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Abstract. This paper extends previous large-eddy simulations of the convective boundary layer over a
surface with a spatially varying sensible heat flux. The heat flux variations are sinusoidal and onedimensional. The wavelength is 1500 or 4500 m (corresponding to 1.3 and 3.8 times the boundarylayer depth. respectively) and the wind speed is 0. 1 or 2 m s- I.
In every case the heat flux variation drives a mean circulation. As expected. with zero wind there
is ascent over the heat flux maxima. The strength of the circulation increases substantially with an
increase in the wavelength of the perturbation.
A light wind weakens the circulation drastically and
moves it downwind. The circulation has a significant effect on the average concentration field from a
simulated, elevated source.
The heat flux variation modulates turbulence in the boundary layer. Turbulence is stronger (in
several senses) above or downwind of the heat flux maxima than it is above or downwind of the heat
flux minima. The effect remains significant even when the mean circulation is very weak. There are
effects too on profiles of horizontal-average
turbulence statistics. In most cases the effects would be
undetectable in the atmosphere.
We consider how the surface heat flux variations penetrate into the lower and middle boundary
layer and propose that to a first approximation the process resembles passive scalar diffusion.

1. Introduction

In a previous paper (Hadfield et al., 1991, hereafter HCPl) we presented results
from a set of large-eddy simulations (LES) of a convective boundary layer (CBL)
in the presence of a one-dimensional, sinusoidal perturbation in the surface sensible heat flux. In that set of simulations, the wavelength A,, of the heat flux
perturbation was 1500 m, or 1.3 times the boundary-layer depth h, and the imposed
wind speed u0 was zero. We found that the perturbation drives a mean circulation,
with ascent over the heat flux maxima and descent over the heat flux minima,
although the existence of the circulation was established with reasonable confi*The research reported in this paper was conducted
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dence only after considerable averaging. Turbulence is substantially more intense
(in several different senses) over the surface heat flux maxima than over the
surface heat flux minima. The geometry of the large eddies is apparently altered
such that the horizontal velocity variance components become unequal and there
is slightly more vigorous transport of kinetic energy into the upper boundary layer.
But HCPl left open the questions of whether a non-zero mean wind would
eliminate the above effects, and how they would change with a change in the
wavelength of the perturbation. The present paper presents results from four
additional sets of simulations in which a light mean wind was imposed (up to
2 m s-r) and/or the wavelength was increased to 4500 m.
HCPl discussed dynamical aspects of the mean circulation in the case it covered
in terms of budgets for the mean temperature perturbation and the mean velocity.
Similar analyses have been done for the remaining sets of simulations (Hadfield,
1988; hereafter H88)). Section 6 shows, the results of just one such analysis,
namely the temperature budget for the case with hp = 1500m and no = 1 m SF’,
and applies a simple model, first presented in HCPl. Section 5 shows the effect
of the surface heat flux perturbations on the mean concentration field from a
simulated, elevated source.

2. The Simulations

The basic setup of the simulations has been described in HCPl (also H88).
The model is an LES version of the Colorado State University (CSU) Regional
Atmospheric Modelling System (RAMS) with a subgrid scheme adapted from
Deardorff (1980). The domain is 4500 m x 4500 m x 2340 m and the x and y lateral
boundaries are cyclic.
The sinusoidal variation in heat flux (strictly the potential temperature flux) has
the form)
@ = (@),I + @,,cos 27r *-xr, .
41

(1)

The horizontal average (@),Zis constant throughout all runs at 0.2 Km s-‘. The
amplitude Qp (when non-zero) is always 0.1 Km s-‘, i.e., one-half of the horizontal average. Two values of the wavelength A,, are used: 1500 and 4500m. With
the former, there are three identical cycles of the heat-flux perturbation within
the domain and with the latter there is just one.
The sinusoidal variation in heat flux, where applicable, is applied abruptly to a
horizontally homogeneous simulation at t = 200 min. In some simulations a horizontal velocity is also imposed at t = 200 min by adding a constant, uo, to the xcomponent of velocity everywhere. (There is no attempt to simulate the realistic
evolution of the horizontal velocity profile - in the absence of the Coriolis force,
the boundary layer simply loses momentum very slowly through surface drag.)
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TABLE I
Input parameters for Sets F to J in dimensional and dimensionless form. Boundary-layer
scales h and w* are based on time-average statistics from r = 300 min to t = 400 min
4, (ml
A,,lh
uli (m s- ‘)
(If,h)/(l\‘*A,,)

F

G

H

I

J

1500
1.3
0
0

1500
1.3
1
0.39

3500
3.8
0
0

4500
3.8
1
0.13

4500
3.8
2
0.26

The perturbed simulations are organized in groups (‘sets’), labelled F to J,
covering the five combinations of wavelength h,, and wind speed uo. The five
combinations are: Ar, = 1500 m and u. = 0 m s-’ (F), Ap = 1500 m and u. = 1m ss’
(G). Ap=4500m
and uo=Oms-’
(H), hp=4500m
and ~t~,=lrns~’
(I), and
Ap = 4500m and u,, = 2ms-’ (J). The perturbed simulations were run in pairs,
with the members of each pair differing from each other only in that the phase ,x1,
of the heat-flux perturbation was zero in the first and A,>/2 in the second. (Since
the lateral boundary conditions are cyclic, the origin for x,, is arbitrary.) The
wavelength A,, of the heat flux perturbation and the imposed wind speed u() for
each set are summarized in Table I.
3. Averaging
In analysing the groups of simulations, we use the same averaging operators and
notation as HCPl (Section 4.1; also H88). An average is indicated by angle
brackets and a deviation by parentheses. Repeated averaging is indicated by
repeated subscripts.
We employ a time average and two spatial averages: the horizontal average and
the phase average. The time average ( >, is discussed in HCPl, Appendix A. The
horizontal average ( ),! is taken over all points at the same height Z. For brevity,
the deviation is indicated by a prime, i.e., a’ = (a),,. The phase average ( ),>is an
average over all points at the same 2 and z, where .? is the horizontal position
relative to the nearest surface heat flux maximum. Both the horizontal and phase
averages can be taken over several simulations,
4. Trends with Increasing Wind Speed and Wavelength
Figure 1 shows the (w’),,., fields. Two trends are obvious. The maximum vertical
velocity increases with the wavelength A,,. A mean wind moves the mean updraught
and downdraught downwind of the heat-flux maximum and reduces their magnitude. The effect of a tripling in X,, between Set F and Set H is particularly striking.
In Set F the maximum updraught velocity is O.l4w, (to the nearest contour
interval) and the updraught is slightly stronger and narrower than the downdraught. In Set H there is a much stronger updraught of width 0.25A,, and maximum
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velocity l.lw,, flanked by downdraughts with a maximum negative velocity of
- 0.3w,. (Note that the vertical exaggeration of ~2.8 distorts the appearance of
the updraught somewhat; it is really only a little taller than it is wide.) Over the
heat-flux minimum, there is weak descent with velocity only --O.lw,.
Wind speeds of 1 m s-’ (Sets G & I) or 2 m s-r (Set J) have a substantial effect.
We find the contrast between Sets H and I unexpectedly large. The value (u,+?)/
(w,hp) = 0.13 for Set I implies that advection by a velocity u0 through a distance
h,, will take (0.13))*h/w,, i.e., about 75 min. Given the strength of the circulation
in Set H, and the fact that it took much less, than 75 min to become established
(H88, Figure 4.24), we therefore expected that with a horizontal velocity of only
1 m s-r the updraught would be moved only a short distance downwind of the
surface heat-flux maximum and that its magnitude would be reduced slightly.
But the updraught and downdraught in Set I are moved well downwind, are
approximately equal in width and are relatively weak (maximum vertical velocity
0.3w*).
In all the cases with non-zero wind, the maximum updraught is near the righthand edge of the graph, i.e., just upwind of the heat-flux minimum. (The positions
of maximum (w’),].‘ are: Set G, 0.42&; Set I, 0.36A,,; Set G, 0.43h,.) A doubling
in ZQ)between Sets I and J results in much less than a doubling in the horizontal
displacement of the updraught.
Incidentally, given the difficulty in establishing with confidence that a mean
circulation exists in Set F (HCPl, Section 4.2), one might expect that it would be
even harder to establish that the weaker circulations of Set G are real. However
the mean wind greatly eases the problem of calculating stable time-averaged
circulations, because it prevents stationary, randomly-placed large eddies from
dominating. We considered this issue in H88 and decided that the existence of an
ensemble-average circulation in Set G is established with reasonable certainty.
One other feature should be mentioned in connection with the (w’),,,, fields,
namely the short-wavelength fluctuations apparent in the contours of Sets I and
J. These are a sign of stationary 21?yrstructure. They are not apparent in the other
simulations. It is interesting, though, that in horizontal spectra (H88, Figure 4.38
and 4.44), the spectral density at the 2& limit is not excessive and is no higher
than it is in the other simulations. The crucial point is that the structure is
sufficiently steady to appear in the time-averaged fields. Possibly. the fine structure
appears in these plots because of the combination of mean advection and the
larger A,,; the latter means that phase averages are calculated over only one cycle
in the x-direction, versus three with A,, = 1500m.
The (e’),,., fields are shown in Figure 2. Again there are clear trends with
wavelength and wind speed. An increase in A, leads to an increase in the mean
temperature perturbations in the middle and upper boundary layer, especially the
latter. With a mean wind the temperature pattern is shifted downwind and tilted;
in the middle of the boundary layer, the temperature maximum is upwind of the
vertical velocity maximum.

Fig. 2.
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In the (or),., field of Set J, the contour lines above z = h slope in a pattern that
suggests a stationary gravity wave. A similar pattern is also apparent, but much
less so, in Sets G and I, and was also noted in some earlier simulations, reported
in Cotton et al. (1988). We have calculated that the gravity wave supports a
negative momentum flux and a positive energy flux to the absorbing layer. The
momentum flux is 0.17 times the horizontal-average surface drag. The energy flux
takes away circulation kinetic energy at 14% of the rate at which it is generated
by buoyancy and it accounts for about 14% of the total gravity-wave energy flux
Mw’x6 >/r.r.
4.2. TURBULENCE

Figures 3 and 4 show the w variance ((WI);.,),,., and the w/O covariance
((w’),,.t(e’),,.,),~~,.
In all but one of the cases(the exception being Set H), the maximum w variance
is approximately 0.45-0.50~2, and it is found at a height of 0.40-O.SOh. The
minimum w variance at the same level is 0.20-0.25~:. The height of maximum
variance and the magnitude of the horizontal variation in the variance are thus
not very sensitive to the wavelength A,, or the wind speed u,).
In Set H, however, the maximum variance is larger (0.65~2,) and it occurs in
the upper boundary layer (Z = 0.8h). There is a central column of large w variance
and w/0 covariance, coinciding more or less with the updraught in the timeaveraged circulation, and capped by a region with intense entrainment. Over the
heat flux minimum, the turbulence fields suggest weak convection confined below
z = 0.5h. Above that level, there is mean subsidence ((w ‘),l.r = -O.lw,), with very
low M:variance and w/B covariance.
Briggs (1988) has argued that when a moving convective boundary layer encounters an increase in surface heat flux, the travel distance required for turbulence to
adjust to the new heat flux should be of the order of 2hu,,lw,. (The estimate is
based on the time for air parcels carrying the increased heat flux to traverse the
boundary layer, and we assume that a convective velocity scale based on the
horizontal-average heat flux is appropriate.) Assuming that the same arguments
can be adapted to the present case, we tentatively identify the maximum in w
variance as the point where the turbulence has adjusted to the maximum surface
heat flux: for the three caseswith non-zero wind, its location is .!?= O.bhuJw, (Set
G). .? = 2.2hu,jw,, (Set I) and ,C-= 0.4huolw, (Set J). In Set G and Set J the
turbulence in the mid-CBL responds to the increased surface heat flux earlier than
Briggs’ estimate. We suspect that Set I is anomalous because the strong mean
circulation generates turbulence in the vicinity of the mean updraught.
4.3. HORIZONTAL

VARIATIONS IN TWE BOUNDARY-LAYER

DEPTH?

By definition, the boundary-layer depth I? does not vary with 2, but one can also
define an i-varying depth as the height where the tendency in (8>,,.,, excluding
subsidence, crosses zero (HCPl, Section 4.4). Other indicators of the top of the

Fig. 3.
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boundary layer are the maximum in potential temperature gradient &O),l,,ldz and
the maximum in temperature variance ((of);,,),,,,. We have looked at fields of all
three quantities and found that by any definition, the boundary-layer depth is
constant with Z?to within a few percent, even in Set H where the horizontal
variation in turbulence at the inversion is very strong.
4.4. HORIZONTAL-AVERAGE STATISTICS
The horizontal-average velocity variance profiles for Sets F to J are shown in
Figure 5. In all cases but Set G, there is an excess of u variance over v variance.
In the zero-wind cases, the height of maximum w variance is greater than in the
horizontally homogeneous boundary layer, indicating increased vertical energy
transport (HCPl); this effect is pronounced in Set H, very small in Set F and
seems to be absent in the three cases with non-zero wind. Another effect in Set
H, possibly linked to the more vigorous energy transport, is an increase in the
magnitude of the minimum in resolved heat flux, from -0.21w,0, (horizontally
homogeneous) to -0.28cv,8,. As a result of the more vigorous entrainment, faster
boundary-layer growth occurs as well as an increase in the net warming rate
a(@),,.,/& in the lower and middle boundary layer of 6%, or about 0.04 K hr-‘.
4.5. SUMMARY OFTRENDS
To summarize some of the trends with changes in A,, and LQ~, we have formed a
number of dimensionless quantities from vertical integrals of the circulation velocity and associated fields. The first of these quantities,

is the ratio between the circulation kinetic energy (meaning here the kinetic energy
of the time-averaged circulation (u;),,.~) and the kinetic energy of the resolved
turbulence ~j. The upper limit of integration H has been taken as 1.4/r, well above
the top of the boundary layer. The second dimensionless quantity,
(3)
is the fraction of the circulation kinetic energy accounted for by the horizontal
velocity field. The third arises in connection with the budget for circulation kinetic
energy (HCPl, Section 5.2) and is defined as
e = -61 St ((w’),,.,(i)lc?z)(~;,),~.f)IIdz
e
(,s’/@,)./-:: ((w’),,.,(O’),, dz
The denominator is the rate of production due to buoyancy perturbations and the
numerator is the rate at which energy is transferred from the vertical velocity field
to the horizontal velocity field by the buoyancy-induced pressure perturbations.

317

I-""""""'1

y:

318

M.

G.

HADFIELD

ET

AL.

TABLE
Several quantities characterising

QI
Q2
Q3
Q4

the circulations
(2-5)

11
in Sets F to J. Definitions

in Equations

F

G

H

I

J

0.011
0.34
0.45
0.32

0.006
0.32
0.49
0.46

0.35
0.63
0.86
1.10

0.11
0.78
0.89
1.17

0.03
0.85
0.88
2.56

Thus the ratio is a crude measure of ‘how hydrostatic’ the buoyancy pressure field
is. The last dimensionless quantity also arises in connection with the circulation
kinetic energy budget. It is a dimensionless time scale,

that compares the magnitude of the circulation kinetic energy with the rate at
which that energy is dissipated by the resolved and subgrid turbulence.
The values are tabulated in Table II. The values of Qi confirm one’s impressions
of the relative strength of the circulations, as shown by the velocity fields in Figure
1. For the Ap = 1500m cases, the circulation accounts for a small fraction (not
more than 1%) of the kinetic energy in the boundary layer. The fraction is much
larger with A, = 4500 m, and decreases with increasing ug from a high of 0.35 in
Set H. Q2 increases with the horizontal scale of the circulations, as expected from
continuity considerations, but note that it is smaller in Set H than in the other
two A[, = 4500 m cases, presumably because the updraught in Set H contracts
horizontally, such that its horizontal scale is not much larger than its vertical
scale (Figure 1). Q3 is also expected to increase with the horizontal scale of the
circulations, approaching the hydrostatic limiting value of unity; the values in
Table II fall neatly into two groups according to A,,. Regarding the values of QJ
we noted in HCPl, Section 5.2, that the value of Q4 = 0.32 for Set F seemed
surprisingly small. It is larger in all the other sets. We do not have an explanation
for the value of Q, in the table, except to note that Q5 increases with the horizontal
scale, and that the large value in Set J may arise because much of the vertically
integrated kinetic energy in that case is accounted for by horizontal motion above
z = h, in structures that have a noticeable gravity-wave character and may therefore be dissipated less efficiently.
5. Passive Plume Dispersion

In this section we illustrate the possible effects of the surface heat flux perturbations on the dispersion of passive plumes from elevated point sources. The
plumes were simulated with a Lagrangian particle dispersion scheme similar to
Lamb’s (1978, 1982), with concentration (particle density) calculated by a kernel
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height and time for a release at z = 0.2% in Run A (contour interval 0.5).

function technique. Particles were released instantaneously in layers or lines, and
the ensemble average behaviour of a continuous point source was recovered by
recording the horizontal position of each particle relative to its release point. For
more details see H88.
To compare the LES/dispersion model with previous work, particles were released at z = 0.2% in a horizontally homogeneous simulation (Run A). Shown here
are contours of dimensionless horizontally-integrated concentration C* (Lamb,
1982) plotted against dimensionless time t* = tw,lh and height z. = z/h (Figure
6). There is good agreement with Lamb’s (1978) numerical model and Willis and
Deardorff’s (1978) laboratory tank model. The height of maximum concentration
initially descends with the modal velocity at the release height (-0.4Ow,). At t*
= 0.45, it jumps down to the surface and at t c = -1, it lifts off again. The
maximum dimensionless concentration at the surface is C;1;,, = 2.7 and it is
reached at f” = 0.6.
Particle releases at z = 290 m were repeated in the perturbed simulations (Sets
F to J). In each set of simulations, particles were released at two different values
of .?: one of the sources was chosen to be near the position where (w’),,, at z =
290 m is most negative (the downdraught source) and the other was near the
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TABLE

III

Source position, man vertical velocity and maximum. dimensionless. ground-level concentration for downdraught (‘D’) and updraught (‘LJ’) sources in Sets F to J
Position
(f/h,,)

(W),,.,/W%

k/i(f$))< /Iv*

Set

D

U

D

U

D

U

F
G
H
I
J

-0.50
-0.17
-0.50
-0.25
-0.10

0.00
0.33
0.00
0.33
0.40

-0.11
-0.08
-0.12
-0.20
-0.05

0.14
0.07
0.80
0.20
0.08

3.9
3.1
5.6
4.6
3.0

1.4
2.4
0.1
1.2
1.8

position where (w’),?.~is most positive (the updraught source). The source positions
and the mean velocity at each source are shown in Table III. To achieve the
closest possible approximation to ensemble-average results, there were several
releases in each of the simulations comprising the set, at times between t = 300 min
and t = 400 min.
The line-source geometry coincides with the geometry over which the phase
averages are calculated, so one expects that if the releases are sufficiently dense
in time, then the mean vertical velocity of the cloud at the time of release should
equal the phase/time, average velocity at the source. For the current releases, the
difference is typically +O.O4w, (standard deviation) with no apparent bias.
Figure 7 shows the results from a simulation (Set I) where the circulation has
a significant, but not drastic, effect on dispersion. With the downdraught source,
the height of maximum concentration descends at about the same velocity
(-0.4Ow,) as it does in a horizontally homogeneous boundary layer, but the
fraction of particles descending is larger and so is the maximum ground-level
concentration (Cz,, = 4.6). With the updraught source, large numbers of particles
rise after release and the maximum ground-level concentration is lower
(C$;,, = 1.2).
Table III includes the values of the maximum dimensionless ground-level concentration C$,, for the line-source releases in Sets F to J. (There is, however, a
minor subtlety in the definition of C$,,,. Typically the C* versus t* curve at
ground level has at least two maxima, the first, sharper one at 0.5 < t* < 1 associated with the initial impingement of the cloud on the surface and the second one
much later with C* - 1, associated with oscillation of the concentration profile
about its final state. For the updraught releases, the second maximum can be
larger than the first, but it is the first maximum that is listed in the table because
it is more important for short-range dispersion of a plume from a point source - the
plume width is smaller at the earlier time and the plume centreline concentration is
proportionally higher.)
In general, C&,, shows the expected dependence on the vertical velocity at the
source. If Set H is excluded, the data can be described with a linear relationship
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(6)

with coefficient of determination r* = 0.96. Thus Equation (6) is a useful first
approximation for the effect of moderate mean vertical velocities on the groundlevel concentration. It applies to only one source height, however, namely z =
0.25h.

The data from Set H clearly do not follow Equation (6). For the updraught
source, the predicted C,$,, is negative, so the initial cloud-averaged vertical velocity is well outside the range over which the equation applies. For the downdraught
source, the initial vertical velocity is of modest magnitude, but C,$,, is substantially
higher than predicted. In this case, the turbulent vertical velocity variance at the
source is very low; therefore the effect of the mean descending motion is enhanced.
6. The Circulation

Temperature Budget in the Presence of a Mean Wind
(Set G, Ap = 1500 m, u. = 1 m s-‘)

In HCPl, Section 5.1, we introduced a simple model to describe advection and
turbulent transfer of heat from the surface heat flux maximum to the surface heat
flux minimum, and applied it to Set F. In this model, the temperature perturbation
W),,J is treated as a passive scalar c obeying a local, down-gradient diffusion
relationship, i.e.,
dC’
-=-~,,$-%=o
df

where
,

f:=-~~~s,

(7)
,

where
KI1 = O.O7w,h
Km = K,, = 0
K33 = 2Sw,h(l

(8)
- zlh)(zlh)3’2.

The vertical diffusivity Kx3 follows the profile calculated by Wyngaard and Brost
(1984) for ‘bottom-up’ scalar diffusion. The diagonal components K13 and K3, are
required to be zero by symmetry. The horizontal diffusivity K,, was tuned to
simulate the horizontal flux in Set F correctly, which has independent support
from data on lateral diffusion from point sources in the CBL (Briggs, 1985).
Here we apply the down-gradient diffusion model to Set G. Figure 8 presents
the results with u. = 1 m s~’ and A,, = 1500m. The scalar field c’ in Figure 8a can
be compared uith the (O’),,,f field for Set G in Figure 2, and the fluxes in Figure
8b and 8c can be compared with the LES fluxes in Figure 9. The down-gradient
diffusion model correctly predicts that the temperature and flux fields in the lower
and middle boundary layer are shifted downstream and tilted to the right by the
mean wind. It underpredicts the amount of shift slightly: for example, at z, = 0.4h,
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the maximum temperature perturbation in Set G is at ,? = 0.32h whereas the
prediction is 2 = 0.2712,and the maximum vertical flux is at 2 = 0.24h whereas the
prediction is .? = 0.17h. The down-gradient diffusion model generally underprediets the magnitude of the temperature and vertical-flux perturbations, but overpredicts the horizontal flux at the surface - these errors are all consistent with
the horizontal diffusivity being overestimated, which could be a consequence of
calibrating the model against Set F, in which the horizontal-average variance near
the surface is larger than in a horizontally homogeneous simulation.
In H88, the down-gradient diffusion model is also applied to the h,, = 4500 m
simulations. In Set H it fails, being unable to predict the highly asymmetrical
perturbations. In Set I it does not shift the region of maximum vertical heat flux
far enough downwind - it predicts that at a height of z = 0.4h the maximum flux
should be at i = 0.3h whereas in the simulation it is at 2 = l.Oh. The model works
much better for Set J (maximum vertical flux at z = 0.4h predicted to be at ,? =
0.5h and found in the simulation at .? = 0.3h).
7. Summary

Several effects of the surface heat-flux perturbation have been identified. They
include a mean circulation, a mean temperature perturbation, horizontal modulation of the turbulence and modification of the horizontal-average velocity variance profiles.
The mean circulation is ‘weak’ in the A,, = 1500m cases, in the sense that it
accounts for 1% or less of the boundary-layer eddy kinetic energy, and also in
the sense that advection by the circulation is not important dynamically. The
strength of the mean circulation generally increases with wavelength h,, and decreases with the wind speed ug. At h,, = 4500 m, there is a pronounced difference
between the ~1,)= 0 m s-’ and u(, = 1 m s--I cases (Set H and Set I): in the former,
there is a strong narrow updraught above the surface heat flux maximum, with
weaker downdraughts flanking it and still weaker descent elsewhere: in the latter,
the updraught is displaced -0.4A,, downwind, is much weaker, and is similar in
strength to the downdraught.
Horizontal variations in turbulence are at least ‘moderately large’ in all cases,
in that the vertical velocity variance in mid-CBL varies with P by 50% or more.
This variation is not very sensitive to A,, or uCl,although Set H is an extreme case,
with strong turbulence in and near the mean updraught and what appears to be
weak convection confined below z = 0.5h elsewhere.
The most pronounced effects of the surface heat flux perturbation on the profiles
of horizontal-average statistics are an increase in temperature variance near the
surface and an excess of u variance over v variance. In the u. = 0 cases, there is
also evidence of an increase in the rate of vertical transport of kinetic energy.
One can imagine, very tentatively, how the boundary layer would behave with
intermediate values of the parameters of h,, and u,,, or with a larger or smaller
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amplitude in the perturbation. With zero mean wind, there is a pronounced
difference in the strength and character of the circulation between A,, = 1SOOm
and A,, = 4500 m. There may be a transitional value of h,,, between 1500 and
4500 m, above which the circulation is strong enough to organise itself and below
which it is not. If there is a well-defined transition, we expect it to occur at smaller
A,, as the amplitude of the perturbation increases.
Regarding the mean wind uo, it appears that this would have to be very small
to be negligible. It is interesting that in the three simulations with u. non-zero,
the distance of the vertical velocity maximum from the surface heat-flux maximum
(expressed as a fraction of A,,) varies little, at most between 0.35h,, and 0.45&.
As mentioned in HCPl Section 1, previous observations and large-eddy simulations of the CBL over moderately inhomogeneous surfaces have failed to identify
any effects of the inhomogeneity in horizontal-average profiles. The present study
has used a reasonably large, one-dimensional perturbation in the heat flux. Various
effects have been detected, but they are generally small, except in the extreme
case Set H. (The most conspicuous effect is the difference between the Mvariance
and the v variance, which should not occur if the surface inhomogeneity were
horizontally isotropic.) The positive, but usually small, result in the present study
is consistent with the null results from the other studies.
When the mean circulation is weak (Sets F, G and J), the penetration of the
surface heat flux perturbation into the lower and middle CBL can be predicted to
a first approximation by a model in which potential temperature is treated as a
passive scalar. To establish this, we have assumed that the scalar obeys a local,
down-gradient diffusion relationship, but that assumption is not necessary. Its
well-known deficiencies could be avoided by synthesising the surface flux perturbations from an array of point sources, for which the flux and concentration
fields can be deduced from a Lagrangian particle simulation.
But of course temperature is not a passive scalar. The mean temperature perturbation modifies the mean velocity field and the turbulent heat flux modifies the
turbulent velocity fluctuations. These effects could be investigated further with a
two- or three-dimensional ensemble average model with second- or higher-order
closure, using the large-eddy simulations to guide the choice of closure assumptions
and to check the results. A consideration of the requirements for such a model is
beyond the scope of the present work, but it is clear that it would require a
reasonably complete parameterization of the effect of buoyancy fluctuations on
the turbulent stress fields. We believe that the LES model requires verification
(possibly from laboratory simulations) before it should be used as a basis for work
of such scope.
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