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Abstract. The distribution and evolution of reactive species
in a boundary layer characterized by the presence of shal-
low cumulus over land is studied by means of two large-
eddy simulation models: the NCAR and WUR codes. The
study focuses on two physical processes that can influence
the chemistry: the enhancement of the vertical transport by
the buoyant convection associated with cloud formation and
the perturbation of the photolysis rates below, in and above
the clouds. It is shown that the dilution of the reactant mixing
ratio caused by the deepening of the atmospheric boundary
layer is an important process and that it can decrease reac-
tant mixing ratios by 10 to 50 percent compared to very sim-
ilar conditions but with no cloud formation. Additionally,
clouds transport chemical species to higher elevations in the
boundary layer compared to the case with no clouds which
influences the reactant mixing ratios of the nocturnal resid-
ual layers following the collapse of the daytime boundary
layer. Estimates of the rate of reactant transport based on the
calculation of the integrated flux divergence range from to
−0.2 ppb hr−1 to −1 ppb hr−1, indicating a net loss of sub-
cloud layer air transported into the cloud layer. A comparison
of this flux to a parameterized mass flux shows good agree-
ment in mid-cloud, but at cloud base the parameterization un-
derestimates the mass flux. Scattering of radiation by cloud
drops perturbs photolysis rates. It is found that these per-
turbed photolysis rates substantially (10–40%) affect mixing
ratios locally (spatially and temporally), but have little effect
on mixing ratios averaged over space and time. We find that
the ultraviolet radiance perturbation becomes more important
for chemical transformations that react with a similar order
time scale as the turbulent transport in clouds. Finally, the
detailed intercomparison of the LES results shows very good
agreement between the two codes when considering the evo-
lution of the reactant mean, flux and (co-)variance vertical
profiles.
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1 Introduction

Shallow cumulus (Cu) clouds over land are a manifesta-
tion of convection in the atmospheric boundary layer (ABL).
Their formation and evolution depend strongly on the parti-
tioning 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 determines
the evolution and distribution of atmospheric reactive com-
pounds. Shallow cumulus clouds generally form in synopti-
cally high pressure regions which are conducive to the forma-
tion and accumulation of both passive and photochemically
generated 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 en-
hancement of vertical transport of the chemical species, (b)
the turbulent mixing of atmospheric compounds, (c) the per-
turbation of ultraviolet radiation, and therefore of photodis-
sociation 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 at-
mospheric boundary layers over land, little is known about
their role on the transport, mixing, and photodissociation of
chemical compounds. Shallow cumulus have the potential to
enhance vertical transport of atmospheric compounds such
that the compounds reach higher altitudes. The vertical trans-
port is dependent on the strength of the clouds and on the
temperature capping inversion. Field observations (Ching
and Alkezweeny, 1986; Ching et al., 1988; Baumann et al.,
2000; Angevine, 2005) have shown that the presence of shal-
low cumuli leads to a reduction of the pollutants in the sub-
cloud layer due to the enhanced vertical transport by cumulus
clouds.
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Fig. 1. GOES-8 satellite visible image at 11:45 LT (17:45 UTC)
21 June 1997. The image shows shallow cumulus fields above the
radiosonde sites C1 and B5. The locations of the central facility of
the Southern Great Plains (SGP) site C1 (36.605◦ N, 97.485◦ W, el-
evation 315 m) of the Atmospheric Radiation Measurement (ARM)
program and the radiosounding B5 (35.969◦ N, 95.856◦ W, eleva-
tion 345 m) are shown.

In these cloudy boundary layers, highly turbulent regions
are localized in the cloud updraft whereas the compensat-
ing subsidence regions are characterized by less turbulent
downward motions. As a result, reactive species may be-
come segregated such that turbulent mixing controls the reac-
tivity of second-order chemical reactions (Schumann, 1989;
Molemaker and Vil̀a-Guerau de Arellano, 1998). This lim-
itation of reactivity 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 per-
turbing 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 there-
fore the photodissociation rates.Madronich(1987) showed
that compared to the clear-sky photodissociation values, the
perturbed photodissociation rates decrease in the sub-cloud
layer, increase linearly in the cloud, and are enhanced above
the cloud. In a previous numerical study on the reactions in
a homogeneous stratocumulus cloud deck,Vil à-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 conse-
quently to a departure from photochemical equilibrium.

Our objective is to study the roles of transport and radia-
tion in fair weather cumulus on reactive species. By means
of a large-eddy simulation technique, we investigate the day-
time evolution of reactive species in shallow Cu. We define
a series of numerical experiments to (1) investigate the mod-
ification on the reactant distribution because of the enhance-

ment of the boundary layer growth by shallow Cu, (2) test the
validity of current parameterizations of the vertical transport,
(3) quantify the control of turbulent mixing on the species re-
activity 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 following two
large-eddy simulation (LES) models: National Center for
Atmospheric Research (NCAR) and Wageningen University
Research (WUR). The intercomparison of the two codes al-
lows us to assess the use of the LES technique to calculate
diagnostic 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 influ-
ence of cloudy boundary layer dynamics on chemical trans-
formations. Not only does this work provide a systematic
study of turbulent photochemical reacting flows in the pres-
ence of shallow cumulus clouds, but it is the first time that an
intercomparison of reactive chemistry in the LES framework
is being conducted.

2 Description of the case

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 column cloud models to reproduce
shallow cumulus over land (Lenderink et al., 2004). Below,
we provide a brief description of the observations, the set up
of the numerical experiment, and the validation of the diag-
nostic fields associated with the thermodynamic and reactant
variables.

2.1 Observations

A cloudy boundary layer characterized by the presence of
shallow cumulus was observed on 21 June 1997 at the South-
ern Great Plains (SGP) site of the Atmospheric Radiation
Measurement (ARM) program in Oklahoma (Fig.1). Based
on the surface and on the upper air observations,Brown et al.
(2002) proposed an idealized numerical experiment to study
the dynamics of shallow cumulus convection over land by
means of large-eddy simulations. The case was character-
ized by a strong diurnal cycle of both sensible and latent heat
fluxes (Fig. 2), which were the surface forcings for the for-
mation of clouds. The friction velocity follows a weak diur-
nal cycle with a maximum value of 0.54 m s−1 and a mini-
mum value of 0.45 m s−1. The observed radiosonde vertical
profiles of potential temperature showed first a stable bound-
ary layer at 05:30 LT (11:30 UTC) which rapidly became a
well mixed boundary layer by 08:30 LT (14:30 UTC). Mea-
surements of the cloud fraction showed the presence of scat-
tered 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.
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Fig. 2. Time evolution of the sensible heat flux (solid line) and the
latent heat flux (dashed line).

2.2 Numerical experiment

Two large-eddy simulation (LES) codes are used to study
the transport and the transformation of reactants in a cloudy
boundary layer. Both codes participated previously at the
intercomparison exercise described inBrown et al.(2002).
In the WUR-LES code, the filtered governing equations
are solved using a finite-volume technique. All the re-
solved terms in the governing equations are discretized us-
ing straightforward second-order central differences, except
for the advective terms that are discretized using the method
of Piacsek and Williams(1970). The leap-frog scheme is
used for the time integration of the momentum equations.
The conservation equation of mass is obtained by solving
a diagnostic equation for the pressure. For the advection
and diffusion of temperature, moisture and reactants we use
the limitedκ=1/3 scheme (Koren, 1993) for the spatial dis-
cretization and a two-stage Runge-Kutta method for the time
integration. For the time advancement of chemistry we ap-
ply the routine Twostep (Verwer, 1994). The entire numer-
ical discretization for all the scalars satisfies the following
three properties: it is conservative, monotone and positive.
The subgrid-scale terms that appear in the filtered equations
are parameterized as a function of the resolved local gradi-
ents and an exchange diffusivity coefficient which depends
on the subgrid-scale kinetic energy and the characteristic grid
size. The condensation scheme is based on the all-or-nothing
assumption: cloud water exists when relative humidity is
greater than 100%. The WUR code has been previously
used to study the boundary layer dynamics of shallow cu-

Fig. 3. Initial profiles of: (a) potential temperature,(b) total water
mixing ratio and(c) reactant mixing ratio (ppb) and(d) the initial
profile of the total mixing ratio to simulate a clear boundary layer
(dashed line) and a more cloudy boundary layer than the control
simulation (dotted line). Notice the different vertical axis in panel
(c).

mulus (Cuijpers and Duynkerke, 1993; Siebesma and Cui-
jpers, 1995) and atmospheric turbulent reacting flows (Pe-
tersen et al., 1999; Vil à-Guerau de Arellano and Cuijpers,
2000).

The NCAR LES code has been described inMoeng
(1984), Moeng(1986) andSullivan et al.(1996). The code
has recently been modified to run on massively parallel ma-
chines using the Message Passing Interface (MPI) and is
described inPatton et al.(2005). The NCAR code uses a
pseudospectral and a second-order finite difference method
for horizontal and vertical advection, respectively. Vertical
scalar advection is performed using a limitedκ=1/3 scheme
(Koren, 1993). Time integration proceeds using a third-order
Runge-Kutta method (Spalart et al., 1991). An Euler back-
ward iteration method (Barth et al., 2003) is used to solve
the chemistry. Similar to the WUR LES, subgrid-scale terms
are parameterized with subgrid-scale turbulent kinetic en-
ergy and stability dependent length scale. The condensation
scheme is also based on the all-or-nothing assumption.

The initial conditions and surface forcing are the same as
those prescribed byBrown et al.(2002). Figure3 shows the
initial profiles (05:30 LT) of the potential temperature, spe-
cific humidity, and the reactants. Following the suggestion of
Brown et al.(2002), the initial potential temperature profile
has been slightly modified (see Fig. 10 in their paper) to sim-
ulate a cloud top height that rises faster than their standard
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Fig. 4. Time evolution at 11:30 LT (17:30 UTC) and 14:30 LT
(20:30 UTC) of vertical profiles of(a) potential temperature and
(b) total-water mixing ratio. The thick solid lines show the one-hour
averaged profiles obtained by the WUR-LES, the thick dashed lines
show the one-hour averaged profiles obtained by the NCAR-LES.
The thin solid lines are the observations taken by the radiosonde
profile at the Southern Great Plains ARM C1 site and the thin dotted
lines represent the values of the radiosounding launched at the site
B5.

case. The surface fluxes of moisture and potential temper-
ature vary with time following the measurements presented
in Fig. 2. The only other external forcing is a prescribed
westerly geostrophic wind equal to 10 m s−1. Small exter-
nal tendencies representing the advection of heat and mois-
ture are not included. Initial profiles of specific humidity for
two sensitivity simulations are shown in Fig. 3d. The model
domain size is 6400 m×6400 m×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 atmospheric cycle of
nitrogen dioxide, nitric oxide, and ozone. By using a simple
chemical system, the influence 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:

NO2
j

→ NO + O3 (1)

NO + O3
k

→ NO2, (2)

wherej andk are first- and second-order chemical reaction
rates, respectively. The initial mixing ratio profiles of NO2,
NO and O3 are shown in Fig.3c. We also simulate an in-

ert tracer whose initial profile is zero. The surface fluxes are
constant with time using the following values: inert tracer
(0.1 ppb m s−1), NO2 (0.1 ppb m s−1), NO (0.05 ppb m s−1)
and O3 (0.0 ppb m s−1). The magnitude of the NO2 and
NO fluxes are fairly large in order to quickly obtain chemi-
cal equilibrium in the production and destruction of the three
species, i.e.8=(k NO O3/j NO2)=1. By varying the val-
ues of j and k, one can study how the control of turbu-
lence and the departure of chemical equilibrium influences
the reactivity of the system. In the control simulation we use
j=8.3×10−3 (s−1) andk=4.75×10−4 (ppb s−1).

An important aspect of this study is to investigate the mod-
ification of the photolysis rates by the presence of clouds.
Because clouds alter the different proportions of direct and
diffuse ultraviolet radiation, the actinic flux (and therefore
the photolysis rates) has different values below, in, and above
the clouds (Madronich, 1987). We have implemented 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 ratejclear following Chang et al.
(1987):

jclouds= F jclear (3)

Above the cloud, the factor (F ) is defined as:

F = 1 + α (1 − tr) cos(χo). (4)

While, below the cloud,F is defined as:

F = 1.6 tr cos(χo). (5)

Here, tr is the energy transmission coefficient for normally
incident light,χo is the solar zenith angle, andα is a reac-
tion dependent coefficient (for nitrogen dioxideα=1.2). To
simplify the calculation, a linear interpolation is assumed in-
side the cloud. Based on measurements of jNO2 (Früh et al.,
2000), the linear interpolation assumption likely overesti-
mates the photolysis rate in the middle to lower regions of
the cloud while underestimates the photolysis rate near cloud
top.

The energy transmission coefficienttr depends on the
cloud optical depth and a scattering phase function asym-
metry factor (f ) equal to 0.86 for the typical cloud particle
size ranges under study (Joseph et al., 1976). The expression
reads:

tr =
5 − e−τ

[4 + 3τ(1 − f )]
. (6)

The cloud optical depth (τ ) is calculated according to the
expression given byStephens(1984)

τ =
3

2

W

ρl
r−1
e , (7)

whereW is the vertically integrated liquid water (kg m−2),
ρl is the water density (kg m−3) and re is the effective ra-
dius. Here, we have used a constant value ofre=10µm. For
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Fig. 5. Time evolution of: (a) cloud top height and cloud base
height; of (b) cloud cover and of(c) liquid water path. Black:
WUR-LES, Red: NCAR-LES.

clouds characterized by values ofτ<5 and for regions be-
tween clouds, we have assumed the photolysis rate of clear
sky conditions. Regions between clouds may actually have
enhanced photolysis rates due to cloud scattering. Here, we
are simply investigating the importance of cloud scattering in
the cloud column. Our control simulation includes the mod-
ification of photolysis rates due to cloud scattering, while a
sensitivity simulation excludes this effect on the chemistry.

2.3 Model validation: dynamics

The simulated and observed profiles of the potential tempera-
ture and the total water specific humidity are shown in Fig.4.
Differences between observations and LES results are due to
two reasons: (a) the LES simulations are based on an ide-
alization of the initial conditions and of the surface bound-
ary conditions, and (b) one-hour averaged LES results are
compared with instantaneous soundings. Note that the aim
of the validation with measurements is not to compare the
exact values (as shown in Fig.4 the vertical profiles of the
radiosoundings at the site C1 and B also have large differ-
ences), but to evaluate the ability of the LES to reproduce the
dynamics of a shallow cumulus convection situation and to
capture the observed vertical profile evolution.

The evolution of the vertical profiles of the state variables
is as follows. At 11:30 LT, at the onset of clouds, obser-
vations and LES results show three-distinct layers. In the

Fig. 6. Time evolution of the vertical profiles one-hour slab aver-
aged(a) mixing ratio inert scalar,(b) mixing ratio NO2, (c) mixing
ratio NO and(d) mixing ratio O3. Solid line: WUR-LES, Dashed
line: NCAR-LES.

sub-cloud layer (up to 1000 m), there is a well-mixed layer
in both observations and LES results. Above this layer, the
cloud layer is still not conditionally unstable. Above cloud
top (at around 1300 m) there is an absolutely stable boundary
layer. This three layer structure is maintained at 14:30 LT. At
this stage the clouds have matured. However, the cloud layer
has deepened to∼3000 m and is conditionally unstable. The
two LES codes predict similar boundary layer evolution. The
other cloud parameters (cloud cover, cloud base and cloud
top heights, and liquid water path; Fig.5) evolve similarly to
those reported byBrown et al.(2002) (see their Fig. 5b), but
because we prescribe a weaker liquid water potential temper-
ature inversion, our results exhibit enhanced cloud vertical
development. We find very good agreement of these cloud
properties calculated by both LES codes. In concluding, in
view of the evolution of the vertical profiles of the state vari-
ables and their fluxes (not shown), we are confident of the
ability of both LES codes to reproduce a daily evolution of
shallow cumulus over land.

2.4 Model validation: chemistry

The evolution and the distribution of the reactants in this
cloudy boundary layer are assessed by analyzing the mean
vertical profiles, the fluxes, and the variances. Figure6shows
the time evolution of the mean profiles of the inert scalar and
the three reactants. The agreement between the results of
both LES is very good. Both models show the growth of
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Fig. 7. Time evolution of the one-hour slab averaged vertical pro-
files of the resolved flux of:(a) mixing ratio inert scalar,(b) mixing
ratio NO2 , (c) mixing ratio NO and(d) mixing ratio O3. Solid line:
WUR-LES, Dashed line: NCAR-LES.

the boundary layer during the day and the enhancement of
the transport in the cloud. Slight differences are found in the
vertical profiles near the cloud top once the clouds are mature
(see the profiles at 20:30 and 23:30). The NCAR-LES sim-
ulates larger vertical transport between the sub-cloud layer
and the cloud layer compared to WUR-LES due to a slightly
larger buoyancy flux within the sub-cloud layer.

The evolution of the vertical flux profile of the species is
demonstrated in Fig.7. At 08:30 LT, both model results show
the importance of the entrainment flux of reactants in the ini-
tial period of the clear convective boundary layer growth. At
14:30 and 17:30 LT, larger fluxes occur inside the cloud layer
due to the buoyant updraft motions driven by the release of
latent heat. The flux enhancement of the species is also re-
lated to the vertical variation of the photodissociation rates
perturbed by the clouds (Eq.3). Both model results show
the enhancement of the flux of NO at 14:30 LT, with a max-
imum value around z=1600 m. As shown in Fig.3, NO has
the lowest mixing ratio compared to NO2 and O3. Thus, the
modification of the photolysis rate in the cloud will have a
strong influence on the vertical distribution of species NO.
Since the clouds are mature at 14:30 LT, the difference in the
photolysis rate both in and below the cloud are larger. Larger
gradients are created due to the different values of the first-
order reaction rate, yielding to the increase of the flux.

Satisfactory agreement between both LES models is also
found for the evolution of the vertical profiles of the vari-
ances (Fig.8). Before cloud formation (08:30 LT), the vari-

Fig. 8. Time evolution of vertical profiles of the one-hour slab aver-
aged resolved variances of(a) mixing ratio inert scalar,(b) mixing
ratio NO2, (c) mixing ratio NO and(d) mixing ratio O3. Solid line:
WUR-LES, Dashed line: NCAR-LES.

ances between the models differ significantly in the entrain-
ment zone as a result of the different subgrid-scale models
used in each LES code. The NCAR and WUR-LES re-
sults show that the largest concentration fluctuations occur
at the interface between the sub-cloud and cloud layer. Be-
cause of the cloud-induced updrafts, the scalar variance be-
comes more vertically distributed within the cloud layer as
the clouds reach maximum development (around 14:30 LT).
In Sect.4, we will discuss how the turbulence driven by the
release of latent heat affects the mixing of reactants and their
chemical reactivity.

3 Enhancement of the vertical transport

Large uncertainties in atmospheric chemistry models are as-
sociated with the crude representation of boundary layer
clouds in regional and large scale models (Dabberdt et al.,
2004). In this section, we study the potential effects of
cloud-induced changes on boundary layer structure, and con-
sequently on the reactant concentrations, and evaluate a pre-
liminary representation of the vertical transport in the clouds.
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, we conduct
an 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
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J. Vilà-Guerau de Arellano et al.: Transport and transformation in shallow cumulus 3225

Fig. 9. Time evolution of the:(a) inert tracer height with clouds
(black), inert tracer height without clouds (red), cloud top height
(solid blue line) and cloud base height (blue dashed line),(b) the
volume-averaged inert scalar mixing ratio for the cloudy case (CL,
solid black) and the clear sky case (CS, red).

control simulation (see Sect.2.2) except that we reduce the
initial profile of the total water mixing ratio by 3 g kg−1 (see
Fig. 3d). In order to have an independent criterion to es-
timate the maximum vertical transport of the reactants, we
define a height (h) as a function of the mixing ratio of an
inert tracer.h is defined as the height where the horizontally-
averaged mixing ratio becomes 0.5% of the horizontally-
averaged mixing ratio in the sub-cloud layer. This height
indicates maximum elevation where the scalar and reactants
are vertically transported.

The evolution ofh in the cloudy control simulation (CL)
and the clear sky boundary layer (CS) is shown in Fig.9a.
In the cloudy boundary layer,h closely follows the cloud top
height, which is defined as the highest elevation where liquid
water is found in the entire domain, although at early times
(e.g., 11:00 LT),h falls below the cloud-top height because
only a limited number of clouds has formed. At later times
(e.g., 17:00 LT)h persists at the highest elevation attained
by the clouds during the day even though the clouds have de-
cayed. The shallow cumulus clouds act to transport scalars to
elevated regions in the cloud layer that remain there follow-
ing the clouds’ dissipation. Consequently, the presence of
clouds has an impact on the mixing ratio in the early stages
of the formation of the nocturnal residual layer. In general,
and depending on the strength of the thermal inversion above
the cloud top, the reactants remain in the boundary layer and
they are not transported to regions above the cloud layer in
agreement withCotton et al.(1995).

Fig. 10. Time evolution of the vertical profiles one-hour slab aver-
aged(a) mixing ratio inert scalar,(b) mixing ratio NO2, (c) mixing
ratio NO and(d) mixing ratio O3. These profiles come solely from
the WUR-LES. Solid line:CL. Dashed line:CS.

The difference inh between theCS andCL simulations
reaches its maximum at around 14:00 LT and the difference is
approximately 600 m (Fig.9a). The development of clouds
has increased the depth over which species are transported
and has direct impact on their evolution. To illustrate this, we
calculate the volume averaged inert scalar mixing ratio for
theCS andCL cases (Fig. 9b), which we callAcs andAcl ,
respectively. To calculate this volume average, we include all
points in the horizontal domain from the ground surface up
to each case’s respectiveh. Due to the larger volume in the
cloudy case,Acl decreases at the onset of cloud development.
When Cu are fully developed (after 14:00 LT), the difference
betweenAcs andAcl can reach 50%.

Compared to the clear sky situation, clouds redistribute
scalar species vertically (Fig.10). Similar vertical profiles of
carbon monoxide were shown by (Angevine, 2005) which in-
dicate the enhanced vertical transport of species due to shal-
low cumulus. In Fig.10, before the onset of the clouds, the
CL andCS scalar profiles are similar. Following cloud de-
velopment, the compounds are mixed through a larger ver-
tical depth such that sub-cloud mixing ratios are reduced in
the cloudy boundary layer. For instance, for NO2 in theCL
case, the mixing ratio is reduced in the sub-cloud layer (at
500 m) by a factor 0.5%, 7% and 12% at, respectively, 11:30,
14:30, 17:30 LT compared to those inCS. Clouds tend to
enhance the volume of the cloud layer through which species
are transported and consequently dilute the concentration of
boundary layer compounds. The redistribution of species to
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Fig. 11.One-hour averaged vertical profiles at 14:30 LT of the mix-
ing ratio of the mixing ratio of NO2 (horizontally-averaged over the
whole simulation domain) and of the mixing ratio of NO2 (condi-
tionally average by calculating the average fields over grid points
with a nonzero liquid water content). Solid lines represent the NO2
calculated with the photolysis ratejcloud and the dotted lines rep-
resent the NO2 calculated with the photolysis ratejclear. Black:
WUR-LES. Red: NCAR-LES.

higher altitudes can have a direct impact on the initial mix-
ing ratios during the evening transition when the nocturnal
residual layer is formed. With higher concentrations in the
residual layer, the transfer of the previous day’s boundary
layer compounds to the free troposphere would be enhanced.
Investigations need to be pursued to assess the importance
of shallow cumulus clouds on this mechanism of moving
boundary layer compounds to the free troposphere.

To emphasize the impact of vertical scalar transport by
shallow cumulus, we now investigate conditionally-averaged
fields. Here, we define within-cloud conditionally-averaged
fields by spatially averaging the compounds over the grid
points containing liquid water (liquid water content greater
than zero). Figure11 presents one-hour averaged within-
cloud field along with the horizontally averaged field over
the whole domain for NO2 at 14:30 LT. Two simulations are
shown: (a) using photolysis rate perturbed by clouds and (b)
using the photolysis rate under clear sky conditions. The
comparison of these two simulations will be discussed later
in Sect.5. Note that the results of the two LES models
agree very well. As expected, the results indicate that the
updrafts associated with the buoyant cumulus clouds are the
main transport mechanism.

To test current parameterizations of cumulus convection
used in large models, we compare horizontally-averaged ver-

tical scalar fluxes from the LES results to those estimated by
the mass-flux parameterization (Betts, 1973; Arakawa and
Schubert, 1974; Cotton et al., 1995). Briefly, in mass-flux
schemes, the ABL is represented by strong updrafts inside
the clouds(c) surrounded by the environment downdrafts (e).
In this approach, the average value of a generic scalarψ is
calculated for both updrafts and downdrafts. The average
value of the entire layer is decomposed as follows:

ψ = aψc + (1 − a)ψe, (8)

wherea denotes the cloud cover. The flux (Fψ ) of the scalar
ψ can be written according to:

Fψ = ρw′ψ ′ ≈ M(ψc − ψ), (9)

whereM is by definition the mass flux which reads:

M ≡ ρacwc. (10)

Here,ac andwc denote the cloud cover and vertical velocity
calculated by the previously described conditional averaging
method, respectively. Expression (9) is an approximation of
the total flux and takes into account only the organized turbu-
lent transport in the cloud and the environment (seeSiebesma
and Cuijpers, 1995).

The results of the mass-flux approach for NO2 are plotted
in Fig. 12. We found very consistent results in the compar-
ison of the total flux and the mass-flux approximation cal-
culated by the NCAR-LES and the WUR-LES. There is an
underestimation by a factor 1.5 at cloud base whereas in the
middle of the cloud the mass-flux approach represents the
scalar flux quite well. Near cloud top, the mass-flux approach
overestimates by a factor 1.5 compared to the LES-calculated
total flux. These results are consistent with the previous
study carried out bySiebesma and Cuijpers(1995) where
they evaluate the mass-flux scheme for heat and total wa-
ter. A key aspect that still requires further research is the ex-
change flux between the sub-cloud layer and the cloud layer.
As shown in Fig.12 this flux is underestimated by the mass-
flux approximation. For chemically reactive species, the ex-
change flux is also modified by the cloud-imposed photoly-
sis rate dependence (see the flux profile at Fig.7c). Greenhut
(1986) quantified the transport of ozone by cumulus clouds
from aircraft observations. They found that cloud turbulence
accounts for∼30% of the total cloud flux, whereas our LES
results show that the organized turbulence in the clouds con-
tributes more than 50% of the total cloud flux.

We also examine the species transport rate per unit time by
integrating the flux divergence term included in the reactants’
conservation equation over height. The integral reads:

1

zct − zcb

∫ zct

zcb

∂w′c′i

∂z
dz, (11)

wherezcb andzct denote the cloud base and cloud top height,
respectively, andw′c′i is the total turbulent flux calculated
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by the model. The horizontally-averaged vertical flux diver-
gence integrated from cloud base to cloud top quantifies the
net transport of species from the sub-cloud layer to the cloud
layer. For NO2 in the control case, we obtain values ranging
from 1 ppb hr−1 at cloud onset to 0.2 ppb hr−1 once the cloud
has fully developed. We also calculate this rate in a simula-
tion with higher cloud fraction, which had maximum values
>0.5 between 14:00 and 16:00 LT, compared to the values
around 0.2 of the control simulation. This simulation was
done by increasing the initial total specific humidity profile
as shown by the dotted line in Fig.3d. Despite higher cloud
fraction, the flux divergence of NO2 was approximately the
same as was found in the control simulation. This small de-
pendence on the cloud cover indicates that shallow cumulus
are more vigorous and just as effective at transporting species
when the sky is not completely cloud covered compared to
when clouds cover most of the sky.Vukovich and Ching
(1990) estimated similar rates of species transport, but their
calculations revealed greater cloud cover dependency.

Currently, for state variables like the liquid water poten-
tial temperature and the total water mixing ratio, the ex-
change flux is parameterized by combining a turbulent clo-
sure scheme in the sub-cloud layer (i.e., a function of an ex-
change coefficient and the gradient of the variable) with the
mass-flux closure in the cloud layer. As discussed thoroughly
by Lenderink et al.(2005), there are still large uncertain-
ties and discrepancies in the representation of these fluxes
in large scale models. Based on our LES results, we con-
clude that schemes which describe shallow cumulus should
first accurately estimate the evolution of the boundary layer
depth and second describe the enhanced vertical transport of
reactants. Besides, the increase of dilution in the sub-cloud
layer and the vertical transport in the cloud layer can have an
impact on the atmospheric chemistry occurring in the stable
and the residual layers once the convective boundary layer
has collapsed.

4 Control of the reactivity by turbulent mixing

Organized turbulence can segregate reactants by transporting
them in opposite directions (see for instance the initial pro-
files of NO and O3 in Fig. 3) and can therefore limit their
chemical reactivity: reactants must be mixed before the reac-
tion takes place. In particular, turbulent control of reactivity
becomes important if the turbulent mixing time scale (τt ) is
similar to the time scale of chemical reaction (τc), i.e. when
the Damk̈ohler number (Da=τt/τc) is O(1). The turbulent
time scale is calculated by the expressionw∗/zi , wherew∗

is the characteristic convective velocity scale andzi is the
boundary layer height. In our calculations,w∗ is determined
following Frisch et al.(1995) and zi is found by the local
gradient method (Sullivan et al., 1998), which determines
the local inversion height based on the maximum of the liq-
uid water potential temperature gradient. The time scale of

Fig. 12. One-hour average vertical profiles of the total flux of NO2
(solid line) (horizontally-averaged over the whole simulation do-
main) and of the parameterized mass flux of NO2 (dotted line).
Black: WUR-LES. Red: NCAR-LES.

chemistry is calculated as(j)−1 for a first-order reaction and
as(kC)−1 for a second-order reaction, where C is the mixing
ratio of the reactant.

In dry convective boundary layers (Schumann, 1989;
Molemaker and Vil̀a-Guerau de Arellano, 1998), this control
is quantified by defining the intensity of segregationIs which
is the ratio of the covariance between reactants normalized
by the ensemble horizontal mixing ratio average. This di-
mensionless variable reads:

Is =
c′i c

′

j

ci cj
. (12)

For second-order chemical reactions, the covariance be-
tween reactants appears explicitly in their governing equa-
tion. Therefore,Is can be a measure the concentration fluc-
tuation correlation’s importance in determining their ensem-
ble means.

In Fig.13, we show vertical profiles ofIs between NO and
O3 and the liquid water content. The results of both LESs
show the close relation between the vertical cloud develop-
ment and theIs-evolution. Two distinct turbulent layers are
found under the presence of Cu (see for instance Fig. 6c in
Brown et al., 2002). In the sub-cloud layer, even though the
variances of reactive species are large (Fig.8), the covariance
(or Is) between NO and O3 is almost negligible. This implies
that the reactants NO and O3 are well mixed before reaction
occurs. However, the cloud layer resembles a two-stream
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Fig. 13. Time evolution of the vertical profile (one-hour slab aver-
aged) of the(a) intensity of segregation of NO and O3 and of the(b)
liquid water content. WUR-LES: solid line and NCAR-LES dashed
line.

layer where species transported in opposite directions could
remain segregated.

The maximum values ofIs range from 5% at the early
stages of the cloud formation (11:30 LT) to 3% when clouds
are mature (14:30 LT). The absolute values of theseIs-
profiles are rather low compared to ones in the previous stud-
ies concerning dry convective boundary layers. Becausew∗

andzi change during the simulations, the turbulent timescale
and therefore the Damköhler number have a range of values,
τt=10–40 min andDa=4–20. Thus, our chemical system is
characterized by aDa>1, which indicates that the chemistry
is much faster than the turbulent mixing. One may expect
higher absolute values ofIs in more complex chemical sys-
tems where Damk̈ohler numbers of some reactions areO(1)
and in situations where the chemistry departs from the pho-
tochemical equilibrium state.

5 Perturbation of the photolysis rate by the clouds

To study the effect of clouds on the photolysis rate, we carry
out two simulations using the two LES codes. The first
one, the control simulation discussed in the previous sec-
tions, takes into account the perturbation of thej -values by
clouds using Expression (3) (jcloudy). The second simula-
tion assumes a constant photolysis rate with height and time
and therefore the photodissociation rates are not perturbed
by the Cu (jclear). Our aim is to: 1) analyze the modification
of the reactant distribution resulting from the cloud radia-

Fig. 14. Instantaneous vertical cross section at 14:30 LT of the
liquid water mixing ratio (blue shading) and the % difference of
the mixing ratio of NO2 calculated with the photolysis ratejcloudy
(NO2cl) minus the mixing ratio of NO2 calculated using the pho-
tolysis ratejclear (NO2cs). The red lines show positive differences
(mixing ratio calculated withjcloudy is higher than the one calcu-
lated withjclear). The black lines show negative differences. Pan-
els: (a) Damk̈ohler number range of 0.4–2.0,(b) Damk̈ohler num-
ber range of 4–20, and(c) Damk̈ohler number range of 40–200.

tion perturbation, and 2) investigate the dependence of this
modification to temporal and spatial averaging. In Fig.14,
we show the following variables: 1) an instantaneous cross
section of the liquid water content, and 2) the mixing ratio
difference of NO2 calculated usingjcloudy minus that cal-
culated usingjclear. The vertical cross section corresponds
to the time when the shallow cumulus were fully developed
(around 14:30 LT). In the figure, we have also included the
sensitivity of the results to the Damköhler number by repeat-
ing the same simulation using the same initial and boundary
conditions, but changing the chemical reaction rate. The fol-
lowing first- and second-reaction rates are prescribed:

Figure Da j (s−1) k(ppb s)−1

14a 0.4–2.0 8.3×10−4 4.75×10−5

14b (Control) 4.0–20. 8.3×10−3 4.75×10−4

14c 40.–200. 8.3×10−2 4.75×10−3

In Fig. 14, the three cases reveal similar spatial patterns
with regards to the cloud effect on the photodissociation
rates. In the lower portion of the cloud and in the sub-cloud
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layer, we find larger values of the mixing ratio calculated by
usingjcloudy. In this region wherejcloudy<jclear, clouds de-
crease the reactivity resulting in NO2cl>NO2cs. In the upper
part of the cloud, the opposite effect is found; due to the en-
hancement of the actinic flux (jcloudy>jclear) NO2cl<NO2cs.
As shown, the order of magnitude of this effect is a func-
tion of the Damk̈ohler number. The case whereDa=0.4–
2.0 (Fig. 14a), shows differences of about±10% at cloud
top and cloud base compared to the case using a constant
j -value. WhenDa=40–200, this difference increases con-
siderably (Figs.14b and14c): 40% in the sub-cloud layer
and−20% in the upper cloud region. This sensitivity reveals
a coupling between chemistry driven by ultraviolet radiation
and the turbulent transport under the presence of the clouds.
Due to these differences, we find that the presence of clouds
induce deviations from the photostationary state equilibrium
8=k NO O3/j NO2=1. In the control simulation,8 ranges
from 0.8 in the cloud to 1.4 below clouds. The calculation is
based on the instantaneous mixing ratio values.

In reactive turbulent flows characterized byDa<1, the tur-
bulent transport time scale is faster than the chemical reac-
tivity scale, implying that turbulence can efficiently transport
and mix the species before chemical reactions occur. As a re-
sult, the mixing ratio gradients tend to decrease by turbulent
mixing. However, in flows withDa>1, because the chemical
reactivity is faster than the mixing, the reactivity maintains
scalar gradients which increase the effect of the perturbed
photolysis rates. It is important to note that the Damköhler
number can vary spatially in cloudy boundary layers. Be-
cause the buoyant convection enhances vertical velocities in
the cloud cores, the convective velocity scale becomes spa-
tially heterogeneous inducing a large variability inDa. As a
consequence, effects of the modified photolysis rates can be-
come larger in certain regions depending on the local value
of Da.

By doing temporal and spatial averaging, we can further
study the impact of different photolysis rates (jcloudy and
jclear) on the reactant distribution. In Fig.15, we plot the dif-
ferences of the mixing ratio for NO2 calculated usingjcloudy
(NO2cl) and jclear (NO2cs) from the surface to cloud top
(30-min average). Except for the two peaks at around 13:00
and 14:00 LT calculated by NCAR-LES results, the two LES
codes give variations of around 2%. This value contrasts with
the larger values of∼40% reported in Fig.14. Thus, the pho-
tolysis rate disturbed by clouds has a large impact on the in-
stantaneous mixing ratios locally, but its impact is smoothed
by averaging in time and space. Since our chemical system
is close to an equilibrium, the impact of local variations be-
comes minimal by averaging.

To complete this study, we calculate the conditionally av-
eraged mixing ratios computed usingjcloudy andjclear (pre-
sented in Fig.11). The one-hour average vertical profiles
show different values for the profiles NO2cl and NO2cs. The
results from the two LESs show very similar structure: large
depletion of NO2 near cloud base by the simulation using

Fig. 15. Time evolution of the percent difference of the volume
averaged mixing ratio of NO2 from surface to cloud top (cross) cal-
culated with the photolysis ratejcloud (NO2cl) minus calculated
using the photolysis ratejclear (NO2cs) Black: WUR-LES. Red:
NCAR-LES.

jclear and larger depletion of NO2 in the upper cloud region
by the simulation usingjcloud. The differences are higher
than the ones shown in Fig.15. Near cloud base, they range
from 4% to 12% and near cloud top (around 2500 m) are
−15%.

In view of the different results shown in Figs.11, 14
and 15, it is very difficult to provide a conclusive state-
ment as to the effect of modified photodissociation in clouds
on the reactant distribution. Locally and at short time
scales, the perturbation can modify the chemistry by enhanc-
ing/diminishing the concentration fields and by perturbing
the establishment of possible chemical equilibrium. How-
ever, this perturbation by clouds can be smoothed out by time
and space averaging. It is important to mention that these
large fluctuations of the reactant fields can also be relevant
in analyzing field measurements in and around shallow cu-
mulus. By temporally and spatially averaging, the induced
variability generated by the presence of clouds is filtered out
which could lead to errors interpreting measurements.

6 Conclusions

The effects of shallow cumulus dynamics and radiation on
three chemical species are studied by analyzing and com-
paring results from two large-eddy simulation codes: NCAR
and WUR. The chemical system is composed by a first- and
second-order reaction near a chemical equilibrium. Both
LES codes satisfactorily reproduce the diurnal evolution of
shallow cumulus over land based on a situation observed on
21 June 1997. With respect to the diagnostic fields of the
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three reactants, we find very good agreement in the evolution
of the mean, fluxes, and (co-)variances.

The presence of clouds increases the volume in which
species are transported, which leads to a dilution of reactant
mixing ratio within the boundary layer. Mixing ratios of trac-
ers below cloud decrease by up to 12% while mixing ratios
averaged in the volume defined from the surface to the max-
imum elevation where tracers are vertically transported de-
crease by up to 50% compared to the clear sky situation. Fur-
thermore, reactants transported to elevated regions remain at
those levels following the clouds’ dissipation, which should
have an effect on simulating nocturnal chemistry of the resid-
ual layer.

Analysis of the enhancement of the vertical transport re-
veals that the buoyant upward motions are responsible for
transporting the reactants in the cloud. Current parameteri-
zations based on the mass-flux approach adequately describe
the transport in mid-cloud, but they tend to underestimate
the flux at cloud base by a factor 1.5, showing the need to
improve the parameterization of reactant exchange between
the sub-cloud and cloud layers. The variability of the species
quantified by the mixing ratio variance profile is closely as-
sociated with the cloud development and is characterized by
two maxima, one in the sub-cloud layer and the other within
the cloud layer. Our analysis also shows that species are uni-
formly mixed in the sub-cloud layer, but that in the cloud
layer reactants transported in opposite direction are some-
what segregated and therefore the turbulence might control
their reactivity. The control is expected to be larger when
the time scale of turbulence is similar to the time scale of
chemistry, namely when the Damköhler number isO(1). We
found that the reaction rate is reduced between 2% and 5% at
different stages of the cloud development. We note that these
absolute values can increase if the reactants depart from pho-
tochemical equilibrium.

The perturbation of photodissociation rates due to the pres-
ence of clouds is discussed comparing a simulation that uses
a photodissociation rate perturbed by the cloud with one that
uses clear sky values. By analyzing the instantaneous fields
of the mixing ratio, we find differences up to 40% below the
cloud base height and up to 20% close to cloud top, which in-
dicates a large variability in the reactant distribution, an im-
portant 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 gra-
dients created by the perturbed photodissociation rates, i.e.
depending on the Damköhler number. For turbulent reacting
flows characterized by valuesDa∼O(1) and larger, we find
that turbulence decreases mixing ratio gradients created by
the different photodissociation rates below, in and above the
cloud. These differences are significantly reduced to values
of ∼1% when averaged over the cloudy boundary layer in
both space and time. Further studies will attempt to investi-
gate and to complete these findings in more complex chem-
ical mechanisms, to explore the effect of cloud penetration

into the free troposphere on the distribution of reactants and
the influence of shallow cumulus on the initial formation of
the nocturnal residual layer.
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