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Abstract. Owing to their extensive spatial coverage, stra- 1 Introduction

tocumulus clouds play a crucial role in the radiation bud-

get of the earth. Climate models need an accurate characFhe evolution of droplet spectra within stratocumulus clouds
terisation of stratocumulus in order to provide an accuratecan be greatly influenced by cumulus clouds which often are
forecast. However, remote sensing as well as in-situ obobserved to grow into the bases of the stratocumulus lay-
servations reveal that on several occasions, cumulus cloudsrs from a lower level. This situation was encountered dur-
present below the stratocumulus, often have a significaning ASTEX (Atlantic Stratocumulus Transition Experiment)
impact on the main stratocumulus microphysical properties(Martin et al, 1995 where aircraft observations show sig-
This was observed during the ACE-2 (Aerosol Characterisanificant modification of the droplet spectrum associated with
tion Experiment-2) campaign designed to study the impacicumulus penetration. These authors conclude from satellite
of polluted continental air on stratocumulus formation. In observations and measurements that the interaction of cumu-
this paper we used a detailed micro-physical chemical parius clouds and stratocumulus layers has a modifying effect on
cel model to quantify the extent of this cumulus-stratocumulsthe reflectivity of stratocumulus especially in the sub-tropics
coupling. In addition, we made extensive use of microphys-and in the late afternoon in mid-latitudes. Tkiartin et al.

ical observations from the C-130 aircraft that was operated1994) results also point to the possibility of drizzle forma-
during ACE-2. For the ACE-2 case studies considered intion due to cumulus penetration - although the mechanisms
this paper, our analysis revealed that the chemical, microwere not clarified. They found that the effect is most no-
physical and optical characteristics of the main stratocumuticeable when the droplet concentration in the stratocumulus
lus cloud deck had significant contributions from cumulusis large. The mixing, under saturated conditions, of droplet
clouds that often penetrated the stratocumulus deck. Thepectra grown by condensation under very different condi-
amount of fine mode ionic species, the average droplet numtions in the cumulus and stratocumulus gives rise to a broad
ber concentrations, the effective radii and the optical depthsspectrum which favours subsequent growth by coalescence
during the flight A562 (when cumulus clouds interacted with (Jonas1996.

the main stratocumulus) were estimated and model runs that Although the process of cumulus formation below a stra-
included this effect yielded microphysical and optical proper- tocumulus cloud has also been observed during the more re-
ties which compared more favourably with the observationscent ACE-2 (Aerosol Characterisation Experiment-2) cam-
than the runs which did not. This study highlights the im- pajgn, no systematic study has been undertaken to explore
portance of including these cumulus effects in stratocumulushis cumulus-stratocumulus interaction. In this paper, we
related modelling studies. have examined how cumulus clouds present below a stra-
tocumulus deck affect the microphysical and optical prop-
erties of the main cloud, by using a detailed microphysical
chemical parcel model as well as observational data. One of
the aims of the ACE-2 experiment was to understand how
polluted continental air masses affect the microphysical de-
velopment of stratocumulus clouds and also to understand
Correspondence tdS. Ghosh how pollutant gases and contaminated aerosols modulate
(sat@env.leeds.ac.uk) cloud microphysical properties. We chose to concentrate on
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756 S. Ghosh et al.: Cumulus penetration of stratocumulus clouds

19 July 1997 (flight A562) as part of the Lagrangian exper-chemical, radiative, and cloud nucleating propertiBsen-
iments conducted during ACE-2 (sdehnson et al(2000 guier et al.(2000 focused on the CLOUDYCOLUMN sub-

for an overview of ACE-2) because, on this day, the stra-project in trying to identify the indirect effect of pollution
tocumulus cloud was contaminated with polluted air masseserosol through its impact on a cloud layer. On some days
advected from Europe and, in addition, cumulus clouds werde.g. 18 and 19 July 1997), observations and model trajecto-
seen below the base of the stratocumulus. On several occaies indicate advection of polluted continental air from Eu-
sions (up to 10% of all cases), these cumulus clouds penerope. European outbreaks of pollution contain aerosols prin-
trated the stratocumulus base. As a result, the aerosol parteipally from industrial by-products such as fossil fuel burn-
cles within the cumulus had an opportunity to interact with ing, but also contributions from farm land and wind-blown
the stratocumulus. The resultant chemical and microphysdust. Measurements were made on board the C-130 instru-
ical evolution of the stratocumulus cloud was thus muchmented aircraft of the UK Met. Office. An overview of the
perturbed by the cumulus cloud modulating it from below. instrumentation used during ACE-2 is givenJiohnson et al.
The aerosol particles within the cumulus cloud were sub-(2000, although it is worth describing briefly the pertinent
jected to different dynamical influences as compared to thénstruments here. Accumulation mode aerosol size distri-
stratocumulus above. The use of a detailed microphysibutions (0.05-1.xm radius) were measured with a Particle
cal parcel model enabled us to study the chemical procesdvieasuring System (PMS) Passive Cavity Aerosol Spectrom-
ing, droplet spectral evolution, and the optical propertieseter Probe (PCASP-100X). Cloud droplets and the coarse
of this cumulus-stratocumulus interaction through numeri-mode particles were measured with a PMS Forward Scatter-
cal experiments which could separate out the microphysiing Spectrometer Probe (FSSP). Given the measured aerosol
cal and chemical processing of aerosol and cloud droplete€hemistry and high relative humidity (RH) within the ma-
grown within the cumulus and the stratocumulus regimes. Fi+ine boundary layers (MBLs) studied here, it is safe to as-
nally, observations showed that the main stratocumulus deckume that the vast majority of particles were deliquesced and
was characterised by some measure of horizontal inhomohence spherical. Therefore non-sphericity problems associ-
geneity. In order to ascertain whether horizontal variations,ated with the Particle Measuring System (PMS) probes that
over the significant length span covered by the aircraft, alsaassume Mie scattering theory do not arise. However, the re-
showed significant variabilities in the optical properties, we fractive indices associated with different aerosol types po-
conducted some further sensitivity tests. We chose a pollutedentially cause sizing problems as the indices will differ from
day without any drizzle (18 July, flight A560) to ensure that those of the calibration spheres. The aerosol spectra mea-
the aircraft flight path sampled an extended region of unbro-sured by the PCASP-100X are assumed to be dehydrated
ken cloud. In addition, on 18 July a significant variability in (Strapp et al.1992.

the observed cloud droplet number concentratiavig (vas Cloud liquid water content was measured with a Johnson-
noticed over the sampled horizontal flight path, although noWilliams hot wire probe. Although this probe loses its col-
cumulus clouds were observed on that day. lection efficiency for droplets-30um, it is preferred to the

The layout of the paper is as follows. First, we present themethod of integrating FSSP droplet spectra which potentially
case study overview for the two polluted days along with de-can introduce large error&erber 1996. These observa-
tails of the aircraft observations. Then we include a brief de-tions, together with the FSSP observations, gave a clear indi-
scription of the model, followed by a discussion on how the cation of the cloud depth.
model results compare with observations including chemical In this analysis, the data (unless otherwise specified) have
processing, with and without cumulus dynamics. This is fol- been averaged to 1 Hz which represents a horizontal distance
lowed by a discussion on the optical properties and also theipf approximately 100 m and, during profiles, with a vertical
horizontal variability. Finally, the droplet spectra are com- resolution of typically 2.5 m within the MBL, and 5 m in the
pared with observations. free troposphere (FT). The major ionic components of the

aerosol particles were revealed by chemical analysis of bulk
filter samplesAndreae et a]2000. The sampling technique
2 Case study overview split the aerosol into a fineq0.75um) and a coarse fraction
(>0.75um radius). qu was also analysed from filter sam-
2.1 Air craft measurements — data sets and instrumentaples.
tions The sea area between the Portuguese coast and the Ca-
nary Islands is strongly affected by the Azores anticyclone
ACE-2 was undertaken during June and July 1997 in the subwhich provides subsidence in the FT and the creation of a sta-
tropics near the North Atlantic region of the Canary Islandsble inversion capping the MBL. Even within the continental
in order to study the regional radiative forcing of different outbreaks from Europe which often occur after the passage
aerosol typesRaes et a.2000. The aims of ACE-2 in- of a cold front in the mid-latitudes, enough moisture accu-
cluded quantifying the processes controlling the evolutionmulates within the MBL over the few hours passage from
of the major aerosol types, and in particular their physical,the coast, that stratus, soon turning to stratocumulus, forms
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Table 1. Flight descriptions with the main Chemical and Microphysical model inputs.

parameter A562(polluted-1)  A560(polluted-2)
Flight A562 A 560

Date 19/07/97 18/07/97

Time (GMT) 1200 0200

Cloud thickness (m) 225 332

CN(= one standard deviation) (c*rﬁ) 579+£236 151230

N4 (£ one standard deviation) (cd) ~ 315+118 618:100

N, (= one standard deviation) (c) 112427 22751

k3, /rd) 0.74 0.71

(a factor related to
the mean volume radius and
the effective radius (see Eqg. 2)

Surface wind speed (10m height)(l§  6.8+0.7 6.8:0.6
(4 one standard deviation)

U(ms 1) 0.39 0.68
(updraught speed)

P(hPa) 911.5 926.4
T(°C) 135 13.9
RH(%) 97.5 99.0
S(%) <0.1 0.12 -0.04)
(supersaturation)

Gas mixing ratio

CO, (ppm) 350.0 350.0
NH3 (ppb) 0.3 0.3

O3 (ppb) 30.0 45.0
H>0, (ppb) 1.0 1.0
SO, (ppt) 5.0 42.0
HCI (ppt) 1.0E-5 1.0E-5

readily. The MBL capped by stratocumulus was fairly deepability between the 4 runs were within 10%. As a result this
(1-1.5km) and nearly always decoupled, often with cumu-flight provided a good test case to study the horizontal vari-
lus clouds developing below the base of the stratocumulusabilty of the optical thickness. No cumulus clouds were ob-
and sometimes penetrating it. Cumulus-stratocumulus interserved below the stratocumulus during flight A560 and, as
action can cause significant perturbations to the local cloudexplained below, we can infer that, the cloud was weakly de-
microphysics through an increase in liquid water content anccoupled.

hence changes to the droplet spectriviaiin et al, 1994). Decoupling of a stratocumulus-topped MBL can occur

through a number of mechanisms. Absorption of solar radia-
2.2 Case studies tion near cloud top can create a vertical separation of heating

and long-wave radiative cooling within the cloud that sup-
Although both flights A562 and A560 are used here, flight presses the turbulent motion to the sea surface. Thereby two
A562 serves as the main case study for this paper. It was cheeirculations are established — one in the “cloud layer” and
sen because cumulus clouds were observed below the magn second in the surface-mixed layer, the latter being driven
stratocumulus clouds and on several occasion penetrated th®y surface fluxes. Another method is the cooling due to
main cloud deck. Some results from flight A560 were alsoevaporating drizzle drops falling below cloud base, stabilis-
used mainly to study the horizontal variability of the cloud ing the MBL and the resulting stratification can again create
optical properties along an extended horizontal flight path.two largely independent circulations within the MBL. Sur-
This flight encountered unbroken cloudy regions (no drizzleface driven thermals may become saturated so as to approx-
was observed during this flight), and showed some variabilityimately follow the wet-adiabatic lapse rate, but their verti-
in the droplet number concentrations. In addition, there werecal motions will be damped if their buoyancy is negative
some variations in the cloud geometrical thickness along thenear the stratocumulus cloud base. As a result, the stratocu-
horizontal: the overall thickness was300 m and the vari- mulus cloud layer is decoupled, and cumuli are not able to
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Table 2. Dynamical input parameters for A562 case study cumulus 109

model run. sulphate

Parameter  Value

P(hPa) 954.48 T
T(°C) 16.46 <.
RH(%) 98.5 g

=4

U(ms™ 1) 1.0

input spectrum - cumulus (A562)
10" input spectrum - stratocumulus (A562)

--- input spectrum -straocumulus (A560) salt jet mode
penetrate the cloud layer. Lastly, if the cloud base is suffi- 1°° T T — T
. . . 1 3 6 10 30 60 100 300 600 1000
ciently high, dry surface-driven thermals may not be able to 0
reach the cloud layer, as their buoyancy may become too neg- Radius (m)

ative in the upper parts. Given the high cloud base pressure

for A560 from Table 1, this last scenario may be applica- Fig. 1 Dry input aerqsol spectra from C-130 observatiops. Note
ble too. Mechanistic details illustrating these processes ard!e higher accumulation mode aersol number concentration for the
desribed inStevens et a1998 andBretherton and Wyant polluted-2 case (A560). Note also the presence of two distinct salt
(1997. In addition, the surface-mixed layer can become con—moOIeS forall the cases

ditionally unstable through the build-up of moisture and cu-
mulus formation can provide sufficient lift to re-couple the
surface layer with the stratocumulus layer aloft. The pres-
ence of cumulus cells with their bases below that of the stra- )
tocumulus is always a tell-tale sign of decoupling. Profiles of Flight AS60 on 18 July 1997 was part of a 3-flight La-
conserved variables such as equivalent potential temperatui@angian experiment that is detaileddsborne et ak2000.

and total water content have been used to analyse the vertica"® @rmass was polluted from European sources and con-
structure of the MBL and to help assess the level of strat-S€quently the condensation nucléiX), the aerosol number

ification. Decreases in the equivalent potential temperatur&€oncentration¥), and the cloud droplet number concentra-
of 1 to 5K between the surface-mixed layer and the clougtion (Ng) values were the .h|ghest (see Table 1). Satellite im-
layer indicate the range found during ACE-2 to correspond@3€ry revealed that the air sampled had been over the ocean

to weak to strongly decoupled MBLs, respectively. approximately 36 h and was likely to have been cloud pro-
cessed for much of this period. A560 was a nighttime flight

and, possibly as a result, the MBL was not significantly de-
2.2.1 A562 (19 July 1997) — polluted-1 case study coupled and therefore no cumulus clouds developed below
the stratocumulus which maintained 100% cover throughout

Flight A562 on 19 July 1997 was part of CLOUDYCOL- the flight.

UMN and was conducted in a polluted airmass. For this case, In addition to the input parameters specified in Table 1
back trajectories show that the air mass travelled from Franc@bove, additional model runs required dynamical input pa-
and the Iberian peninsula, although there was evidence thaimeters characterising the cumulus cloud present below the
some of the air entrained into the MBL had come from the stratocumulus for the A562 case study. These are shown in
mid-North Atlantic having not encountered land for some the Table 2. The input updraught speed is a crucial input
time (Osborne et al.2000. Indeed, A562 was conducted parameter, and this is based on the standard deviations of
in the same airmass as A560 (about 30 h later), but the aistatistically significant number of data values for the vertical
within A562 was aged more than A560. This aging resultedvelocities observed during flights A562 and A560. The dry
in lower aerosol loadings, cloud droplet concentration andinput aerosol spectra for initialising the model runs are shown
trace gas mixing ratios. The MBL was decoupled with cu- in Fig. 1. Three distinct modes are clearly visible in these
mulus clouds on occasion penetrating the stratocumulus (thenput spectra. The first represents the sulphate mode and
cumulus bases were460 m below the base of the stratocu- covers much of the accumulation mode aerosol. In addition,
mulus). The aerosol had been heavily cloud-processed, morénere are two salt modes also clearly visible, corresponding
so than during A560. The presence of recent cloud procesgo the fine film mode salt particles as well as the coarse jet
ing of aerosol can be roughly ascertained through the shapmode. The existence of these salt modes are wind speed de-
of the aerosol spectrum across the accumulation mode (e.gpendent Q’Dowd et al, 1999 and both modes are present
Kerminen and Wexlerl995 Osborne et al.200Q Dore et  in all the cases. Figure 1 also shows that the two A562 spec-
al., 2000. tra are fairly similar, indicating that the aerosol was mixed

2.2.2 A560 (18 July 1997) — polluted-2 case study
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fairly well throughout the depth of the MBL. From Fig. 1 19 July 1997 profile P2
we find that, as the extent of contamination increases, not 1500 i % ‘ ‘ ‘ ‘ 7

only do the number concentrations progressively increase,
but also the position of the maximum in the accumulation
mode shifts towards larger sizes. For the polluted-1 (A562)
case, it is placed at 0.092n with a number concentration __
of ~650 cnT 3 and for the polluted-2 case (A560) the max- £
imum shifts further to 0.13Zm with a maximum number I
concentration of~1400cm 3. From Table 1, we find that 500
for the polluted-2 case, th&0, concentration is more than

8 times higher — leading to the possibility of greater amounts
of heterogeneously produced §b:ausing this shift.

The similar positions of the film and jet sea salt modes in 0.00
Fig. 1 when comparing the cumulus and stratocumulus in-
put aerosol spectra indicate that significant mixing occurred
Eig’;eg::);geh ?re]: ﬁ/lué]?(\:;azsin(;je::r:)eupt))liz(? r(::i)zir;]e(; Svt/rg:l);?gyéul—slg. 2. Modelled and observed profile against heightgf LWC

. - . . . . _for the A562 case study. The modelled curve corresponds to the
taken place via cumulus re-coupling and diffusional mixing adiabatic LWC. Note that generally the LWC closely follows the

across the decoupled level. Also, the MBL may have beemgiapatic profile. The occasional super-adiabatic LWCs are a result
well-mixed during the previous night and became decouplecbf cumulus penetration

during daylight hours; therefore a signature of recent aerosol

vertical mixing was still evident upon observation. Under-

standably, lower sea-salt particle concentrations are eviderdted forms, which is achieved by solving the charge balance

in the upper cloud layer as borne out by the smaller magni-equation for each droplet. Thus, the model is ideally suited

tude of the sea salt aerosol modes. to study the growth and evolution of aerosol particles in the
presence of air pollutants such &9,. The aqueous activi-
ties of species equilibrating with the gas phase are calculated

3 Model description using Henry’s law which also accounts for the temperature
dependence. The non-ideal solution effects also affect aque-

The model used is a Lagrangian parcel model with ex-ous phase chemical equilibria via Henry’s law — the activity

plicit micro-physics. The microphysical aspect utilises the coefficients are functions of ionic strength, solution compo-

dynamic growth equationPfuppacher and Klettl997 to  sition, as well as temperature. As the solution becomes more

model the growth of aerosol solution droplets by conden-concentrated, these activity coefficients deviate from unity.

sation of water vapour on to a size-resolved droplet specThe activity coefficients, and the water activity as used by

trum. Rather than being fixed, the boundaries of these siz¢he growth law are obtained froRitzer(1991). The kinetic

channels move as the solution droplets grow. The growthreaction module is used to compute the rate of heterogeneous

law includes curvature and solution effects, and is correctedsulphate production in the solution droplets and sulphate pro-

for the breakdown of the continuum approximation close duction is allowed to occur by SQoxidation using either

to the droplet surfacePfuppacher and Klgtl997. Non-  dissolved HO, and/or G as the oxidant. The reaction rates

activated solution droplets are especially concentrated, wittand their temperature dependence are taken fipens and

ionic strengths often much greater than unity. Under thes& arson(1990. This model was developed for clean marine

conditions, the solutions can no longer be treated as ideaknvironments using only sulphur chemistry and does not in-

and non-ideal solution effects are accounted for in the cal¢|ude nitrogen or other organic species. Droplet growth and

culation of water activity for each of the solution droplets. chemistry takes place on both NaCl as well as g+-50,

The water activity is then used to determine the supersatnuclei. Further details of the model can be foun®iDowd

uration of the water vapour just above the droplet surfaceet al.(1999.

which in turn controls the rate of condensational growth of

the droplets. Mass-transport limitations based on Schwartz

(1986) have also been included. The aqueous phase chem4- Microphysics and chemical processing

cal aspects of the model consists of (i) an equilibrium mod-

ule, (ii) a kinetic reaction module, and (iii) the non-ideal First, we present the microphysical aspects of the model sim-

behaviour correction module. The equilibrium module is ulations. Figure 2 shows the adiabatic liquid water con-

used to calculate the amount of soluble gaseous species digent (LWC) (labelled modelled;) compared with the C-

solved in the aerosol, and to apportion the aqueous aerosdl30 measurements for the A562 case study where cumulus

species between the various associated as well as dissoaitouds were observed to be present. For the A560 case study,

1000 -

777777 Modelled q
Measured q,

0.20 0.30 0.40 0.50
q, [g kg™']

0.10
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Table 3. Modelled and Observed Fine mode concentration of ionic species.

Specie  Polluted-1 (cumulus)  Polluted-1 (stratocumulus)  Polluted-2

(A562 19 July 1997)  (A562 19 July 1997) (A560 18 July 1997)
(ppb) (ppb) (ppb)

NH4T  0.391(0.65) 0.84(0.65) 1.1(1.326)

so‘;2 0.194(0.2) 0.42(0.2) 0.55(1.27)

not shown here, the observations show that the LWC closelydominantly via the @driven pathway. We show results (Ta-
followed the adiabatic profile. ble 3) of the fine mode ionic concentrations for the A560
The apparent super-adiabatic parts observed in theolluted-2 case study and the A562 polluted-1 case study
polluted-1 A562 case in Fig. 2 arise due to the cumuluswith chemical processing over two regimes and the values
penetration from below. The cumuli had their bases belowwithin brackets correspond to observed values. Although,
that of the stratocumulus and so were deeper clouds. Thihe observational data values were not demarcated as corre-
penetrations of the cumulus by the aircraft within the mainsponding exclusively to either the cumulus or the stratocu-
stratocumulus layer do not necessarily imply penetration ofmulus regimes, a comparison with the model results gave a
their cores but most likely the relatively large area of mix- clear indication of the sampling regimes of the aircraft ob-
ing between the two, which will tend to elevate the LWC servations. This is made clear in the later discussions (see
by small but significant amounts. The presence of cumu-Sect. 5).
lus clouds below the stratocumulus implies that the aerosol As expected, the amount of §@)in the fine mode is the
particles present in the cumulus are subjected to dynamicshighest for the polluted-2 case. The increase in thej NH
dependent chemical processing over the two regimes. Difion concentration between the two polluted cases is due to
fering updraught speeds and RH produce differences in speche progressively higher ammonium sulphate loadings for the
tral development causing unequal chemical processing ovetwo cases, since the gas phasesNkhs maintained at the
the two separate regimes — a cumulus processing regime arghme level (0.3 ppb) for both runs. Since only external mix-
subsequently a stratocumulus processing regime. We haveires were considered, the ISIHSO;Z ratios are exactly 2
examined the differences in the chemical processing over thes is expected. This point also serves to illustrate the over-
two regimes. all robustness of the model runs, demonstrating that the runs
As indicated in Sect. 2.1, observations of the ionic speciesare free from numerical biases. Likewise, in the coarse mode
concentration were available for only the fine mode with (not shown in the table), the modelled N&I~ ratios are
aerosol radii less than 0.78n. This is also the most im- very nearly 1.0. The chlorine concentrations in the aerosol
portant mode covering the accumulation mode (with aerosoparticles are mainly from the sea-salt since the amounts of
radii between 0.075-0.7bm) which contains a large num- gaseous HCI are very small and are the same in all cases.
ber concentration of active sulphate particles which par- Considering the various uncertainties arising out of inter-
ticipate in both the direct and indirect radiative forcings. nal mixing (in fact, measurements made on Tenerife during
These chemistry observations have enabled us to make d&CE-2 suggests that the majority of the aerosol was inter-
tailed comparisons with model predictions. Note that cumu-nally rather than externally mixedP(taud et a).2000), en-
lus clouds were observed to be present only for the A562trainment effects, and the presence of many more contami-
polluted-1 case study, where we have shown comparisonsants than were considered by the model, the values agree
over the two regimes. reasonably well. In particular, we find that for the polluted-
The heterogeneous processing of,Sfo qu is very 1 case, the observed fine modeﬁ@oncentration is much
pH dependent: it is @led in the initial stages at high pH, closer to the modelled value for the below-cloud cumulus
and HO,-led at later stages when the pH has dropped belowegime, suggesting that the measured value must have in-
5.5 (Seinfeld and Pandig998 Lin et al, 1992. From an  cluded cloudy regions toward cloud base which contained
examination of model results (observed pH values were noparts of the cumulus cloud.
available), we find that, for the (NP SO4 based droplets Possible discrepancies could have arisen due to many un-
(r<~3um), the pH over all levels, including both the cloud certainties involved with the measurements. The very high
layers, is always below 5. It follows that the sulphate pro- NH;{/SOZZ~3 in the observations in the polluted-1 case is
duced on these aerosol particles is exclusivéiy, driven. unrealistically high even if one recognises that the source
However, for the larger sea salt particles-~3 um) the pH  regions of the aerosol over Europe may have had an abun-
is generally much higher, often reaching values close to 7dance of NH and that ratios greater than 2 could be assigned
and the sulphate production on these larger particles is preto the presence of HNOwhich can bind some Nilgas.

Atmos. Chem. Phys., 5, 75865 2005 www.atmos-chem-phys.org/acp/5/755/
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Table 4. Modelled and observed optical properties.

761

Parameter Polluted-1 (with cumulus)  polluted-1 polluted-2
Ng(cm—3) 112(112) 192(112) 290(227)
re(min)(um)  3.625(-3.75) 4525{3.75) 4.4 (3.5)
re(max)wm) 11.3 (10.0) 10.8 (10.0) 9.45 (9.5)

T 9.65 (5.1-10.9) 8.15(5.1-10.9) 15.6 (5.9-20.8)

Finally, observations showed that there were other anions, The observed values varied with height and were mainly

in particular NG, not present in the model, which would
have a propensity to suppress mroduction by buffer-
ing. Likewise, there were other cations including Mgand
Ca2 which could affect the buffering action, in addition to

within the stratocumulus which sometimes (A562 polluted-1
case) had cumulus penetration from below. We chose val-
ues from the top half of the stratocumulus layer where the
value of k is fairly constant with height (i.e. the droplet

the presence of other transition metals like Fe or Mn whichSPectral shape is consistent) and they are 0.74 and 0.71 for

favour qu production Geinfeld and Pandi4998.
The effect of extraneous pollutants such as, $@n af-

the polluted-1 (without any cumulus effects) and polluted-2
cases respectively. We also simulated the effect of cumulus

fect the Kohler chemistry and can also cause additional sulPenetration in the AS62 case study (polluted-1). For this lat-
phate production on to the existing aerosol spectrum througi€r ¢ase we used the cumulus dynamics to generate the LWC
cloud processing. These can potentially affect the cloud opti&nd. in the lower part of the cloud (up to 75m) we used a

cal properties, which have been examined in the next sectiorfnre marine-like value df (0.85). The average droplet num-
ber concentrations in the cumulus cloud were indeed marine-

like with a number concentration of 112 ¢y both in the
model as well as the observations. In contrast, for the main
stratocumulus cloud deck the modelled droplet number con-
In this section, we discuss briefly the variations in droplet ef-centration was much higher(92 cnm3). This trend in the
fective radii and optical depths. A general way of estimating droplet number concentration also points to the fact that the
the cloud optical depth is given by observedV, values are actually representative of the lower

3 end of the stratocumulus cloud containing the cumulus cloud
r=3 /

which the aircraft sampled. Table 4 shows the modelled val-
wherep,, andq; are the liquid water density and the LWC,

ues along with the observations (bracketed quantities).

We find that, with increasing levels of pollution, there is
respectively, and the integration extends from the cloud base consistent decrease in the droplet effective radii in the ob-
to the cloud top. The above equation for solar visible wave-servations as well as in the model runs when we consider the
lengths is strictly valid only for a non-absorbing medium polluted-2 case and the polluted-1 case with only the main
where the drop size is much bigger than the wavelength. stratocumulus deck. Although we have shown the maximum
is the droplet effective radius which is the ratio of the third to and the minimum values of the effective radii in each case,
the second moment of the size spectrum and is related to thie full range of values also corroborate this trend and in ad-
mean volume radius,,; (and hence): dition, as would be expected, the effective radii increase with

5 Optical properties

qL(2) dz
Pwle(2)

1)

3
Tvol

vol — k 2
s @)
wherek~0.8 for stratocumulus clouddviartin et al.(1994)
found some variation in thé values between cloud types

- they found that in continental air massks-0.674+0.07

height since the LWCs increase adiabatically with height.
(The maximum values are close to the cloud top while the
minimum values are towards the cloud base). When one
compares model results with the observations, it is clear that
the observed values also have significant contributions from
regions within the cumulus cloud. It follows that the air-

craft flew through cloudy regions within cumulus penetra-

(one standard deviation) while in maritime air masseSijgns a5 it sampled the main stratocumulus deck. The mini-

k=0.80+0.07. The mean volume radius is given by

3q1

1/3
4t Ngpw

©)

Fvol = (

mum values of the effective radii clearly correspond to val-
ues when the aircraft, while sampling the stratocumulus base,
also sampled cloudy regions well within the cumulus cloud
tops that penetrated the stratocumulus. Thus, the effect of the

qr andN, are obtained from the model outputs and the opti- cumulus penetration are the most pronounced near the base

cal depth is then calculated from Egs. (1-3).
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of the stratocumulus (corresponding to the minimum values
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Table 5. Horizontal variability of optical properties for the polluted- termined by th_e V?rtica' velocity a_nd radiF’S ofthe Parce'- The
2 (A560) case study. rate of mass dilution due to entrainment is proportional to the

vertical velocityU and inversely proportional to the radiis
of the parcel —i.e. 0.6/R. The constant of proportional-

Parameter Runl Run2 Run3 Run4 o . )

ity is based on observations and further details of the model
Nd(C_m_3) 170 140 159 116 are described itMason and Jonagl974. These sectional
re(min)(um) 313 406 289 322 runs aimed to establish how the optical properties could vary
re(max)um)  8.48  9.04 866  9.48 in the horizontal and a summary of the results are shown in
T 9.6 9.02 9.4 7.62 Table 5

From Table 5 we observe a modest degree of variability
in the sectional runs with entrainment effects. The opti-
cal depth in Run 4 is about 26% lower than that in Run 1,
of the effective radii). As a result, the difference between theand overall, the Run 4 optical depth is approximately 20%
maximum values in the effective radii between the two casejower than the other 3 runs. Some measure of Variab”ity
(Wlth and without cumulus penetration) is inSignificant. The was also observed for the drop]et number Concentraﬁt@-n
observed values of the maximum effective radii corresponda|though the overall cloud geometric thickness across the
to regions where the aircraft flew through the stratocumulushorizontal was~300 m, a 10% variability in the cloud thick-
top. The stratocumulus tops were free from cumulus incur-ness was also observed for the four runs. In addition, there
sions, and over these regions the model effectively capturegyere some differences in the input aerosol spectrum for the
the maximum values of the effective radii even without in- four runs. The aerosol data for the four separate runs con-
cluding cumulus penetration effects. tained 30 bins each. This ranged from the smallest bin size
The modelled values, along with the observations, suggessf 0.055.m to the largest bin with a size of 22.7%n. The
that, during ACE-2 and in general, more polluted stratocu-accumulation mode aerosol size distributions were measured
mulus clouds have higher droplet number concentrationswith a PCASP-100X probe and the coarse mode with FSSP.
reduced effective radii and higher optical depths. PollutedAlthough the peak number concentration were located at
clouds with greatly reduced droplet sizes have reduced col9.137,m radius, i.e. centred around the accumulation mode
lision efficiencies as a result of which drizzle formation is for all the 4 runs, the number concentrations showed some
suppressed and the cloud is geometrically thicker and longevariability, particularly within the first 3 runs — the peak con-
lasting. All these factors can combine together to yield centrations were 1574, 1188, 1265, and 1574 ¢mespec-
higher optical depths for polluted clouds and further exacer-tively. Since the number concentrations in the coarse mode
bate the radiative cooling effect associated with the indirectwere small, the variability in the coarse mode concentra-
forcing effect of aerosols. tions were much less apparent — for example for a bin size
Although the modelled values of the effective radii as well of 1.75xm the number concentrations were 0.3, 0.34, 0.285,
as the optical depths are in good agreement with the obseiand 0.33 crm® respectively.
vations, we should note that the model values are based on a We shall now specifically explore how the dynamics could
single vertical profile — all horizontal variations are ignored, have affected differences in the resultantant drop size distri-
while the aircraft measurements span a whole range of horbution in addition to the differences in the dry aerosol in-
izontal variations. Recent studies hys and Duynkerke put spectra in the four runs. The key dynamical factor that
(2000 show evidence of horizontal inhomogeneity in the caused the variability can be attributed to the differences in
ASTEX stratocumulus clouds. In our study, in order to ac- the updraught speed. It is important to note that although
count for this variability, we have conducted a further 4 sensi-the peak number concentration for Run 1 and Run 4 were
tivity tests for the A560 polluted-2 case. As explained earlier,the same, the average updraught speeds were quite differ-
we chose this particular case because it showed the largesnt (0.66 and 0.58 ms, respectively). The other thermo-
number concentration variability along the horizontal amongdynamic factors, i.e. the RH, the temperature and pressure
all the cases considered here. Each model run is based aat the cloud were roughly the same for the 4 rur99%,
an aerosol distribution which is an average over a 7 min run12.5C and 915 hPa). When entrainment effects are included,
covering a horizontal distance of about 42km. In addition the variability in the updraught speeds caused a greater vari-
to the variabilities associated with the aerosol spectrum, weability in the overall microphysical development because, in
also considered the variations in the updraught speed. Ththe simple model used, the mass dilution due to entrainment
pressure, temperature and the RH at the cloud base were nis directly proportional to the updraught speddagson and
very different for the 4 runs. In order to estimate realistically Jonas 1974 which were 0.66, 0.71, 0.61 and 0.58Thdor
the horizontal variability of the microphysical properties, it Runs 1-4 respectively. Based on all these above facts, it
was essential that we include mixing induced by entrainmenis abundantly clear that differences in the updraught speeds
effects. We used an entraining parcel model developed byvere the greatest contributing factors for the microphysical
Mason and Jong4.974) where mixing of entrained air is de- variability within the four sectional runs. However, it should
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be pointed out although the extent of variability in the mi- 10—
crophysical properties depended on the entrainment rate, for

the present case study, even entrainment-induced variability 10"
were not very large — for most parts of the cloud the overall

observed LWC were adiabatic. 107
§ 10+
o -
6 Spectral development g
g 10° \
hel \

We shall now examine the droplet spectra with and with- —— 179m 18 July

out cumulus penetration by concentrating on the A562 case &~ | 179m 19 July

study which clearly indicated the presence of cumulus, and 77 179m July 19 with Cu \

compare it with the observed spectrum. Figure 3 shows the '° | T 17em Y T9 Obs.

observed and the modelled cloud droplet spectrum at 179 m 10°

above the cloud base (approximately midway between the . e 10 10 o
stratocumulus base and the top). This spectrum was grown R(m) “o?

from a measured dry aerosol spectrum (see Fig. 1) using

measured dynamical inputs. Fig. 3. Modelled spectra with and without cumulus penetration

It is observed that, when cumulus effects are excludedcompared with observations. Note that the curve labelled 179 m 19
there is agreement between the observed and the modelleldily with Cu (corresponding to the case with cumulus incursions)
spectra only at the largest sizes. The pronounced peak ingrees more favourably with the observed curve than the standard
the observed spectrum centred aroungkdis not correctly ~ case without cumulus incursions (labelled 179 m 19 July)
captured by the model run — the modelled peak is located
at a much smaller size range. The ascending air parcel en-
countered lower RH as it moved up from the cumulus cloudcloud thickness is about 225 m, drops with these radii would
to the stratocumulus. This may have a small drying effectfall out of the cloud in 20 and 5min, respectively. For this
in addition to cloud top entrainment of FT air. However, reason, in Fig. 3, the large end tail of the model (curve 3
it is quite clear that some other mechanisms were operamarked 179 m July 19 with Cu) is considerably larger than
tive. The most likely mechanism is the expected couplingthe observations (curve 4).
between the cumulus cloud below with the main stratocumu- The small over-prediction in the modelled droplet radii can
lus deck above. As discussed earlier in Sect. 2, a close exalso be attributed to chemical effects. The model assumes
amination of the MBL during A562 indeed revealed that, on a pure externally-mixed aerosol spectrum. However, some
several occasions, cumulus clouds penetrated the base of tloé these aerosol particles must have been internally mixed
main stratocumulus cloud. Thus, the observed droplet specwith less hygroscopic carbonaceous particles. This mixture
tra are likely to represent some degree of mixing betweerwould have an inhibiting effect on the aerosol growth. Sen-
the stratocumulus and the cumulus. These discussions implitivity tests with variable soluble mass fractions can enable
that it is very important to allow for the incursion and mix- one to obtain a quantitative estimate on the variability asso-
ing of parcels of cloudy air having typical cumulus droplet ciated with chemical effects. For our purposes, however, it
size spectra into layers of stratocumulus. This mixing wasis reasonable to believe that entrainment and mixing effects
achieved in two stages in the model runs. First, a dry aerosotlominate over chemical effects. Entrainment of dry FT air
spectrum was used and the model was run with dynamicaét the cloud top would have a great propensity to evaporate
parameters corresponding to the cumulus cloud. Then, théhe smallest of the droplets. We shall examine these issues
evolving aerosol spectrum was tracked until it reached thethrough a bin-resolved large eddy model in a later study.
stratocumulus base-@11.5 hPa). Finally, this evolved spec-  Finally, we have also studied the spectral evolution for the
trum was used to configure a further model run, but this timeA562 case study from the point of view of chemical process-
with stratocumulus dynamics. Figure 3 also shows this resuling. We achieved this by also examining the droplet spec-
tant spectrum. Itis clear that the comparison between the obtrum about 24 h earlier i.e. the spectrum on the 18 July (A560
served and the modelled spectra is markedly better, and impolluted-2 case) in order to study how aging and chemical
portantly, the peak in the distribution pattern aroundkb®  processing could have affected the spectral evolution. On 18
is now well captured. July, the aerosol particles encountered comparatively higher

It is important to point out that the model does not include levels of SQ (42 ppt) and @(45 ppb). The overall KO,
collision-coalescence effects. However, in reality, dropletsconcentrations did not show much variations and were taken
with radii >30um have appreciable fall velocities. For ex- to be the same on both days covering our case studies. Model
ample, drops with 40 and 1Q0m radii have fall velocities of  results showed that much of the pH levels for the ammonium
the order of 18 cms! and 72 cms? respectively. Since the sulphate based droplets ranged from 4 to 6 indicating that
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sulphate production was effected predominantly byOb cumulus clouds interacted with the main stratocumulus) were
(and to some extent, byg@vhen the pH was above 5.5) caus- estimated. The model runs which included this effect yielded
ing a very substantial increase in the total amount of sulphatemicrophysical and optical properties which compared more
On the following day (19 July, polluted-1), measurementsfavourably with the observations than the runs which did not.
indicated an increase in the number concentration of thdn particular, the minimum values of the effective radii were
coarse mode sea-salt based aerosol particles (see the secaréatly influenced by the cumulus incursions and clearly cor-
(stratocumulus A562) and the third (stratocumulus A560)responded to situations when the aircraft sampled cloudy re-
curves in Fig. 1). Sulphate production via the-ed path-  gions well within the cumulus cloud tops that penetrated the
way increased on droplets grown from these particles as comstratocumulus base. The observed range of the optical depth
pared to 18 July. In-cloud drizzling within the main stratocu- variability is also indicative of sampled cloudy air which in-
mulus cloud deck was not observed on either of these days;luded regions of the cumulus along with the main stratocu-
but led to further mixing and aging of the 18 July aerosol mulus deck. Itis also observed that when cumulus effects are
spectrum. These features are immediately recognisable wheexcluded, there is some agreement between the observed and
we compare the droplet spectra in the cloud for the two dayshe modelled spectra only at the largest sizes (radii in excess
(see Fig. 3). The higher levels of sulphate production causesf 50m). The pronounced peak in the observed spectrum
a peak in the number density for droplets that grew from am-centred around 1@m is not correctly captured by the model
monium sulphate. This feature smooths out on the follow-run — the modelled peak is located at a smaller size range.
ing day due to mixing and aging processes and also due tdVhen the initial dry aerosol spectrum was grown first with
reduced sulphate production on these smaller aerosol partsumulus dynamics and then the evolved spectrum at the stra-
cles caused by a significant fall in the S@vel from 42 ppt  tocumulus base was subjected to a further cycle of cloud pro-
to 5 ppt (see the first two curves of Fig. 3 corresponding tocessing with a stratocumulus dynamics, the resulting spec-
a level within the main stratocumulus deck only, with only trum agreed favourably with the observations.
stratocumulus type aerosol processing). However, sulphate During ACE-2, observational evidence suggests that
production on the larger sea-salt based droplets increased gierosol particle composition was sometimes more compli-
19 July causing a distinct shift in the spectra towards largercated than the model assumptions. For example, in this
sizes. Since the effect of aging and mixing on a time span oftUdy we have modelled aerosol spectra comprising only

a day have less influence on the larger particles, the spectr%\mmonlum sulphate and sea salt. The ACE-2 observations
. ave shown that, although the aerosol particles were predom-
shape is preserved.

. o inantly composed of these two components, some measure
These subtle chemical effects leave their signature on thes internal mixing with other components such as black

optical properties too. Under the most polluted conditionscarbon, dust, organic aerosol and nitrates, was also present.
(18 July) when the Splevel was a maximum, the optical Although a daunting task, we hope to incorporate internally
thickness was the highest with the smallest droplet effectivemixed aerosol particles as well as some other gases such as
radius. The following day (19 July) was less polluted with nitric acid in future model runs. It is expected that the effect

lower SQ concentration and the optical depth and the effec-of internal mixing will affect the droplet activation process
tive radii were lower (see Table 4). both in the cumulus as well as the stratocumulus regimes.
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