 4m
and a value of L taken as the average of values at 1.4 m, 2.8 m, and 5.6
m. Average values in the figure are denoted by angle brackets in the
text.)
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R=_& {(wl)
! T (—uwy8U/az)

(1) and (2) may be rewritten as

Tt = (Brez)/ (Usn)
and

aKZ

Uglém — (2/L)]

where it is assumed that (¢ = aU,? and (0% = BT, 2. Atz =4
m(z/L ~ —0.3), 7, and 7,3, are equal to 50 s and 60 s,
respectively, when o = 7.5 and 8 = 4. These times are signifi-
cantly smaller than the previously mentioned value of 74, at
1600 hours. An averaging time of 10 min was used to deter-
mine (&% and (9% in Figure 3a. This time is large enough in
relation to 7 g, Or 74 but is relatively small in comparison to
most values of 7g,. Running mean values of «* and 6” suggest
that there is satisfactory convergence for most records to a
final value within the 10-min period. At 1658 hours, where the
gradient 8Q,/a¢ is largest, 7q, =~ 15 min, and the accuracy of
the averages near this time is likely to be poor.

The almost immediate response Of the temperature field to
the change in ground heat flux is clearly evident in the results
of Figures 1-3. Figure 1 shows a noticeable decrease in the
temperature near the surface during the early (1600-1630
hours) part of the eclipse. During the period in which the
incoming radiation is essentially zero, the temperature is con-
stant. The subsequent increase (1700-1730 hours) in solar
radiation is reflected by the increase in T close to the surface.
At later times the temperature profile becomes stable. The
variation of (#%)'/% follows that of @, quite closely, and the
positions of the extrema in (§%'?/T, (marked A, B, and C in
Figure 3a) are essentially identical with the corresponding
positions of Q,, in Figure 3b. The maximum value of (§%)/2/T,
at B (Figure 3a) is of course due to the very small (positive)
value of T, at that position (see Figure 2). The decrease in
{uH"? over the early part of the eclipse is significantly slower
than that of (#%"/2, To within the scatter in the data the posi-
tions of extrema (denoted by A’, B’, and C’ in Figure 3a) of
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(u?"?/U, lag behind the corresponding extrema positions of
#5172/ T, by almost 20 min. The behavior of the variation of
*?/U, and (89v%/| T,| with respect to z/L is not signifi-
cantly different from that measured during normal days. This.
suggests that the concept of Monin-Obukhov similarity, to the
extent that it can be trusted, provides a reasonable description
of the behavior of turbulence properties during the eclipse.
This latter observation provides further justification for the
suggestion that the response of surface layer turbulence to the
eclipse proceeds via a series of equilibrium steps. It must also
be mentioned that variations in (%2 and (#%'/% at 2 m (not
shown here) are essentially identical with those at 4 m, which
are consistent with the previously indicated large speed of
propagation of the internal layer.

It may be of interest to verify the existence of an inertial
subrange for one-dimensional velocity and temperature
spectra, especially if such information were to be used for the
determination of Uy and T, by way, for example, of the
inertial dissipation technique [e.g., Champagne et al., 1977].
The one-dimensional velocity spectrum @,(k,), defined such
that [,¢,(k:)dk, = @ (k, is the wave number 2wn/U), exhib-
its a well-defined inertial subrange (Figure 4a) for the entire
period for which measurements were taken. The values of Uy
inferred from the inertial dissipation technique are in reason-
able agreement with those given in Figure 2. In the case of
de(k,) the inertial subrange (Figure 4b) is reasonably well
established for the period (1610-1620 hours) near the start of
the eclipse, even though (6% has started to decrease appreciably
in response to the decrease in Q,, (Figure 2). At later times the
inertial subrange is first confined only to the range 6 < k,z <
20 and disappears at 1800 hours. We do not have an ex-
planation for the increase in the function ¢s(k,2)*® over wave
numbers greater than those for which an inertial subrange still
exists. It should be pointed out, however, that such an in-
crease, prior to the expected decrease as the Kolmogorov wave
number is approached, has been observed, under normal con-
ditions, by Champagne et al. [1977] and Williams and Paulson
[1977]. This increase was not evident in temperature spectra
taken prior to the eclipse.
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Fig. 4. Power spectral densities of velocity and temperature weighted by (k,z)** at a height of 4 m. Figure 4a refers to u,
and Figure 4b refers to 8. Circles indicate, 1757-1807 hours; crosses, 1707-1717 hours; triangles, 1637-1647 hours; and
squares, 1607-1617 hours. (A verage values in the figure are denoted by angle brackets in the text.)
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