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INTRODUCTION

The first year of our work under RP1630-45 was devoted almost exclusively to
model development (Hobbs and Hegg, 1985).

This resulted in the development of

models for the sulfur and nitrogen chemistry of narrow cold-frontal and warmsector rainbands.

Preliminary comparisons between the model predictions and

field observations was also undertaken for a narrow cold-frontal rainband.
These results were incorporated into two papers that are now in press (Rutledge
et al.

1986; Hegg et al.

1986).

During the past year, our activities have centered around detailed comparisons of model predictions with field observations.

The field observations

that we are employing were taken during the course of the GALE field
which provided by far the best data set for this purpose.

progress to date on this task is given in this report.

project,*

A summary of our

We also summarize the

results of preliminary comparisons that we have made between bulk and explicit
microphysical parameterizations of cloud chemistry.

2.

RESULTS

2. 1 Acquisition of Field Data
The data base that we are using for model validation was gathered (as a

"piggyback" experiment) during the course of the GALE field project.

A summary

GALE (genesis of ^tiantic Lows Experiment) is a large, cooperative effort
designed to study cyclonic and frontal systems on the East Coast of the United
States. The GALE field project,v which was centered on the North Carolina Coast,
was carried out from January 15 through March 15, 1986 (see the GALE
Experimental Design Document, 1985. Available from GALE Project Office, NCAR,
Boulder, CO 80307). We "piggybacked" chemical measurements (airborne and
ground) on the GALE field project.

*
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of the GALE aircraft flights on which useful chemical measurements were obtained
is given in Table 1.

We have identified three case studies that should prove

amenable to comparisons with our model.

To date we have concentrated our data

reduction efforts on the case that we consider best (March 6, 1986).

On 6 March 1986 a prefrental rainband passed over Cape Hatteras, NC.

This

band was documented rather thoroughly by the GALE network, including

dual-Doppler radar measurements and aircraft penetrations.

While primarily a

stratiform feature, the rainband appeared to have several quasi-linear convective

1

features, with peak updrafts on the order of a few meters per second (with
2 km data resolution).

The radar echo returns from the Cape Hatteras NWS

radar, shown in Figure 1, displays the general shape of the rainband.
The 2-D kinematic flow field for the rainband at several different times
will be derived from the dual-Doppler radar measurements.

One such flow field

has already been derived and is being used in our first model simulation.
Aircraft and rawinsonde data are also being utilized to determine the initial

temperature and dewpoint profiles to be inputted to the model.

In addition,

various chemical measurements taken during the aircraft sampling are being used
to define both the inital and equilibrium chemical fields required for model

validation.

Examples of such data are shown in Figure 2 which displays tem-

perature and dewpoint profiles derived from aircraft data, and in Figures 3 and

4 which show the ozone and HNO profiles, respectively.

The HNO profile is

particularly interesting in that it shows apparent detrainment of HNO, from

cloud top (~ 700 mb).

The highly irregular nature of some of the profiles (such

as HNO) suggest that the model will have to be initialized with explicit grids,

rather than the exponential functions that we have used in the past.
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TABLE 1.

Summary of University of Washington Flights Aboard the Convair C-131
Aircraft Where Particularly Useful Chemical Measurements* Were
________Obtained During GALE Field Project on the East Coast.
Date (1986)

UW Flight

Meteorological Situation

Comment

"Gulfstream" rainband

High HNO,

Number

January 19

1214

with lightning

January 25

1215

Broad stratiform precipitation
feature west of Cape Hatteras

P-3 aircraft data
available plus ground
precipitation data

February 2

1217

"Gulfstream" rainband
(100 nm offshore)

Electra and P-3 aircraft data available

February 14

1219

Line of cumulus clouds off
South Carolina Coast (warm
clouds
no precipitation)

Of interest for allwater cloud case

February 17

February 19

1221

1222

study

Stratocumulus clouds topped by
temperature inversion

H^Og concentration

Small cumulus clouds offshore
(MIT radar coverage at

Compare with West
Coast chemistry data

Entrainment of high

Wilmington)
February 21

1223

Offshore multi-layered
Stratocumulus clouds (MIT radar
from Wilmington)

Very high haze levels

February 22

1224

Offshore Cu-Cb with lightning
(MIT radar coverage from

High

HN03

and HgOg

O)

Wilmington)
February 24

1225

Pre-frontal rainband (dualDoppler radar coverage from

Rainband dissipated
during sampling

Cape Hatteras)
February 27

1227

Offshore stratiform rainband
(NASA radar coverage at
Wallops Island)

Rainband dissipated

during sampling

March 1

1228

Offshore rainband

Good case for
comparison with West
Coast data

March 6

1229

Pre-frontal rainband (dualDoppler radar coverage at
Cape Hatteras)

P-3 aircraft data
plus ground
precipitation data

March 13

1231

Cumulus clouds offshore

Electra aircraft
data available

*

Unless otherwise noted, on all of the flights listed the airborne data sets
include filter measurements of SOg HN03 and particulate chemical species,
and continuous measurements of 03 and NOy. Additionally, all flights had
aqueous and/or gas-phase H^Og measurements.

Figure 1.

The reflectivity (in dBz) signal from the NWS radar located at Cape
The large feature to the west of Cape Hatteras is the rainband examined in the March 6 case study.

Hatteras.
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Figure 2. Vertical profiles of temperature and dewpoint measured in the vicinity of the rainband on 6 March 1986.
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2.2 Preliminary Results from Model Simulations for the 6 March 1986 Rainband

Before discussing some of the results from our model simulations, it must be
emphasized that the results obtained so far are preliminary.

Determination of a

proper kinematic flow field is an iterative process, thus our final best estimate of the air flow through the rainband may differ from that which we have

utilized to derive the results presented here.

Furthermore, because all of the

chemical data collected in the field have not yet been reduced, we have employed

the continental background chemistry specified by Hegg, et al. (1986).

Some of the cloud microphysical fields derived from the model are shown in
Figures 5, 6 and 7, which show the cloud water, snow and rain fields, respectively.

While the cloud water field shows some vertical structure, the snow

field, and particularly the rain field, suggest a much more stratiform feature
than is suggested by the radar reflectivity (Fig. 1).
cessing errors (e.g.

band); this
case.

This may be due to pro-

incorrect estimation of advection velocity across the

issue will receive further attention in our future analysis of this

However, tentatively accepting the microphysical fields as correct, they

suggest that there was relatively little vertical transport of chemical species.
This point is well illustrated in Figure 8, where it can be seen that the

equilibrium SO., field departed little from its initial stratiform character.

The scavenging of particulate sulfate and nitrate predicted by the model for
this case is similar to that found in our previous studies.

show the equilibrium particulate sulfate and nitrate fields.

Figures 9 and 10
Both fields show a

marked in-cloud depression associated with nucleation scavenging, with the
nitrate scavenging somewhat more efficient than that for sulfate, as expected.

The associated fields for sulfate and nitrate in cloud water, shown in Figures

-3D
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11 and 12, reveal the expected complimentary structure to the fields shown in
Figures 9 and 10.

It is quite clear from these fields (particularly the cloud

water sulfate and nitrate fields) that the predominately horizontal flow through

the rainband resulted in most of the scavenging being at the leading edge of the
rainband.

The cloud water H O

field (Figure 13) suggests a more vertical flow,

with significant H-0- scavenging in the top of the rainband, but this is almost

certainly due to entrainment of upper-level H-CL through the top of the rainband.
With regard to the key issue of sulfate and nitrate deposition on the

ground, this is best illustrated by examination of the rainwater sulfate and
nitrate fields.

These are shown in Figures 14 and 15, respectively.

The most

striking characteristic of these fields is their horizontal uniformity.

There

is very little variation in deposition across the rainband.

2.3 Comparisons Between Bulk and Explicit Parameterizations of Cloud Chemistry
In common with most other investigators in this field, our models for the
chemistry of rainbands have utilized bulk-parameterized microphysics.

This has

been dictated primarily by considerations of the core memory available on the

CRAV-IA computer and the excessive computing time requirements for explicit
microphysical models.

While bulk-parameterized models are generally considered

a reasonable approximation, the nature and size of the potential errors that

they introduce have not, to our knowledge, been quantified.

We have therefore

done some preliminary work on such quantification by comparing two models with

bulk and explicit microphysical parameterizations.

The details of this study

are set forth in a preprint of a paper that we have included as an Appendix Co

this report.
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In summary, we have found that an explicit microphysical model will predict
a variable pH across the

clo.ud droplet size spectrum.

This produces signifi-

cant, though not catastrophic, differences in predicted in-cloud sulfate production if conditions are such that a strongly pH dependent oxidation reaction

(e.g.

oxidation of aqueous S(IV) by ozone) is of importance.

Discrepancies

between the bulk and explicit models for various assumed initial concentrations
of gases are shown in Table 2.

It can be seen that the bulk model systemati-

cally underpredicts sulfate production by as much as 40%.

Given the inherent

uncertainties in relatively complex models such as ours, these discrepancies are

problably acceptable.

However, this

issue is one that we will continue to moni-

tor during the course of our future modeling studies.

3.

PROJECTED ACTIVITY

Our first priority for the next year will be to complete the refinement of
the kinematic flow field for the 6 March 1986 case and to compare the model out-

puts of both cloud physical and chemical parameters with the field measurements
obtained in this case.

We are also considering a full 3-D simulation of the 6

March 1986 rainband for comparison with our current 2-D simulations.

This is

partially motivated by the interesting complex structure of this rainband and

partially by a need to characterize errors in chemical predictions attributable
to the assumption of two-dimensionality.

After completion of work on the 6 March 1986 case, we will consider the

feasibility of a similar analysis on the precipitation feature that was documented in GALE on the 24 February 1986.
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TABLE 2.

Model predictions of sulfate production for various initial input
concentrations of gases. The results are for a model run time of 465 s,

,

[nput

S02

*

03

dipb)

Su Ifate F’roduc<id in Clotid (g/g)

H^Og

Bu.1k Mo de 1

0

1

1. 52 x 10

1

50

1

1. 52 x 10

2

0

1

2. 16 x 10 -9

2

50

1

2. 32 x 10

2

50

0.5

1. 53 x 10

2

50

0

7. 60 x 10 -1

*

Ex:plici-C Model

-9

1

Discrepancy (%)

1. 98 x

10-9
10-9
10-9
10-9
10-9

1. 24 x

10-9.

1. 70 x
-9

1. 94 x

2. 54 x

-9

2. 82 x

-9

0

12

28

18
22

29

63

The discrepancy is calculated as:
[(sulfate explicit / sulfate bulk)
1] x
100. It is, therefore, the percentage increase in sulfate production predicted
by the explicit model relative to the bulk model.
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ABSTRACT

Comparison of the predict ions of sulfate production by two
c l oud-chemical models

is undertaken

One model ut ililzes a bulk

parameterization similar to those widely used in the atmospheric chemistry

modeling community

and the other employs an explicit microphysical

formulation. The bulk parameterization is found to significantly, though not

catastrophically, underestimate in-cloud production of sulfate. The
disparity in the model results arises due to the variability in droplet
composition, and thus pH, across the droplet size spectrum. This variability

suggests that such parameters as bulk cloud water pH are not completely

representative of the reaction conditions in real clouds and should be used
with caution in evaluating the importance of laboratory-derived reaction
mechanisms in the atmosphere.

1. INTRODUCTION

It is now widely accepted that clouds play an important role in the
chemical cycles of a number of trace elements in the troposphere (NRC,1984)

In particular, sulfur and nitrogen species are generally held to interact
extensively with cloud hydrometeors. This renders the field of cloud

chemistry highly relevant to such issues as acid deposition. Because of this
relevance, numerous modeling studies of cloud chemistry (both prognostic and

diagnostic) have been undertaken in the last few years (e.g.
Hales,1983

Easter and

Chameides.1984; Hegg et al. ,1984; Trembley and Leighton, 1984

Lee and Shannon, 1985)

However, the complexities of the processes involved

have made it infeasible to simultaneously model all aspects of cloud

chemistry with equal rigor, and various approximations have been necessary
in the modeling studies to date. The nature of the approximations employed

have been, of course, dependent on the particular object of each study and

range from sophisticated chemical schemas with rudimentary microphysics

(e.g.

Chameides

chemistry (e.g.

1984) to explicit microphysical models with rudimentary

Flossman et al. )

Nevertheless, the vast majority of models

run to date have employed various parameterizations of the cloud microphyics

they are in fact bulk-parameterized models. Hence, it is natural to query
whether or not this common methodology produces systematic errors in the

chemical output of the models. There have been, in fact, some studies which

suggest that bulk-parameterized models are systematically in error.

Hegg and Hobbs (1979) utilized

a one-phase cloud model with explicit

microphysic-s to evaluate the relative importance of various aqueous SO-

oxidation reactions in the atmoshpere. In the course of their investigation
they noted that pH varied across the droplet size spectrum as well as

varying in time. They concluded that the average or bulk pH of the cloud
water is not always representative of the

pH at which SO

oxidation occurs

within growing droplets and that oxidation could occur at different rates in

different droplet classes. Certainly this suggests that bulk-parameterized
models of cloud chemistry may yield predictons significantly in error with

regard to the important issue of SO- oxidation in solution.

In addition to the modeling predictions of Hegg and Hobbs

there are

some prel iminary field data which indicate that different size cloud

droplets have different ionic concentrations and hence,presumably, differing

pH’s (personnel communicdation, R.J. Charlson)

These data were gathered

with the novel cloud droplet sampler described by Ogren et al.(1985).

The above studies suggest it would be prudent to compare predictions of
bulk and explicit microphysical models for cloud chemistry, with identical

initial conditions, to quantitatively evaluate errors due to the bulk

parameterization. In this study, such a comparison is made with regard to
the amount of sulfate production which takes place in clouds.

2. THE CLOUD MODELS

In order to distinguish the effects of bulk parameterization from the
effects of other approximations inherent in cloud chemistry models, the
models employed in this study will be kept as simple as possible. Both the
bulk and explicit microphysical models will be Lagrangian parcel models

and the parcels wil l be assumed to be adiabat ic

comparability, the models will be kinematic i. e.

For purposes of

the vertical velocity

profile will be initially specified. The profile utilized is derived from
the study of

Mason and Chien (1962) and is typical of moderate cumulus.

Both models will have a single hydrometeor phase (water) and both will
assume

Henry’s Law equilibrium

for species in the gas and aqueous phases

The usage of a single-phase cloud model is based upon the earliler study of

Hegg and Hobbs (1979) which suggests that droplet pH variability is due in
large part to the nucleation and condensational growth proceses, which can
be treated with a single-phase model. The as sumption of

Henry’s Law

equilibrium is reasonable for the droplet sizes generated by the explicit
model (r<13 urn) according to both experimental (Walcek et al.
theoretical

(Schwartz, 1982

1984) and

Walcek and Pruppacher, 1984) studies.

The sulfate production reactions in both models will be oxidation of

aqueous SO, by 0,

utilizing the rate expression of Maahs (1983)

H-0, utilizing the rate expression of Penkett et al.

and by

1979)

The bulk-parameterized model will utilize the condensational growth

algorithm of Yau and Austin (1979) and a chemical parameterization similar
to that employed by

Hegg et al.

(1984)

The explicit microphysical model is

essentially the same as that of Hegg and Hobbs ( 1979, 1986)

The initial

aerosol in both models is assumed to be (NH, )-SO, at a bulk concentration of

0.8 ug/m

sulfate. For the explicit microphysical model, this is distributed

over a cloud condensational nucleus (CCN) activation spectrum of the form:

[CCN]=100(ss)*5 cm"3

where ss is the water vapor supersaturation in percent. This spectrum,

coupled with the updraft profile utilized, results in a nominal nucleation

scvanging efficiency of 70%

similar to that employed in the bulk model.

The various gas-phase init ial concentrat ions are presented in the
discussion of model results.

3. MODEL RESULTS

Values predicted by both the bulk and explicit models for selected

physical and chemical parameters are shown in Table 1. The results suggest
that

for the conditions indicated, there is in fact a discrepancy beteeen

the model predictions of sulfate production, though only on the order of 2.0%

significant but not really large. On the otherhand. the model predictions
of physical parameters differ by even less, suggesting that the discrepancy
is chemically induced. More evidence for this is provided in Table 2 were

model output for various initial chemical concentrations are presented.
Several points are apparent from the results shown in

Table 2. Firstly, the discrepancy in sulfate production between the models
is smallest when substantial H 0,- is present and largest when only 0, is

present. Secondly, the effects of the 0, oxidation process are much more
marked in the explicit model than in the bulk model. Finally, discrepancies
can be as high as

H Q

63%

which is quite significant. Indeed, given ambient

levels commonly les s than 0 5 ppb (Kok et al

al. .1985)

1986

discrepancies on the order of 50% may be frequent.

Kelly ^t.

The relative importance of the

0^

reaction in the explicit model

compared to the bulk model suggests a systematically different cloud water

pH between the models. However, examination of the bulk cloud water pH fails
to support this. The bulk model

pH’s

and the equivalent bulk

pH’s from

the

explicit model (determined by volume-weighted averaging over the droplet

spectrum) differ by less than 0.1 pH units for all of the cases shown in
Table 2 and by only 0.03 pH units (equivalent to

57, diffenence in hydrogen

ion concentration) for the case in Table 2 which shows the larges t

discrepancy in sulfate production. The bulk pH’s, incidentally, range from
4.4 to 4.8 at 465 s.Clearly, the differences in predicted sulfate production
must be due to individual droplet
mean

pH’s differing significantly from the bulk

pH, as suggested by Hegg and Hobbs (1979)
The

pH’s

of selected individual droplet classes are shown in Figure 1.

The classes are based on CCN activation supersaturation, with the activation

supersaturation increasing with increasing class number. This implies that
the higher droplet classes nucleate on smaller and smaller salt masses

However, since droplet growth by condensation varies inversly with droplet
radius, the initially smaller drops which form on the smaller CCN grow, and
thus dilute, far more rapidly than the initially larger drops that form on

the larger CCN. The plots in Figure 1 show that

within 15 s of model

initiation, the droplets that formed on relatively small CCN are much more
dilute than those which formed on the large CCN; more importantly, they have

substantially higher pH’s than the equivalent bulk cloud water pH. Strongly
pH dependent reactions, such as the

0,

oxidation of aqueous

SO,

will

certainly take place at different rates in the different droplet classes,
and at a significantly different rate than would be infered from the bulk

pH. Conversly, weakly pH dependent reactions, such as the
aqueous

SO^,

H^O,

oxidation of

will proceed at a more uniform rate across the droplet

spectrum. These points are illustrated in Figure 2, where sulfate production
at 220 s

("half-way

to the 465 s. model

endpoint) is plotted against droplet

class.

4. DISCUSSION

The above results have several implications which deserve discussion.

Firstly, the results suggest that, while utilization of bulk parameterized
models will not produce catastrophic systematic errors

significant

systematic errors will arise. Of course, it is clear from Figure 1 that the
droplet pH disparity which gives rise to the bulk-explicit discrepancy in
sulfate production has a finite lifetime. The curves are converging with
time and by 465 s

there is little difference in the pH of the various

droplet classes. Indeed, this homogenization is due to the favorable

conditions for sulfate production in the initially more dilute droplets
which dictate more sulfate production and hence a disproport ionate

lowering of pH relative to the more concentrated droplets. Thus, the pH
anomally is self-correcting if pH dependent production of sulfate takes
place. Nevertheless, 465 s is a considerable length of time, particularly in
a cumulus

updraft. From Table 1

it can be seen that the anomally, in an

Eulerian sense, would extend over

1000 m of cloud depth. Furthermore

it

must be remembered that the anomally will occur for each passage of an

aerosol through a cloud. Many large scale transport models contain cumulus

"modules" which are activated

cloud

a number of times during the run time

of the larger model. Bulk-parameterized "modules" could therefore produce a

substantial cumulative error in estimates of in-cloud sulfate production
over the model run time.

A second inplication of the model results is relevant to the widespread
usage of bulk cloud water measurements to evaluate the potential importance
of various reaction mechanisms in clouds. For example, the bulk cloud water

pH’s predicted by both the bulk and explicit microphysical models, namely
pH’s < 4.9,

would suggest that only the H O

oxidation mechanism would be of

major importance to sulfate production in the clouds examined. However, it
is quite clear from Table 2 that the 0, oxidation mechanism is a major
source of sulfate for the initial conditions utilized

though H-0- is still

of primary importance. It w if it is present at concentrations in excess of
a few tenths of a ppb.It would be prudent to consider possible droplet

heterogenity in future evaluations of the potential importance of various
chemical reactions in real clouds.

Having stated the above implications, a cautionary note mus t be
added. The models utilized in this study are highly simplified surrogates
for real clouds. Several approximations made in the modeling procedure may

effect the conclusions presented here. Two approximations in particular must
be at least briefly discussed.

Droplet growth in the model is solely by condensation of water vapor.
While this is quite reasonable for the first

400 s after nucleation, cloud

droplets also grow by collection processes in the sense that water mass, and
solutes in the water, are transfered from one size range to another. A
recent study by Flossman et al. (1985) has suggested that such collection

processes can significantly affect the relative concentrations of solutes in
cloud droplets over the droplet size spectrum. It is conceivable that such

processes could modify the results presented here. Certainly modeling
efforts which include collection processes as well as condensational growth
and chemical reactions should be made in the future.

A second important caveat involves the assumption of Henry’s Law
equilibrium for the model gases. While the studies previously cited suggest
that

urn)

for droplets of the size generated by the models in this study (r<13

Henry’s Law equilibrium

as sumed the drops

to be

is a reasonable assumption, these studies

static or non-growing

With rapidly growing

droplets, particularly an ensemble of different sized droplets nucleating at
different times

it is quite conceivable that equilibrium is not achieved

for a significant span of time. This could plausibly result in heterogeneity
across the droplet size spectrum over and above that discussed in this

study. Once again, further studies should address this issue.

5. CONCLUSIONS

The model results presented her e

sugg e s t

that

the

us e

of

bulk-parameterized cloud chemistry models may lead to significant, though
not catastrophic, systematic errors in estimate of sulfate produced in cloud
water. Specifically, on the basis of the sensitivity runs made in this

study, the bulk parameterization would appear likely to commonly
underestimate actual sulfate production by about one-third.

The disparity in the predictions of the bulk and explicit microphysical
models is due to the variability in droplet pH across the droplet size
spectrum. This variability renders the bulk cloud water pH a parameter which

should not be considered completely representative of reaction conditions in

atmospheric cloud water when evaluating the importance of various
laboratory-derived reaction mechanisms in the atmosphere.

Acknowledgements: This work was supported by NSF grant ATM 8419000. The
author wishes to thank R.J. Charlson, R.J. Ferek and P.V. Hobbs for their
comments.

REFERENCES

The photochemistry of a remote marine stratiform cloud. J.

Chameides.W.L.
Geophvs.

Res. .89.4739-4756.1984.

Easter,R.C. and J.M. Hales, Interpretation of the OSCAR data for reactive
gas scavenging
Resuspension.

eds

In

Precipitation Scavenging.

Dry Deposition and

H.R. Pruppacher, R.G. Semonin and W G N. Sl inn

Elsevier.New York,pp. 649-662,1983.

Flossman,A.I.

W.D. Hall and H.R. Pruppacher, A theoretical study of the wet

removal of atmospheric pollutants. Part I

The redistribution of

aerosol particles captured through nucleation and impaction scavenging

by growing cloud drops. J. Atmos. Sci. .42. 583-606,1985.

Hegg,D.A. and P.V. Hobbs, The homogeneous oxidation of SO,, in cloud drops.
Atmos. Environ. .13. 981-987,1979.

Hegg,D.A. and P.V. Hobbs

Sulfate and nitrate chemistry in cumuliform

clouds. Atmos. Environ. .20.901-909.1986.

Hegg.D.A.

S.A. Rutledge and P.V. Hobbs

A numerical model for sulfur

chemistry in warm-frontal rainbands

J. Geophys

Res .89 .7133-

7149,1984.
Kelly,T.J.

P.H. Daum and S. E. Schwartz

Measurements of peroxides in

cloudwater and rain. J. Geophvs. Res. .90.7861-7871.1985.

E G. Heikes and A. L

G

Kok

Lazrus

surements of hydrogen peroxide.

Chemi ca l

So c ie ty

Gas and aqueous phase mea

Symposium on Acid

New York Mee t ing

Rain. American

Apr i l

1 3- 1 8

1 986

Lee,L.Y. and J.D. Shannon, Indications of non-linearities in processes of
wet deposition.

Maahs

.H.G.

Atmos. Environ. .19. 143-150 1985

Measurements of the oxidation rate of sulfur(lV) by ozone in

aqueous solution and their relevance to SO- conversion in non-urban
t r o p o spher ic

c loud s

Atmo s

Env iron

17

3 41 -346

I 983

Mason,B.J. and C.W. Chien, Cloud-droplet growth by condensation in cumulus.
Q. J.

R. Met. Soc. .88.133-138.1962.

NRC, Global Tropospheric

Chemistry.

A Plan For Action. National Acacemy

Press, Washington,D.C. ,1984.

Ogren,J.A.

J. Heintzenberg and R.J. Charlson, In-situ sampling of clouds

with a droplet to aerosol converter. Geophvs

Res

Lett. 12 121

124,1985.

Penkett,S.A.

B.M. Jones

A. Brice and A.E. Eggleton, The importance of

atmospheric ozone and hydrogen peroxide in oxidizing sulfur dioxide in
clouds and rainwater. Atmos. Environ. .13.123-127.1979.

Schwartz S. E.

Gas-Aqueous reactions of sulfur and nitrogen oxides in

liquid-water clouds
sysmpos

ium

Paper ENVI-51 presented before

the acid rain

American Chemical Society. Los Vegas .Nevada .March-April

1982.

Tremblay,A. and H. Leighton, The influence of cloud dynamics upon the
redistribution and transformation of atmospheric

SOy-

a numerical

simulation. Atmos. Environ. .18.1885-1894.1984.

Walcek, .C.J. and H.R. Pruppacher, On the scavenging of S0 by cloud and

raindrops. I: A theoretical study of SO- absorption and desorption for
water drops in air. J. Atmos Chem. .1

Walcek C J

H R1 Pruppacher

.269-289.1984.

J .H. Topalian and S .K. Mitra, On the

scavenging of SO,- by cloud and raindrops. II: An experimental study of

SO^

absorption and desorption for water drops in air. J. Atmos

Chem. .1 .291-306.1984.

Yau,M.K. and P.M. Austin, A model for hydrometeor growth and evolution of
raindrop size spectra in cumulus cells. J. Atmos. Sci. .36.655-668.1979.

TABLE 1

Values predicted by both the bulk and explicit models for selected physical
and chemical parameters after 465 s of run time. The gas-phase initial

1 ppb.

conditions were: S0 -2ppb, 0 -50 ppb, H-0

Parameter

Bulk Model

liquid water content

1 .56 x 10

temperature

274.75 K

275.18 K

height above cloud base

1059 m

1054 m

SO- concentration

2.51 x 10

bulk

pH*

Explicit Model

g/g

_q

g/g

4.44

1 .79 x

2.28 x

2.32 x 10

lO^g/g

4.47
_Q

sulfate produced

lO’^/g

g/g

2.82 x

lO’^/g

* For the explicit model, bulk pH is calculated by volume-weighted averaging
over the droplet spectrum.

TABLE 2

Model predictions of sulfate production for various gas-phase initial

concentrations. The results are for a model run time of 465 s.

Input (ppb)

SO,

Oa.

H-0,

Sulfate Produced In Cloud (g/g)
Explicit Model

Bulk Model

10"9
10"9
10"9
10"9
10"9

1

0

1

1.52 x

1

50

1

1 .52 x

2

0

1

2.16 x

2

50

1

2.32 x

2

50

0.5

1.53 x

2

50

0

7.60 x 10

It is

therefore

1 .70 x 10
1 .94 x

2.54 x
2.82 x
1 .98 x

-10

* The discrepancy is calculated as
100

Discrepancy(%)

9

10"9
10"9

10"9
10"9

1 .24 x 10

-9

12

28
18
22

29
63

[(sulfate explicit / sulfate bulk)-l]x

the percent

increase in sulfate production

predicted by the explicit model relative to the bulk model.

FIGURE CAPTIONS

Figure 1.

Variation of droplet pH for three droplet classes.

The initial salt

mass on the nucleating particle decreases with increasing activation

(droplet) class number.
Figure 2.

Sulfate produced in different droplet classes after 220 s of model
run time.
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Figure 1. Variation of droplet pH for three droplet classes. The initial salt mass on the
nucleating particle decreases with increasing activation (droplet) class number.
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Sulfate produced in different droplet classes after 220 s of model run time,

