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1. INTRODUCTION

Near sunset, the surface heat flux progressively de-
creases, consequently the convective eddies which main-
tain turbulence start to loose their strength and the con-
vective turbulence in the boundary layer begins to decay.
Several authors have previously studied this transition
regime of atmospheric turbulence. Experimentally Monin
and Yaglom (1975) studied the decay of grid-generated
turbulence under neutral unconfined conditions. During
the decay, the turbulence maintains the initial isotropy.
The energy decay follows a power law (¢ — to)™. Still-
inger et al. (1983) studied the decay of homogeneous
turbulence in a uniform stratification showing that turbu-
lence becomes highly anisotropic. On the other hand,
turbulence decay has been studied by using theoretical
models (Goulart et al., 2003) or numerical simulations
(Nieuwstadt and Brost, 1986; Sorbjan, 1997; Goulart et
al., 2003). All these studies used Large Eddy Simula-
tion (LES) models to describe some of the characteristics
of the boundary layer during turbulence decay. Recently,
Shaw and Barnard (2002) used Direct Numerical Simula-
tion to study the same problem. Moreover, Caughey and
Kaimal (1977), Grant (1997), Grimsdell and Angevine
(2002) and Anfossi et al. (2004) reported some obser-
vations and in some cases compared it with LES results.

In this study, by analyzing LES results, the role
played by the inversion strength and shear during the de-
cay of convective turbulence is discussed. Particular ef-
fort is done in describing the evolution of the character-
istic length scales during this process. This study is in-
spired by the work of Nieuwstadt and Brost (1986) (here-
after NB86). By using LES, they analyzed an idealized
case of the decay of turbulence of several dry convec-
tive boundary layers with constant geostrophic wind (5 m
s~!) and different Af, 9 and boundary layer height. Time
evolution of the volume averaged variables, vertical pro-
files and convection patterns are compared in order to
determine which processes are relevant during the de-
cay. For one of their cases, they found a different behav-
ior in the decay of turbulence characterized by the return
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to equilibrium levels of warm air parcels, i.e., 'demixing’
process. Recently, Grimsdell and Angevine (2002) relate
wind profiler observations of the boundary layer during
the afternoon transition to the turbulence decay process
described by NB86.

In our study, apart from studying the evolution of dif-
ferent atmospheric variables during the decay of turbu-
lence, we focus on the evolution of characteristic length
scale during the decay of a dry convective boundary layer.
This aspect has not been intensively studied by previous
works, except by Grant (1997) who calculated the spec-
tra of the vertical velocity at different times and height
during an observational campaign during August 1990.
He found that in the boundary layer the spectral peak
moves to smaller wavelengths. By using LES, NB86 and
Goulart et al. (2003) found that the position of the peak
remains constant during their simulations. Conversely,
Sorbjan (1997) showed that the spectral peak shifts to-
wards larger eddies, i.e., the larger eddies decay slower
than the smaller ones. Therefore, an important aspect of
this study is to clarify the evolution of the characteristic
length scale during the decay of turbulence.

2. NUMERICAL SETUP

Four different runs of the LES model described in
Cuijpers and Duynkerke (1993) and recently modified by
Cuijpers and Holtslag (1998) were done. Different wind
profiles and inversion strengths are prescribed. Each de-
cay experiment begins with a fully developed dry convec-
tive boundary layer, which has been generated by heating
the surface during two hours at a constant rate (wfo = 0.1
Kms™, wg, = 0). At this moment (o) the surface heat
flux is set to zero, two hours more were simulated, and the
statistics were calculated every two minutes. The sim-
ulated domains were 12.8 x 12.8 x 2.048 km? with grid
spacing Az = Ay =50 mand Az = 16 m.

The differences between the four runs are basically
based on the inversion strengths and mean winds de-
rived at ¢t = to — 2 hours. Regarding the shear cases, a
pure buoyancy driven boundary layer, without geostrophic
winds, namely NS (no shear), and a boundary layer
driven both by buoyancy and shear (GC, geostrophic con-
stant), where the geostrophic wind is constant with height
(U, =10 ms™', V, = 0 ms™') at the beginning of the



simulation, were considered. Regarding the temperature
jump at the inversion, figure 1 shows the initial vertical
profiles of the potential temperature for the two consid-
ered inversion strengths.
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FIGURE 1: Initial vertical profiles of the potential temperature
prescribed in the simulations.

The characteristics of the convective boundary layer
just before the decay process starts (to) for each simu-
lated case are presented in Table 1. In this table, h is
the height where virtual potential temperature gradient
is maximum, z; is the height of the minimum buoyancy
flux, A9 = 0(h) — 9, AU = U(h) — U, where § and U
are, respectively, the values of the potential temperature
and horizontal velocity in the z direction in the boundary
layer, and the Richardson number is defined as (Pino et
al., 2003):

Ri:@Aa7 w3 = wd + 8u? (1)
0 wi,

NS1 NS5 GC1 GC5
9 (K) 307.1 307.6 307.1 307.7
h (m) 1160 952 1044 936
zi (M) 1072 896 1040 896
A (K 0.68 269 0.68 218
we (Ms™) 154 144 154  1.44
us (ms™h 107%* 107* 044 044
AU (ms™) 0.031 0.014 1.01 1.03
Ri 10.6 39 9.4 27

Table 1: Boundary layer variables and scaling parameters at
the beginning of the decay process for each simulation.

3. RESULTS

Following NB86, who showed that decay of turbu-
lence is self-similar with respect the dimensionless time
t/t. = twmh™', we have used h/w., and w?, to nondi-
mensionalize time and velocity variances respectively. By
doing this, as the values for w,, and h presented in table
1 vary for each case, it is clear that different tw.,h~* are
obtained for each case at the same time ¢.

3.1 TKE and variances time evolution

Figure 2 shows the turbulent kinetic energy (TKE) av-
eraged over the boundary layer and normalized by means
of w2, as a function of tw,h~'. As shown, for all the
studied cases, the TKE remains constant and the curves
collapse onto a single curve during one eddy turnover
time. After tw,,h~" = 1, similarity is not fulfilled and NS
and GC cases present different decay evolution, decaying
faster the NS simulations. The exponent of the power law
for the NS case at the beginning of the decay is similar to
the unique exponent that NB86 found (n = —1.2) in all of
their shear simulations. The shear cases present expo-
nents which are similar to the to simulation D-1 of Sorbjan
(1997). In his work, he did not suddenly shut-off surface
heat flux, but decreased it with time. For 3D isotropic tur-
bulence, Chasnov (1994) pointed that the exponent of the
decay process is always lower than —1.
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FIGURE 2: TKE averaged across the boundary layer and
nondimensionalized by w2, as a function of tw,,h = for the NS
(black) and GC simulations (red). The lines serve as a guide to
the eye to give an indication of the decay rates.

If the horizontal components of the TKE are consid-
ered (not shown here), a vertical shift appears for 0.5 <
u? > and the curves do not collapse for tw,,h~! < 1.
This fact is due to the different contribution of shear of
the simulations. The decay of this component can be de-
scribed by a power law with exponent n ~ —1 only for
the NS cases, GC cases decay slowly. NB86 found an
exponent of n = —1. The other horizontal component
(0.5 < v? >) presents approximately the same decay pro-
file for all the cases. The vertical component, 0.5 < w? >,
collapse onto a single curve for tw,,h~* < 1, but only the
decay process for NS can be approximately reproduced
by a power law with exponent —2. For the GC cases, the
exponent is larger and seems to change with time. These
facts can be understood as follows. For a decay process
with a confined outer length scale, like w bounded by h, a
power law with an exponent n ~ —2 is expected (e.qg.
NB86). However, the length scales of w and v, which
are confined by the domain size, can grow unbounded
for quite a while, implying an exponent n > —2. There-
fore, the anisotropy must increase. In order to summarize
these characteristics and to verify this last point, figure 3



shows the time evolution of an anisotropy variable defined
as (< u? > + < v* >)(2 < w® >)7*. Clear differences
between shear and no shear cases can be observed at
the beginning of the decay. The shear cases present an
almost perfect isotropy. On the contrary, NS cases are
much more anisotropic in the vertical direction, specially
NS1. For tw.,,h~* > 1, anisotropy grows for all the cases.
However, the growth rate depends on time: the exponent
of the power laws which reproduce the decay process are
not constant. For one of the cases (NS1), the horizontal
profile of the anisotropy for 2 < tw.,h™* < 3.5 is related
with a large increase of < w?® > which was also found
by NB86 for one of their simulations. As we will show
this increase is related with some special features during
the decay process. The shear cases have a tendency to
an asymptotic value after tw,,h~! = 3. In all the cases,
turbulence does not relax to an isotropic state. A first
analysis of the instantaneous horizontal cross sections at
the bulk shows that the 3D-turbulence structures of the
boundary layer become with the characteristics of 2D-
turbulence for the NS cases. Further analysis is needed
to verify this point.

The variance of temperature averaged across the
boundary layer (not shown here) starts to decay almost
immediately and all the cases reveal a different time evo-
lution. This can be due to the fact that temperature vari-
ance is dominated by near surface production.
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FIGURE 3: Anisotropy as a function of tw,,h~"! for the NS
(black) and GC simulations (red).

3.2 Vertical profiles of potential temperature and
buoyancy flux

No differences in the evolution of potential tempera-
ture vertical profile (not shown here) are found between
shear and no shear cases. For all the studied cases,
shortly after the beginning of the decay (¢ = 14 minutes,
tw,,h~! around 1.3) a positive gradient of the potential
temperature can be found throughout the boundary layer.

The vertical profile of the buoyancy flux gives us
one of the keys to understand the decay process. The
buoyancy flux evolution is as follows. At the beginning
of the process, heat flux at the surface becomes zero
but at higher levels it remains positive until ¢ ~ 18 min-

utes (tw.,h~" around 1.6), which corresponds with the
period when the averaged TKE in the boundary layer is
constant and when a positive lapse rate appears in the
boundary layer. Afterward, as entrainment takes place
continuously, a negative heat flux profile is found in the
whole boundary layer. Thereafter, all the cases show a
reverse on the flux sign, and a positive buoyancy flux in
the boundary layer for 30 < ¢ < 50 minutes. However,
differences can be observed between the cases. NS5,
which is the case with low entrainment rates due the the
large inversion strength and no shear, presents the lowest
values of the positive buoyancy flux. Figure 4 shows the
buoyancy flux after 36 minutes. At this moment all cases
show a positive flux in the middle of the boundary layer.
NS5 has the lowest positive buoyancy flux. Afterward, the
fluxes turn to negative and tend to zero except for NS1
which turns another time to positive for 66 < ¢t < 80 min-
utes. This sort of oscillating behavior was observed by
Caughey and Kaimal (1977) and Grimsdell and Angevine
(2002) and it is similar only to one of the numerical exper-
iments of NB86. They named it ‘demixing’ and associated
it to cycles in the conversion between kinetic and potential
energy. In some cases, when there is not enough small
scale turbulence in order to mix the big parcels of warm
air coming from above the inversion, moving downward
until they have expended all their energy. Then, they tend
to return to their equilibrium levels, moving upward and
producing a positive buoyancy flux in the middle of the
boundary layer.

1.0F

0.8}

0.0l |
-0.02

-0.01
wl,/(wh,)o

0.00

FIGURE 4: Buoyancy flux nondimensionalized by its surface
value after 36 minutes for the NS cases (black) and GC cases
(red). This time corresponds to tw,,h~1' = 2.86, 3.24, 3.36 and
3.54 for NS1, NS5, GC1 and GC5 respectively.

NB86 concluded that the appearance of demixing in
a sheared convective boundary layer seems to depend on
the strength of the inversion. Very large AT would pre-
vent entrainment and consequently the production of tem-
perature fluctuations. However, in their study they did not
consider large AT and only found demixing effects for the
experiment with the largest inversion strength (AT = 2
K). Two important aspects should be noticed. First, it is
not clear how exactly NB86 defined AT. If they used a
similar definition, our inversion strengths were compara-
ble. Second, in their simulations, other variables apart



from inversion strength should be considered to explain
why there is no demixing for the experiments with the
smallest inversion strength. In other words, in the experi-
ments of NB86 many parameters vary (for instance, if the
initial surface heat flux is the same for the different ex-
periments, T can vary by 1.5 times between them), so it
is difficult to extract the influence of inversion strength on
demixing effects. In our numerical experiments, where
we only vary A6 and u., we find demixing effects for all
the cases: NS1 and GC1 with small inversion strength,
GC5 which corresponds to a large inversion strength with
shear and also for NS5 with a large inversion and no
shear. However it is clear that for this last case the demix-
ing effects are not so important. A possible explanation to
find out when demixing effects appear could be based in
considering the role of the shear in the entrainment pro-
cess. As itis already known shear enhances entrainment
(Pino et al., 2003). In consequence, shear can contribute
to favor demixing.

3.3 Characteristic length scales

In this section we focus on the spectra of v and w
at z/h =~ 0.5. Figure 5 shows the vertical velocity spec-
tra for NS1 obtained for ¢ = 2, 42 and 80 minutes. As
can be observed the spectral peak shift towards larger
eddies at t = 42 minutes (tw,,h~! = 3.34). At this mo-
ment NS1 presents a positive buoyancy flux in the middle
of the boundary layer. For the last represented time, the
peak returns to its original value. The same behavior was
observed for NS5. Shortly, the spectral peak is shifted to-
wards larger scales during demixing, returning to its orig-
inal value afterward. Demixing can be associated to an
increase of the characteristic length scale.
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FIGURE 5: Spectral density normalized by o2 /k, where o2
is the area below the spectral curve, calculated at z/h ~ 0.5
for t = 2 (solid), 42 (dashed), and 80 minutes (dotted) for NS1
(twmh ™1 = 0.16, 3.34 and 4.8 respectively).

Figure 6 shows the time evolution of the spectral
peak of the vertical velocity spectra (A.,) for the NS simu-
lations. As can be observed both cases presents a simi-
lar evolution until tw,,h~* ~ 5. During one eddy turnover
time the characteristic length scale remains constant. Af-
ter a small increase, A, decrease below h for both cases

and remains constant during one eddy turnover time ap-
proximately. At this period a negative vertical profile of
the buoyancy flux is found in the boundary layer. After-
ward, the buoyancy flux turns to positive. This fact is re-
lated with an increase of A,, between tw,h~' ~ 3 and
twmh~! ~ 5. Once the flux becomes negative another
time, A, decreases for both cases. At tw,,h~! > 5, NS5
presents a constant value of A, being A, < A until the
end of the simulation. However, for NS1 the characteristic
length scale increases its value when the buoyancy flux
is positive another time. Notice that this is the only case
that presents a positive buoyancy flux for tw,,h = > 5.

The evolution of the spectral peak of the vertical ve-
locity spectra for the shear cases is presented in figure
7. During one eddy turnover time the evolution is similar
to the no shear cases. Once a negative buoyancy flux
exists in the whole boundary layer, and the characteris-
tic length scale has decreased its value for both cases, it
remains constant even if a positive buoyancy flux exists
after this moment. Shear seems to set the characteristic
length scale of the vertical velocity spectra. Future re-
search will be addressed to study the effects of shear on
the characteristic length scale.
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FIGURE 6: Evolution of the spectral peak (characteristic
length scale) of the vertical velocity spectra at z/h ~ 0.5 as a
function of tw,, h—1 for NS1 (solid) and NS5 (dashed).

If the evolution of the peak of the horizontal velocity
spectra (A,) is considered differences also exist between
shear and no shear cases. Figure 8 shows the evolution
of A, for the NS cases. For both cases, A, increases
its value becoming of the order of the horizontal domain.
In order to explain this fact, the evolution of the spectra
should be analyzed (not shown here). While the spectral
density of the horizontal velocity rapidly decreases for the
small scales, the density at large scales remains approx-
imately constant during the decay of convective turbu-
lence. This hints at a form of spectral blockage: spectral
transfer is somehow absent or largely reduced at these
large scales. As a result, the characteristic length scale
moves towards the largest scales. If the horizontal veloc-
ity cross section at z/h =~ 0.5 is plotted, a unique struc-
ture that occupies the whole horizontal domain can be



observed. The shear cases (figure 9) present a similar
evolution until tw,,h~' =~ 4. The characteristic length
scale also increases for GC, however it does not reach
the horizontal domain size. In this case, probably due
to the continuous shear production there is no spectral
blockage at the large scales and the energy decay at the
smaller scales does not take place that quickly. The dif-
ferences obtained at the end of the simulation can be ex-
plained by the appearance in both shear cases of two
maxima with a similar height at » and 4h, which makes
difficult to determine the characteristic length scale.

FIGURE 7: Evolution of the spectral peak (characteristic
length scale) of the vertical velocity spectra at z/h ~ 0.5 as a
function of tw,,h~! for GC1 (solid) and GC5 (dashed).

FIGURE 8: Evolution of the spectral peak (characteristic
length scale) of the horizontal velocity spectra at z/h ~ 0.5 as a
function of tw,, h~! for NS1 (solid) and NS5 (dashed).

4. CONCLUSIONS

The influence of the inversion strength and shear
during the decay of convective turbulence at sunset over
land is studied by means of large eddy simulations.
The demixing process discussed previously by NB86 ap-
peared for all the simulated cases, but with different
strength which depends on A# and on wind shear. We
show that weak inversion strengths and shear enhance
entrainment favoring the demixing process to occur. For

all the studied cases the spectral peak of the vertical ve-
locity varies during the decay of turbulence. In the cases
without shear, the characteristic length scale increases
during the demixing events. If demixing is not present,
the characteristic length scale is approximately equal to
the boundary layer depth with a tendency to decrease
for tw,,h~' > 4. For the shear cases, the characteristic
length scale of the vertical velocity does not change af-
ter tw.,h ' & 1, even when there is a positive buoyancy
flux (demixing). This fact, also found by NB86, should
be analyzed in more detail by studying the evolution of
the bulk values of the terms of the budget equations. We
have also shown that the characteristic length scale for
the horizontal velocity increases in all the cases.

FIGURE 9: Evolution of the spectral peak (characteristic
length scale) of the horizontal velocity spectra at z/h ~ 0.5 as a
function of tw,,h~1 for GC1 (solid) and GC5 (dashed).
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