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Abstract The role of shear and inversion strength on the decay of convective tur-
bulence during sunset over land is systematically studied by means of large-eddy
simulations. Different decay rates have been found for the vertical and horizontal
velocity fluctuations, resulting in an increase of the anisotropy for all the studied
cases. Entrainment, which persists during the decay process, favours the appearance
of vertical upward movements associated with a conversion from kinetic to potential
energy. Particular attention is paid to the evolution of the characteristic length scale of
the various turbulent variables during this process. The length scale evolution is found
to depend on the wind shear characteristics, but not on the strength of the inversion.
In general the length scales of the variables grow during decay because small-scale
fluctuations dissipate faster than large-scale fluctuations. Only the length scale of the
vertical velocity component remains nearly constant during decay. Spectral analysis
of the variance budgets shows that pressure correlations are responsible for fixing this
length scale, effectively compensating the strong but oscillating influence of buoyancy.
In the shear cases, after an initial period of growth, the length scales start to decrease
once the buoyancy-generated variance has sufficiently subsided. Also here the effect
of pressure redistribution is crucial, as it transfers the spectral influence of shear to
the other velocity components.
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1 Introduction

Near sunset, the surface heat flux progressively decreases and, consequently, the
convective eddies that maintain turbulence start to loose their strength, and the con-
vective turbulence in the boundary layer begins to decay. Several authors have pre-
viously studied this transition regime of atmospheric turbulence. Through laboratory
experiments, Monin and Yaglom (1975) studied the decay of grid-generated turbu-
lence under neutral conditions. During the decay, the turbulence maintains the initial
isotropy, with the energy decay following a power law =", ¢ being time. Cole and
Fernando (1993), by performing an experiment in a water tank, studied the decay
of temperature and velocity fluctuations in a convective turbulent boundary layer in
response to cooling at the surface. They found that, when the cooling rate is constant,
the decay times of turbulent velocity and temperature fields scale with a time that
is proportional to the temperature difference between the cooling surface and the
mixed-layer temperature, and inversely proportional to the cooling rate. Stillinger
et al. (1983) studied the decay of homogeneous turbulence in a uniform stratification
showing that turbulence becomes highly anisotropic. On the other hand, turbulence
decay has been also studied by using theoretical models (George 1992), large-eddy
simulation models (LES) (Touil at al. 2002) or direct numerical simulations (DNS)
(Biferal et al. 2003). Specifically, atmospheric transitional boundary layers have been
much less studied than quasi-stationary situations such as the convective and stable
boundary layers. The convective turbulence decay in the atmospheric boundary layer
has been analyzed by Goulart et al (2003) using theoretical models; by Nieuwstadt
and Brost (1986) (hereafter NB86), Sorbjan (1997) and Goulart et al. (2003) by means
of LES; and recently Shaw and Barnard (2002) used DNS to study the same prob-
lem. Moreover, Caughey and Kaimal (1977), Grant (1997), Acevedo and Fitzjarrald
(2001), Grimsdell and Angevine (2002), Anfossi et al. (2004) and recently Fitzjarrald
et al. (2004) reported some observations and in some cases compared these with LES
results.

Our study builds on these previous works by studying specifically the role played
by the inversion strength and shear during the decay of convective turbulence.
Particular effort is addressed towards understanding the evolution of the charac-
teristic length scales of the turbulent variables during this process. Our study attempts
to complete the previous numerical work of NB86, who, by means of LES, ana-
lyzed an idealized case of the decay of turbulence with constant geostrophic wind
(5ms~!) and different inversion strength, A®,, mean virtual potential temperature
in the mixed layer, ©,,,, and boundary-layer depth, A, at the beginning of the tur-
bulence decay. Time evolution of the volume averaged variables, vertical profiles
and convection patterns were compared in order to determine which processes are
relevant during the decay. For one of their cases, they found a different behav-
iour in the decay of turbulence characterized by the return to equilibrium levels
of warm air parcels, i.e., a ‘demixing’ process. Recently, Grimsdell and Angevine
(2002) by means of wind profiler observations and radiosondes postulated two types
of afternoon transition of the convective boundary layer and related them to the
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two types of decay process, with or without the demixing process, described by
NBS6.

Compared to the previous studies, we attempt to study systematically the role of
external forcing and fluxes in the entrainment zone during sunset turbulence. First,
the roles of the shear and of the inversion strength are studied by maintaining other
variables, such as boundary-layer depth or bulk temperature, similar between the
different simulations during the decay of convective turbulence. Our aim is to ana-
lyze how these external forcings act to maintain turbulence in the boundary-layer
evening transition. Notice that, currently, the majority of numerical models with
boundary-layer schemes do not represent specifically this transition. Therefore, by
performing this study, we attempt to obtain information of the relevant scaling vari-
ables and spatial/temporal characteristic scales essential in deriving future representa-
tions of the evening transition. Second, due to the improvement of computer facilities,
higher resolution and larger domains are prescribed. Finally, we focus on the evolu-
tion of characteristic length scales during the decay of a dry convective boundary
layer. Only Grant (1997) dealt with this aspect intensively. He calculated the spectra
of the vertical velocity component at different times and heights during an observa-
tional campaign during August 1990 at Cardington, England, and found that during
the decay process the spectral peak of the vertical velocity spectra in the boundary
layer shifts to smaller length scales. By using LES, NB86 and Goulart et al. (2003)
found that the position of the spectral peak of the vertical velocity variance remains
constant during their simulations. In contrast, Sorbjan (1997) showed some evidence
that the spectral peak of the vertical velocity variance shifts toward larger eddies, i.e.,
the larger eddies decay slower than the smaller ones. Because of the disparity of these
previous results, we attempt to clarify the evolution of the characteristic length scale
during the decay of turbulence.

The simulations will be presented in Sect. 2, and in Sect. 3 the time evolution of
the turbulent variables and the evolution of their characteristic length scales will be
shown. Sect. 4 summarizes the results.

2 Numerical set-up

The LES model is described in Cuijpers and Duynkerke (1993) and has been modi-
fied by Cuijpers and Holtslag (1998). In the simulations, different wind profiles and
inversion strengths are prescribed. Each of the four decay experiments begins with a
fully developed dry convective boundary layer, which has been generated by heating
the surface for 2h at a constant rate (wfp = 0.1 Km s71, wqo = 0), where the overbar
denotes time average. At this moment (f), the surface heat flux is set to 0, 2h more
were simulated, and the statistics were calculated every 2 min. It is important to note
that, despite this situation occurring in reality only during an eclipse, the inclusion
of a smooth decay of the surface heat flux, which better simulates sunset conditions,
does not introduce any particular differences with the cases considered here (Sorbjan
1997). The simulated domain was in all the cases 12.8 x 12.8 x 2.048km? with grid
spacing Ax = Ay = 50m and Az = 16 m. This resolution is high enough to correctly
simulate a convective boundary layer (Pino et al. 2003) and a neutrally stratified
boundary layer (Andren et al. 1994).

The differences between the four runs are only based on the inversion strengths and
mean winds prescribed. Regarding the shear characteristics, two different boundary
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layers were considered. A pure buoyancy—driven boundary layer, without geostrophic
winds, namely NS (no shear), and a boundary layer driven both by buoyancy and shear
(SH, shear), where the geostrophic wind is constant with height, being its components
in the x and y direction at the beginning of the simulation U, = 10m s—!,and Ve=0m
s~1, respectively. Regarding the virtual potential temperature jump at the inversion,
the initial mean potential temperature for all the simulations was 306 K below 888 m.
Depending on the inversion case considered, it increases 1 K for the weak inver-
sion cases, or 5K for the strong inversion case, across one Az grid level, and finally
increases with a constant rate of 3K km~! until it reaches the top of the domain. It is
important to note that a strong inversion jump equates, to some extent, to a rigid lid
at the interface, but differs obviously with regard to the behaviour and influence of
the entrainment flux. Simulations with a rigid lid could be useful to further isolate the
inversion interactions from the other processes, but are not considered here. Table 1
shows the initial values of the inversion strength and wind characteristics for the four
simulations performed.

3 Results

The vertical profiles of virtual potential temperature and virtual potential tempera-
ture flux for all the cases, and the vertical profile of horizontal velocity component
in the x direction, U, for the shear cases after two simulated hours, just before the
decay process starts (1), are presented in Fig. 1. At this moment all the simulated
CBLs are in steady state, i.e., the boundary-layer averaged turbulent kinetic energy
(TKE) is approximately constant. As can be observed in Fig, 1a, b, the differences in
the vertical profiles between the cases are mainly due to the inversion strength, i.e.,
shear does not introduce large differences in virtual potential temperature or virtual
potential temperature flux after 2h. In Fig. 1c the effect produced by the inversion
strength in the mean wind in the x direction can also be observed.

Table 2 shows the main flow characteristics for all the simulations. In the Table, the
Richardson number is defined as (Pino et al. 2003):

h A®
Ri=2% i 1)
Ovm W2,
Wy = w3+ 8ut, 2)

where g is the gravity constant, and u,, w, are the friction and convective velocities,
respectively.

From the Table, it is clear that the four cases can be separated depending on the
value of 4 and u,.. We attempted to combine these two variables in the defined Rich-
ardson number in order to explain the different behaviour in the decay process. As
will be shown, Ri is not the only parameter to characterize the decay process.

Table 1 Initial values of the

; . . NS1 NS5 SH1 SHS5
inversion strength and wind

profile in the x direction for the ~ A®y (K) 1 5 1 5
studied cases Ug (m s7h) 0 0 10 10
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Following NB86, who showed that decay of turbulence is self-similar with respect
the dimensionless time tw,,,h~!, we have used h/wy, and W%; to nondimensionalize
time and velocity variances respectively. It is important to notice that NB86 did not
use wy, but w,, which does not include the surface shear characteristics. By doing this,
as the values for w,, and h presented in Table 2 vary for each case, different twh™!
values are obtained for each case at the same time ¢.
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Table 2 Boundary-layer variables and scaling parameters at the beginning of the decay process for
each simulation. / is the height where the virtual potential temperature gradient is maximum, z; is
the height of the minimum buoyancy flux, A®, = Oy (h) — Oy, AU = U(h) — Uy, where Uy, is the
value of the horizontal velocity component in the x direction at the middle of the boundary layer, and
the rest of the variables are defined in the text

NS1 NS5 SH1 SH5
Oym (K) 307.1 307.6 307.1 307.7
h (m) 1160 952 1044 936
zi (m) 1072 896 1040 896
AO, (K) 0.68 2.69 0.68 2.18
wy (ms™1) 1.54 1.44 1.54 1.44
us (ms~1) 1074 1074 0.44 0.44
AU (ms™1) 0.031 0.014 1.01 1.03
Ri 10.6 39 9.4 27

3.1 TKE and variances time evolution

Figure 2 shows for all the studied cases the turbulent kinetic energy, horizontally
averaged and over the boundary layer and normalized by means of w?,, as a function
of tw,,h~1. As shown for all the studied cases, the TKE remains constant and the
curves collapse onto a single curve during one eddy turnover time (around 15 min).
Therefore, the breakdown of the convective boundary layer occurs rapidly, as noted
by Kaimal et al. (1976) and Caughey and Kaimal (1977) who described observations
for the afternoon transition. After tw,,hi~! ~ 1, similarity is not fulfilled and NS and
SH cases present different decay evolution, decaying faster for 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 higher exponents that are similar to the simulation D—1 of
Sorbjan (1997), who did not suddenly shut-off the surface heat flux, but decreased it
with time. Then, it is clear that the exponent of the power law of TKE in the decay
process depends on the contribution of shear to the maintenance of atmospheric tur-
bulence. If NS cases are considered, a strong inversion tends to slightly slow down the
turbulence decay. For 3D homogeneous isotropic turbulence, George (1992) showed
that the decay rate has a power-law form with an exponent that depends on the ini-
tial conditions, so that the decay rate constants cannot be universal. Chasnov (1994)
pointed out that, within these conditions, the exponent of the decay process is always
lower than —1. By using LES in the same conditions, Touil et al. (2002) reproduced
the helium superfluid experiment of Skrbek and Stalp (2000) and found an exponent
n = —2 for the decay of the TKE in a bounded domain.

In order to study the behaviour of the components of the TKE, Fig. 3 shows
the evolution of the resolved velocity variances averaged horizontally and over the

boundary layer, 0.5<?>, 0.5 <v7> and 0.5 <ﬁ>, normalized by means of w2, as a function
of tw,,h~! (the angular brackets denote a domain average). As can be observed a
vertical shift appears for 0.5 <u2> and the curves do not collapse for tw,,h~1 < 1. This

fact is due to the different contributions of shear for the simulations. The decay of
this velocity variance can be approximately described by a power law with exponent
n ~ —1 only for the NS cases; SH cases decay slowly. Furthermore, by comparing NS1
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Fig. 2 Volume-averaged 1.00
(from z = 0 to z = h) turbulent
kinetic energy (TKE) and
nondimensionalized by w2, as

a function of twmlf1 for the
NS1 (solid line), NS5 (dotted
line), SH1 (dashed—dotted
line) and the SHS (dashed line)
simulations. The thin lines
serve as a guide to the eye to
give an indication of the decay
rates 0.01 \ \ .
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and NS5 evolution, or SH1 and SHS, one can conclude that strong inversion strength
only slightly decelerates the decay process of this variance.

Regarding the evolution of 0.5 <v2>, except for a small vertical shift, the same evo-
lution is observed for all the cases. Notice that no flow was initially prescribed in this
direction. For this component of the velocity and due to the small flow in this direction,
all the cases can be approximately described by a power law with exponent n ~ —1,
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Fig. 3 One half of the volume-averaged (from z = 0 to z = h) resolved velocity variances, <u7>

(a), <v7> (b), and <W> (¢), and nondimensionalized by wfn as a function of twmh*] for the NS1 (solid

line), NS5 (dotted line), SH1 (dashed-dotted line) and the SH5 (dashed line) simulations. The thin
lines serve as a guide to the eye to give an indication of the decay rates
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i.e., for the variance of this velocity component there is no difference between NS and
SH simulations.
As with (u?), the presence of shear makes the volume-averaged vertical velocity

variance decay with a different slope (Fig. 3c). Conversely, inversion strength does
not play any role on the decay of the vertical velocity variance. NS and SH cases
collapse almost onto a single curve for tw,,h~1 < 1. The decay process for NS can be
approximately reproduced by a power law with exponent —2. For the SH cases, the
exponent is larger and is not constant with time. For a decay process with a confined
outer length scale, like the vertical velocity variance bounded by the boundary-layer
depth, &, a power law with an exponent n ~ —2 is expected (Tennekes and Lumley
1972; Touil et al. 2002). However, the length scales of the horizontal velocity vari-
ances, which are only confined by the domain size, can grow unbounded, implying
an exponent n > —2 (e.g., NB86). The different decay profile of the horizontal and
vertical velocity variances has been also observed in the real atmosphere (Fitzjarrald
et al. 2004). In this work, six cases of the evening transition from convective to stable
boundary layers were observed by means of flux towers and aircraft measurements.
They clearly observed a decay in the w variance, though the u, v variances decreased
more slowly or even increased for some of the nights. For these specific nights, TKE
does not present a clear decrease in its behaviour. Therefore, the differences in the
exponent of the variances of the three components of the velocity is a clear indication
that the turbulence does not relax to an isotropic state during the decay process. On
the contrary, the anisotropy increases during the decay of convective turbulence.

To determine the evolution of the anisotropy on the decay of the velocity variances,
we calculated it according to (<u2> + <v2>) (2 <w2>) ! (Fig. 4). At the beginning of the
decay process, the two simulations with shear present an almost perfect isotropy,
NS simulations are much more anisotropic in the vertical direction, especially NS1.
For tw,,h~! > 1, the anisotropy grows for all the cases. However, the growth rate
depends on time, i.e., the exponent of the power laws that represent the decay pro-
cess is not constant. For one of the cases (NS1), and to a lesser extent NS5, between
2 < tw,,h~! < 3.5, the horizontal profile of the anisotropy is characterized by a large

increase of (W>, which was also found by NB86 for one of their simulations. This

increase occurs in flows with a weak inversion and almost no shear. The shear cases
have a tendency to an asymptotic value after tw,,h~1 = 3. In all cases, turbulence
does not relax to an isotropic state.

The variance of temperature averaged across the boundary layer (Fig. 5) begins to
decay almost immediately and all the cases reveal a different time evolution. This may
be due to the fact that temperature variance is dominated by near-surface production.

Due to the larger <97> in the entrainment zone, the strong inversion cases present

larger values of <97> and decay slower than the NS1 and SH1 cases.

3.2 Vertical profiles

The vertical profile of the buoyancy flux provides one of the keys to understanding the
decay process. Figure 6 shows the time evolution of the virtual potential temperature
flux vertical profile for the four simulated cases. The virtual potential temperature flux

evolution is as follows for all the cases. At the beginning of the process, the heat flux
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at the surface becomes zero but at higher levels it remains positive until # ~ 18 min
(Fig. 6b). During this period, the averaged TKE in the boundary layer is constant
(Fig. 2) and a positive lapse rate appears in the boundary layer. This fact was observed
by Grant (1997) during several boundary-layer evening transitions. Fig. 7b shows the
vertical profile of the virtual potential temperature gradient, where the stable strat-
ification in the boundary layer can be observed. This stratification plays a key role
in the decay of convective turbulence (Cole and Fernando 1993). After this time, as
entrainment takes place continuously, a negative virtual potential temperature flux
is found throughout the whole boundary layer (Fig. 6¢). This process was observed
by Kaimal et al. (1976) during the evening transition of a real convective boundary
layer. For 30 < ¢t < 50 min, all the cases show a reverse in the flux sign, and a positive
buoyancy flux in the boundary layer (Fig. 6d). During this period a large increase of

<w2> occurs, which is also reflected in the constant anisotropy of the NS1 case between

2 < tw,h~! < 3 (see Fig. 4). However, differences can be observed between the cases.
NS5, which is the case with low entrainment rates due the large inversion strength
and no shear, presents the lowest values of the positive virtual potential temperature
flux.

In the NS5, SH1, and SHS cases the virtual potential temperature flux turns neg-
ative and tends to zero. However, for NSI1 it turns to positive for 66 < t < 80min
(Fig. 6¢e).

Fig. 4 Anisotropy as a
function of twmh_1 for the

NS1 (solid line), NS5 (dotted
line), SH1 (dashed—dotted line),
and the SHS5 (dashed line)
simulations
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Fig. 5 One half of the 10.0F T T T
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variance nondimensionalized
by 72, where Ty = wlg/wm, as
a function of tw,nPF1 for the
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line) and the SH5 (dashed line)
simulations
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Fig. 6 Buoyancy flux nondimensionalized by its initial surface value as a function of szl at0 (a), 8
(b), 18 (¢), 36 (d), and 72 (e) min during the decay process for the NS1 (solid line), NS5 (dotted line),
SH1 (dashed—-dotted line), and the SH5 (dashed line) simulations

The evolution of the virtual potential temperature flux shown above determines
the evolution of the potential temperature profile. Figure 7 shows the vertical profile
of the virtual potential temperature (left) and of the virtual potential temperature
gradient (right) 16 min after the cut-off in the surface flux. For all the studied cases,
due to the positive gradient of the virtual potential temperature flux in the lower part
of the boundary layer (Fig. 6b), temperature decreases. Afterwards (¢ ~ 14 min), as
the upper part of the boundary layer continues to warm, a positive gradient of the
virtual potential temperature can be found throughout the boundary layer (Fig. 7b).
This positive gradient does not change during the rest of the decay process and implies
a downward transport of heat. Therefore, the remaining large coherent eddies of the
former convective boundary layer lose energy gradually.
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Fig. 7 Virtual potential temperature (a) and virtual potential temperature gradient (b) as a function

of zh~! at 16 min after the beginning of the decay for the NS1 (solid line), NS5 (dotted line), SH1
(dashed—dotted line), and the SHS (dashed line) simulations

The oscillating behaviour in the virtual potential temperature flux was observed
by Caughey and Kaimal (1977) and Grimsdell and Angevine (2002) and it is similar
to one of the studied numerical experiments of NB86. They termed it ‘demixing’ and
is associated with cycles in the conversion between kinetic and potential energy. In
short, when small-scale turbulence has almost dissipated shortly after #, temperature
fluctuations are not mixed, and warm air coming from the free troposphere can move
downward until large-scale turbulence has lost all its energy. Then, these parcels that
are warmer than the environment, tend to return to their equilibrium levels, moving
upward. This fact is clearly marked by the positive buoyancy flux at the middle of the
boundary layer shown in Figs. 6d, e.

NB86 concluded that the appearance of demixing in a sheared convective bound-
ary layer is dependent on the strength of the inversion. Very large A®, will prevent
entrainment and consequently the production of temperature fluctuations. However,
in their study they did not analyze situations with large A®, and moreover, they
only found demixing effects for the experiment with the largest inversion strength
(A®, = 2K). With respect to the study of NB86, two important aspects need to be
discussed. First, the definition of A®, as used by NB8&6 is unclear. If they used a
similar definition to the one used in our study, their inversion strengths were compa-
rable to the two cases considered here. Second, in their simulations, other variables
apart from inversion strength, such as, ®, and 4, should be considered to explain
why there is no demixing for the experiments with the smallest inversion strength. In
other words, as the inversion strength is not the only parameter that varies between
the experiments of NB86, it is difficult to determine the role played by the inversion
strength in the ‘demixing’ process. In NB86, the initial surface heat flux is different for
each simulation, consequently the mean temperature in the boundary layer, ®,,,, is
also different. Then, it is difficult to extract the influence of the inversion strength on
the demixing effects. In our numerical experiments, where we only vary A®, and u,,
we find demixing effects for all the studied cases: NS1 and SH1 with small inversion
strength, SHS characterized by a large inversion strength with shear and also for NS5
with a large inversion and no shear. However, for the latter the demixing effects, i.e.,
the magnitude of the positive virtual potential temperature flux associated with warm
lumps of air moving upwards in the middle of the boundary layer once the decay
process has started, are not so important. Moreover, by observing Table 2, one can
conclude that low Ri favours demixing, and its effects lose intensity with increasing
Ri.
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In summary, besides the inversion strength, the presence of shear at the surface
and at the inversion, which enhances the entrainment fluxes (Tennekes and Driedonks
1981; Fedorovich et al. 2001; Pino et al. 2003), as a consequence favours the strength
of demixing events.

3.3 Characteristic length scales

A main objective of this research is to study the evolution of the characteristic length
scales of the turbulence variables during the decay of convective turbulence. By doing
this, the role played by the different processes that control the decay of convective
turbulence is better understood, and therefore, one might improve the form of para-
metric expressions of the transition boundary layer after sunset.

By calculating the 2D spectra of the LES results, we estimate the evolution of the
characteristic length scales during the decay of convective turbulence. We focus on
the spectra determined in the middle of the boundary layer, obtained at ¢t = 2, 20, 40,
and 80 min after the beginning of the decay process. Figure 8 shows for NS1 the w2,
u? and 62 spectra at zh~! = 0.5 normalized by o2/k, where o2 is the corresponding
variance and k is the wavenumber. This normalization ensures that the area under
all spectral curves amounts to unity, which greatly facilitates the comparison between
spectra taken at different times during the decay process. An additional advantage of
plotting spectra on log-linear axes is that a peak in the spectra can be interpreted as
the wavenumber that has the largest relative contribution to the variance.
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Fig. 8 Spectral density at the middle of the boundary layer (zh~1 & 0.5) of w2 (a), 2 (b) and 02

(¢) normalized by o2 /k, where o2 denotes the variance of the studied variable, for ¢ = 2 (solid), 20

(dashed), 40 (dash—dotted), and 80 min (dotted) for NS1 (twyh~! = 0.16, 1.6, 3.2, and 6.4, respec-
tively)
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At the selected times, the vertical profile of the virtual potential temperature flux
has the following characteristics: (a) it is positive in the boundary layer just after the
beginning of the decay (1 = 2min, tw,,h~! = 0.159), (b) it is negative in the whole
boundary layer (t = 20min, tw,,h~' = 1.59), (c) it is positive in the middle of the
boundary layer (t = 40 min, tw,,h~! = 3.19), and (d) it has very small negative values
(t = 80 min, tw,,h~! = 6.37).

As can be observed in Fig. 8a, the position of the spectral peak of the vertical
velocity variance remains near A, except for = 40 min when it slightly shifts to lower
wavenumbers. At this moment, NS1 has a positive virtual potential temperature flux
in the middle of the boundary layer due to a demixing event. Once the demixing event
is over (¢ = 80 min), the peak returns roughly to its original value.

A more spectacular and consistent shift of the spectral peak can be observed in the
spectra of u2, shown in Fig. 8b. During the decay there is a drastic shift to larger scales,
such that at the end of the simulation the largest contribution to the variance of u?
originates from the largest possible simulated scales. This means that fluctuations with
a length scale of the order of the lateral domain size dominate the variance. A similar
evolution can be observed in the spectra of v2 (not shown here). Finally, the spectra
of 62 (Fig. 8c) show a behaviour comparable to the spectra of u and v, although the
effect is less pronounced.

To provide a comprehensive overview of the spectral behaviour during the decay
of the different variables in the different cases, we present in Fig. 9 the evolution
of the characteristic length scales derived from the spectra. Several definitions have
been proposed in order to define a characteristic length scale (A ), one obvious choice
being the wavenumber at which the spectral peak is located, but this method is often
found to suffer from the erratic behaviour of the peak, which is a natural consequence
of the turbulent process (e.g., Jonker et al. 2004). A length scale based on a weighted
integral of the spectrum is therefore more favourable in this respect (e.g., De Roode
et al. 2004). In the present study, the characteristic length scale of a variable v is
defined as follows:

Jo° Sy (k)k“dk

A =
VT RSy (kdk

a#0, 3)

where Sy (k) is the spectral density of the variance of ¢ for each wavenumber k
averaged over the entire simulated domain, i.e.: [;° Sy (k)dk ~ <W> By consid-

ering the characteristic length scale across the whole domain, and not only in the
middle of the boundary layer, we include all the turbulence effects that can affect
the characteristic length scale. For instance, shear is mainly present at the surface
and across the inversion layer. Note that the choice of the parameter « in (3) influ-
ences the way in which the small and large scales are weighted. We consider the
choice of ¢ = 1 as used by Jonker et al. (1999) not ideal, since too much weight is
exerted on the small scales — for example, a k—>/3 spectrum multiplied by k yields
a divergent integral, showing the importance of spectral shape at the smallest re-
solved scale. As we are interested in the large-scale range (of the order / and larger),
we use in the present study a = —1 (e.g., Pope 2000; Jonker and Vila-Guerau de
Arellano 2005).
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Fig. 9 Time evolution of characteristic length scale A averaged across the whole domain of u (a), v

(b), w (), and 6 (d) as a function of tw,,h~! for NS1 (solid), NS5 (dotted), SH1 (dashed—dotted), and
SHS (dashed)

Figure 9 shows the time evolution of the characteristic length scales of u, v, w, and
6 as a function of tw,,h~! for all the simulated cases. On the basis of this figure we can
draw the following conclusions:

(a) The length scales of u and v reveal a strong increase during the decay process.
Only in the case of shear, this growth is halted after a while, and the length scales
start to decrease.

(b) The length scale of w changes only marginally and remains roughly equal to the
depth of the boundary layer.

(c) The length scale of 6 increases rather persistently, also in the shear cases.

(d) The strength of the inversion has only a small influence on the evolution of the
characteristic length scales, since the behaviour of SH1 largely resembles that of
SHS, and the behaviour NS1 resembles that of NS5 —at least in a qualitative sense.

To understand these results it is useful to make a comparison with decaying homo-
geneous and isotropic turbulence and highlight both the similarities and the differ-
ences. In the theory of decaying homogeneous and isotropic turbulence the length
scale of a variable v is usually taken as (e.g., Tennekes and Lumley 1972):

—\3)2
G
Ap=_2 @)
€y
where 2 is the variance of ¥ and €y is the variance loss by dissipation. A decay law
of Y2 ~ t™" and €;, = —dy2/dt ~ t~""! results in the following evolution for the
length scale
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Ay ~ 122, 5)

For homogeneous isotropic decay, the reported exponents typically vary between
n = 1.1 and 1.5, implying that the length scale Ay must grow in time; this also
indicates that the small eddies decay faster than the large eddies.

However, if the decaying turbulence is somehow confined in space, for example
due to the presence of outer boundaries, it is clear that Ay, cannot grow indefinitely
and must approach a limiting constant value. Equation (5) then implies that the decay
exponent must become n = 2 (e.g., Tennekes and Lumley 1972; Touil et al. 2002).

From these theoretical/empirical considerations one can understand the behaviour
of the u and v length scales during decay, at least in the no-shear situations. Since u
and v can then decay freely, and since the outer boundaries will not be felt for a long
period, the length scales A, and A, are expected to grow at least until the lateral
domain size is reached (e.g., Touil et al. 2002). As to the w length scale, since the
vertical extent of eddies is confined by the boundary-layer depth, the length scale of
w is limited. This result is consistent with (5) because the observed decay exponent
for the w variance (Fig. 3) was n ~ 2 in the no-shear cases.

The preceding arguments do not pay attention to the roles of buoyancy and shear.
To sketch a more comprehensive picture it is useful to consider the variance budget
equations (e.g., Stull 1988):

=352 o ©
2= ”
W) e &

where p is the mean density, p is the pressure, and €y, = 2v <(81///8xj)2> represents

the dissipation terms for the variables ¥ = u, v, w. Besides dissipation, Egs. 6-8 show
the relevance of three terms: (1) the shear-production term —2 (uw dU/dz) (only rel-
evant for the equation of the u variance budget in the cases SH1 and SHS), (2) the
buoyancy-production term 2g (@) /©m, and (3) the pressure-correlation terms.

We have studied the spectral decompositions of Egs. 6-8 to assess the relative
importance of each term at different scales. We will avoid here the technical details of
such analyses (see e.g., Domaradzki and Rogallo 1989), and only briefly discuss the
main conclusions:

(a) Shear production. The shear—production term displays a spectral peak at length
scales between 200 m and 300 m. This means that shear imposes its own length
scale, which is significantly smaller than the boundary-layer depth 4. Yet during the
first period of the decay the shear generated variance is not strong enough to leave
a fingerprint in the spectrum. Only during the later stages of the decay (tw,,h ! >
5), when the buoyancy-generated variance gradually has diminished, does shear
become significant and its impact becomes noticeable in the length scale evolution
shown in Fig. 9. If the runs were integrated for a longer period, we anticipate that
the velocity length scales eventually converge to the shear-imposed length scale.
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(b) Buoyancy production. In all cases studied (NS and SH), buoyancy production was
found to be a significant term in the variance budget. But since the buoyancy flux
frequently changes sign during the decay (see Fig. 6), the effect of the buoyancy-
production term on the length-scale evolution is not consistent, as it can enhance
as well as inhibit the growth of A,,. The net effect can only be well understood by
accounting for the pressure-correlation term, discussed next.

(c) Pressure correlation. In all the cases studied this term was found to be of ma-
jor importance, both in the variance budget and in the length-scale evolution.

For instance, in the <ﬁ> spectral budget the strong but oscillating contribution

from the buoyancy-production term is invariably compensated by the pressure-
correlation term (p 9w/dz), which also oscillates but with opposing phase. In con-
sequence, the action of pressure ensures that the length scale of w remains nearly
constant, even though buoyancy production alternatively enhances and inhibits
the growth of A,,.

In the shear cases, the pressure-correlation term is also markedly present in the
spectral budgets when the buoyancy-generated variance has sufficiently decayed

(twh™' > 5). A significant amount of the shear production in the (ﬁ) budget

is then consumed by (p du/dx), and fed back into the v and w components via
(pav/dy) and (p dw/dz), an effect known as pressure redistribution (the sum of
the three terms must always vanish). This explains, for example, why the length-
scale evolution of v mimics that of # even though there is only a marginal amount
of direct shear production in v. For this case, the effect of shear via pressure
redistribution becomes also visible in A, after tw,,h~! = 5.

In summary, the growth of A, A, in the no-shear cases and the growth of Ay in all
cases can be well understood from the analogy with decaying isotropic turbulence: the
small-scale fluctuations decay faster than the large-scale fluctuations. It is important
to stress the difference between this mechanism for increasing length scales, and the
mechanisms identified in studies of the non-decaying turbulent atmospheric bound-
ary layer (e.g., Miiller and Chlond 1996; Dornbrack 1997; Jonker et al. 1999; and De
Roode et al. 2004). Also we emphasize that the increase of length scales is not due
to an upscale spectral transfer of variance. During the evolution of the turbulence
decay, the variance at large scales is surely decreasing, yet the length scale based on
the weighted spectrum integral increases because the variance at small scales just
decreases faster. The spectra depicted in Fig. 8 are deceiving in this respect, owing to
the normalization by the total variance. The same effect can be observed in instanta-
neous horizontal cross-sections of horizontal velocity fluctuations in the middle of the
boundary layer (Fig. 10); this gives the impression that the size of the spatial structures
increases during the decay, because in fact the smaller structures have disappeared.

Finally, the behaviour of A,, can be understood through the confinement of verti-
cal structures by the CBL depth £, and was found to be consistent with the predicted
decay exponent for the vertical velocity variance by Eq. (5). In the spectral budget of

<W>, the action of pressure was identified as responsible for fixing the length scale of w

during decay, effectively compensating the significant influence of buoyancy. We note
in passing that since the pressure term is found in a temporal sense to be “locked” to
the buoyancy term, it displays the same temporal characteristics. This behaviour con-
trasts for example with the observations under stationary stable conditions conducted
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Fig. 10 Horizontal cross-sections in the x — y plane of the horizontal velocity in the x direction at
zh™1 ~ 0.5 of NS1 at 2 min (a), and 120 min (b) after the beginning of the decay process

by Cuxart et al. (2002), who found that the pressure term fluctuated on significantly
larger time scales than the other terms in the TKE budget.

4 Conclusions

The influence of the inversion strength and wind shear on the decay of convective tur-
bulence at sunset over land is studied by means of large-eddy simulations. Compared
with previous studies, the numerical experiments are done with finer resolution and
larger domain size. Sensitivity studies based on different values of external forcing for
the geostrophic wind and for the temperature inversion are carried out. The demix-
ing process discussed previously by NB86 appeared for all the simulated cases, and
depends on the inversion strength and wind profile characteristics. We have shown
that weak inversion strengths and specially wind shear (low Ri at the inversion),
which enhance entrainment during the decay of convective turbulence, also favour
the demixing.

The volume-averaged TKE remains constant during one eddy turnover time. The
TKE evolution scales well using the scaling velocity w,, and the nondimensional time
twph~. However, once the TKE starts to decay, the rate of the decay process depends
on the importance of the shear contribution. In the case with no shear, turbulence
decays faster. Consequently, the decay rate is a function of the flow characteristics
(with or without shear). If the variances of the velocity components are considered,
we show that the variance of the horizontal components decays much slower than that
of the vertical component; therefore anisotropy grows in all cases. This phenomenon
has been also observed in the real atmospheric boundary-layer evening transition
(Fitzjarrald et al. 2004).

Particular effort is devoted to studying the evolution of the spectra of the main
turbulent variables during the decay of turbulence. For all the studied cases, the spec-
tral peak position of the vertical velocity variance remains approximately constant
during the decay of turbulence. A weak relationship between demixing events and
a shift of the w-spectral peak to larger scales has been found for the no-shear cases.
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In the horizontal velocity and temperature variances a large shift of the spectral peak
to large scales has been observed for all the cases.

A length-scale definition based on a weighted integral of the spectrum, which
avoids the possible fluctuations of the maximum of the spectra, has been used. For
all the variables, the inversion strength has a small influence on the evolution of the
characteristic length. With respect to the characteristic length scale of the horizontal
velocities, we show that A, increases in all the cases at the beginning of the decay
process. The growth is not due to an upscale spectral transfer of variance, but results
from the fact that small-scale fluctuations dissipate faster than large-scale fluctua-
tions. When shear is not present this process continues until the end of the simulation.
For shear cases we find that the influence of the shear term, which imposes a length
scale smaller than %, becomes important once the buoyancy-generated variance has
sufficiently decayed. From this moment A, decreases with time.

For the no-shear cases the evolution of A, is very similar to that of A,, as was
expected. Surprisingly, this also happens when shear is present. This is remarkable,
because there is hardly any direct shear production in the v component, and one
might have expected a continuous growth of A, such as occurs for the no-shear cases.
However, analysis of the spectral variance budgets revealed that shear is indirectly
affecting the evolution of A, through redistribution by the pressure term. Therefore,
A, stops growing and even decreases once shear effects are dominant in the evolution
of A,. L

The length scale based on the w? spectra, A, was found to remain approxi-
mately constant with a value near 4, specially for no-shear cases. The spectral analysis
revealed strong oscillating contributions from buoyancy, but which were nearly always
effectively counteracted by the pressure—correlation term, rendering A,, virtually un-
changed. When SH1 and SHS cases are considered, the effects of shear become visible
through pressure redistribution in the later stages of the decay (tw,,h~! > 5), reducing
the value of A,,. Such an effect has been previously observed by e.g., Grant (1997),
who observed 3 days with constant boundary-layer winds of about 6ms~!, he found
that the spectral peak of the vertical velocity variance shifts to smaller scales.

For all our studied cases, large-scale fluctuations of the horizontal velocities and
temperature variances dominate shortly after the decay process begins due to the
faster dissipation of the small scales. For the description of the transition from a con-
vective to a stable boundary layer, the constant value of A,, ~ & during decay suggests,
at least during the first stages of decay, to maintain in the prescribed parameterization
h as the characteristic length of the process.
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