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1. INTRODUCTION

Shallow cumulus (Cu) clouds over land are a man-
ifestation of convection in the atmospheric bound-
ary layer (ABL). Their formation and evolution
depend strongly on the partitioning between the
sensible- and latent-heat fluxes, the wind shear
and the vertical structure of the thermodynamic
state variables. Because the structure of the
boundary layer with shallow cumulus differs from
the clear boundary layer, the dynamics driven by
the presence of Cu leads to variations of the
boundary layer characteristics, which also deter-
mines the evolution and distribution of atmospheric
reactive compounds. Shallow cumulus clouds gen-
erally form in synoptically high pressure regions
which are conducive to the formation and accumu-
lation of both passive and photochemically gener-
ated pollutants in the boundary layer because of
the low wind speeds, the intensification of capping
inversions, and high insolation. As a consequence,
shallow Cu can affect the variability of chemical
species in four ways: (a) the enhancement of ver-
tical transport of the chemical species, (b) the tur-
bulent mixing of atmospheric compounds, (c) the
perturbation of ultraviolet radiation, and therefore
of photodissociation rates, below, in and above the
clouds and (d) the chemical reactions occurring
within the cloud droplets. In this study, we focus
on the first three of these effects.

Although shallow Cu clouds are a common
feature in atmospheric boundary layers over land,
little is known about their role on the transport,
mixing, and photodissociation of chemical com-
pounds. Shallow cumulus have the potential to
enhance vertical transport of atmospheric com-
pounds such that the compounds reach higher al-
titudes. The vertical transport is dependent on
the strength of the clouds and on the tempera-
ture capping inversion. Field observations (Ching
and Alkezweeny, 1986; Ching et al., 1988;
Baumann et al.,, 2000; Angevine, 2005) have
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shown that the presence of shallow cumuli leads to
a reduction of the pollutants in the sub-cloud layer
due to the enhanced vertical transport by cumulus
clouds.

In these cloudy boundary layers, highly tur-
bulent regions are localized in the cloud updraft
whereas the compensating subsidence regions
are characterized by less turbulent downward mo-
tions. As a result, reactive species may be-
come segregated such that turbulent mixing con-
trols the reactivity of second-order chemical reac-
tions (Schumann, 1989; Molemaker and Vila-
Guerau de Arellano, 1998). This limitation of re-
activity is particularly important if the chemical time
scales are of similar order to the turbulent transport
time scale.

Finally, clouds disrupt the ultraviolet radiation
field by perturbing the contributions of direct and
diffuse radiation. In a seminal paper, Madronich
(1987) investigated how cloud layers modify the
vertical profiles of actinic flux, and therefore the
photodissociation rates. He showed that com-
pared to the clear-sky photodissociation values,
the perturbed photodissociation rates decrease in
the sub-cloud layer, increase almost linearly in the
cloud, and are enhanced above the cloud. In a pre-
vious numerical study on the reactions in a homo-
geneous stratocumulus cloud deck, Vila-Guerau
de Arellano and Cuijpers (2000) showed that the
influence of the physical processes (turbulence
and radiation) leads to an increase of the reactant’s
concentration gradient and consequently to a de-
parture from photochemical equilibrium.

Our objective is to study the roles of trans-
port and radiation in fair weather cumulus on reac-
tive species. By means of a large-eddy simulation
technique, we investigate the daytime evolution of
reactive species in shallow Cu. We define a se-
ries of numerical experiments to (1) investigate the
modification on the reactant distribution because
of the enhancement of the boundary layer growth
(defined by the cloud top height) by shallow Cu, (2)
test the validity of current parameterizations of the
vertical transport, (3) quantify the control of turbu-
lent mixing on the species reactivity and (4) study
how perturbed photodissociation rates by clouds
affect the transformation of species. The study is



based on the simulations carried out by the follow-
ing two large-eddy simulation (LES) models: Na-
tional Center for Atmospheric Research (NCAR)
and Wageningen University Research (WUR). The
intercomparison of the two codes allows us to as-
sess the use of the LES technique to calculate di-
agnostic fields for turbulent reacting flows. In the
absence of reliable and systematic observational
field data, the LES method could provide a unique
data base to study the influence of cloudy bound-
ary layer dynamics on chemical transformations.
Not only does this work provide a systematic study
of turbulent photochemical reacting flows in the
presence of shallow cumulus clouds, but it is the
first time that an intercomparison of reactive chem-
istry in the LES framework is being conducted. An
extensive discussion of the results and the simula-
tion intercomparison can be found at Vila-Guerau
de Arellano et al. (2005).

2. DESCRIPTION OF THE CASE: OBSERVA-
TIONS AND NUMERICAL EXPERIMENTS

Our study is based on the meteorological situation
discussed by Brown et al. (2002). The same case
has also been used to test the ability of single col-
umn cloud models to reproduce shallow cumulus
over land (Lenderink et al., 2005). Below, we pro-
vide a brief description of the observations, the set
up of the numerical experiment, and the validation
of the diagnostic fields associated with the thermo-
dynamic and reactant variables.

A cloudy boundary layer characterized by the
presence of shallow cumulus was observed on 21
June 1997 at the Southern Great Plains (SGP)
site of the Atmospheric Radiation Measurement
(ARM) program in Oklahoma. Based on the sur-
face and on the upper air observations, Brown
et al. (2002) proposed an idealized numerical ex-
periment to study the dynamics of shallow cumulus
convection over land by means of large-eddy simu-
lations. The case was characterized by a strong di-
urnal cycle of both sensible and latent heat fluxes,
which were the surface forcings for the formation of
clouds. The friction velocity follows a weak diurnal
cycle with a maximum value of 0.54 m s~' and a
minimum value of 0.45 m s~'. The observed ra-
diosonde vertical profiles of potential temperature
showed first a stable boundary layer at 05.30 LT
(11.30 UTC) which rapidly became a well mixed
boundary layer by 08.30 LT (14.30 LT). Measure-
ments of the cloud fraction showed the presence
of scattered clouds after 08.30 LT with cloud cover
ranging from 0.2 to 0.45. The cloud base height
was around 1000 m after this time.

Two large-eddy simulation (LES) codes are
used to study the transport and the transforma-
tion of reactants in a cloudy boundary layer: the

WUR-LES code (Cuijpers and Duynkerke, 1993;
Siebesma and Cuijpers, 1995; Vila-Guerau de
Arellano and Cuijpers, 2000) and the NCAR-LES
code (Moeng, 1984; Sullivan et al., 1996;
Patton et al., 2005). Both codes participated previ-
ously at the intercomparison exercise described in
Brown et al. (2002). The initial conditions and sur-
face forcing are the same as those prescribed by
Brown et al. (2002) except that the initial poten-
tial temperature has been slightly modified to sim-
ulate a cloud top height that rises faster than their
standard case. Surface fluxes of heat and mois-
ture vary with time similar to those measured. The
only other external forcing is a prescribed westerly
geotropic wind equal to 10 m s~'. Small external
tendencies representing the advection of heat and
moisture are not included. The model domain size
is 6400 m X 6400 m x 4400 m with a horizontal grid
length equal to 66.7 m and a vertical grid length
equal to 40 m. The simulations are integrated from
05.30 LT to 18.30 LT.

The chemical system is based on the atmo-
spheric cycle of nitrogen dioxide, nitric oxide, and
ozone. By using a simple chemical system, the in-
fluence of shallow cumulus on the transport of the
species and on the photodissociation rates below,
in and above the clouds can be clearly determined.
The LES codes include the following two reactions:

NOs L NO+0s (1)
NO + 03 & NOs, @)

where j and k are first- and second-order chemi-
cal reaction rates, respectively. The initial mixing
ratio profiles of NO2, NO and O3 in the mixed
layer are: 2 ppb, 1 ppb and 20 ppb. At the free
troposphere, the mixing ratio of NO2 and NO is
zero and the mixing ratio of O3 is 30 ppb. We
also simulate an inert tracer whose initial pro-
file is zero. The surface fluxes are constant with
time using the following values: inert tracer (0.1
ppb m s7'), NOs (0.1 ppb m s~ '), NO (0.05
ppb m s~') and Oz (0.0 ppb m s~'). The magni-
tude of the NO2 and NO fluxes are fairly large in
order to quickly obtain chemical equilibrium in the
production and destruction of the three species, i.e.
® = (k NO O3)/(j NO2) = 1. By varying the val-
ues of 5 and k, one can study how the control of
turbulence and the departure of chemical equilib-
rium influences the reactivity of the system. In the
control simulation we use j = 8.3 x 1072 (s~ ') and
k=475 x 107" (ppb s™).

An important aspect of this study is to investi-
gate the modification of the photolysis rates by the
presence of clouds. Because clouds alter the dif-
ferent proportions of direct and diffuse ultraviolet
radiation, the actinic flux (and therefore the pho-



tolysis rates) has different values below, in, and
above the clouds (Madronich, 1987). We have im-
plemented this effect by calculating at every time
step a factor below and above the clouds and by
applying this factor to the clear sky value of the
photolysis rate jieqr following Chang et al. (1987):

jclouds =F jclear (3)
Above the cloud, the factor (F’) is defined as:

F=1+a(1—tr) cos(xo)- (4)
While, below the cloud, F' is defined as:

F = 1.6 t, cos(xo)- (5)

Here, t, is the energy transmission coefficient for
normally incident light, x, is the solar zenith an-
gle, and « is a reaction dependent coefficient (for
nitrogen dioxide «=1.2). To simplify the calcula-
tion, a linear interpolation is assumed inside the
cloud. Based on measurements of jyo, (Frih
et al.,, 2000), the linear interpolation assumption
likely overestimates the photolysis rate in the mid-
dle to lower regions of the cloud while underesti-
mates the photolysis rate near cloud top.

The energy transmission coefficient ¢, de-
pends on the cloud optical depth and a scatter-
ing phase function asymmetry factor (f) equal to
0.86 for the typical cloud particle size ranges un-
der study (Joseph et al., 1976). The expression
reads:

5 —e "
ty=—————————. 6
[4 + 3r(1—f)] ©
The cloud optical depth (7) is calculated ac-
cording to the expression given by (Stephens,
1984)
r=2t )
2 p

where W is the vertically integrated liquid water
(kg m™2), p; is the water density (kg m~3) and r. is
the effective radius. Here, we have used a constant
value of r. = 10 um. For clouds characterized by
values of 7 < 5 and for regions between clouds,
we have assumed the photolysis rate of clear sky
conditions. Regions between clouds may actually
have enhanced photolysis rates due to cloud lat-
eral scattering. Here, we are simply investigating
the importance of cloud scattering in the cloud col-
umn. Our control simulation includes the modifi-
cation of photolysis rates due to cloud scattering,
while a sensitivity simulation excludes this effect on
the chemistry.

3. RESULTS AND DISCUSSION

A thorough discussion on the evaluation of the
intercomparison and the role of shallow cumulus

on the transport and chemical transformation on
chemical species can be found at Vila-Guerau de
Arellano et al. (2005). Here, we only focus our
discussion on two relevant aspects: the enhance-
ment of the vertical transport and the disruption of
the photostationary state due to the combined ef-
fect of cloud turbulent convection in the cloud and
the perturbed photolysis rate (j) above, in and be-
low the cloud.

3.1 Vertical enhancement

Fair weather cumuli strongly modify the boundary
layer structure by deepening its height, which in
turn transports the sub-cloud compounds to the
cloud layer. In order to investigate the impact
of clouds on the distribution of atmospheric com-
pounds, we conduct an additional LES experiment
where shallow cumulus clouds do not form (i.e.
clear sky conditions). In this experiment, we pre-
scribe the same initial and boundary conditions as
in the cloud simulation except that we reduce the
initial profile of the total water mixing ratio by 3
gkg "

Figure 1 shows the time evolution of the verti-
cal profile of an inert species emitted at the surface
for the cloud simulation (C'L) and the clear sky sim-
ulation (CS). Similar evolution profiles are found
for the emitted reactive species NO and NO-. No-
tice that clouds start to form at around 10 LT (fig-
ure 1a). The enhancement of the vertical trans-
port compared with the simulations where clouds
are not formed (figure 1b) results in an increase
of the mixing ratio in the cloud layer. It has to be
mentioned that due to the inversion characteristics
at the top of the CBL there is very little exchange
between the CBL and the free troposphere in the
situation being study.

We calculate the difference (in %) of the mix-
ing ratio (figure 2) between the simulation with
clouds (C'L) and without clouds (C'S). This differ-
ence is normalized by the volume averaged mix-
ing ratio calculated in the C'S situation. As a ref-
erence of the distinct evolution of the two atmo-
spheric boundary layers, we show the cloud top
and cloud base height (C'L case) and the bound-
ary layer height (h) in the C'S case. The h is cal-
culated using the local gradient method (Sullivan
et al., 1996) which determines the local inversion
height based on the maximum of the liquid wa-
ter potential temperature. As is seen in the fig-
ure, the transport of compounds to higher height
results in a reduction of around 10% in the mixing
ratio values in the dry CBL (C'S) and in the sub-
cloud layer (C'L case). In consequence, larger val-
ues are found in the cloud layer (an increase of
15% in the middle of the cloud. Similar behaviour
is found for the nitric oxide and nitrogen dioxide.
The dilution of species has a particular impact on



reactants with a relatively small mixing ratio (in our
case NO, NO2 < Os), and it could lead to devi-
ations in their diurnal variability.

We further examine the transport per unit of
time by integrating the flux divergence term in-
cluded in the conservation equation of the atmo-
spheric compound. For instance, for nitrogen diox-
ide, we obtain values ranging from 1 ppb/hr at
cloud onset to 0.2 ppb/hr once the cloud has fully
developed. After 18 LT and when convective turbu-
lence begins to decay, the increased dilution in the
sub-cloud layer and the larger mixing ratio in the
cloud layer persists (figure 2). Therefore, the pres-
ence of shallow cumulus can have an impact on
the initial mixing ratio levels in the stable boundary
layer and the residual layer which can influence the
evolution of the nocturnal atmospheric chemistry.

3.2 Departure from the photostationary steady
state

One of the main goals of this investigation was to
study the combined effect of radiation and turbu-
lence on the chemistry, and more in particular if
chemical equilibrium is controlled by these physical
processes. In order to investigate this effect, we set
up two numerical experiments: the first one takes
into account the perturbation of the j-values by
clouds using expression (3) (jeioudy)- The second
one assumes a constant photolysis with height and
time and consequently the photodissociation rates
are not perturbed by the Cu (jeieqr). By calculat-
ing the differences of the instantaneous fields of
the mixing ratio in both numerical experiments, we
find differences up to a 40% below the cloud base
height and up to 20% close to cloud top, which in-
dicates a large variability in the reactant distribu-
tion, an important aspect in the interpretation of the
chemical processes in and around clouds. These
differences are dependent on the capacity of the
vertical transport to smooth out the gradients cre-
ated by the perturbed photodissociation rates, i.e.
depending on the Damkdhler number defined as
(Da = 7¢/7c). For turbulent reacting flows charac-
terized by values Da ~ 1 and larger, we find that
turbulence is unable to decrease the mixing ratio
gradients created by the different photodissociation
rates below, in and above the cloud. It is important
to mention that these differences are significantly
reduced to values of ~1% when averaged over the
cloudy boundary layer in both space and time.

A variable that can quantify the effect of
the physical processes (turbulence and radia-
tion) on the atmospheric chemistry is the pho-
tostationary state equilibrium defined as & =
(k NO O3)/(j NO2) = 1. In Fig. 3, we show that
the deviations of ® can occur below, in and above
the cloud. The calculation is based on the instan-
taneous mixing ratio values. Deviations from 1 in-

dicate that the j—perturbation by clouds prevents
to reach chemical equilibrium. Departures from the
chemical equlibrium are larger below the cloud that
in the cloud. Notice also that the spatial pattern
of @ is not uniform which confirm the existence of
mixing ratio gradients in the cloud. Aircraft obser-
vations taken above the Netherlands under cloudy
conditions also show a similar vertical profile of the
photostationary state (van Weele and Duynkerke,
1993).

In the sub-cloud layer, the photostationary
state is more than 50 % higher than the equlibrium
value due to the decrease of the photodissociation
rate. However, in both the cloud and sub-cloud
layer there are also regions with ® > 1 and ¢ < 1.
A possible explanation, still to be confirmed, can
be based with inefficient mixing among the reac-
tants within these regions and in consequence the
chemical equilibrium has not been reached.

In concluding, the numerical study presented
here shows that the presence of shallow cumulus
influences the distribution and evolution of reac-
tants by: (a) modifying the characteristics of the
boundary layer: increasing the depth of the ABL
depth and enhancing the vertical transport and (b)
perturbing the radiative field and therefore the pho-
tolysis rate. As a result, the diurnal and nocturnal
spatial characteristics of the reactants are largely
determined by the presence of these boundary
layer clouds.
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FiG. 1: Time evolution of the inert atmospheric compounds (a) in the cloud situation CL and (b) in the
clear sky situation C'S. Shallow cumulus begin to form around 10 LT.
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FiG. 2: Dimensionless difference of the inert scalar mixing ratio between the cloud situation (C L) and
the clear sky situation (C'S): 100(CL — CS)/(< CS >) (red), where < CS > is the mixing ratio volume
averaged in the C'S situation. The evolution of the cloud top and cloud base height (CL case) (blue) and
the C'S boundary layer height (black) is also shown.
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FiG. 3: Vertical cross section of the liquid water content (blue) and the photostationary state (®) calcu-
lated from the instantaneous mixing ratio when shallow cumulus were more active (between 15-16 LT). At
chemical equilibrim ®=1. Values lower than 1 are in red. Values higher than 1 are in black.



