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ABSTRACT

A numerical model has been used to simulate the conditions observed during the ACE-2
Hillcloud experiment and to study the processes which may be taking place. The model incorpor-
ates gas phase chemistry of sulphur and nitrogen compounds upstream of the cloud, and the
interaction of aerosol, precursor trace gases and oxidants within the cloud. Gas phase and
aerosol inputs to the model have been provided from measurements made in the field. Dynamics
of the air flow over the hill consisted of simple prescribed dynamics based on wind speed
measurements, and also for some cases modelled dynamics. In this modelling study, it was
found that during clean case studies particles down to 40–55 nm diameter were activated to
form cloud droplets, the total number of droplets formed ranging from 200 to 400 drops/cm3.
Significant modification of the aerosol spectra due to cloud processing was observed. In polluted
cases particles down to 65–80 nm diameter were activated to form cloud droplets, the total
number of droplets ranging from 800 to 2800 drops/cm3. Modification of the aerosol spectra
due to cloud processing was slight. In all cases, changes in the aerosol spectra were due to both
the uptake of HNO3 , HCl, NH3 and SO2 from the gas phase, (the SO2 being oxidised to
sulphate) and the repartitioning of species such as HNO3 , HCl, and NH3 from larger particles
onto smaller ones. Modelling results have been compared with observations made. Modelled
droplet numbers are typically within 20% of the best measured values. The mode of the droplet
distribution typically around 10–20 mm for clean cases and 4–8 mm for polluted cases was found
to be in good agreement with the measured values of 10–25 mm for clean cases, but not in such
good agreement for polluted cases. Measurements of upwind and interstitial aerosol distribu-
tions showed that the smallest particles activated were 30 and 50 nm for clean and polluted
cases respectively, slightly smaller than the model values quoted above. Measured upwind and
downwind aerosol spectra showed similar modification to that predicted by the model in eight
out of the eleven model runs carried out. Chemistry measurements also give general evidence
for both the uptake of species from the gas phase, and repartitioning of species from large
particles onto smaller ones, though comparisons for individual cases are more difficult. From
this modelling study, it can be concluded that in general, in the remote environment the exchange
of hydrochloric acid, nitric acid and ammonia between aerosol particles and take up from the
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gas phase in the vicinity of cloud may be a very important mechanism in regulating the evolution
of the aerosol spectrum. Further, the much more linear relationship between cloud droplet and
accumulation mode aerosol number, which was observed in the measurements made during
the ACE-2 HILLCLOUD project is supported by these modelling results. The implications of
this for the indirect effect will be explored in future work.

1. Introduction Previous modelling studies include those done

as part of the Great Dun Fell series of experiments,
The ACE-2 HILLCLOUD experiment used a where this model was used to predict cloud droplet

hill cap cloud forming on the island of Tenerife as number and the aerosol modification caused by a
a natural flow through reactor to study the single passage through a hill cap cloud (Bower
response of cloud microphysics to the aerosol et al., 1999; Bradbury et al., 1999). It was found
properties and gases in the airstream entering the in these studies that the uptake of SO2 and its
cloud and to study processing of aerosol and trace aqueous phase oxidation to sulphate was the
gases within the cloud. During the HILLCLOUD dominant factor in determining the evolution of
experiment, measurements of gas and aerosol the aerosol spectrum within the cloud.
properties were made at five major sites. Two of In this study, the model is being used to examine
these sites, Hidalgo and Taganana were upwind processes taking place in a remote marine environ-
of the cloud. Hidalgo is a coastal site located some ment, rather than an environment heavily influ-
distance away from the other measurement enced by nearby anthropogenic activities as was
sites, the Taganana site is located in the village the case at Great Dun Fell. Air masses arriving at
of Taganana, and is immediately upwind of Tenerife, even those originating from Europe
the summit measurement site. The other sites during polluted events had travelled over the
were located at El Bailadero (summit), Paiba ocean for a number of days, leading to consider-
(Downwind), and Izania (free troposphere). A full able ageing of particulate matter in the air mass,
description of the HILLCLOUD experiment, and reduction of gas phase concentrations of
including details of site locations, measurements species associated with anthropogenic pollution.
made, and major results obtained can be found in Further the area is likely to be more heavily
the HILLCLOUD overview paper (Bower et al., influenced by natural processes such as production
2000). This paper specifically describes results of SO2 from the oxidation of DMS, and mechan-
of modelling work carried out using ACE-2 ical production of aerosol particles from the sea
HILLCLOUD field measurements as input. surface.

Cloud processing is a very important mechan- The object of this modelling work was to deter-
ism in controlling the growth of aerosol particles mine which processes are important in governing
to a size where they may be optically active. evolution of the aerosol spectra under such condi-
Uptake of matter from the gas phase is somewhat tions, and to attempt to reproduce microphysical
dependant on the surface area of the particles, so properties of the cloud which were observed in
for dry aerosol most of the mass is deposited onto the field (Martinsson et al., 2000).
the largest particles. However once particles
become activated to form cloud droplets, the
spread in particle diameter is much smaller, thus

2. Introduction to the modelmatter scavenged from the gas phase is distributed
more evenly over all particles. In addition aqueous

The UMIST hill cloud model has beenphase chemistry may take place in droplets adding
developed over a number of years to study chem-mass to the particle upon which the drop formed.
ical and physical processes occurring in a hill capThis cloud processing may cause the smallest
cloud. It is a Lagrangian type model which com-particles activated to grow significantly in a much
putes dynamics, microphysics, and chemistry forshorter period of time than would otherwise be

possible. an orographic hill cap cloud. Descriptions of the
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model and applications it has been used for can Reaction rate=PRL×cos(zenith)PRM
be found in the literature (Sander et al., 1994;
Bower et al., 1997; Bradbury et al., 1999). ×expA PRN

cos(zenith)B . (1)
Essentially, the model follows a parcel of moist

air as it passes over a hill. As the parcel rises it is Here zenith is the solar zenith angle, the angle
cooled adiabatically, and becomes supersaturated. between the position of the sun and the normal
Droplets form on larger aerosol particles accord- to the surface of the earth ignoring local roughness.
ing to the Köhler equation. Gas phase species are The constants PRL, PRM and PRN are species
scavenged into droplets and undergo chemical specific and take account of the energy needed for
reactions in the aqueous phase. As the air descends the reaction and the effect of the atmosphere on
on the other side of the hill droplets evaporate, these photons. At present no parameterisation has
and any matter with a low vapour pressure scav- been developed to deal with the effects of cloud
enged or generated as a result of aqueous phase cover on photolytic reaction rates.
chemistry, adds mass to the aerosol particles upon Fig. 1 illustrates nitrogen chemistry included in
which the droplets formed. the model, and Table 1 gives a full list of gas phase

reactions included, along with rate constants used.

2.2. Dynamics2.1. Gas phase

The model follows a parcel of air moving alongThe gas phase module has undergone substan-
a trajectory, which is calculated from its currenttial development, and is now designed to run for
position and velocity in the horizontal and verticalan extended period of time before the arrival of
directions. The model interpolates between datathe air parcel at the hill and formation of cloud.
points in the trajectory information, and calculatesThe purpose of this is to model production of SO2 current height from the vertical velocities.from the oxidation of dimethyl sulphide (DMS).
Dynamics data are obtained from a look-up file,The gas phase module currently consists of two
in which the data provided may be the outputsub-modules which may be run separately, one
from flow modelling, or simple prescribedcontaining reactions specific to the oxidation of
dynamics consisting of fixed horizontal and ver-DMS, the other containing reactions of species
tical velocities based on measurements made insuch as NO3 , OH, O3 and H2O2 . Where trace gas
the field. The dynamics module also allows themeasurements are available immediately upwind
option of considering entrainment of free-tropo-of cloud these are used in preference to values
spheric air at cloud top.which would be produced by an extended run of

the gas phase model. When measurements are

used as input for the model, the module dealing
2.3. Microphysicswith general gas phase chemistry is allowed to

continue but the DMS module is disabled. This is The microphysics module is a one-dimensional
because the typical time for the passage of air adiabatic growth model. An initial aerosol spec-
through the cloud on Tenerife was about five to trum is supplied containing details of particle size,
ten minutes, far too short for any significant number, solubility, and the chemical composition
production of SO2 from DMS. of soluble material for a number of discrete size

As input for this modelling study was based on categories. The initial droplet spectrum at cloud
measurements, only the detailed reaction schemes base is obtained from this initial aerosol spectrum
for nitrogen and sulphur chemistry, and the pro- and a solution of eq. (2), the Köhler equation
duction and destruction of the important oxidants (Wallace and Hobbs, 1997; Pruppacher and Klett,
O3 , H2O2 , and OH, which were permitted to run 1997) at 99% humidity for each category of
will be discussed here. In this reaction scheme input aerosol.
thermal and photolytic reactions are included. The
photolytic reaction rates are parameterized in e∞

es
=Aexp

2s∞
n∞kT rB C1+ imMw

Ms (
4
3
pr3r∞−m)D−1 . (2)

terms of solar zenith angle according to:
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Fig. 1. The gas phase nitrogen cycle as included in the model. This reaction schematic is based on the reactions
involving nitrogen listed in Table 1.

Table 1. All gas phase reactions included in the model except those involved in the oxidation of DMS,
since DMS oxidation was switched oV for the present study

(A) Photolytic reactions

Reaction PRL PRM PRN Ref.

NO2+hn�NO+O(3P) 1.11×10−2 0.397 0.183 3
O3+hn�O(3P)+O2 5.22×10−4 0.322 0.079 3
O3+hn�O(1D)+O2 8.98×10−5 1.486 0.936 3
H2O2+hn�2OH 1.06×10−5 0.8 0.243 3
HNO2+hn�NO+OH 2.48×10−3 0.431 0.194 3
NO3+hn�0.3NO+0.7NO2+0.7O(3P) 15.5×JNO2 1
HNO3+hn�NO2+OH 1.04×10−6 1.371 0.466 1
HCHO+hn�2HO2+CO 4.87×10−5 0.781 0.349 3
HCHO+hn�H2CO 3.3×10−3×JNO2 1
CH3ONO+hn�CH3O+NO 0.17×JNO2 1

Here e∞=vapour pressure of air adjacent to a is determined by:
droplet of given radius r, s∞ and n∞=surface energy

and number density of water molecules in the
dr

dt
=

1

r

Drv(2 )

rl
S, (3)

solution respectively, m=mass of salt dissolved in
droplet, i=no. of ions each salt molecule dissoci- where D=diffusion coefficient of water vapour in

air as a rate of mass flow across a unit area in theates into, M
s
=molecular mass of salt, M

w
=

molecular mass of water. presence of unit vapour density gradient, rv (2)=
vapour density a large distance from the droplet,The spectrum evolves as the parcel passes over

the hill and becomes supersaturated with some rl=density of the liquid.
Growth by coagulation of droplets, and forma-particles activating as determined by eq. (2) to

form cloud droplets. As the air continues to rise, tion of precipitation is not included in this model.

The justification for this is that the time scale forsupersaturation increases, and activated droplets
grow by vapour diffusion. The rate of this growth these processes is typically longer than that for a
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Table 1 (cont’d)

(B) Thermal reactions

Reaction Rate Ref.

O(3P)+O2�O3 1.5×10−14 1
O3+NO�NO2+O2 1.8×10−14ΩEXP(−1400ΩTCORR) 5
O3+NO2�NO3+O2 3.2×10−17ΩEXP(−2400ΩTCORR) 5
O3+OH�HO2+O2 6.7×10−14 1
O3+HO2�OH+2O2 2.0×10−15 1
HO2+OH�O2+H2O 1.1×10−10 1
HO2+HO2�H2O2+O2 1.3×10−12 1
H2O2+OH�HO2+H2O 1.7×10−12 1
NO+HO2�NO2+OH 8.3×10−12 1
NO+NO+O2�2NO2 2.0×10−38 1
NO+OH�HNO2 6.6×10−12 1
HNO2+OH�NO2+H2O 4.9×10−12 1
NO2+OH�HNO3 1.1×10−11 1
NO2+HO2�HO2NO2 1.4×10−12 1
HO2NO2�HO2+NO2 8.5×10−2 1
HO2NO2+OH�NO2+H2O+O2 5.0×10−12 1
HO2+HO2+H2O�H2O2+O2+H2O 4.0×10−30 1
HNO+O2�NO+HO2 2.1×10−20 1
N2O5+H2O�2HNO3 2.0×10−21 1
NO3+OH�NO2+HO2 2.3×10−11 1
NO3+NO�2NO2 2.9×10−11ΩEXP(150ΩTCORR) 5
NO3�NO+O2 3.0×10−3 1
NO3+HO2�HONO2+O2 4.3×10−12 1
NO3+NO2�N2O5 2×10−12Ω (TEMP/300)Ω(0.2) 4
N2O5�NO2+NO3 1.15×10−19ΩEXP(−11080ΩTCORR) 4

Ω (TEMP/300)Ω (0.1)
HNO3+OH�NO3+H2O 1.5×10−13 1
CO+OH�CO2+HO2 2.4×10−13 1
O(1D)+O2�O(3P)+O2 3.2×10−11 2
O(1D)+NO2�O(3P)+NO2 1.8×10−11 2
O(1D)+H2O�2OH 2.2×10−10 2
HCHO+OH�HO2+CO+H2O 1.1×10−11 1
HCHO+NO3�CO+HONO2+HO2 6.0×10−16 1
CH3+O2�CH3O2 1.0×10−12 1
CH3+O2�HCOH+OH 5.0×10−17 1
CH3O2+NO�NO2+CH3O 7.6×10−12 1
CH3O2+HO2�CH3OOH+O2 4.9×10−12 1
CH3O2+CH3O2�CH3OH+HCHO+O2 2.1×10−13 1
CH3O2+CH3O2�2CH3O+O2 1.3×10−13 1
CH3O2+NO2�CH3O2NO2 4.1×10−12 1
CH3O2NO2�CH3O2+NO2 1.8 1
CH3OOH+OH�CH3O2+H2O 3.9×10−12 1
CH3OOH+OH�HCHO+OH+H2O 1.5×10−12 1
CH3O+O2�HCHO+HO2 1.9×10−15 1
CH3O+NO�CH3ONO 3.0×10−11 1
CH3O+NO2�CH3O2NO2 1.5×10−11 1
CH3O+NO�HCHO+HNO 1.3×10−12 1
CH3OH+OH�HCHO+HO2+H2O 9.0×10−13 1

Refs. for Tables 1a, b.
1. Yin et al. (1990).
2. Atkinson et al. (1992).
3. Grenfell et al. (1999).
4. Atkinson et al. (1989).
5. DeMore et al. (1990).
TCORR= (1/T−1/298).
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single pass through a hill cap cloud. The model Refs. for Table 2.
1. Martin & Damschen (1981).also calculates temperature, pressure and super-

saturation as the air parcel passes over the hill 2. Maahs (1983).

3. Damschen & Martin (1983).(Sander et al., 1994). Once the air parcel has
passed over the hill, droplets evaporate, and the 4. Pandis & Seinfeld (1989).

5. Warneck (1988).model outputs a dry aerosol spectrum in which
aerosol sizes are calculated from the new quantities 6. Exner et al. (1992).

7. Reddy & van Eldik (1992).of soluble material (and the original insoluble

material ) contained within them. 8. Huie & Neta (1987).
9. Deister & Warneck (1990).

10. Wine et al. (1989).

11. McElroy (1990).
12. Lee & Rochelle (1987).Table 2. Aqueous phase reactions included in the
13. Betterton & Hoffmann (1988).model
14. Buxton et al. (1993).

Reaction 15. Brandt & van Eldik (1993).
Reaction rate Ref. 16. Jayson et al. (1973).

17. Sander et al. (1995).
HSO−3 +H2O2�SO2−4 +H++H2O (a) 1
HSO−3 +O3�SO2−4 +H++O2 4.2×105 2

2.4. Aqueous phaseSO2−3 +O3�SO2−4 +O2 1.5×109 2
NO−2 +O3�NO−3 +O2 5.0×105 3

Aqueous chemistry is switched on once theNO3+Cl−�NO−3 +Cl 1.0×108 4
liquid water content of the cloud exceedsHSO−3 +NO2�SO2−4 +NO−2 3.0×105 5

SO2−3 +NO2�SO2−4 +NO−2 1.0×107 5 0.01 g/m3, and only within drops larger than 1 mm.
S(IV)+N(III)�SO2−4 +0.5NO2 (b) 1 Gas phase species try to attain equilibrium with
SO2+NO3DA

H
2
O SO−3 +NO−3 +2H+ 2.3×108 6 species in solution (the position of equilibrium

HSO−3 +NO3�SO3+NO−3 +H+ 1.4×109 6 being determined by Henry’s law). The rate of
HSO−3 +Fe3+�SO3+H++Fe2+ 3.2×102 7

scavenging or outgassing is limited by diffusion
Cl−2 +HSO−3 �2Cl−+SO3+H+ 3.4×108 8

and transport across the gas–liquid interfaceCl−2 +SO2−3 �2Cl−+SO3 3.4×108 8
according to the equation developed by SchwartzSO−3 +O2�SO−5 1.5×109 8

SO−5 +HSO−3 �HSO−5 +SO−3 2.5×104 8 1986:

SO−5 +SO2−3 DAH+ HSO−5 +SO−3 3.6×106 8, 9
SO−5 +HSO−3 �SO−4 +SO2−4 +H+ 7.5×104 8

dca
dt

=kt(cg−cg,eq ) , (4)
SO−5 +SO2−3 �SO−4 +SO2−4 9.4×106 8, 9
SO−5 +SO−5 �2SO−4 +O2 0 17

where kt=transfer coefficient, ca=aqueous phaseSO−4 +HSO−3 �SO−3 +SO2−4 +H+ 8.0×108 8
concentration, cg=gas phase concentration,SO−4 +SO2−3 �SO−3 +SO2−4 4.6×108 8

SO−4 +NO−2 �SO2−4 +NO2 9.8×108 10 cg,eq=equilibrium gas phase concentration. The
SO−4 +Cl−�SO2−4 +Cl 2.7×108 11 equilibrium concentration is calculated using the
SO−4 +Fe2+�SO2−4 +Fe3+ 8.6×108 12

Henry law constant KH , according to:SO−5 +SO−5 �S2O2−8 +O2 1.4×108 8
SO−5 +Fe2+�HSO−5 +Fe3+ 4.0×106 17
H++HSO−5 +HSO−3 �2SO2−4 7.1×106 13 cg,eq=

ca
(KHRT )

. (5)
+3H+

NO−3 +SO−4 �SO2−4 +NO3 2.3×105 14
The transfer coefficient takes into accountHSO−5 +Fe2+�Fe3++SO−4 +OH− 3.0×104 15
diffusion, and transport across the gas–liquidCl−2 +Fe2+�2Cl−+Fe3+ 1.4×107 16

interface and is defined by:
SO−3 +SO−3 DAH2O SO2−4 +SO2−3 +2H+ 0 17

kt=A r2
3Dg

+
4r

3v:aB−1 , (6)
(a) k=5.2×106×

[H+]

[H+]+0.1 mol/l

1

mols
.

where Dg=gas phase diffusivity, v:=mean
(b)

dc

dt
=1.42×102

I3/2
mol3/2 s

√[H+][S(IV)][N(III)] . molecular speed, r=droplet radius, a=accom-
modation coefficient (species specific).
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A full set of the chemical reactions included in or from a number of different instruments measur-
ing the same species at one site or another, thesethe aqueous phase model along with the rate

constants used is given in Table 2. This chemistry values have been compared. Generally the meas-

urements at both sites and with different instru-includes a comprehensive reaction scheme for the
oxidation of sulphur dioxide to sulphate. ments compared very well, however in some cases

there were significant differences. Where a choice
was available values from Taganana have been
assumed to be most representative of what was3. Modelling the ACE-2 hill cap cloud
going into the cloud, and online measurements
have been used in preference to filter pack meas-A number of time periods from the ACE-2 field

campaign were selected as suitable times for mod- urements which integrate data over a three hour

interval. Typical gas phase concentrationselling studies, these are given in Table 3. These
periods were selected to represent a variety of observed during the HILLCLOUD experiment

are given in the overview paper (Bower et al.,clean and polluted conditions. They were also

times when a good set of field data was available 2000).
from all HILLCLOUD sites. This allowed as
much input data for the model as was possible to

3.2. Dynamics
be derived directly from field measurements, and
the testing of model results against observations. A number of different sets of dynamics have

been used for the model. Unfortunately measure-

ments of updraft in the vicinity of cloud base, the
3.1. Gas phase

height of which was known from ceiliometer meas-
urements at Taganana were not made. Updraft atIn the model (as discussed above) an option

exists to run a complex gas phase reaction scheme the summit site was measured, though this was
considerably greater than the updraft at cloudfor a considerable length of time before the air

parcel reaches the hill. For this study, this was not base (the shape of the hill is such that the air

accelerates over a short distance just before therequired. Input gas phase concentrations to the
model were obtained from measurements at the summit). The simplest dynamics for this study

were prescribed based on the measurements at thetwo upwind sites, located at Hidalgo and

Taganana. Data were available for the following summit. In this scheme the air parcel travels at a
fixed angle to the top of the hill, and down thespecies, O3 , NO, NO2 , NO3 , SO2 , HNO2 , HNO3 ,

H2O2 , NH3 , HCl, and HCOH. Where multiple other side at the same angle. The vertical velocity
used is 17.5% of that measured at the summit,data sets were available either from similar meas-

urements made at both Taganana and Hidalgo, and the horizontal velocity is fixed to maintain a

Table 3. Model run times

HILLCLOUD
Model run no. Date Time run no. Conditions

1A 2 July 1997 03:30 1 clean
2A (M) 8 July 1997 00:00 2 polluted
2B (M) 8 July 1997 06:00 2 polluted
3A (M) 9 July 1997 00:00 3 polluted
3B 9 July 1997 05:00 3 polluted
4A 13 July 1997 04:30 4 clean
5A (R) 14 July 1997 06:00 5 clean
6A 17 July 1997 06:00 6 intermediate
7A 20 July 1997 04:45 7 intermediate
8A 22 July 1997 19:00 8 clean
8B 22 July 1997 22:00 8 clean

M: modelled dynamics were used for these runs; R: possible presence of the rotor structure above the downwind site.
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constant angle. The value of 17.5% was obtained Entrainment is not considered during any model
runs, as thermodynamic analysis carried out onempirically by finding the updraft required to
the measurements of temperature and relativematch measured and modelled droplet concentra-
humidity at each of the sites showed very littletions at the summit site for a few of the runs. An
evidence that entrainment was taking placeaverage value was used, and then applied to all
(Bower et al., 1999).the other runs, it was found that this updraft gave

good agreement between the model and measure-

ments for all runs. 3.3. Aerosol — size distribution
Observations indicated that during some meas-

Size distributions used for model input wereurement periods a rotor structure existed above
derived from a combination of differential mobilitythe downwind site, increasing the transit time
particle sizer (DMPS) measurements (Mäkeläbetween the summit and downwind site by up to
et al., 1997; Jokinen et al., 1997), and activefive minutes, hence causing the air parcel to spend
scattering aerosol spectrometer probe model Xa longer time in the cloud. A schematic representa-
(ASASP-X) measurements. The DMPS measure-tion of the rotor is shown in Fig. 2a. Furthermore,
ments cover a size range 3.2–400 nm, andthe presence of a rotor structure raised the pos-
the ASASP-X a size range of 100–3000 nm.sibility that a parcel of air may pass through the
Comparisons showed ASASP-X and DMPS spec-cloud more than once between the upwind and
tra to be in good agreement over the region ofdownwind sites. To look at the implications of
overlap, though ASASP-X spectra do fall off morethis for cloud processing of aerosol, the simple
quickly at the larger sizes than the DMPS. Thedynamics were modified to increase the length of
reasons for these differences are beyond the scopetime spent in cloud and to cycle the air parcel
of this paper. A typical set of DMPS and ASASP-X

through cloud a second time. Increasing the length
spectra are shown in Fig. 3. For the model input,

of time in cloud was done in 2 ways, first by
DMPS data have been used unchanged up to

assuming the air parcel remained at the same
400 nm, with the exception of the last channel.

height as the summit for an additional 5 min,
Here the number of particles has been averaged

second by assuming that the parcel continued to
with the number measured by the ASASP-X. From

rise for a further 2 min, with a decreasing updraft,
400–3000 nm ASASP-X data has been used.

then gradually descended, such that in total a
Above 3000 nm one extra size category was added,

further 5 min is spent above the height of the
taking the total size range of aerosol input to

summit site. Figure 2b shows how the rotor struc-
3.2–4500 nm. A comparison was made between

ture has been dealt with in the model. Model run
the integrated mass from the DMPS or ASASP-X

5A, for which the measurements suggested a rotor and the Berner impactor gravimetric mass meas-
may have been present was repeated with each of urements over an equivalent size range. The results
these sets of dynamics; all other inputs to the of this comparison for the largest impactor stage
model were kept the same. were used to determine the number of particles in

For 3 model runs (2A, 2B, and 3A), trajectories the 3000–4500 nm model input size category.
over the hill based on flow modelling using the

Clark code were available (Clark et al., 1994;
3.4. Aerosol — chemical compositionWobrock et al., 1997). This flow modelling used a

digitised topography representing the northern Size segregated chemical composition of aerosol
ridge of Tenerife, with soundings taken at Hidalgo soluble fraction was derived from ion chromato-
providing data to initialise the model. For runs graphy (IC) analysis of the five stage Berner
where modelled trajectories were available these impactor foils. These impactors sampled aerosol
were used as input to the hill cloud model in at ambient relative humidity, which was quite
addition to the prescribed dynamics, and the high, generally 80–95% at Taganana during cloud
results were compared. A comparison of the pre- runs. DMPS and ASASP-X measurements are
scribed and modelled trajectories used is shown made on ‘‘dry’’ aerosol (RH about 20%). Between
in Fig. 2c. Table 4 lists updrafts at cloud base used relative humidities of 20 and 95% the diameter of

a soluble particle may grow by a factor of 1.5–2.3.for each model run.
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Fig. 2. Dynamics used in the modelling study. (A) Schematic illustration of the rotor dynamics which may have
existed above the downwind site at Paiba during some measurement periods. (b) Schematic illustration of how the
rotor dynamics have been modelled. In this diagram it is the vertical position which is important. The horizontal
velocity was left unchanged throughout although in reality the horizontal velocity would reverse as the air went
around the rotor. (C) A comparison of modelled and prescribed trajectories over the hill, showing the terrain and
the measurement sites.
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Table 4. Updrafts at cloudbase for each model run impactors were calculated based on the measured

chemical composition of particles in that size cut,
Model run no. Updraft at cloudbase (m/s) and using hygroscopic tandem differential mobil-

ity analyser (HTDMA) measurements of growth
1A 0.53

factors (Swietlicki et al., 2000).2A 1.78*
Data available from the impactor measurements2B 1.82*

3A 1.44* included the following species: Na+, Ca2+, Mg2+,
3B 1.45 NH+4 , Cl−, NO−3 , and SO2−4 . The model input
4A 0.81

requires Na+, NH+4 , Fe3+, Cl−, NO−3 , SO2−4 ,
5A 0.75

OH−, and H+. Calcium and magnesium were6A 1.20
converted into sodium for the purpose of model7A 1.56

8A 1.36 input, so as to maintain the same amount of
8B 1.39 positively charged material. The total charge for

all species was calculated, and hydrogen, or
* Updrafts derived from flow modelling, other values are

hydroxide added, to ensure electrically neutral17.5% of the measured updraft at the summit site.
aerosol. As no measurements of iron content in

the aerosol were made, it was assumed that noFurthermore, impactor cut-off diameters are aero-
iron was present in the aerosol. Gas phase meas-dynamic diameters, while DMPS and ASASP-X
urements showed only small concentrations ofdiameters are Stokes’ diameters. Thus ambient
SO2 , but plenty of H2O2 , its major oxidant in theimpactor cut-off diameters cannot be used for
aqueous phase. Hence the iron catalysed oxidationmatching chemistry to the DMPS size spectra. To
of SO2 was not considered to be important inmatch the impactor cuts to the DMPS spectra,
this study.the Stokes diameter was calculated from the aero-

Comparisons have been made between chemicaldynamic diameter, and dry diameter equivalent
and gravimetric mass, for both size segregated andcuts were calculated. To calculate Stokes diameter
bulk impactor data. These showed that in mostit is essential to know the density of the ambient
cases the aerosol also consisted of some organicparticles. In this study it was assumed that dry
or insoluble material. In clean cases, only 50–70%particles have a density of 2.0 g/cm3, the diameter
of the gravimetric mass could be accounted for bygrowth factor was used to calculate the amount
the chemical mass from the IC analysis. In pollutedof water contained in ambient particles and hence

their density. Dry diameter equivalent cuts for the cases this value rose to 100%. A full chemical

Fig. 3. Comparison of aerosol spectra measured at Taganana using the DMPS and the ASASP-X, a combination
of these spectra was used as input for the model. This case is for a polluted run, 9 July 1997, 00:00 UTC.
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mass closure was carried out by Putaud et al. fraction is given by:
(2000). The hygroscopic tandem differential mobil-
ity analyser (HTDMA) data (Swietlicki et al., Sf=

gf3(m)−1

gf 3(a)−1
, (7)

2000) did not show such a significant reduction
in solubility in the main hygroscopic mode during where gf(m) is the measured growth factor, and
clean events, but reported additional less soluble gf(a) is the assumed growth factor for the soluble
hygroscopic modes more frequently. This sug- material.
gested that some of the ‘‘missing’’ mass may be The soluble fraction for particles larger than the
composed of soluble organic material and some maximum size for which growth factors were
externally mixed insoluble material. measured was assumed to be equal to 1, the

For this modelling study solubility data were validity of this assumption being confirmed by the
derived from HTDMA data as described in the fact that the largest sizes for which growth factors
next section. The chemical composition of the were measured had soluble fractions very close to
soluble fraction used for the model input was 1. For particles smaller than those for which
derived from IC analysis of Berner impactor foils, growth factors were measured, the soluble fraction
as described above. was assumed to be equal to the soluble fraction

of the smallest sizes for which growth factors were
measured.

3.5. Aerosol — hygroscopic properties

In the field, the HTDMA was used to measure 4. Results
hygroscopic growth factors of particles with seven
different dry diameters in the size range of From the model runs undertaken, listed in
35–440 nm (Swietlicki et al., 2000). These growth Table 3, model runs 3B and 8B have been selected
factors were used to calculate the soluble fraction as typical cases to represent polluted and clean
of the particles. It has been shown experimentally conditions respectively. Detailed results and com-
that the soluble, and less soluble components of parisons with measured data are given for these
internally mixed aerosol take up water independ- runs, while other cases are discussed in the text
ently of one another (Virkkula et al., 1999). Hence and summarised in tables.
the fraction of soluble material may be calculated
provided the diameter growth factor for the par-

4.1. Cloud microphysical properties
ticle is known, along with growth factors for each
component. In principal these growth factors may Cloud droplet numbers predicted by the model

for each run are shown in Table 5, and are com-be calculated from the chemical analysis of par-

ticles, and the size of the particle. pared to droplet numbers measured by the droplet
aerosol analyser (DAA), and forward scatteringFor the purpose of this modelling study a

simplified method was used to calculate aerosol spectrometer probe (FSSP), and inferred by

upwind and interstitial aerosol measurements.soluble fraction. It has been assumed that the
particle consists of either pure ammonium Generally there was very good agreement between

modelled droplet number and both DAA measure-sulphate, or pure sodium chloride, for which

growth factors of 1.78 and 2.3 respectively for an ments (values within 20% on average) and the
implied droplet number from aerosol measure-increase of relative humidity from 20 to 90% were

used. These soluble salts were assumed to be ments (values within 10% on average). Some

differences may be due to the longer integrationmixed with some completely insoluble material.
The salt chosen depended on the dominant species time of 20–30 min with the DAA, and also the

difficulty in determining the updraft at cloudbase.in the chemical analysis of the aerosol. A further

simplification was made in that any difference Comparison with the FSSP measurements was
not as good, especially when very high dropletbetween the relative humidities for which growth

factors for pure salts are quoted, and those at numbers are predicted (values within 25% for

clean cases, and 40% for polluted cases on aver-which the actual growth factors of the particles
were measured, was ignored. Thus the soluble age). This was likely to be due to coincidence
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Table 5. Comparison of modeled and measured cloud droplet numbers

DAA droplet number2,3
Model Model FSSP Droplet no.
run droplet no.1 droplet no. nearest min max implied4

1A 183 149 49 36 295 165.76
2A 1854 1137 1587 1129 2962 1767.4
2B 2862 1465 2139 1129 2962 2894.5
3A 1530 955 1239 489 1722 1369.0
3B 1283 1015 1286 489 1722 1268.1
4A 316 301 331 299 386 438.3
5A 337 296 196 141 600 321.38
6A 848 597 724 374 724 931.1
7A 377 243 262 262 388 396.1
8A 275 81 220.93
8B 205 133 174.24

1Where the modelled dynamics were available, they have been used.
2Nearest indicates droplet number from the measurement time nearest to the model run time. Min and max indicate
the minimum and maximum droplet numbers measured during that HILLCLOUD run.
3Blanks are where data is missing during HILLCLOUD run 8.
4Droplet number implied from the difference between upwind and interstitial DMPS total number of particles with
diameter >0.42 mm.

error problems with FSSP measurements under used in the model. This figure shows that there is

an almost linear relationship between accumula-conditions of high droplet concentration, the
details of which are beyond the scope of this tion mode aerosol and droplet number. These

results support findings from the measurements ofpaper. The issue of measurement of very high

numbers of droplets is discussed further by Martinsson et al, and should be compared with
measurements reported in that paper. These meas-Martinsson et al. (2000).

Fig. 4 shows the relationship between predicted urements and modelling results are in contrast to

previous studies where a linear relationship hasdroplet number and the input aerosol number

Fig. 4. Scatter plot of predicted droplet number against input aerosol number, for all the model runs, showing the
linear relationship between the two. For comparison DAA measurements of cloud droplet number and upwind
aerosol number are also shown.

Tellus 52B (2000), 2



     791

not been found, rather droplet numbers have lems with FSSP measurements under conditions
of high droplet number which result in oversizinglevelled off at higher aerosol concentrations

(within the same size range). of measured droplets by an amount which is

difficult to quantify, and hence to correct.Cloud droplet spectra produced by the model
are in good agreement with those measured by For clean studies as seen in Fig. 5A, the mod-

elled droplet spectra were narrower than the meas-the FSSP for clean cases, but with larger differ-
ences for polluted cases. Examples of cloud droplet ured spectra. The measurements showed higher

numbers of both very small, and very large drop-spectra for a clean and polluted case are shown

in Fig. 5A, B, respectively. Table 6 compares lets than were predicted. A small number of addi-
tional larger droplets may be a result of dropletsthe mode droplet diameter predicted by the

model with measurements for each model run. forming on large aerosol which were not included

in the model input. Such aerosol were measuredDifferences between modelled and FSSP spectra
during polluted cases may be attributed to prob- at Hidalgo, but were small in number (generally

Fig. 5. Comparison of predicted droplet spectra, and those measured using the FSSP. (A) Typical clean case, Model
run 8B. This shows good agreement between the model and FSSP measurements in regard to the mode diameter.
(B) Typical polluted case, Model run 3B. This shows the poor agreement between the model and FSSP measurements
during conditions of high droplet concentration.
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Table 6. Modelled and measured mode droplet phase makes very little difference to the size
distribution of the aerosol. In addition, in polluteddiameter
cases the size of the smallest particles activated

Mode droplet diameter (mm) was larger at between 65–80 nm diameter. Table 7
Model

gives a comparison between the size of the smallest
run no. model FSSP DAA

particles activated in the model, with those deter-
mined from the observations (obtained by compar-1A 18.5 22.35 11.9
ing upwind and interstitial DMPS measurements).2A 7.78 10.6 4.0

2B 6.0 10.6 4.5 Some measured aerosol size distributions show
3A 4.49 10.6 5.08 support for model predictions of aerosol modi-
3B 6.92 10.6 4.5 fication, with both the magnitude of the modifica-
4A 11.0 10.6 6.82

tion and the size range over which the modification
5A 12.8 10.6 6.82

occurs in agreement. This is the case for model6A 7.28 10.6 4.5
runs 2A–4A, 6A and 8A–8B, however there is no7A 11.1 10.6 6.82

8A 10.0 17.65 evidence for aerosol modification seen in the meas-
8B 12.8 12.95 urements for model runs 1A, 5A, and 7A. Runs

where agreement was seen cover both clean and

polluted conditions and showed significant modi-
fication during clean cases, with very little change
during polluted cases. Fig. 7 shows a comparison

between input and output measured aerosol spec-less than 10 particles/cm3). Additional small drop-
lets may result from a more complicated supersat- tra for a clean and polluted case (for the same

periods investigated in model runs 8B and 3B).uration history than was used in the model. Some

model runs were carried out using dynamics that This figure can be compared with Fig. 6, and
shows the agreement between the model andproduced a more complicated supersaturation his-

tory in which there were two supersaturation measurements for these cases. Generally agree-

peaks. It was found that having a second peak
close to cloudbase did produce additional small

Table 7. Diameter of modelled and measured small-
droplets, but that a second supersaturation peak

est particles activated
close to the summit, using the updraft measured
at the summit site made no difference to the Smallest particle activated (nm)

Modeldroplet spectra or the number of droplets activ-
run no. model measuredated. Thus, additional small droplets seen in the

measurements may be the result of a more com-
1A 55.9 51.8

plicated supersaturation history close to cloud-
2A 71.8 71.97

base. It is also known that FSSP measurements 2B 66.9 61.05
tend to broaden the measured droplet spectra 3A 80 84.83
(Dye and Baumgardner, 1984). 3B 80 51.79

4A 55.9 51.79
5A 55.9 61.05

4.2. Changes in aerosol size spectra due to cloud 6A 66.9 51.79
7A 39.1 31.62processing
8A 39.1 37.27

Fig. 6 shows model input and output aerosol 8B 39.1 26.83
spectra for a clean and polluted case model runs

Measured smallest particles activated are derived from8B and 3B respectively. During clean cases there
a comparison of upwind and interstitial DMPS spectra.is significant modification of the smallest particles
Diameter of smallest particles activated is the mid dia-activated, which may be as small as 40 nm in
meter of the first category where the interstitial DMPS

diameter. During polluted cases very little modi-
spectra shows a significant reduction from the upwind

fication takes place, possibly due to the fact that DMPS spectra in the case of measurements, or the mid
there is so much material in the aerosol phase diameter of the first channel in which aerosol modifica-

tion has occurred in the model.that the small amount of mass added from the gas
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Fig. 6. (A) Modelled input and output aerosol spectra for the typical clean case, Model run 8B. (B) Modelled input
and output aerosol spectra for the typical polluted case, Model run 3B. These figures may be compared with the
measurements shown in Fig. 7.

ment was good, the main difference being that 4.3. Changes in aerosol chemistry due to cloud
processingobservations indicated that a few smaller particles

were activated than were predicted by the model.
This may be due to some particles at sizes larger Typical input and output aerosol chemistry for

clean conditions is shown in Fig. 8. In this plotthan the smallest size activated remaining unactiv-
ated within the real cloud, whereas in the model from model run 8B, it can be seen that some

aerosol growth was caused by the uptake ofall particles of a given size and solubility are either

activated or not activated. To reproduce these sulphur dioxide from the gas phase, and its oxida-
tion to sulphate in the droplets. However nitrate,observations would require a more complex

hygroscopic aerosol input to the model (with chloride and ammonium components increased

(accounting for up to 97% of the mass increase ofaerosols of a given size — particularly at smaller
sizes, having an external mix of hygroscopicities). the smallest activated particles) due to the scaven-
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Fig. 7. (A) Observed upwind, interstitial and downwind DMPS spectra for the typical clean case, Model run 8B.
Observed upwind, interstitial and downwind DMPS spectra for the typical polluted case, Model run 3B. (B) The
spectra from the downwind site has been normalised to correct for a suspected flow rate problem. The normalisation
process has not affected the shape of the spectra. It can be seen from these figures, and from Fig. 6 that the modelled
prediction of aerosol modification is in agreement with measurements.

ging of species from the gas phase onto the smallest the scavenging from the gas phase was much more
significant. In cases with high ammonium loading,particles activated, and also some repartitioning

of these species from larger particles. In some ammonia is outgassed from the larger particles on

activation contributing significantly to the concen-cases, the repartitioning accounted for all of the
growth of the smaller particles; however, in others, tration of the species in the gas phase even after
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Fig. 8. Comparison of model input and output aerosol chemistry for the typical clean case, Model run 8B. (A) A
plot of modelled mass increase between upwind and downwind sites for each species for each stage of the Berner
impactor. (B) Input and output chemical composition by mass as a function of size. Each category corresponds to
a Berner Impactor stage.

the cloud has evaporated. For example it can be occurs at high relative humidity in the vicinity of

cloud or in the cloud itself.seen (Fig. 8a) that for model run 8B ammonia has
outgassed from all aerosol larger than 0.13 mm. In polluted cases, the total mass added to the

aerosol phase was larger than in the clean caseFor this case an increase of gas phase ammonia

from 0.06 to 0.33 ppbv was predicted. Generally (compare Figs. 8A and 9A). However, due to the
very high number of particles over which theammonia was also taken up onto the smaller

particles. Outgassing occurs because high ammo- added mass was distributed absolute changes in

soluble mass per particle were smaller typically bynium loadings in dry aerosol are locked in from
the time the aerosol was in equilibrium with an about a factor of 2. This coupled with the larger

size of the smallest activated particles in theammonia rich gas phase. Aerosol phase ammo-

nium in excess of gas phase ammonia cannot be polluted case gave a mass increase of only 10–60%
for the smallest particles activated, compared withliberated until aerosol become solutions which
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1000% in clean cases. In these polluted cases there occurs because of the production of less volatile
salts such as ammonium nitrate and ammoniumwas very little take up of sulphur dioxide and
chloride mixed with sulphate, and because of highmost changes were due to the take up of nitrate
ionic strength effects in solution moving the equi-and chloride from the gas phase, and the reparti-
librium between gas and aqueous phases. In sometioning of these species from larger particles onto
cases however, it is possible that some or all ofsmaller particles. In some polluted cases reparti-
the material taken up will be outgassed again astioning accounted for up to 60% of the chloride
the droplets evaporate, particularly when stablegained by the small particles, and about 10% of
salts are not formed or droplet evaporation isthe nitrate. Ammonia was taken up onto some
slow. This requires further investigation and willparticles and outgassed from others, depending on
be carried out when routines for high ionicthe pH of the particles. An example of the changes
strength chemistry are added to the model.in aerosol chemistry is shown in Fig. 9 for the

Modelled chemistry results are generally intypical polluted case, model run 3B.
agreement with field data. Filter pack measure-Repartitioning occurs because of the large
ments of gases show some take up of HNO3 anddifferences in the composition of aerosol in differ-
HCl from the gas phase during all cloud events.ent size ranges, reflecting the different sources of
Gas phase measurements of ammonia in somedifferent sized aerosol. As cloud droplets grow,
cases showed an increase between upwind andspecies are exchanged between gaseous and aque-
downwind sites, while in others a decrease wasous phases till all aerosol are in equilibrium with
seen. This may be as a result of exchange of speciescurrent gas phase concentrations. In many cases
in the cloud, or contamination of the measure-much of the initial gas phase concentration of
ments by local sources of ammonia. The uptakeeach gas is scavenged by the growing cloud drop-
of SO2 and oxidation to sulphate is small, despitelets. Thus leaving a deficit in the gas phase causing
an excess of H2O2 in the gas and aqueous phases.

aerosol comprised of a large fraction of NH+4 ,
This is also in agreement with gas phase measure-

Cl−, NO−3 to be in excess over the gas phase, and
ments of SO2 which show very little change in

hence to outgas. During evaporation increasing
SO2 concentration after passage through the

concentrations within the shrinking droplets prob-
cloud. This may be due to the short length of time

ably then puts the concentrations in most aerosol
spent by the air parcel within the hill cap cloud.

in excess over gas phase concentrations leading to
The take up of SO2 by cloud droplets is limited

general outgassing. The aerosol will now be in
by the rate at which it will diffuse into the drops,

equilibrium with the gas phase, and may have
by low pH of some of the droplets, and the small

different compositions than those upon entering
concentration of SO2 available in the gas phase.

the cloud. Thus SO2 uptake into the drops was slow despite
The uptake of HNO3 , HCl and NH3 , and the the fact that within the drops it was rapidly

significance of these species in the modification of oxidised to sulphate by H2O2 .the aerosol spectrum is an important result of this There is some support in the size resolved
modelling study. In previous studies the uptake of aerosol chemistry measurements for the uptake
SO2 and its oxidation has been found to be the and repartitioning of nitrate and chloride onto the
dominant process regulating the evolution of the smaller particles especially for the clean case stud-
aerosol spectrum. In this study although aqueous ies. Specific comparisons between modelled and
phase oxidation of SO2 is still of some importance, measured size segregated aerosol chemistry were
especially during clean cases, gain in the other carried out, this was done by integrating up both
species has a much more significant effect. This is the model output data and the downwind
true even in the case where the contribution of impactor measurements into two size fractions,
sulphate is greatest (typical clean case), and it is the small fraction being <240 nm dry diameter
an order of magnitude less than the contribution and the large fraction >240 nm dry diameter. It
due to Cl− NO−3 and NH+4 uptake. It is expected was not possible to perform a more detailed
that the uptake of HNO3 HCl and NH3 and comparison than this between modelled and meas-
sulphate produced will lead to permanent changes ured aerosol chemistry because of the limitations
in the aerosol spectra, even though species outgas in the size resolution of the impactor data. For

model run 8B (model results shown in Fig. 8), itduring droplet evaporation. The modification

Tellus 52B (2000), 2



     797

Fig. 9. Comparison of model input and output aerosol chemistry for the typical polluted case, Model run3B. (A) A
plot of modelled mass increase between upwind and downwind sites for each species for each stage of the Berner
impactor. (B) Input and output chemical composition by mass as a function of size. Each category corresponds to
a Berner Impactor stage.

was found that ammonium, nitrate and chloride clean case, both the model and measurements

showed relatively little mass was added to eachaccounted for 22%, 7% and 15% respectively of
the total mass in the small fraction while the particle due to the very high number of particles

over which the added mass was distributed. Thus,measurements showed 13%, 40%, 9% for the

same species. For the large fraction the model changes in aerosol chemical composition were
small.gave 0%, 5%, 33% and the measurements 7%,

5%, 28% again for the same species as above.

These can be compared with inputs of 34%, 0.3%,
4.4. Significance of dynamics details

0.7% and 3%, 4%, 32% for the small and large
fraction respectively. A comparison of results from model run 5A

using the different types of rotor dynamics showedIn the polluted case, although the total mass
added to the aerosol phase was larger than in the that the presence of the rotor system above the
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downwind site made very little difference to the of the droplets and short period of time spent
in cloud.amount of cloud processing despite doubling the

$ Condensation of nitric acid and hydrogenlength of time particles spent in cloud. Even
chloride on the smaller particles and being fixedthe multi-cycling case where the parcel goes
by ammonia. There is also evidence of loss ofthrough the cloud for a second time showed only
nitrate and chloride from the larger particles,slight differences in the amount of aerosol modi-
which sometimes contributes significantly to thatfication from the simple case with no rotor present.
taken up by the smaller particles.With a simple doubling of the length of time spent

In general in remote environments the exchangein cloud, the smallest particles activated grew by
of hydrochloric acid, nitric acid and ammoniaan additional 3%. With an additional cycle
between aerosol particles in the vicinity of cloudthrough cloud exactly the same number of par-
may be a very important mechanism in regulatingticles were activated, despite the smaller updraft
the evolution of the aerosol spectrum. It is likelyused, the smallest particles grew by an additional
that the changes resulting from the uptake of6%. These differences can be accounted for by an
hydrochloric acid, and nitric acid will be perman-increased take up of sulphur dioxide and its
ent when fixed by ammonia and internally mixedoxidation to sulphate. Results of this multi-cycling
with sulphate, but not in other cases. Thus antest case are in general agreement with the lagrang-
understanding of the sources and sinks of ammo-ian modelling study reported by Dore et al., 1999.
nia in the remote marine environment will beUse of modelled dynamics for the runs where it
important for interpreting the significance of thesewas available caused slightly smaller particles to
results on a more general scale.activate as the updraft at cloud base was larger

The model is able to reproduce the mode in thethan in the prescribed dynamics. With modelled
FSSP measured droplet size distribution duringdynamics particles down to 70 nm activated com-
clean studies, but not during polluted studiespared with 85 nm with prescribed dynamics, this
where the number of droplets is much higher. Thiswas one additional category in the model. The use
is attributed to the FSSP oversizing the dropletsof modelled dynamics made a significant difference
due to the high number of coincidence errors into the number of cloud droplets present at the
these cases.summit, as during the polluted events for which

The model is able to reproduce the very highmodelled dynamics were available, the extra
numbers of droplets measured during pollutedcategory of particles activated contained a large
runs, with a linear relationship being establishednumber of particles. In addition with the pre-
between accumulation mode aerosol and dropletscribed dynamics not all activated particles were
number. Thus supporting the measurementsstill drops by the time the air reached the summit.
reported in Martinsson et al. (2000). This is veryIn some polluted cases the smallest category activ-
significant in terms of the implications for climateated had evaporated by the time the air reached
forcing, as clouds consisting of larger numbers ofthe summit. This was not observed with the mod-
small droplets have a higher albedo than cloudselled dynamics, or with the prescribed dynamics
with a similar liquid water content consisting ofduring clean cases.
larger droplets. Thus; the magnitude of the indirect
aerosol effect on climate forcing will be larger
than previously thought, especially in outbreaks5. Conclusions from modelling studies
of highly polluted continental air over the ocean.
These results will be applied to other clouds inChanges in aerosol chemistry and size in both
ACE-2 by using the same model to predict theclean and polluted conditions occur due to the
observed numbers of droplets in stratocumulusfollowing processes:
cloud.

$ Oxidation of sulphur dioxide by hydrogen

peroxide, but this is limited, as there is very little
sulphur dioxide in the gas phase most already 6. Acknowledgements
having gone into the aerosol phase as sulphate

before the air parcel arrived at Tenerife. Further This research is a contribution to the
International Global Atmospheric Chemistrytake up may be inhibited by the low pH of some
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0127329501, p. 162.Mäkelä, J. M., Aalto, P., Jokinen, V., Pohja, T., Nissinen,

Warneck, P., 1988. Chemistry of the natural atmosphere.A., Palmroth, S., Markkanen, T., Seitsonen, K.,
Academic Press, Inc., San Diego.Lihavainen, H. and Kulmala, M. 1997. Observations

Wine, P. H., Tang, Y., Thorn, R. P., Wells, J. R. andof ultrafine aerosol particle formation and growth in
Davis, D. D. 1989. Kinetics of aqueous phase reactions

boreal forest. Geophysical Research L etters 24,
of the SO−4 radical with potential importance in cloud

1219–1222.
chemistry. J. Geophys. Res. 94D, 1085–1094.

Martin, L. R. and Damschen, D. E. 1981. Aqueous oxida- Wobrock, W., Flossmann, A. I., Colville, R. N. and Inglis.
tion of sulfur dioxide by hydrogen peroxide at low D. W. F. 1997. Modelling of air flow and cloud fields
pH. Atmos. Environ. 15, 1615–1621. over the Northern Pennines. Atmos. Environ. 31,

Martinsson, B. G., Frank, G., Cederfelt, S.-I., Berg, O. H., 2421–2439.
Mentes, B., Papaspiropoulos, G., Swietlicki, E., Zhou, Yin, F., Grosjean, D. and Seinfeld, J. H. 1990. Photoox-
J., Flynn, M., Bower, K. N., Choularton, T. W., idation of dimethyl sulphide and dimethyl disulphide
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