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ABSTRACT

In this study, we present a relationship between total accumulation mode aerosol mass concen-
trations and cloud droplet number concentrations (Nd). The fundamental aim with the present
method is to arrive at a physically-based conversion algorithm in which each step in the
conversion is based on real physical processes that occur and can be observed in the atmosphere,
and in which all of the fields involved can be observed or modeled. In the last conversion (the
critical part in the algorithm), we use measurements of the size distributions of cloud droplet
residual particles for different pollution conditions. This conversion assumes that the size of the
residual particles can be described with a lognormal distribution function and uses the Hatch–
Choate relationship to convert between residual volume and number. The relatively sparse data
set with which we have developed the present algorithm results in a course classification of the
aerosol mass field. Consequently, uncertainties need to be recognized when using the algorithm
in its present form in model calculations. The algorithm has been used on data from 15 days
and the agreement between calculated and observed Nd values is, with one exception, within a
factor of 2 and for many of these cases also much better than a factor of 2. In addition to the
results of the algorithm itself, we also present a least-squares fit to the predicted Nd values. To
improve the algorithm in the longer-term requires more data of scavenging fractions, particle
chemical composition and density, and residual particle size distributions as a function of
aerosol mass loading and cloud type.

1. Introduction be −0.5 W m−2, with a range of −0.25 to
−1.0 W m−2 (IPCC, 1995). Similarity the indirect
effect, an increase of anthropogenic aerosols lead-Aerosol particles in the atmosphere have a
ing to increased cloud droplet concentrations, ispotential impact on the Earth’s radiation balance
assumed to have a positive influence on cloudand also on global climate. These effects occur
albedo (Twomey, 1977; Twomey et al., 1984). Itboth directly and indirectly. Direct forcing, due to
has also been suggested that anthropogenic aero-an increase of man-made aerosol particles in the
sols can alter the extent of cloudiness (Albrecht,cloud-free atmosphere, results in increased scat-
1989). The estimation of the radiative forcing duetering of radiation back to space. The total direct
to changes in cloud properties is between 0 andforcing due to sulfate, fossil fuel soot and organic
−1.5 W m−2 (IPCC, 1995). The uncertainties inaerosols from biomass burning is estimated to
the estimation of the indirect forcing are much
larger than the uncertainties in the estimation of
the direct forcing (IPCC, 1995).* Corresponding author.

e-mail: paul.glantz@misu.su.se The geochemical cycles for species that compose
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atmospheric aerosols are of necessity formulated ented in the conversion from SO=4 -mass to Na ,
and various studies have shown that sulfate is notin terms of aerosol mass in climate models. A key

problem in the estimation of the indirect effect the only aerosol component of importance in

droplet nucleation (Hegg et al., 1993, 1995;with present global scale models is to find a
relationship/link between aerosol mass and cloud Novakov and Penner, 1993; Noone et al., 2000;

O’Dowd and Smith, 1993; Rivera-Carpio et al.,droplet number concentrations (Nd ), in which the

important physical/chemical processes that link 1996; Russel et al., 2000). The approach worked
out by Hegg, and Boucher and Lohmann wouldthese two quantities are adequately described.

Slingo (1990) has used a general circulation model seem to circumvent these problems by assuming

a link exclusively between Nd and sulfate mass.(GCM) to study the sensitivity of the climate to
changes in the properties of low-altitude clouds. However, a problem with this latter approach is

that this link could be weak (Hegg et al., 1993,Their results give an indication of the accuracy

required by using an algorithm to estimate/calcu- 1995; Novakov and Penner, 1993; Rivera-Carpio
et al., 1996).late Nd . If the liquid water path were constant, he

found that a decrease of 15 to 20% in the mean In this paper, a relationship between cloud

droplet number and total accumulation modeparticle radius (which corresponds to an increase
in the number of cloud droplets of between 60 to mass concentrations will be presented. In contrast

to the approaches described above the present102%) is needed to offset the top of the atmosphere

radiative impact of a doubling of carbon dioxide method is based on a physically-based conversion
algorithm which includes (at least and as a first(about 2.5 W m−2). This study indicates that the

accuracy in the results of calculated Nd must be step) a description of some of the real physical
processes that occur in the atmosphere. A descrip-much better than a factor of 2 to be useful in

climate modelling. tion of the method used to estimate this relation-

ship will be presented in Section 2. BriefSeveral authors have estimated relationship
between non-sea salt sulfate mass and cloud drop- descriptions of the instrumentation used in this

study and the operation areas from which observa-let concentrations. Jones et al. (1994) have estim-

ated a relationship between Nd and total tions have been analysed are found in Section 3.
In Section 4 estimationsof the four fields whichaccumulation mode aerosol number concentra-

tions (Na ), based on observations from Martin constitute the present algorithm will be presented.

In Section 5 the results of calculated Nd will beet al. (1994). The estimated relationship is nearly
linear for maritime conditions but becomes non- compared with simultaneous independent meas-

urements of Nd using measurements from thelinear for more polluted conditions. By assuming

that all aerosol particles are ammonium sulfate Meteorological Research Office’s (MRF) C-130
research aircraft, University of Washington’swith a fixed spectral shape Jones and Slingo (1996)

estimated a relationship between sulfate mass and (UW) C-131 research aircraft and data from

Noone et al. (1992). The present results are alsoNa . Based on these assumptions Jones and Slingo
have then estimated a relationship between cloud compared with studies by Boucher and Lohmann,

Hegg, and Jones and Slingo in Section 5. Finally,droplet and sulfate mass concentrations. These

results are compared with two other empirical summary and conclusions are presented in
Section 6.parameterisations, first presented in Jones and

Slingo (1996), by Hegg (1994) and Boucher and

Lohmann (1995). The two latter works do not
assume that all aerosol particles are ammonium 2. Methodology
sulfate but instead assume only a link between Nd
and sulfate mass concentrations. Fig. 1 is an illustration of the logic we will use

in this study to estimate a relationship betweenThere are problems in both approaches

described above to estimate Nd . For present-day total accumulation mode aerosol mass concentra-
tions (Mamp) and Nd . We will also consider theconditions sulfate is the most approachable com-

ponent to model but not necessarily the only uncertainties involved in each of these steps. The

fundamental aim with this method is to arrive atappropriate one. The method used by Jones et al.
is limited because only sulfate aerosols are repres- a physically-based conversion algorithm in which
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mode sulfate mass. We concentrate on the accumu-
lation-mode, since typical supersaturations in
most clouds are not sufficiently large to activate

particles in the smaller modes, and since coarse-
mode particles rarely contribute more than ca.
10% to the total aerosol particle number

concentration.
Most model studies of the indirect radiative

effect of aerosols to date have used sulfate fields

as inputs, since our understanding of this particu-
lar component is better than for most of the other
constituents that make up atmospheric aerosols.

In reality, particles other than sulfate can also
cause cloud droplet formation (Hegg et al., 1993,
1995; Novakov and Penner, 1993; Noone et al.,

2000; Russell et al., 2000). A correct description
of the relationship between aerosol mass and cloud
albedo will therefore require use of the total Mamp ,
not just the sulfate component. We should note,
however, that the method we derive could still be

used to estimate what changes in cloud albedo
may have arisen due to anthropogenically-pro-Fig. 1. An illustration of the logic used in the algorithm

to estimate a relationship between aerosol mass and duced sulfate particles, but that this albedo change
cloud droplet number. The first four fields and three may not reflect the total change in cloud albedo
conversions are the subject of this paper. The remaining due to anthropogenic activity, since human activ-
fields and conversions will be the subject of subsequent

ity also produces other kinds of particles.
investigations.

Once we know how much of the available
aerosol mass is found in the cloud droplets, we
can use a value of density for the particles toeach step in the conversion is based on real

physical processes that occur and can be observed calculate the third field — the volume of aerosol
contained in the cloud droplets. The uncertaintiesin the atmosphere, and in which all of the fields

involved can be observed or modeled. The rectan- involved in estimating density for a multicompon-

ent, potentially externally-mixed aerosol are dis-gular boxes in Fig. 1 represent fields and the ovals
represent conversions between the fields. cussed in Subsection 4.3. From the volume of

aerosol scavenged into cloud droplets we can useThe first conversion in the algorithm involves

calculating the amount of available aerosol mass measurements of the size distributions of cloud
droplet residual particles (RSDs) for different pol-that is actually taken up in the cloud droplets.

This process is denoted by the ‘‘mass scavenging lution conditions to convert between scavenged

aerosol volume to residual particle (thus cloudefficiency’’ oval in Fig. 1. Mass scavenging effici-
encies for accumulation-mode aerosols in clean droplet) number concentrations. This conversion

assumes that the size of the residual particles canconditions are close to unity, while in more pol-

luted locations mass scavenging efficiencies can be be described with a lognormal distribution func-
tion and uses the Hatch–Choate relationships forquite low (a detailed description of the mass

scavenging efficiencies and the corresponding lognormal distributions to convert between resid-

ual volume and number. Using this conversion,uncertainties used in this study is presented in
Subsection 4.2). Applying this conversion to the we can calculate the cloud droplet number field.

These first 4 fields and three conversions willaerosol mass field allows us to calculate the second
field in the method — the aerosol mass scavenged be the subject of this paper. There are 2 additional

fields and conversions shown in Fig. 1 — estimat-into cloud droplets.

We begin with an aerosol mass field — either ing the field of cloud droplet effective radius from
cloud droplet number and liquid water content,total accumulation-mode mass or accumulation-
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and finally to calculate the cloud albedo from the Regional Aerosol Characterisation Experiment
(ACE-2), carried out in the summer of 1997effective radius. These fields and conversions will

be the subject of subsequent investigations. Here, between the coasts of Portugal, North Africa and

the Canary Islands are also included in this study.we present the algorithm to convert between aero-
sol mass and cloud droplet number. The observations taken from ACE-2 were per-

formed in clean to intermediately polluted

conditions.
3. Experimental

A counterflow virtual impactor (CVI) has been 4. Fields and conversions estimations
used to obtain information about the relationship
between scavenged aerosol mass and cloud droplet 4.1. Accumulation-mode mass field
number. Using the CVI, cloud droplets are separ-

The geochemical cycles for species that compose
ated from the ambient air into a dry particle-free

atmospheric aerosols are of necessity formulated
carrier air stream. In the CVI system the cloud

in terms of aerosol mass in present models. Global
droplets are heated and evaporated. The water

scale models today use sources and sinks formu-
and any volatile species dissolved in the droplets

lated for aerosol mass to predict climate change.
are driven into the gas phase, while the non-

Thus, to estimate indirect forcing by aerosols it is
volatile species are measured as cloud droplet

necessary to make an assumption about a specific
residual particles. Each droplet after evaporation

relationship between aerosol mass and number
is assumed to release one particle. Outside cloud

concentrations. An internally consistent data set
the CVI was deployed as a ‘‘normal’’ aerosol inlet

that can be used to establish this kind of relation-
which means that air was aspirated directly into

ship requires at a minimum simultaneous measure-
the system. The residual or out-of-cloud aerosol

ments of aerosol mass and number. Table 1 shows
particles where then measured with a Particle

typical values of average number and mass concen-
Measuring System (PMS) Passive Cavity Aerosol

trations of the major aerosol types (Seinfeld and
Spectrometer Probe (PCASP) with a size range

Pandis, 1998). The most useful data would include
from 0.11 to 9 mm in diameter. Residual and out-

measurements of aerosol mass, volume and
of-cloud particles were also collected on filters for

number size distributions.
analysis by ion chromatography. A more detailed

While there are a considerable number of pub-
description of the CVI could be found in Ogren

lications concerning measurements of aerosol mass
et al. (1985) and Noone et al. (1988).

concentrations for various species, relatively few
Data from several locations are included in this

contain both mass and number, and even fewer
study. Land-based measurements carried out pre-

provide simultaneous observations of aerosol
fog and in fog conditions in November 1989

number, volume and mass (Quinn et al., 1995).
outside San Pietro Capofiume in the Po Valley

We will concentrate on these latter data sets in
have been used. The Po Valley is the largest

developing our algorithm.
industrial and agricultural area in Italy and can

be considered as a highly polluted continental
location. Aircraft measurements have been ana-

Table 1. A summary of typical values of averagelysed from the Monterey Area Ship Track (MAST)
number and mass concentrations of the major aero-experiment carried out in the summer of 1994 in
sol types (Seinfeld and Pandis, 1998)the maritime atmosphere outside of Monterey,

California. The observations taken from MAST
No. PM1 PM10were performed in boundary layer stratiform Type (cm−3 ) (mg m−3 ) (mg m−3 )

clouds characterized as ‘‘clean’’ conditions. Data
urban (polluted) 105–4×106 30–150 100–300from one flight in stratocumulus clouds over the
marine 100–400 1–4 10North Sea in March 1997 have also been used.
rural 2000–10,000 2.5–8 10–40Here, the maritime atmosphere was influenced by
remote

polluted air advected from Great Britain. Finally,
continental 50–10,000 0.5–2.5 2–10

aircraft measurements from the North Atlantic
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Table 2. Estimated/measured M
amp

are subdivided with respect to the level of anthropogenic influence

Observed Converted Estimated Conv./Obs.
Mamp classification Namp Vamp ramp Mamp

(mg m−3 ) Locationa (cm−3 ) (mm3 cm−3 ) (g cm−3 ) (mg m−3 ) Ref. b

0–2 clean conditions NP, NA <500 0.2–1 1.7 0.3–2 PW
CP, NP 86, 114 0.5, 0.7 1.7 0.8c, 1.2c Q

WM 306±113 2.4±1.3 PVV

2–15 intermediately NA 500–900 4–6 1.6 7–10 PW
polluted WM 670±118 6.5±3.9 PVV
conditions

15–50 moderately polluted NS 1178±112 16 1.6 26 PW
conditions WM 1777±572 17.5±11 PVV

>50 highly polluted PV >3000 93 and 179 H and N
conditions

Motivation for using the mean particle density corresponding to a classification in the convertions from Vamp to
Mamp is given in Subsection 4.3.
aNP=Northeast Pacific, NA=Northeast Atlantic, CP=Cheeka Peak (background NP site), NS=North Sea,
WM=Whiteface Mountain (New York), PV=Po Valley (Italy). bPW=Present work, Q=Quinn et al. (1995),
PVV=Pueschel and Van Valin (1986), H=Hallberg et al. (1992), N=Noone et al. (1992). cThe assumed ramp
used in these conversions might be too high (Q).

Table 2 shows estimated/measured Mamp sub- loadings in the boundary layer with continental
stratus and stratocumulus as the major clouddivided with respect to the level of anthropogenic

influence. The locations from which the data were types. Hallberg et al. (1994) present lower SFNamp
(corresponding to intermediately and moderatelyobtained are also shown in Table 2. Observations

of total accumulation-mode volume concentra- polluted conditions) compared with the observa-
tions from Gillani et al. (1995, 1992) which maytions (Vamp ) have been converted to Mamp .

Motivation for the values of density used in these be explained by differing conditions at the sam-
pling sites and/or underestimation due to theconversions is given in Subsection 4.3. For the

highly polluted cases (Po Valley) measured total instrumentation used in the former case. The

SFMamp and SFNamp seen in Table 3 obviouslyinterstitial mass concentrations (Hallberg et al.,
1992) in combination with estimated volume/mass decrease with the degree of pollution. Jensen and

Charlson (1984) have also shown this feature inscavenging fractions (Noone et al., 1992) are used

to estimate the Mamp . Due to the limited number modelling studies for aerosol mass scavenging into
convective clouds. It should be noted in Table 3of available measurements, the data used in the

present approach are subdivided into only 4 classi- that the measured SFNamp cover a wider range of

values compared with SFMamp . Flossmann et al.fications. The borders between the classifications
are arbitrary; the consequences of these limitations (1985) predicted number scavenging efficiencies of

between 48 to 94%, mainly confined to particleswill be discussed in Subsection 5.4.

larger than 0.1 mm radius.
The measured scavenging fractions shown in

4.2. Mass scavenging eYciency
Table 3 were mainly observed in stratiform clouds.

Table 4 shows the scavenging fractions and uncer-After classifying an initial aerosol mass field,
the first conversion in the algorithm entails calcu- tainties corresponding to the present classification.

These values are estimated based on the relativelylating the fraction of the aerosol mass that is taken
up in the cloud droplets — the scavenged fraction. few observations presented in Table 3. The estim-

ated SFMamp and uncertainty corresponding toTable 3 shows some published data of accumu-

lation-mode particle mass and number scavenging clean conditions represent the mean and standard
deviation (SD) obtained from calculations of thefractions (SFMamp and SFNamp) for various aerosol
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Table 3. Published data of observed SF
Mamp

and SF
Namp

for each classification

Namp SFMamp SFNamp
Present classification (cm−3 ) (%) (%) Cloud type Reference

clean conditions <500 84±10 Cont. St, Sc Gillani et al., 1995
85±11 Cont. St, Sc Gillani et al., 1992

87±11 73±7 Cont. St, Sc Hallberg et al., 1994
90a±20 60±20 Cont. Sc, Co Hegg and Hobbs, 1986d
#96g Marine St. Frick and Hoppel, 1993

95a, 63b, 97c 77 Marine Sc Noone et al., 2000

intermediately polluted 500–1000 53±28 Cont. St, Sc Gillani et al., 1995
conditions 70±4 Cont. St, Sc Gillani et al., 1992

64e±4 18e±2 Cont. St, Sc Hallberg et al., 1994

moderately polluted 1000–3000 28±5f Cont. St, Sc Gillani et al., 1995
conditions 52±19 Cont. St, Sc Gillani et al., 1992

42e±6 12e±2 Cont. St, Sc Hallberg et al., 1994

highly polluted >3000 #20–30 #1–10 Cont. Fog Noone et al., 1992
conditions

anss-SO=4 mass. bNO−3 mass. cClassified based on below cloud mass concentrations of SO=4 =0.5 mg m−3 and
NO−3 =0.5 mg m−3, instead of Mamp and Namp are not observed. eThese values are probably underestimated due to
the instrumentation used. fThe 25th and 75th percentiles. gThis value might be overestimated.

Table 4. Estimated SF
amp

used in this study for the in Table 3 are for stratiform clouds, the algorithm

cannot yet explicitly account for cloud type.present classification

Mamp Namp SFMamp
Present classification (mg m−3 ) (cm−3 ) (%) 4.3. Estimated mass to volume conversions

clean conditions 0–2 <500 88±12 Table 5 shows estimated mean particle density
intermediately 2–15 500–1000 76±12 and uncertainty for each classification based on

polluted measurements performed over the Northeast
conditions

Atlantic, North Sea and in the Po Valley. Particle
moderately polluted 15–30 1000–3000 63±23

mass values shown in Table 5 have been convertedconditions
from particle volume distributions which in turnhighly polluted >50 >3000 30±5
were calculated from measured particle numberconditions

distributions obtained using an optical particle
counter. These results are compared with particle
mass observations obtained from ion chromato-observed values of SFMamp , shown in Table 3. For

the intermediately as moderately polluted condi- graphy analysis of simultaneous filter samples.
For the clean case, Table 5 shows that nearlytions, in addition to the values of observed SFMamp

obtained by Hallberg et al. (1994), the observed all of the total mass concentrations obtained using

the PCASP consisted of ionic species. Therefore,number scavenging fractions obtained by Gillani
et al. (1995, 1992) have also been taken into for the first classification we have estimated the

density of the accumulation-mode particles basedconsideration for these cases by assuming a con-

version factor between SFNamp and SFMamp for only on possible combinations of the analysed nss-
sulfate, ammonium and nitrate species. Ioniceach classification. We expect that cloud type will

be an important factor influencing scavenging species contribute a large fraction of the mass
concentrations in the intermediately polluted caseefficiency. More convective clouds (Cu) are

expected to have higher scavenging efficiencies as well. However, in this case we assume that also

organic species have contributed with a fractionthan stratiform clouds under similar aerosol load-
ings. However, since nearly all the measurements to the total mass concentrations which results in
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Table 5. Estimated mean particle density and uncertainty corresponding to each classification

Mass (OPC)
(mg m−3) Mass (filter) (mg m−3) Estimated

Present classification/ Namp ramp
location (cm−3) AMP total nssSO=4 NO−3 NH+4 CMPe total (g cm−3)

clean conditions <500 1.7±0.1
NAa (26 June 1997)

600 ftf 99±8 0.6±0.04 9±1 0.7 0.8 0.06 6 8
2600 feet 100±12 0.6±0.1 9±3 0.8 0.8 0 6 9

intermediately polluted 500–1000 1.6±0.2
conditions
NA (17 July 1997) 840±226 10±3 38±8 11 2 3 12 29
NA (17/18 July 1997) 608±85 8±1 25±7 9 3 2 7 21

moderately polluted 1000–3000 1.6±0.2
conditions
NS (9 March 1997)b 1189±134 26±2 54±7 18 5 7 2 32
NS (9 March 1997)c 1164±56 25±2 55±5 17 3 6 2 28

highly polluted >3000 1.4±0.1
conditions
PVd (10 Nov. 1989) #5000 6 93
PV (17 Nov. 1989) 13 179

Particle mass values are converted from volume distributions which in turn are converted from particle number
distributions measured below the clouds, obtained by the PCASP. Particle mass values are also obtained from ion
chromatography analysis of simultaneous filters samples. For the highly polluted conditions, the total mass concentra-
tion are shown.
aNA=Northeast Atlantica. bNorth Sea (average over the time-period 1226–1338). cNorth Sea (average over the
time-period 1512–1617). dPo Valley (Italy). eCoarse-mode particles. fFeet.

a lower value of the density than the previous 1.5 g cm−3 (Hegg et al., 1995). The uncertainty
induced by assuming a single value for the densitycase. For the moderately polluted case the ionic

species were only slightly more than half of the of the accumulation-mode particles corresponding

to each classification in the present approach istotal mass concentrations. Therefore, a significant
fraction of organic species is assumed to have relatively small compared with the errors associ-

ated with other conversions in the algorithm (seecontributed to the mass in this case. From the

highly polluted cases analysed filters were weighed Subsection 4.4).
before and after exposure and thus the total mass
concentrations were obtained directly. Sulfate at

4.4. Scavenged volume to droplet number
this location accounted for less than 10% of the
total mass. Therefore, a large fraction of organic The last conversion, scavenged volume to drop-

let number, is the critical part in this approach.species is assumed to have contributed to the

aerosol mass for this case and thus a relatively Fig. 2a shows examples of RSDs obtained by the
CVI/PCASP in marine stratocumulus clouds.low density of the aerosols is assumed for this

classification. Fig. 2b shows the corresponding residual particle

cumulative size distribution (CRSD) curvesAerosol particles are in reality often externally
mixed and represent a multi-component system (dotted lines) and mean CRSD curve (solid line)

converted from the individual RSDs and the meanwhere each chemical component has its own den-
sity. Typical densities of inorganic salts (sulfates, RSD, respectively. The mean cumulative RSD for

each classification is used in the present approachnitrates, chlorides, etc.) range from about 1.7 to

2.0 g cm−3, while the densities of organic com- to find the Hatch–Choate parameters described
below. By comparing Figs. 2a, b, one can see thatpounds range from slightly less than 1 to about
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Fig. 2. Examples of residual particle size distributions obtained by the PCASP. The solid lines in Fig. 2a are examples
of residual particle number size distribution (RSD) curves obtained by the PCASP. The dotted lines and solid line
in Fig. 2b are residual particle cumulative size distribution (CRSD) curves and mean CRSD curve, respectively,
converted from the individual RSDs shown in Fig. 2a and the corresponding mean RSD.

most of the variation in the residual size distribu- residual particle size increases with increasing
aerosol loading in the clouds. As the level oftions is due to changes in total residual particle
pollution increases in the layer in which cloudsnumber, rather than changes in the shape of the
form, larger particles become sufficiently abundantresidual particle distribution. The consistency in
to account for the majority of the cloud dropletsthe shape of the residual distribution leads to
formed.relatively stable cumulative size distributions.

Figs. 4a, b (the latter is an enlargement ofFig. 3 shows cumulative residual size distribu-
Fig. 4a) illustrate how we obtain the parameterstions which are subdivided according to our classi-
count median diameter (CMD) and geometricfication. The figure clearly shows that the median
standard deviation (sg) from a mean cumulative
RSD (heavy solid line). Count median diameter is
defined as the diameter at which the cumulative
distribution reaches 0.5 (D50% ). We calculate sg
as D84%/D50% . Figs. 4a, b also illustrate how we
calculate deviations in D50% and D84% (dotted
lines), converted from deviations of the mean
cumulative RSD (dashed lines), and in sg . The
dashed lines in Fig. 4 represent the standard devi-
ations of the original residual number size
distributions.

After finding the CMD and sg for each classi-
fication the next step in the present approach is
to convert from the scavenged volume to residual
particle number (thus cloud droplet number) using
eq. (1), derived by Hatch and Choate. Deviations
in the CMD and sg are propagated through the

Fig. 3. The dotted, solid, dashed and heavy solid lines calculation and estimated deviations in the dia-
are cumulative residual size distributions curves, meter of average volume are thus obtained.
obtained by the PCASP, subdivided according the pre-
sent classification. DAV=CMD e1.5 ln(s

g
)2. (1)
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Fig. 4. Fig. 4b is an enlargement of Fig. 4a. The heavy solid line is a mean cumulative RSD curve. The dashed lines
shown in Fig. 4 represent standard deviations of the original residual number size distributions. The figures illustrate
how the present calculations of deviations in D50% and D84% (dotted lines), converted from deviations of the mean
cumulative RSD (dashed lines), and in sg are performed.

To keep this conversion as simple as possible, lognormal distribution rather than combining two
(or more) lognormal distributions have not beenwe assume that the residual particle distributions

can be adequately described using a unimodal formally estimated for all of the distributions.
However, we can consider two cases to illustratelognormal distribution.

The cumulative RSDs shown in Fig. 3 are the kinds of uncertainty introduced by assuming

a unimodal lognormal distribution.not perfectly lognormal size distributions.
Uncertainties that are induced by using a single Figs. 5a, b show RSDs observed in marine

Fig. 5. The dotted lines in Fig. 5a, b are the RSD curves obtained by the PCASP from a moderately polluted day
(North Sea, 9 March 1997) and a clean day (Northeast Pacific, 28 June 1994), respectively. The solid lines are the
mean RSD curves. The heavy, solid lines are lognormal curves based on the Hatch–Choate parameters and the
integrated number from each of the mean RSDs.
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stratocumulus clouds during a moderately pol- each pollution level class (i) can be expressed as:
luted day (North Sea, 9 March 1997) and a clean

Nd,i=
Mamp,iSFamp,i

ramp,i
4

3
p ADAV

i
2 B3 , (2)day (Northeast Pacific, 28 June 1994), respectively,

compared with theoretical unimodal lognormal
size distributions. The solid lines in the figures
represent the mean measured RSD. The heavy where Nd,i is the cloud droplet number concentra-
solid line in each figure is a lognormal curve based tion, Mamp,i is the accumulation-mode particle
on the Hatch–Choate parameters and the integ- mass concentration, SFamp,i is the accumulation-
rated number from each of the mean RSDs. Since mode particle mass scavenging fraction, ramp,i is
the larger particles have the largest impact on the the density of the accumulation-mode particles
converted mass size distribution, we calculate sg and DAV

i
is the diameter of average volume for

as D84% divided by D50% . For the North Sea case each classification.
there is close correspondence between the mean The results in Table 6 together with eqs. (1) and
measured RSD and the theoretical lognormal size (2) can be used to calculate the Nd field. Calculated
distribution curve at the largest particle sizes. Nd are based on the total volume scavenged into
Thus, we expect the errors induced by assuming cloud droplets divided by the average volume of
unimodal lognormal distribution for this case to the scavenged aerosols (the right hand side of
be small. Considering the Northeast Pacific case eq. (2)) and the assumption that each scavenged
shown in Fig. 5b, however, we see a larger differ- aerosol particle forms a single cloud droplet.
ence between the mean measured RSD and the Eq. (2) thus gives us the opportunity to estimate
theoretical lognormal distribution. We will there- a relationship between accumulation-mode mass
fore induce a larger error in the conversion from and cloud droplet number based on observable
scavenged aerosol volume to number for this physical processes with the corresponding uncer-
cleaner case. Uncertainties also arise because the tainties involved.
smaller part of the accumulation mode RSD in
this case was not measured, an artifact that will 5.2. Calculated cloud droplet concentrations
affect the estimations of the CMD and sg , thus compared with measured N6also the calculated diameter of average volume.

The present algorithm has been used for data
from each of the 15 days that are included in this

study to calculate Nd from Mamp . Table 7 shows
a summary of the estimated Mamp , estimated

5. Results
conversion values and calculated Nd subdivided

based on our pollution level classification.
5.1. Field and conversion summary

Estimated standard deviations in the Nd field are
obtained by uncertainties propagated through theTable 6 shows a summary of the Mamp field and

conversion values which are included in the pre- calculations. Table 7 also shows simultaneous
independent measurements of Nd and correspond-sent algorithm, subdivided based on our pollution

level classification. The conversion algorithm for ing SD for each case. Calculation of the SD for

Table 6. Summary of the M
amp

field, estimated conversion values which are included in the present algo-
rithm, subdivided based on the present pollution level classification

Mamp SFamp ± ramp ± CMD ±
(mg m−3 ) (%) (g cm−3 ) (mm) rg ±

clean conditions 0–2 88 12 1.7 0.1 0.160 0.001 1.50 0.08
intermediately polluted conditions 2–15 76 12 1.6 0.2 0.190 0.001 1.82 0.03
moderately polluted conditions 15–50 63 23 1.6 0.2 0.35 0.01 1.29 0.06
highly polluted conditions >50 30 5 1.4 0.3 0.42 0.07 1.4 0.3
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Table 7. Summary of the estimated M
amp

estimated conversion values and calculated N
d
for data from each of the 15 days that are included in this

study, subdivided based on the present pollution level classification

Present Namp Mamp ± SFMamp ± ramp ± CMD ± Nd ± obsNd ±
classification Date (cm−3) (mg m−3) (%) (g cm−3) (mm) sg ± (cm−3) (cm−3)

clean 8 June 1994 59 0.76 0.22 88 12 1.7 0.1 0.164 0.005 1.9 0.2 28 23 58 25
conditions 11 June 1994 246 2.0 0.3 88 12 1.7 0.1 0.165 0.001 1.42 0.003 260 56 238 43

12 June 1994 32 0.55 0.18 88 12 1.7 0.1 0.165 0.001 1.5 0.1 55 24 28 9
27 June 1994 133 1.1 0.2 88 12 1.7 0.1 0.156 0.001 1.51 0.01 140 31 166 29
28 June 1994 125 1.2 0.2 88 12 1.7 0.1 0.16 0.001 1.46 0.01 160 34 201 28
29 June 1994 31 0.33 0.05 88 12 1.7 0.1 0.159 0.001 1.53 0.06 37 10 57 15
30 June 1994 93 1.1 0.1 88 12 1.7 0.1 0.159 0.007 1.8 0.2 51 35 174 33
22 June 1997 198 1.8 0.7 88 12 1.7 0.1 0.17 0.002 1.55 0.08 150 73 193 64
26 June 1997 100 0.60 0.09 88 12 1.7 0.1 0.147 0.001 1.42 0.01 110 23 66 13

intermediately 17 July 1997 840 10 3 76 12 1.6 0.2 0.195 0.001 1.8 0.1 250 120 229 52
polluted 17/18 July 1997a 608 7.6 1.3 76 12 1.6 0.2 0.181 0.001 1.8 0.2 250 100 280 57
conditions 18 July 1997 577 7.0 0.4 76 12 1.6 0.2 0.179 0.002 1.9 0.1 150 80 229 81

moderately 9 March 1997 1178 26 2 63 23 1.6 0.2 0.35 0.01 1.29 0.06 340 150 389 63
polluted
conditions

highly polluted 10 Nov. 1989 ~5000 93 10 30 5 1.4 0.3 0.372 0.003 1.44 0.01 400 100 274 125
conditions 17 Nov. 1989 179 18 25 5 1.4 0.3 0.4327 0.0005 1.448 0.003 400 120 557 125

Estimated standard deviations in the Nd field are obtained by deviations propagated through the calculations. Observed Nd for each days were obtained
independently by FSSP instruments.
aNight flight.
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each case is based on 1 Hz data. For the clean to for many of these cases also much better than a
factor of 2. The corresponding calculated andmoderately polluted conditions, Nd measurements

were performed with FSSP instruments mounted observed values of SD are for both cases rela-

tively large.on the British Meteorological Research Flight
(MRF) C-130 and University of Washington
(UW) C-131 research aircraft, on which CVIs

5.3. Calculated N
d
compared with earlier empirical

were also deployed. For the two most polluted
studies

cases (the highly polluted conditions) fog droplets
larger than 1 mm in diameter were measured with We can compare results using the present algo-

rithm with previous studies relating sulfate massa land-based FSSP (Noone et al., 1992). About
98% of the liquid water content were found in and cloud drop number. Fig. 7 shows the calcu-

lated Nd (stars) and the least-squares fit (solid line)droplets larger than 3 mm in diameter. Therefore,

the results shown in Table 7 include fog droplets for the data (the same as in Fig. 6) compared with
empirical estimations of Nd from studies by Joneslarger than this size.

Fig. 6 shows the calculated Nd as a function of and Slingo ( large circles), Hegg (small circles), and

Boucher and Lohmann (plus-symbols), respect-the Mamp (stars) based on data from Table 7. Fig. 6
also shows a least-squares fit (solid line) for the ively. The three latter relationships are used to

calculate Nd from measured or derived SO=4 mass.calculated Nd values having a correlation coeffi-

cient (r2 ) of 0.85. Simultaneous independent meas- All four methods produce similar results for aero-
sol masses above roughly 1 mg m−3. The presenturements of Nd (circles) performed with the FSSP

instruments are also shown for each case. The algorithm produces Nd values that are consistently
lower than the three previous studies at aerosolagreement between calculated and observed Nd

values is, with one exception (the result of Nd mass values below 1 mg m−3. We see that the

based on data from 30 June 1994, and marked
with an arrow in Fig. 6), within a factor of 2 and

Fig. 7. The calculated Nd marked with stars (based on
data from Table 7) are obtained by the method presented
in this study. Estimated standard deviations in the Nd

Fig. 6. The calculated Nd marked with stars (based on field are obtained by uncertainties propagated through
the calculations. The solid line is a least-squares fit fordata from Table 7) are obtained by the method presented

in this study. Estimated standard deviations in the Nd the calculated Nd values having a correlation coefficient
(r2 ) of 0.85. The estimated Nd marked with large circles,field are obtained by uncertainties propagated through

the calculations. The solid line is a least-squares fit for small circles and plus-symbols are obtained by Jones
and Slingo (1996), Hegg (1994), and Boucher andthe calculated Nd values having a correlation coefficient

(r2 ) of 0.85. The measured Nd marked with circles and Lohmann (1995), respectively. The vertical dashed lines
denote the pre-industrial and present day global averagethe corresponding SD, based on 1 Hz data, were

obtained by FSSP instruments. The star marked with sulfate mass values from model calculations (Jones and
Slingo, 1996).an arrow is discussed in the text.
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relationship from this study is in best agreement
with the results by Jones and Slingo.

The vertical dashed lines in Fig. 7 denote the

pre-industrial and present day global average sulf-
ate mass values from model calculations (Jones
and Slingo, 1996). Due to the inherent nonlinearity

in the relationship between Nd and Mamp , cloud
droplet number will be most sensitive to changes
in aerosol mass loading at the lowest mass concen-

trations. Since the slope of the relationship is
largest between these mass values for our algo-
rithm and the Jones–Slingo method, we expect

that these two will result in a larger indirect
forcing estimates compared with the studies by
Hegg (1994) and Boucher and Lohmann (1995).
By comparing average values of estimated effective Fig. 8. Nd are calculated based on the results shown in
radius for the present-day conditions the present Table 6 and for a range of aerosol mass values within

each category.calculations of Nd shown in Fig. 7 indicate that

our algorithm produces results in closest agree-
ment with results by Hegg (1994) and Jones and

Slingo (1996). A comparison of predicted mean must be taken in applying the algorithm, especially
when aerosol mass values are near the borders ofeffective radius, from the Jones and Slingo (1996),

Hegg (1994), and Boucher and Lohmann (1995) the classification categories.

There are 2 ways of circumventing this difficulty.studies for present-day conditions shows that the
parameterisations of Jones et al. (1994) and Hegg The first is to simply use the least-squares fit to

the data to calculate Nd (cm−3 ) from Mamp(1994) are quite similar to each other and are in

general closer to satellite retrievals (a single data (mg m−3): Nd=87 log10(1+ (Mamp/0.32)2). A dis-
advantage with using the least-squares fit is thatsource from Han et al. (1994)) than the simulation

using the parameterisation by Boucher and the direct link to the physical process inherent in

the algorithm is lost. While this least-squaresLohmann (1995).
approach may be useful in the short-term, it is
not acceptable as a long-term solution since the

5.4. Uncertainty ranking
major point with developing this algorithm is so
that all of the conversions can be based on observ-The relatively sparse data set with which we

have developed the present algorithm only allows able physical processes.

The longer-term solution is to obtain more dataus to classify the aerosol mass field into 4 categor-
ies. The coarseness of this classification results in for scavenging fractions, particle chemical com-

position and density, and residual particle sizeuncertainties that need to be recognized when

using the algorithm in model calculations. A major distributions as a function of aerosol mass loading
and cloud type. More data of this kind will allowdifficulty with the present classification scheme is

that the droplet number calculated for mass values a finer classification scheme to be developed, and

allow the algorithm to retain its direct link to realin different categories is not unique. Fig. 8 shows
the droplet number concentrations calculated for physical processes.

The scatter occurring in the calculated Nd showna range of aerosol mass values within each cat-

egory. As an extreme example, one would obtain in Fig. 6 is probably largely due to the sensitivity
in the conversion from scavenged volume to cloudan Nd value of 188 cm−3 for an aerosol mass

concentration of 1.9 mg m−3 (close to the max- droplet number. The calculated DAV, based on
observed CMD and sg , is raised to a power of 3imum value in the ‘‘clean’’ category) and a value

of 45 cm−3 for a mass value of 2.1 mg m−3. While in equation (2). An examination of the two case

studies in Subsection 4.5.3 suggests that data fromthe results shown in Figs. 6, 7 clearly show that
the algorithm produces reasonable results, care days classified as clean seems to be more sensitive
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in the present approach than the more anthropo- can predict Nd values that are usually within a
factor of 2 of observations shows that it can begenically influenced days. Dynamical processes

(e.g., cloud type) not accounted for in the algorithm applied in climate models. However, in the Slingo

(1990) study, a doubling of cloud droplet numbermay also induce some of the scatter shown in
Figs. 6, 7 for the aerosol mass/droplet number could offset the entire 2.5 W m−2 forcing due to

anthropogenic greenhouse gases. To be morerelationship, especially for the clean conditions.

Furthermore, uncertainties are induced in the useful in climate model estimations, further work
on the algorithm must be done to improve bothestimations of the present Mamp field and data

from the days classified as clean seem to be more its accuracy and precision. In addition to the

results of the algorithm itself, we also present asensitive than the more anthropogenically influ-
enced cases. For data corresponding to a higher least-squares fit to the predicted Nd values. While

this approach has the advantage of producing aaerosol loading, the volume spectra obtained

by the CVI/PCASP is described by a bimodal unique Nd for all values of Mamp , it has the major
disadvantage of losing the direct relationship todistribution with nearly complete separation

of the accumulation- and course-mode particles. physical processes inherent in the algorithm itself.

In the short-term this approach may, however,However, for clean cases the volume spectra is
described by a nearly unimodal course-mode dis- be useful.

The largest errors induced seem to occur fortribution where the accumulation-mode particles

exhibit a tail at the smallest sizes. So, for the latter the days classified as clean mainly due to uncer-
tainties induced in the conversion between scav-case it is more difficult to separate the accumula-

tion mode from the course mode compared with enged volume and droplet number. Dynamical
processes not accounted for in the algorithm may,a higher aerosol loading. Here the errors induced

by estimating Mamp could be significant. especially for clean conditions, also induce some

of the scatter seen in the results.
The present result seems to be in closest agree-

ment with the estimation by Jones and Slingo6. Summary and conclusions
(1996), compared with the studies by Hegg (1994)
and Boucher and Lohmann (1995), to predict theIn this study, we present droplet number fields

calculated from accumulation-mode aerosol mass indirect forcing. The calculated Nd based on Mamp
presented in this study seem to result in estimatedfields using a conversion algorithm in which each

step in the conversion scheme is based on real average value of effective radius for the present-
day condition close to the results by Hegg (1994)physical processes that occur in the atmosphere

and can be observed or modeled. The present and Jones and Slingo (1996).
Finally, this study suggests that other speciesalgorithm is developed based on a relatively sparse

data set and our classification therefore induce other than sulfate are important for the formation

of cloud droplets.uncertainties that need to be recognized when
using the algorithm in model calculations. The
quantities sg and CMD are probably responsible

for much of the inconsistent results of Nd that 7. Acknowledgments
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