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ABSTRACT

We have investigated the effect of fractional cloudiness on the oxidation of SO, in the marine
boundary layer. We address the question to which extent the budget of SO, is affected by the
way cloudwater content and cloudcover are resolved in mesoscale meteorological models. In
these models, the cloudwater and cloud cover are calculated simply from the grid-cell average
temperature and total water content (all-or-nothing), or, mostly, a subgrid parameterization
(fractional cloudiness) is used. Such a subgrid parameterization is considered much more real-
istic, but does not allow for a direct implementation of cloud chemistry. For both approaches,
we have simulated the SO, concentration with a two-layer model, which contains the basic
production and loss mechanism of SO, in a cloudy marine boundary layer. We found that the
SO, concentration calculated using the subgrid parameterization to calculate the cloud para-
meters may deviate up to a factor of two as compared to that calculated using an all-or-nothing
cloud parameterization. Calculations performed in a similar way for 5 observed cases of frac-
tional cloudiness show maximum deviations between —85% and +33%. These observed cases
have been selected from the GATE, Puerto Rico *72, ASTEX, FIRE and Semamphore measure-
ment campaigns. Meteorological chemical mesoscale models which can take fractional cloudi-
ness into account in the simulation of cloud chemistry are expected to give an important
improvement of the quantification of the sulfur budget. Consequently, the results of meteorolo-
gical mesoscale models which treat SO, aqueous phase chemistry with all-or-nothing cloud
parameters should be treated with care. Moreover, we conclude that fractional cloudiness can
have a major effect on the oxidation of SO, in the MBL even for a relatively small cloud cover.
Parameters critical to the effect are the over-all lifetime of SO, in the cloud and the rate of
exchange between cloudy and non-cloudy air.

1. Introduction

The oxidation of DMS via SO, to sulfate in the
marine boundary layer (MBL) contributes to the
tropospheric burden of sulfate aerosols (Andreae
and Raemdonck, 1983, Nguyen et al., 1983). The
amount of sulfate aerosols has a direct impact on
the radiative transfer. Indirectly sulfate aerosols
affect the radiation budget through their influence
on the albedo of clouds as they act as cloud
condensation nuclei. For studies on the impact of
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aerosols on climate, it is therefore important to
have a good understanding of the different produc-
tion and loss pathways of SO,.

In the MBL, SO, is produced in the gas-phase
oxidation reaction of dimethylsulfide (DMS) with
the hydroxyl radical (OH). Furthermore, long-
range transport from continental sources may
contribute to the SO, concentration in the MBL.
The fate of SO, is determined by several different
loss processes. Under non-cloudy conditions, the
chemical loss of SO, is governed by oxidation to
sulfate in the gas phase initiated by reaction with
OH (Calvert and Stockwell, 1984). Furthermore,
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SO, is removed by heterogeneous loss reactions
or dry deposition on sea spray and dry deposition
to the sea surface (Sievering et al, 1992). Under
cloudy conditions, the oxidation of SO, in cloud
droplets can be much faster than the loss pathways
mentioned above (Daum, 1990). The presence and
amount of cloudwater are therefore important
factors to the local SO, concentration and sulfate
formation. The oxidation efficiency of cloudy air
can be further enhanced when the transport of air
through a cloud increases. Therefore, even small
scattered boundary layer clouds may significantly
affect the fate of SO,.

MBL cloud types range from solid stratocumu-
lus, which often form over cold ocean currents, to
scattered cumulus clouds, which are prominent in
the tradewind region. The relative importance of
fractional cloudiness (FC) conditions is indicated
by cloud climatologic data for cumulus (cu) and
stratus and stratocumulus clouds (st/sc) over the
oceans (Hahn et al., 1982; Warren et al., 1988).
The average ocean cloud cover is approximately
65%. The frequency-of-occurrence for cu and st/sc
are found of approximately 33% and 45%,
respectively. Moreover, an averaged amount-
when-present is shown for cu and st/sc clouds of
38% and 73%, respectively. For both cloud types
the value for the amount-when-present suggests
occurrences of FC conditions. Furthermore, cloud
cover has been measured during several measure-
ment campaigns (e.g. Cahalan et al, 1995 and
Albrecht et al., 1995). They found on average FC
varying from 0.26 to about 0.85 during the FIRE
and ASTEX field campaigns (both campaigns are
referenced later on). Moreover Chang and Coakley
(1993) derive from satellite observations that the
frequency of FC pixels is approximately symmetric
around the maximum at a FC cover of 0.5. This
indicates that a cloud cover of 0.5 is the most
likely value for FC conditions.

Given the atmospheric abundance of FC condi-
tions and their expected importance to SO,, model
studies of the SO, budget should take these condi-
tions properly into account. So far, however, the
effect of fractional cloud cover on SO, has not
gotten much attention. At present, a new genera-
tion of mesoscale models is under construction,
which can describe both dynamical meteorological
and gas- and aqueous-phase chemical processes.
With these models we will be able to simulate the
distribution of sulfur species and study the gov-
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erning processes in more detail than with global
models. In addition this new generation of mesos-
cale models has the advantage over the earlier
generation that the meteorology and chemistry
are directly coupled. In the earlier models met-
eorology and chemistry are basically decoupled.
These models consist in general of an Eulerian
chemical transport and dispersion module which
is driven by meteorological information derived
from synoptic scale numerical weather-prediction
models. The decoupling between every update
interval has proven to cause considerable errors
in the spatial and temporal development of species
especially of those in the aqueous phase (Miiller
et al., 1996).

Mesoscale models are not cloud-resolving and
apply therefore usually a FC parameterization to
predict the amount of cloudwater and cloud cover
under FC conditions. However, the available
mesoscale FC parameterizations do not render
the information which allows the description of
the gas- and aqueous-phase chemistry under FC
conditions. Without such a subgrid parameteriz-
ation gas- and aqueous-phase chemistry can be
easily described. In that case a grid cell has a
cloud cover of either 1 or 0, and the amount of
cloudwater is simply calculated from the difference
between the total water content and the saturation
mixing ratio. But models with this, so called, all-
or-nothing approach (AON) do not properly
account for fractional cloudiness conditions. As a
consequence, the calculated amount of SO, oxid-
ized may then be seriously biased.

Previously, numerous model studies have been
performed in order to quantify the oxidation
pathways of sulfur mainly in relation to the prob-
lem of acid deposition. Where they all highlight
in this respect the importance of clouds none of
them reports simulations with a fully coupled
mesoscale meteorology and chemistry model
which takes fractional cloudiness into account. A
study by Karamchandani and Venkatram (1992)
who use, however, a decoupled model shows
nevertheless an important improvement of the
results when taking (fractional) clouds into
account. A study with a similar model (McHenry
and Dennis, 1994) shows the importance of frac-
tional cloudiness although they report the need
for a better calculation of cloud fraction and cloud
volume. Berge (1993) uses a coupled meteorology
and chemistry model. Although he does not take
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fractional cloudiness into account he suggests that
including subgrid processes may be of considerable
importance to the results.

In this paper we present a study of the effects
of fractional cloudiness on SO, in the marine
boundary layer (MBL). We investigate the differ-
ence between SO, budget calculated in a MBL
with an AON approach and with a more realistic
FC approach for a range of the critical FC para-
meters. In this way we address the question to
what extent the AON approach may be used in
the simulation of the SO, budget, and when the
AON approach is expected to be inappropriate.
Therefore, we have simulated the SO, concentra-
tions in a MBL using a stationary state two layer
model. This model describes the basic production
and loss mechanisms of SO,. In order to find the
difference between the SO, concentration and
formation in an AON or an FC approach we have
calculated its steady state concentration in a MBL
by using, either an AON scheme or an FC scheme
to calculate the cloudwater content (g) and the
cloud cover (N). This part of the study treats the
oxidation efficiency of clouds for SO, under
different meteorological and chemical conditions.
Furthermore, we have estimated for five specific
cases of fractional cloudiness the effect of using
either FC or AON cloud parameters on the con-
centrations and the rates of the different loss
pathways of SO,. These specific cases have been
selected from measurement campaigns. We treat
the sensitivity of all our results to the exchange
rate between cloudy and non-cloudy air and to
the in-cloud oxidation rate of SO,.

2. Description of the FC and AON cloud
parameterizations

Different numerical schemes exist to describe
cloud cover and cloudwater content in a typical
mesoscale model (see Mocko and Cotton, 1995
for an overview). Here, we use the scheme as
described by Bechtold et al. (1992) and (1993).
Their scheme has been largely tested and shown
to give reasonable results in comparison with LES
(Large-Eddy Simulation) results obtained by using
observational data (Cuijpers and Bechtold, 1995).

The basic idea of their scheme is to suppose
that the liquid water potential temperature, 6,
and the total water content, q,,, possess a joint-
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normal probability-density distribution with vari-
ance o,. The fractional cloudwater content and
the fractional cloud cover can then be calculated
by integrating over the fraction of the distribution
that lays above the saturation curve. Fig. 1 visual-
izes this concept. Each ellips around the mean
variable couple (g, 8,) signifies such a distribution
with a certain variance. From the hatched area
above the dashed line and within the ellips the
cloud fraction is calculated. Although the pictured
couple G, 8, lies under the saturation curve the
FC scheme still can predict a cloudwater content
and cloud cover depending on the specific probab-
ility-density distribution. Note that the scheme
actually uses the linear approximation g instead
of the precise saturation curve.

For a full description of the FC scheme we refer
to the cited references. Here we just present the
equations for the cloud cover, Ngc, and the layer
averaged cloudwater content, gpc.

NFC=%(1+erf%> (1)

where “erf” designates the traditional error-
function.

e~ Q2
fipc =2 S 2
dirc JS<NFCQ1 + o )a (2)

where Ql = a(q_w_ qsl)/zas, and a= [1 + LZ/(vap

TH3q] ! given T;=(T/0)6,. Further, L is the latent

saturation curve

I

Fig. 1. Schematic graph of the FC scheme concept. Each
ellips represents a joint-normal probability-density dis-
tribution of gq,, and 6, around the mean variable couple
@w> 01)-
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heat of vaporization, R, is the gas constant for
water vapor and c, is the specific heat of water
vapor. The variable gy is the saturation mixing
ratio at temperature 7;. Apart from the temper-
ature and total water content it is o, which deter-
mines the FC parameters. The value of the
variance ¢, depends on the turbulent structure of
the MBL. It can be parameterized as being a
function of g,, and f; and the mixing- and dissipa-
tion-length (Bechtold et al.,, 1992). For any layer
we can now calculate Ngc and gige, given the
temperatures 7, 6, 0,, the total water content, g,,.
The cloudwater content in the cloud is given by
qirc={qirc/Ngc- Cuijpers and Bechtold (1995)
reported typical values for o, in the MBL ranging
between 1-107° and 41074, In the first part of
our study, we utilize values within this range in
order to calculate FC parameters for a range of
possible turbulent situations. In the second part
where we apply our model to five specific cases
the values of o, are constrained by the
observations.

The AON cloudwater content is calculated
simply from the difference between the mean total
water content, g,,, and the saturation mixing ratio.
In order to compare the results of the FC scheme
with those of an AON scheme we calculate the
AON cloud parameters using the same lineariz-
ation for g,.

Giaon = Aqw — gs) (for gy > gq). (3)

Under the same conditions, the AON cloud cover,
Naons i1s 1. For g, <gq both N on and gjaon are
equal to zero.

We have calculated the FC and AON cloud
parameters assuming a homogeneous cloudy layer
in the MBL with a typical temperature of 283 K.
Fig. 2 shows the fractional cloud cover and the
difference between the layer averaged FC and
AON cloudwater content as a function of §,,/qq
and oy, respectively. Note that for values <100%
the fraction g,/ is equal to the relative humidity
in the traditional sense. In order to picture all
realistic values of cloudwater content in the MBL
an upper limit of 110% is large enough.

Fig. 2a shows that even for relatively small
values of o, a significant fractional cloud cover
can be found for §,/q, values below 100%. The
value of Ngc at 100% is exactly 0.5 for all values
of o,, due to the symmetry of the applied Gaussian
distribution in (1) and (2). The amount of liquid
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water is important to the oxidation rate of SO, in
the cloud, as will be discussed later on. The
difference between the FC and AON cloudwater
content (figure 2b) is, therefore, an indication for
the effect of fractional cloudiness on SO,. As can
be seen from combining (2) and (3), Girc— Giaon
is always larger than zero and has a maximum
when G,/dy is 100% of 20,//2n (~08a, (in
gg ).

3. Two-layer cloud model

To simulate the SO, concentration in the MBL,
given either the FC or AON cloudwater content
and cloud cover, we use a two-layer model with a
fixed cloud- and sub-cloud layer. In our model
approach we assume that the SO, concentrations
in both layers are in quasi stationary state, d/dt-=
0. Thus the governing terms which determine the
SO, concentration, being chemical loss and pro-
duction, deposition on seaspray and sea surface
and transport between cloudy and non-cloudy air
are supposed to balance. This assumption restricts
the applicability of our model to stationary met-
eorological and chemical conditions, i.e. condi-
tions where the time scale .of change of each of
the mentioned processes is considerably larger
than the time scale of the process itself. The
contribution of long range transport to the SO,
concentration has not been included in this study.
Moreover we do not take into account entrain-
ment of free tropospheric air. However, for our
goal it is more important to maintain simplicity
in the model than to explicitly quantify all possible
process changes.

Fig. 3 schematically shows the processes which
are taken into account to simulate SO,: chemical
loss in the gas- and aqueous phase, chemical
production from the oxidation of DMS by OH, a
net removal through deposition on seaspray and
sea surface and transport between cloudy and
non-cloudy air.

With Z; the MBL height and Z_, the lifting
condensation level height, we introduce an equiva-
lent cloud thickness (H.) by weighting the cloud
thickness with the cloud cover: H.=N(Z;—Z4)-
The equivalent height of the non-cloudy air is
then defined by: H=2Z;,—H._.

Teltus 49B (1997), 4
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Fig. 2. Fractional cloud cover, Ngc (a) and Gipc —giaon (b) for T=283 K and for 0,=4.0 10 % (A), 6,=3.2 10~ % (B),
0,=2.6 1074 (C), 6,=1.9 10~* (D), 6,=1.3 10~ * (E), 6,=7.2 1075 (F) and ¢,=1.0 10™° (G).
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Fig. 3. Schematic view of the MBL with the SO, relev-
ant processes.

3.1. SO, oxidation

Chemical production (P) of SO, in the MBL
originates from the gas-phase oxidation reaction
between DMS and OH (Hynes et al.,, 1986). In
the non-cloudy air, SO, is only oxidized in the
gas phase. The oxidation pathways of SO, to form
sulfate includes several reactions (Calvert and
Stockwell, 1984). Here we describe it by the main
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initial and rate limiting reaction between SO,
and OH:

k

S0, + OH ——» sulfate, (4)

where k; is the reaction rate constant
(molec™! cm® s™1). In cloudy air the rate of SO,
oxidation to sulfate is much larger than in non-
cloudy air due to the very efficient oxidation in
the aqueous phase. The oxidation of dissolved
SO, to sulfate in cloud droplets is a complex
process of which not all aspects are well under-
stood. Nevertheless, it has been well established
that the main oxidation reactants in the aqueous
phase (aq) are H,O, and O; and to a lesser extend
also OH (Jacob, 1986; Sedlak and Hoigné, 1994).

Since we do not focus here on the exact mechan-
ism of SO, loss in the aqueous phase we have not
explicitly included all relevant cloud-chemical
reactions in the model. In order to model the loss
of gaseous SO, in the cloudy air due to aqueous
phase reactions we apply an all over quasi first-
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order reaction rate constant as a function of the
parameter g,.

ky(q)
S0, + OH ———sulfate(aq). (5)

Off-line, we have calculated k(q;) using a cloud-
chemistry model with an extensive cloud-chemical
mechanism (Matthijsen et al., 1995) for typical
marine photochemical conditions. Marine cloud-
water pH values are found within the wide range
of 4 to 7 (e.g. Warneck, 1988).

Fig. 4 shows calculated values of k, as a function
of g, for different pH conditions. The base function
for k, is formed by hourly averaged values which
have been calculated for cloudwater with a pH of
5.5. The upper-limit values (high) and the lower-
limit values (low) have been calculated for cloud-
water with a pH of 6 and 4.5, respectively. Both
extreme values are rather unlikely to be found.
Nevertheless, we acknowledge that still k, may be

T Thigh 1
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Fig. 4. Quasi first-order reaction rate constants, k;, for
the in-cloud oxidation of SO, as a function of the cloud-
water content, g,. Hourly average (solid lines) for differ-
ent cloudwater pH (see text): a lower-limit (low), a base
case (base) and the upper-limit (high). For the base case
the dashed lines indicate the 10-minute average: at the
beginning of a cloud (below) and at the end of a cloud
(above). The chemical lifetime of SO, in the cloud, t,
is indicated.
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smaller or larger. However, rate limiting effects of
aqueous-phase diffusion (Shi and Seinfeld, 1991)
and non-Henry equilibrium chemistry (Twohy
et al, 1989) prevent that k; will be considerably
larger than 1072 s~'. Furthermore, upper-limit
values of k; can only be found in very clean areas
with background SO, concentrations of less than
5 pptv. When more SO, is present the average
cloudwater pH will drop very fast to values of 5.5
or less which leads consequently to a decrease of
k. Similarly the lower-limit values will be found
under rather polluted conditions involving for
oceanic areas unusually high SO, concentrations.
The following initial ambient concentrations have
been used to calculate k;: O;=30 ppbv, H,0,=
0.2 ppbv and OH=1.0-10° moleccm 3. The k,
values compare well with rates calculated for
similar conditions as shown by, e.g., Iribarne and
Cho (1989), and Schwartz (1994). The values of
k, were found to be insensitive to SO, concentra-
tions in the typical marine range from 0 to
150 pptv. For a cloudwater content of zero the
values of k, are set equal to the quasi first-order
reaction rate constant in the gas phase, k; x [OH].
When ¢, increases the value of k; increases as well
depending on the pH.

In the sub-cloud layer we parameterize the
removal of SO, caused by dry deposition on sea
spray and the sea surface and by heterogeneous
reactions on sea spray with an overall deposition
velocity vq. We assume a typical deposition vel-
ocity for SO, of 1 cm s~ ! based on Sievering et al.,
(1989) and Suhre and Rosset, (1994).

The exchange rate between the cloudy and non-
cloudy air will be important to the oxidation
efficiency, since SO, is much faster oxidized in the
cloud than outside. We describe the transport of
air between the cloudy and non-cloudy layer
following the approach of Lelieveld and Crutzen
(1990) and (1991). They define a residence time,
taq, Of air inside a cloud by:

H cld

(6)

lela =
up
where w,, is the updraft velocity at cloud base
and H 44 is the cloudthickness Z,— Z 4. By apply-
ing this vertical advective time scale, we describe
the exchange between the cloudy and non-cloudy
air. The assumption of a stationary cloud field
leads to a time scale of t.q4/f for the sub-cloud
layer, where f is the fraction H,/H,. This way of

Tellus 49B (1997), 4
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modeling allows us to describe the transport
between the two layers without describing in detail
the MBL dynamics. The magnitude of t 4 found
for clouds in the MBL has a wide range and
depends on the specific meteorological conditions.
Krueger et al. (1995) simulates the stratus-to-
cumulus transition in the MBL. They calculate
updraft- and downdraft velocities which range
from a fewem s~ ! up to 3m s™!. Given an
average cloud thickness of 500 m and the defini-
tion (6) the residence time ranges from several
hours to a few minutes. In our calculations we
apply three different values for ¢44; 3 h, 30 min
and 5 min. It should be noted that the value of
t.q is probably not independent of the variance
o, since the updraft velocity at cloud base is
clearly linked to the turbulent structure in the
MBL. However, in the context of this simplified
modeling approach o, and t, 4 have been varied
independently rather than parameterizing a
dependency between the two parameters.

3.2. Model equations

Combining the above mentioned processes the
following equations then determine the SO, con-
centrations in the cloud (IC) and outside the cloud
(OC). Note that by using the fraction f the cloud
cover is implicitly introduced into the equations.

d 1
dr [SO,1¢= —[kl(%) + t—] [SO,T*¢

cld
1 ocC
+ - [SO,1°* + P, (7)
cld
d vg  f
= oc _ __ e S oc
O [SO,] l:kg + H, tdd] [SO,]
f SO IC
—+ ;—1; [SO,J“+P. (8)

For stationary meteorological and chemical condi-

tions, d/dt~-=0, [SO,] and [SO,]°¢ can be

calculated as follows:

elky+va/Hsl/ka(q) +(1 +f)

[e+ 1] [kg+vo/HI +kilq)f”
e+(1+f)

[+ L] [kg+va/HI+ k(@) f

where the dimensionless number ¢ is the fraction
between the time scale of exchange and the chem-
ical lifetime of SO, in the cloud (e=t.4/7). The

[SO,1=P )

[SO,1°“=P (10)
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value of 7 is defined by 1/k;. The value of ¢ signifies
the different oxidation efficiencies of the (frac-
tional) cloudy MBL. Basically three different
regimes may be classified based on the value of &:
e»1, ex1 and e«], respectively. For ¢»1 the
time scale of exchange of air between the cloudy
and non-cloudy air is much larger compared to
the time scale of in-cloud oxidation of SO,.
Transport is in that case the limiting factor for
the amount of SO, oxidized in the cloud. Similarly,
for e« 1, cloud chemistry is that slow as compared
to the transport that it will be the limiting factor
for the amount of SO, oxidized by the cloud. In
the case that ¢x~1 the oxidizing capacity of the
cloud for SO, is most efficient.

In the next section we present results of the
2-layer model based on FC and AON cloud
parameters, ¢, and N which are calculated as a
function of the total water content, g, and the
variance o, for different values of t 44 and k,. The
model runs have been performed assuming fixed
cloud boundaries and temperature (see table 1).
Moreover only warm MBL clouds are considered.
Table 1 shows the model parameters which are
used.

4. Results

In the first part of this section, we show the
possible differences between the amount of SO,
oxidized in a “FC” or an “AON” MBL which are
expressed by ASO,. ASQ, is the difference between
the SO, concentration integrated over the MBL
for the FC and the AON case relative to the
integrated AON concentration. When ASO, is
smaller (larger) than zero the total SO,g¢ concen-
tration is smaller (larger) than the total SO, 0N
concentration. This means that when ASQO, is
smaller (larger) than zero the FC scheme renders
the MBL a more (less) efficient oxidizer for SO,.
ASO, is essentially independent of P, due to our
assumption that P is the same in- and outside the
cloud. This assumption is based on the fact that
the product of [DMS] and [OH] is more or less
constant in the MBL. A test showed that the
results were not sensitive to this assumption. An
increased or decreased SO, production by 50%
inside the cloud compared to the production
outside the cloud made virtually no difference for
ASO, in those cases where the AON scheme
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Table 1. Model parameters

J. MATTHIJSEN ET AL.

Parameter Comment/ref. Value
Z; cloud top 750 m
Zyg cloud base 500 m
[0H] diurnal average, marine (Thompson, 1995) 1.0-10° molec cm ™3
[DMS] 40-140 pptv (ASTEX/MAGE-1992) 100 pptv
pH for k;, see text 45,5.5,60
[03] for ki, see text 30 ppbv
[H,0,] for k;, see text 0.2 ppbv
ky Atkinson (1984) 1.1 1072 molec ™ *cm?®s !
k, Hynes et al. (1986) 6.14 1072 molec ' cm® s~ !
ke =k, x [OH] 111076571
4 =k, x [DMS][OH] 1.54 10* moleccm ™3 s~*
T temperature at cloud level 283 K
vq see text 1.0cms™?!
taa see text 3 h, 30 min, 5 min
k function of ¢, 1.11107%-1.0.10" 257!
g, applied range 1.0-107°-4.0-1074

predicted no clouds. For the cases that the AON
scheme did predict clouds the values of ASO, were
increased or decreased, respectively by not more
than an extra few percent up to 10%.

In the second part we show for five specific
meterological cases the effect of using either a FC
or an AON scheme on the amount of SO, oxidized
and on the different loss rates. For these five cases
g, and g, have a specific value which are deter-
mined by the observational data. These marine
cloud cases cover the main possible cases of frac-
tional cloudiness.

4.1. AS0,, possible values

Fig. 5 shows ASQO, as a function of the fraction
Gw/dq for different values of the variance o,. These
two parameters are used in both the FC and the
AON scheme to calculate cloud cover and cloud-
water content. Each graph in Fig. 5 applies to a
specific combination of k; and £.4.

In general it can be seen from Fig. 5 that the
absolute value of ASO, increases when o,
increases. Remember that o, is a measure for the
variability of ¢, and 6, in a grid cell, and con-
sequently of the turbulence. The effect of an
increasing k, value from low, base to high leads
logically for all values of t,q to enhanced values
of ASO,. Whereas a decreasing time scale of
exchange from 3h, 30 min to 5min decreases
ASO, more and more.

For the results where ¢>>1 (Figs. 5a, b, d) the

exchange between the cloudy and non-cloudy air
plays a relatively small role. In that case, ASO, is
mainly caused by the difference between the FC
or AON amount of cloud water and cloud volume
and the magnitude of k. For those where ¢«1
(Figs. 5f, h, i) an increased cycling of air through
the cloud now renders the “FC” MBL for most
values of §,/q, a larger oxidizer of SO, than the
“AON” MBL. This in spite of the fact that for
Gw/da>100% AON predicts a cloud cover which
is 1 and thus always larger or equal to Ngc. Only
when the oxidizing efficiency increases (e&1) the
amount of ASO, becomes positive for
dw/da>100% (Figs. 5c¢, e, g).

The temperature used to calculate the cloud
parameters has been kept fixed throughout the
calculations. Although, the results are sensitive
towards this value in the sense of absolute num-
bers, the nature of the results does not change.
Lower (higher) temperatures lead to larger
(smaller) values of [ASO,|. Nevertheless it should
be noted that the maximum difference between
the FC and AON value of g, (at 4,/Gq is 100%)
is the same for all temperatures.

4.2. 450, five specific cases

So far we have examined the ASO, for possible
ranges of o, and q,/qy. Now we examine five
specific (fractional) cloudy cases. They give an
impression of those ASO, values we are likely to
encounter. Furthermore, we examine the different

Tellus 49B (1997), 4
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loss rates of SO,, via gas- and aqueous-phase
oxidation and through deposition. The choice of
a FC or an AON scheme affects the magnitude of
these pathways.

From the observations of five different cloud
cases we have estimated the necessary cloud para-
meters in order to calculate the possible differences
between the total SO, concentration in the FC
and the AON approach. The observations have
been gathered during the GATE (Briimmer, 1978)
Puerto Rico 72 (Pennel and Lemone, 1974),
ASTEX (Johnson et al, 1993), FIRE (Albrecht
et al., 1988) and Semaphore (Eymard et al., 1996)
measurement campaigns.

Fig. 6 indicates the general meteorological situ-
ation for the 5 different cloud cases by the profiles
of q,, and 6;. The necessary FC cloud parameters
have been obtained from LES results which have
been forced by the observations. This approach is
similar to the one used by Cuijpers and Bechtold
(1995). Table 2 gives the relevant FC and AON
cloud parameters integrated over the cloud layer.

Table 3 shows the values of ASO, calculated for
each of the five cases for the applied combinations

of tyq and k. The ASO, values calculated are
relatively moderate in comparison with the pos-
sible maximum values, which were found for g,,/g
is 100% (Fig. 5). In the FIRE case ASO, is mainly
caused by a difference in cloud volume. ASO, lies
within 16% and 33%. Changes of the value of ¢4
and k, are relatively small. The FC cloud volume
in the ASTEX case is smaller than the AON cloud
volume, whereas the opposite can be said of the
cloudwater content. This leads to a ASO, which
is rather sensitive to the value of t,4 and under
fast cloud cycling conditions also to the value of
k,. The ASO, calculated range from —1% to
—24%. In the GATE case the fractional cloud
cover is very small (Ngc=0.01). Nevertheless the
ASO, calculated are mostly of the order of 10%
(from 4% to —17%). The Puerto Rico ’72 case
shows to be the most sensitive to the choice of
the scheme. The combination of a cloud cover of
0.06 with a cloudwater content of 0.21 g kg ™! yield
a “FC” MBL which is a larger oxidizer of SO,
(—19% to —85%). The Semaphore case shows
no difference for ASO, between the FC and AON
approach, although the major loss of SO, occurs
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Table 2. FC and AON cloud parameters
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qQ N Z i H c
FC AON FC AON FC AON FC AON
Exp. (gkg™) (gkg™) (0-1) (/1) (m) (m) (m) (m)
FIRE 0.13 0.13 0.95 1 850 850 250 300
GATE 0.15 0.0 0.01 0 950 950 22 0
ASTEX 0.10 0.07 0.70 1 1600 1600 140 150
P.R.’72 0.21 0.0 0.06 0 1400 1400 35 0
Semaphore 0.22 0.22 1.00 1 1250 1250 300 300

Table 3. 4S50, (in %) for each case for different values of t., from left to right, and k,(q,) from bottom

to top similarly to Fig. 5

FIRE ASTEX GATE PR."72 Sema.

high 33 33 25 -2 -9 -—24 4 -1 13 —25 -6 -8 0 0 0
base 26 22 19 -2 -5 -8 -1 —11 -17 -23 -4 -6 0 0 0
low 19 17 16 -1 -3 -3 -2 -7 -9 —19 -3 -37 0 0 0
3h-1/2h-5m 3h-1/2h-5m 3h-1/2h-5m 3h-1/2h-5m 3h-1/2h-5m

through oxidation in the aqueous-phase (75% to
95%, see Fig. 7).

Fig. 7 shows the results for the loss rates of SO,
for both the FC and AON scheme for the base
function of k; and the 3 different exchange time
scales. In those cases where using the FC scheme
instead of the AON scheme leads to significant
ASO, values, the magnitude of the different loss
pathways through gas-phase oxidation and depos-
ition are clearly affected as well.

Above we have seen that the possible effects on
SO, of using a FC scheme instead of an AON
scheme to calculate N and ¢; cloudwater content
range between a 100% higher and a 100% lower
SO, concentration. The magnitude depends on
several parameters which determine the meteoro-
logical and chemical situation. These large discrep-
ancies indicate that the choice of using either a
FC scheme or an AON scheme in a mesoscale
model is very important to the calculated amount
of SO, and the fate of its oxidation products.
Consequently, the use of a FC scheme instead of
an AON scheme in mesoscale modeling of the
SO, budget should be considered.

The frequency of occurence of cases where
fractional cloudiness leads to these large discrep-
ancies is however not expected to be as high as
mentioned in the first part of this section for two
reasons. First, our calculations for five observed

Tellus 49B (1997), 4

fractional cloudiness cases show that the effect for
the most likely circumstances lead to much lower
ASO, values (22%, 0%, —5%, —11% and
—49%). Under upper limit conditions only in one
case a ASO, was found of —85%. The observed
case for which we calculated these highest discrep-
ancies is characterized by a combination of a
relatively small cloud cover with a large cloud-
water content. Secondly, the frequency in the real
atmosphere of the meteorological and chemical
conditions favourable for large discrepancies are
naturally small. These conditions are large values
of o,, small timescale of exchange (t,q) and fast
cloud chemistry (k;).

5. Conclusions

We have shown with simple stationary two-
layer model simulations that the amount of SO,
oxidized in the MBL can be considerably affected
by the way cloudwater content and cloud-cover
are parameterized in meteorological chemical
mesoscale models. The parameterization of cloud
parameters in these models consists of either a
fractional cloudiness or an all-or-nothing scheme.
At present only the AON approach makes a direct
implementation of gas- and aqueous-phase chem-
istry possible. Our results show that SO, concen-
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tg 3 hrs. 172 hr. 5 min.
FC
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Fig.7. FC and AON loss rates of SO, for the 5 (fractional) cloud cases for the k, base case and t,4 values of 3 h,
30 min, and 5 min, respectively. The loss rates (rounded to units of 2.5%) are pictured proportionally to the production
of SO,. Gas-phase oxidation (white bar), deposition (light-grey bar) and aqueous-phase oxidation (dark-grey bar).

trations in a fractional cloudiness MBL deviate
between 100% and —100% from those in an all-
or-nothing MBL. These values have been found
applying a typical range for the mean total water
content §,, and the variance, g,, of q,, and 6,. We
performed simulations for 3 different time scales
of exchange between the cloudy and non-cloudy
air and three different cloudwater pH values. For
5 different observed (fractional) cloud cases
(GATE, Puerto Rico ’72, ASTEX, FIRE and
Semamphore) SO, deviations were found to range
between 33% and —85%. In these cases g, and
o, were determined by the observations. Critical
parameters to ASO, are the time scale of exchange
between cloudy and non-cloudy air, the chemical
lifetime of SO, in the cloud and the (fractional)
cloud cover. Although this investigation has more
the character of a sensitivity analysis, we can
conclude that application of cloud chemistry in
meteorological chemical mesoscale models which
take fractional cloudiness into account in the
simulation of cloud chemistry will give an import-
ant improvement of the quantification of the

different formation and loss pathways of sulfur.
Meanwhile, in absence of a feasable way to imple-
ment gas- and aqueous-phase chemistry in these
models, we suggest to use the AON approach but
to apply a correction factor. Such a correction
factor should account for the differences in SO,
oxidation in the presence of fractional cloudiness
and may be derived from off-line calculations
similar to those performed in this study.
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