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Abstract

Empirical relationships that link cloud droplet number (CDN) to aerosol number or mass
are commonly used to calculate global fields of CDN for climate forcing assessments.
In this work we use a sectional global model of sulfate and sea-salt aerosol coupled to
a mechanistic aerosol activation scheme to explore the limitations of this approach. We5

find that a given aerosol number concentration produces a wide range of CDN concen-
trations due to variations in the shape of the aerosol size distribution. On a global scale,
the dependence of CDN on the size distribution results in regional biases in predicted
CDN (for a given aerosol number). Empirical relationships between aerosol number
and CDN are often derived from regional data but applied to the entire globe. In an10

analogous process, we derive regional “correlation-relations” between aerosol number
and CDN and apply these regional relations to calculations of CDN on the global scale.
The global mean percentage error in CDN caused by using regionally derived CDN-
aerosol relations is 20 to 26%, which is about half the global mean percentage change
in CDN caused by doubling the updraft velocity. However, the error is as much as 25–15

75% in the Southern Ocean, the Arctic and regions of persistent stratocumulus when
an aerosol-CDN correlation relation from the North Atlantic is used. These regions pro-
duce much higher CDN concentrations (for a given aerosol number) than predicted by
the globally uniform empirical relations. CDN-aerosol number relations from different
regions also show very different sensitivity to changing aerosol. The magnitude of the20

rate of change of CDN with particle number, a measure of the aerosol efficacy, varies
by a factor 4. CDN in cloud processed regions of persistent stratocumulus is particu-
larly sensitive to changing aerosol number. It is therefore likely that the indirect effect
will be underestimated in these important regions.
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1 Introduction

The prediction of cloud droplet number (CDN) in a global aerosol model is a challenging
task, but is vital if we are to reduce the uncertainty surrounding the quantification of the
aerosol indirect effect. The number of cloud droplets formed in a rising air parcel is
dependent on the number, size and chemical composition of the aerosol particles and5

the meteorological conditions (i.e. the updraft velocity). These factors can vary widely
between different regions and even between different clouds within the same region.

Because of the limited amount of aerosol information carried in climate models
the calculation of droplet number has been greatly simplified (Lohmann and Feichter,
2005). One widely used approach is to define one or more empirical relationships10

between aerosol number or mass and CDN based on observations at cloud base.
Empirical relations offer a simple and effective way of predicting the number of cloud
droplets that will form for a given aerosol concentration and have been used extensively
to calculate the aerosol indirect effect. However empirical schemes have a number of
limitations which must be considered:15

1. Empirical relations are derived from measurements taken in a limited geographi-
cal region and present day conditions but they are extrapolated to the global scale
as well as past and future atmospheric conditions. Regional and long term varia-
tions in the aerosol size distribution and composition may result in changes to the
relationship between the bulk quantities aerosol number, mass and CDN.20

2. Several empirical relations have been published based on a range of observa-
tions. The differences between these relations increases the uncertainty in em-
pirically based forcing estimates as the forcing calculated for a given aerosol load-
ing depends on the relation used. For example, Kiehl et al. (2000) predicted the
indirect forcing to range from −0.68 to −1.78 W m−2, depending on the empirical25

relation used.

3. Empirical relations bypass the detailed microphysical processes that control CDN.
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It is therefore unsuitable for use as a tool to examine the factors in the aerosol
population that are important in controlling CDN.

The alternative to an empirical relation is to calculate cloud drop number in a phys-
ically based or mechanistic way. In this approach the modeled aerosol particle size
distribution is used to calculate an activation diameter for a particular cloud parcel up-5

draft speed. This normally involves an approximate solution to the Kohler equation.
The advantage of a mechanistic approach is that it connects the physical and chemi-
cal properties of the aerosol size distribution to cloud drop number in a physical way.
The major disadvantages are that it requires more aerosol microphysics information to
be carried in the global model and it requires a realistic cloud parcel updraft speed,10

which cannot be resolved in a global model. To get around the latter problem, previous
models have used the large-scale updraft velocity combined with the turbulent kinetic
energy to define the updraft or have used a constant value (e.g., Meskhidze et al.,
2007; Chen and Penner, 2005; Lohmann et al., 1999).

Although the limitations of empirical schemes are appreciated, they are still widely15

used in climate modeling studies (e.g., Bauer et al., 2008; Ma et al., 2008; Menon and
Rotstayn, 2007; Rotstayn et al., 2007; Quaas et al., 2006; Verma et al., 2006; Ming
et al., 2005). Of the 20 studies of the cloud albedo effect considered in the Intergov-
ernmental Panel on Climate Change’s Forth Assessment Report (Forster et al., 2007),
half rely entirely on empirical relations to calculate CDN. Of the remaining models, two20

use Köhler theory to describe activation but prescribe a supersaturation depending on
cloud type (Kristjansson, 2002; Kristjansson et al., 2005), thus in effect they use the
cloud condensation nuclei (CCN) concentration as a proxy for CDN. The studies of
Lohmann et al. (2000) and Chuang et al. (2002) use a parameterisation that takes the
aerosol size distribution, composition and updraft velocity into account through the use25

of an “activation parameter”. Only the works of Penner et al. (2006), Takemura et al.
(2005), Chen and Penner (2005) and Ghan et al. (2001) use a mechanistic treatment
of aerosol activation that is able to capture feedbacks between the aerosols and the
supersaturation attained in a cloud. Of these, all but Chen and Penner (2005) use the
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mechanistic parameterisation of Abdul-Razzak and Ghan (2002, 2000); Abdul-Razzak
et al. (1998) (hereafter ARG), while Chen and Penner (2005) uses ARG and the pa-
rameterisation of Nenes and Seinfeld (2003) (hereafter NS03).

One previous study (Meskhidze et al., 2007) has compared a mass-based empirical
relation and a mechanistic parameterisation of CDN and calculated a 20% change5

in aerosol indirect effect, which is quite small compared to the inter-model spread in
calculated forcings.

In this work we compare various empirical aerosol-CDN relations to a mechanistic
treatment of CDN (NS03) within a global size-resolving aerosol microphysics model.
Our emphasis is on the regional variability in the aerosol-CDN relation and in particular10

the regional impact of assuming a single “global” relationship between aerosol number
and CDN. We show that none of the frequently used aerosol-CDN relations is able to
capture regional variations in CDN caused by systematic variations in the aerosol size
distribution. We restrict the study to variations in CDN at cloud base for an assumed
updraft velocity and do not attempt to calculate prognostic droplet number taking into15

account collision-coalescence and other cloud microphysical processes.
In Sect. 2 we begin by showing global fields of CCN, CDN and maximum cloud

supersaturation. In Sect. 3 we compare the mechanistic results with an empirical pre-
diction and explore the geographical biases and microphysical causes. In Sect. 4 we
examine the assumption that an aerosol number-CDN relationship derived from data20

taken in a limited geographical area can be applied to the calculation of global fields of
CDN.

1.1 Model description

We use the Global Model of Aerosol Processes (GLOMAP), which is an extension of
the TOMCAT chemical transport model (Chipperfield, 2006; Stockwell and Chipperfield,25

1999). GLOMAP is described in Spracklen et al. (2005a), so is only briefly summarised
here. The aerosol distribution is described using a sectional moving-center scheme
with 20 aerosol bins spanning dry diameters from about 3 nm to 25 µm. Two moments
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are simulated in each size section (particle number density and mass per particle). The
use of a sectional (or bin-resolved) aerosol scheme is advantageous for this study as
sectional schemes (unlike modal schemes) do not make assumptions about the shape
of the size distribution (Zhang et al., 2002). The model includes processes of binary
homogeneous nucleation, condensation, coagulation, and size-resolved dry and wet5

deposition.
In this study GLOMAP is restricted to sea salt and sulfate aerosol, which are sim-

ulated in one internally mixed size distribution (as used in Spracklen et al., 2005a,b,
2007; Korhonen et al., 2008). Model runs have a resolution of 2.8◦×2.8◦ with 31 hybrid
σ-p levels extending from the surface to 10 hPa. Large-scale atmospheric transport is10

specified from the European Centre for Medium-Range Weather Forecasts (ECMWF)
analyses at 6-hourly intervals. The model includes emissions of anthropogenic SO2
representative of the year 1985 (Benkovitz, 1996), volcanic SO2, dimethyl sulfide and
sea salt. For the calculation of in-cloud processing, monthly mean low cloud cover is
diagnosed from the ISCCP climatology (http://isccp.giss.nasa.gov/).15

The model treats sulfate and sea-salt aerosol only. We recognise that there are many
additional aerosol species that contribute to aerosol loading, especially in continental
regions. The lack of other aerosol species in our study is a limitation, but in a detailed
comparison with observations, Spracklen et al. (2007) showed the model to simulate
realistic distributions of aerosol number and size in marine regions (where this paper20

will focus).
The chemical composition of an aerosol particle can affect the activation of the par-

ticle. This additional dimension to the aerosol activation process is not captured in
these simulations. This is reasonable as a first approach as size matters more than
composition for the cloud nucleating ability of aerosols (Dusek et al., 2006; Andreae25

and Rosenfeld, 2008).
Cloud droplet number concentrations, activation diameters and maximum supersat-

urations are calculated as model diagnostics using the NS03 scheme, which has been
shown to compare well with parcel model simulations (Nenes and Seinfeld, 2003; Foun-
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toukis and Nenes, 2005). Concentrations are calculated at an altitude of 920 hPa, cor-
responding approximately to the base of low stratocumulus clouds. Because we are
not calculating the radiative forcing we do not attempt to quantify the reduction in CDN
at cloud top caused by droplet collision-coalescence. CDN concentrations are calcu-
lated using a globally constant updraft speed of either 0.15 or 0.3 m s−1, representative5

of typical stratocumulus updrafts. In reality, updraft varies both within and between
clouds, although Meskhidze et al. (2005) and Fountoukis et al. (2007) showed that the
use of an average updraft velocity is sufficient to capture the mean CDN produced from
a range of updrafts. As we show, the conclusions of our study are not dependent on
the updraft considered.10

2 Global fields of cloud droplet number

The global distribution of CDN, cloud condensation nuclei (CCN) at 0.2% supersatura-
tion, and the maximum in-cloud supersaturation (Smax) for October 2001 are shown in
Fig. 1. “CCN” is equivalent to the number concentration of particles with dry diameters
>70 nm, which is the approximate activation diameter of ammonium sulfate aerosol at15

0.2% supersaturation. CDN concentrations are shown for every grid box, regardless of
the presence of cloud.

The global CDN distribution reflects the distribution of CCN, which has maxima over
the polluted regions of N. America, Europe and Asia where the anthropogenic sul-
fur loading is largest. CDN concentrations are broadly in line with observations; in20

clean marine regions concentrations of 25–100 cm−3 are predicted (cf. an average of
40 cm−3, Bennart, 2007), this increases to 100–400 cm−3 in polluted marine regions
(cf. 170–500, Meskhidze et al., 2005; Menon et al., 2003). Polluted continental CDN
concentrations are underestimated (300–600 cm−3) compared to observed values (350
to 1200 cm−3, Fountoukis et al., 2007), this may be due either to the lack of additional25

species in our model or the relatively low updrafts chosen (which are most appropriate
for marine regions).
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The maximum supersaturation (Smax) predicted by NS03 is a function of the compet-
ing effects of water vapor production due to the cooling of rising air and water vapor
loss due to condensation onto activated aerosol. The Smax distribution is the inverse
of the CCN distribution; when there is an abundance of CCN there are lots of sites for
water vapor to condense onto, thus the Smax is suppressed. In general the Smax cal-5

culated is in the range suggested by observations (e.g. Martin et al. (1994) observed
values of Smax of 0.35±0.13 in continental regions and up to 0.8 for marine regions),
although the model tends to over-predict the magnitude of Smax in Arctic and Antarctic
regions.

These plots show the limitation of parameterising CDN by prescribing a uniform su-10

persaturation. For example, Kristjansson (2002) prescribe a constant Smax in all strati-
form and all convective clouds (also used by Kristjansson et al., 2005; Kirkevag et al.,
2008). With a globally uniform updraft velocity, the maximum supersaturation attained
in a rising air parcel varies throughout the globe as high aerosol loadings can sup-
press Smax. Thus in a polluted region, a smaller fraction of the available CCN will15

activate (compared to a clean region with lower aerosol loading). Allowing the updrafts
to vary between regions would change the distribution of Smax but would not change
the dependence of Smax on the aerosol distribution. Assuming that one average su-
persaturation is representative of all regions of the atmosphere will typically lead to an
underestimation of CDN in remote regions and an overestimation of CDN in polluted20

regions.

3 Comparison of mechanistic and empirical CDN fields

Figure 2 compares the mechanistic CDN calculation with several empirical relations
based on aerosol mass (Lowenthal et al., 2004; Boucher and Lohmann, 1995) and
number (Gultepe and Isaac, 1999; Jones et al., 1994). The non sea-salt (nss)-sulfate25

mass was derived in the model by calculating the total aerosol mass (sulfate and sea-
salt), and subtracting the mass of sea-salt derived from a sea-salt only simulation for
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the same time period. In the aerosol number/CDN plots (top row), only aerosol particles
with diameter Dp>50 nm were counted, to be consistent with the measurements on
which the empirical relations are based (Jones et al., 1994). In regions with very low
aerosol loading particles smaller than 50 nm can activate, especially if the updraft is
reasonably large. This leads to a small number of points on the left hand side of the5

plots where CDN>0 but aerosol number (Dp>50 nm) is zero. This is a limitation of
using a number-based empirical relation; aerosol number is typically dominated by
very small particles that cannot activate, thus there is a need to only consider particles
over a certain size, but choosing an arbitrary cut-off is limited as the size above which
aerosol can activate is dependent on the conditions.10

In general, the dependence on aerosol number predicted using the empirical scheme
compares well with the physically based CDN fields. The empirical relations and the
model results show a sub-linear (slope of <1:1) dependence of CDN on aerosol number
which is caused by the suppression of supersaturation at high aerosol number. Within
the range of observations (100–10 000 ng m−3), the dependence of nss-sulfate mass is15

also captured.
Increased updraft velocity is not found to alter the dependence of CDN on nss-sulfate

mass; there is a simple “shift” in the CDN spectrum to larger values as updraft is in-
creased. The dependence of CDN on aerosol number, however, is dependent on the
updraft velocity. With the higher updraft velocity the rate of change of CDN with aerosol20

number is increased and the flattening of the CDN/aerosol number curve occurs at
higher aerosol numbers. For example, in the 0.15 m s−1 case, an increase in aerosol
loading above 400 cm−3 results in only a small increase in CDN but at the higher updraft
velocity an increase in aerosol number above 400 cm−3 results in a significant increase
in CDN. This sensitivity to updraft is missed in empirical schemes which are produced25

by averaging over all updraft velocities measured. This sensitivity may be globally im-
portant as updraft velocities can vary systematically between regions (e.g. continental
updrafts are typically larger than marine). Thus the updraft velocity is important not
just for the absolute CDN concentration, but also for the change in CDN arising from
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a change in aerosol number, which is important for the calculation of the first aerosol
indirect effect. The use of different empirical relations for marine and continental clouds
(e.g. Gultepe and Isaac, 1999), may capture some of this effect.

3.1 Impact of the size distribution on CDN

Figure 2 shows that a given total aerosol number can result in a wide range of CDN5

concentrations, which is not predicted by a single empirical relation, but is similar to
the variability apparent in observations used to construct the empirical relations. In the
observations compiled by Boucher and Lohmann (1995) CDN varied by an order of
magnitude for a single nss-sulfate aerosol mass and Ramanathan et al. (2001) found
inter-regional variations in CDN of a factor 2 for a given aerosol number. However,10

it is important to note that the variability cannot be compared quantitatively because
of the very different spatial and temporal sampling in the observations and model. In
observations it is difficult to determine how much of the variation is due to meteorolog-
ical factors (e.g., changes in updraft speed), or measurement artifacts, and how much
is due to systematic differences in the aerosol distribution between regions (e.g. Mc-15

Comiskey and Feingold, 2008), although Hallberg et al. (1998) found that the scatter
can exceed that predicted by measured variations in updraft velocity.

In this work, the scatter in the predicted CDN concentrations arises solely from the
shape of the aerosol size distribution. For any total aerosol number concentration (or
nss-sulfate mass concentration) there are several possible aerosol size distributions,20

each of which corresponds to a unique solution to the equations governing droplet
number and supersaturation. Figure 3 shows the average aerosol size distribution
contributing to CDN concentrations that are larger (or smaller) than two reference val-
ues:

1. CDN15: the 15th percentile value of the range of CDN concentrations produced by25

any one aerosol number concentration. This value is always relative to a reference
aerosol number concentration (see Fig. 5).
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2. CDN85: same as CDN15 but the 85th percentile value.

High CDN concentrations occur (for a given aerosol number concentration) when the
mean diameter of the accumulation mode is large and low CDN concentrations oc-
cur when the accumulation mode diameter is small. Thus, the variability in the CDN
concentrations in Fig. 2 can be explained in terms of variations in the aerosol size dis-5

tribution. Put another way, the CDN concentration is determined by both particle mass
and number and if only one variable is used in a parameterisation then a large amount
of physically explicable variability will remain unaccounted for. This dependence of
CDN on the particle size distribution has implications for the regional variation of CDN
and the global applicability of single empirical relations, which we quantify below.10

The contour plot in Fig. 5 helps to explain the co-dependence of CDN on aerosol size
and number. The figure shows the contoured results of several hundred parcel model
calculations of CDN assuming a log-normal accumulation mode with varying size and
number concentration. The equivalent aerosol specific mass is contoured in color. An
increase in aerosol number for a fixed specific mass (moving right to left along a colored15

contour) leads to an increase in CDN. Likewise, an increase in specific aerosol mass for
a fixed number (which implies an increase in the size of existing particles) also leads to
an increase in CDN, because larger particles can be activated more easily. Observed
correlations between aerosol mass or number and CDN arise from a combination of
these two dependencies. Thus adding aerosol mass to the atmosphere can result in20

different changes in CDN depending on whether the mass appears as new particles or
as growth of existing particles. For example, 200 cm−3 aerosol particles with a mode
diameter of 50 nm results in a CDN concentration of 40 cm−3 (with an updraft velocity
of 0.15 m s−1). Increasing the aerosol mass by a factor of 4 results in ∼100 cm−3 cloud
drops if the new mass is added as new particles (of the same size), but only ∼70 cm−3 if25

mass is used to grow the existing particles (to 80 nm). In general, except for very small
particles (<30–50 nm), creation of new particles increases CDN more than growing
existing particles (for the same mass added).

Therefore, to summarize, Fig. 5 shows that CDN is more sensitive to changes in
3217
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aerosol number than size, but Figs. 2 and 3 confirm that the aerosol size distribution
is also important. Thus although aerosol number is the main factor affecting CDN,
knowledge of aerosol number alone is not sufficient to predict the range of CDN con-
centrations produced. Although previous studies have noted the importance of the
accumulation mode diameter for CDN (e.g. McFiggans et al., 2006) our approach al-5

lows us to examine the importance of this dependence on a global scale (without other
contributing factors).

3.2 Probability distribution of relatively high/low CDN concentrations

The dependence of CDN on the aerosol size distribution will be important if there are
systematic differences in the size distribution between regions . Then the use of a glob-10

ally uniform empirical relationship would produce regional biases, which may be impor-
tant for forcing calculations.

To illustrate the regional variability in CDN caused by variations in size distribution,
Fig. 6 shows the probability of very high and very low CDN for a given aerosol number.
Very high CDN is defined as greater than the 85th percentile global CDN concentration15

for a given aerosol number and very low as less than the 15th percentile. Note that it
is not the absolute CDN that is shown, which will of course vary with aerosol number.
Rather it is the probability of the CDN concentration being skewed to high or low values
for a given aerosol concentration. In regions where there is no skew towards high or low
CDN concentrations, the probability of CDN >CDN85 (or <CDN15) is 15%. In qualitative20

terms, Fig. 6 shows the global distribution of the influence of the aerosol size on CDN.
The CDN concentration has a high probability of being larger than CDN85 in several

marine regions: the persistent stratocumulus decks east of N. America, S. America,
Africa, N.W. Pacific, and the sub-tropical Atlantic, as well as in the Southern Ocean.
In these regions there is a ≥50% probability of the CDN concentration being larger25

than the 85th percentile. In these regions cloud cover is typically extensive and most
particles are sufficiently aged for cloud processing to have shaped the aerosol distri-
bution (contributing to the growth of the accumulation mode radius which facilitates
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subsequent cloud droplet formation). It is important to note that the same regions of
high probability are predicted regardless of the updraft velocity used, implying that the
difference arises due to systematic differences in the aerosol distribution rather than
simply scatter.

Not all marine regions show a skew towards high CDN; in a narrow region around5

the inter-tropical convergence zone there is a high probability of CDN concentrations
being less than CDN15. This region is subject to substantial aerosol wet removal and
particles tend to be small and ineffective CCN. The polluted mid-latitude N. Atlantic also
has a high probability of low CDN consistent with the relatively fresh small particles
there.10

CDN concentrations are likely to be below CDN15 in regions where aerosol are emit-
ted, such as close to pollution sources (Europe, North America, Asia and Australia).
High altitude regions and regions with low surface temperature such as the Himalayas,
the Andes and Antarctica also have a high probability of CDN concentrations being
<CDN15, possibly due to the low temperatures which can allow binary homogeneous15

H2SO4-H2O new particle formation to occur (Kulmala et al., 1998).
There is also a clear land/sea contrast in Fig. 6: 49% of ocean boxes have a CDN

concentration >CDN85 compared to just 16% of land grid boxes. Similarly, 20% of
ocean grid boxes have a CDN concentration <CDN15, but 60% of land grid boxes
produce a CDN concentration that is in the lowest 15th percentile (CDN15). Thus we20

find that for for the same total aerosol number (and updraft velocity), marine aerosol
distributions – especially those that have undergone in-cloud processing – typically
produce larger CDN concentrations.

3.3 Regional aerosol number/CDN relationships

The previous section showed that there is large regional variability in the ability of25

aerosol to activate into cloud droplets. Ramanathan et al. (2001) showed that the
aerosol number/CDN relationship varies between regions, but this was based on ob-
servations where many factors can contribute (e.g. updraft, particle size or chemical
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composition), thus it is difficult to determine the source of this variance. Here we derive
equivalent empirical relations by sampling aerosol number and calculated CDN from
different model regions.

Figure 7 shows the median CDN concentrations versus aerosol number in 6 ge-
ographical regions (see Fig. 8), with error bars indicating 15th and 85th percentiles.5

Also shown for comparison is the global median CDN concentration (and percentiles).
Two things are clearly apparent. Firstly, as was shown in the previous section, the me-
dian CDN relation for some regions lies far from the global median. For example, the
Southern Ocean median lies near the global 85th percentile. The N. Atlantic region lies
closest to the global median, although as shown previously the Atlantic has regions of10

both higher and lower than average CDN. Secondly, the gradient ∂CDN/∂Na (where
Na=the aerosol number) varies greatly between regions. This is shown more clearly as
a map in Fig. 9, which shows that ∂CDN/∂Na varies by a more than a factor 4 between
regions.

The regional variation in ∂CDN/∂Na has implications for calculations of the indirect15

effect based on empirical relations. For example, sampling data from the N.E. Pacific
to produce an empirical relation will result in a steeper aerosol number/CDN relation –
and thus a larger aerosol indirect effect – than a relation derived from the N. Atlantic.
In the low updraft scenario (Fig. 7a), increasing aerosol number from 200 to 300 cm−3

increases CDN by 30% in the N. Atlantic, but the same increase produces an increase20

in CDN of >55% in the N. Pacific.
Figure 9 shows that CDN in regions of low stratocumulus, which are most important

for indirect forcing, are highly sensitive to changes in aerosol due to the high efficacy of
the CCN there. The indirect forcing will tend to be underestimated if empirical relations
from less cloudy regions are used.25

3220

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/9/3207/2009/acpd-9-3207-2009-print.pdf
http://www.atmos-chem-phys-discuss.net/9/3207/2009/acpd-9-3207-2009-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
9, 3207–3241, 2009

Aerosol
number/cloud droplet
number relationship

K. J. Pringle et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

4 Application of a regionally derived relation to the prediction of global fields
of CDN

Due to the difficulties involved in taking measurements, empirical relations are derived
from observations in a limited area. For example, Menon et al. (2002) used observa-
tions from the N. Atlantic and the Canary Islands alone and Boucher and Lohmann5

(1995) used observations from N. America and the N. Atlantic regions only. The rela-
tionship of Jones et al. (1994) is based on the measurements in the eastern Pacific, the
South Atlantic, subtropical regions of the North Atlantic, and marine areas near the UK
(Martin et al., 1994). We now quantify how predictions based on extrapolated regional
empirical relations compare with locally predicted CDN.10

CDN fields based on the parameterisation of NS03 were used to calculate aerosol
number-CDN relationships for regions of the globe analogous to the creation of em-
pirical relationships from observational data. An overview of the procedure is given in
Fig. 8. Model data were sampled from six 28◦×28◦ marine regions over 15 days using
6 hour averaged data. A short time period (15 days) was deliberately chosen as this15

is approximately the length of a typical flight-based field campaign and we wished to
eliminate the contribution of seasonal variability. The empirical relation of Jones et al.
(1994) was used to fit the data:

CDN = N0(1 − exp [−ANa]) (1)

with the coefficients N0 and A (375 and −0.0025 in Jones et al., 1994) as fit parameters20

(and Na being the aerosol number concentration). Two correlation relationships were
derived for each region; one where updraft velocity in the NS03 calculation was set to
0.15 m s−1 and the other to 0.3 m s−1. We call our derived number-CDN relationships
“correlation relationships” rather than empirical relationships as they are derived from
model data rather than observations.25

Figure 10 shows the percentage bias in CDN arising from the use of the regional
correlation relationships compared to fields calculated using the NS03 scheme and
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local aerosol size distributions.

Bias = ((CDNCorrelation − CDNNS03)/CDNNS03) ∗ 100.0. (2)

A negative bias corresponds to the correlation-relation underestimating CDN. A T-test
was used to identify significant biases within the scatter of the model at the 95% confi-
dence level and only those values are shown.5

It is clear from Fig. 10 that regionally derived aerosol number/CDN relationships
produce global fields of CDN that are significantly different from those predicted using
local aerosol size distributions and the mechanistic approach. Biases in CDN of >10%
are quite common and some relationships produce a bias of 25 to >50% in certain
regions. The pattern of bias is complex but a number of key points can be made:10

1. In Fig. 7 the N. Atlantic was shown to have a dependence of CDN on aerosol
number similar to the global average (within the range of aerosol number concen-
trations in the region). Extrapolating from this region does well in some regions,
but fails to capture the higher than average CDN concentrations in regions where
cloud processing is extensive (leading to 10–25% biases). It also fails to cap-15

ture the lower than average CDN concentrations in some continental regions (see
Fig. 6).

2. The magnitude of the bias depends on whether the correlation was derived from
a region with high or low CDN (for the given aerosol loading, see Fig. 6): Re-
gions 2, 4 and 6 (N.E. Pacific, E. Pacific and the S. Ocean) have a high probability20

of producing a larger than average CDN, thus correlations derived from these re-
gions overestimate CDN in regions that do not have this bias towards high CDN.
In the case of the N.E. Pacific relationship, this leads to an overestimation of CDN
of 10–25% over much of the Atlantic and most continental regions, with biases of
25–50% also predicted.25

3. In Fig. 6, regions 3 and 5 (Indian Ocean and near Indonesia) were shown to be
more likely to produce lower than average CDN concentrations. Extrapolating
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these aerosol number/CDN relationships to the global scale therefore leads to
a large-scale underestimation of (especially marine) CDN.

4. CDN over the Southern Ocean are consistently underpredicted by 25–50% except
when the local correlation relation is used. This is important as cloud cover is
typically extensive in the Southern Ocean.5

5. All correlation relations underpredict CDN in the Arctic, by as much as 75%.

Table 1 shows the global mean CDN concentrations calculated with the mechanistic
and regionally derived correlation relationships. The fourth column gives the absolute
global mean change in CDN, weighted by the monthly mean low cloud fraction and
grid-box area. The correlation relations derived from the N. Atlantic and near Indonesia10

(regions 1 and 5) give the smallest consistent global mean absolute error with values
of approximately 22 cm−3 at the lower updraft velocity and 27 cm−3 at the higher. The
N.E. Pacific and the Southern Ocean relations give the largest error (31 and 36 cm−3

for the 2 updrafts). To place these absolute changes in context, the area and cloud
weighted change in CDN arising from a doubling of the updraft velocity (from 0.1515

to 0.3 m s−1) is 54 cm−3. Thus, the global mean error caused by the use of a single
empirical relationship is approximately half of that caused by a factor of 2 change in
the updraft velocity. However, on a regional scale the biases are much larger, as was
shown in Fig. 10.

5 Conclusions20

This paper has used the physically based aerosol activation scheme of Nenes and
Seinfeld (2003) coupled to a sectional global aerosol model (GLOMAP) to examine
the ability of number-based empirical relationships to calculate global fields of CDN.
We find that although many studies have used these relationships well in the past,
there are basic physical limitations of empirical schemes that cause systematic biases25
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in the simulated CDN fields. We find that the probability of a given aerosol number
concentration producing a relatively high/low CDN concentration has a distinct global
pattern that can be explained in terms of predictable variations in the aerosol size
distribution. CDN concentrations are much higher than predicted by empirical relations
in strongly cloud processed regions and are lower than predicted empirically where5

aerosol are newly formed. In regions of persistent stratocumulus cloud the predicted
CDN concentrations for a given aerosol number exceed the global 85th percentile more
than 50% of the time. In these regions frequent processing of aerosol through clouds
produces large CCN that produce higher droplet concentrations for a given aerosol
number. The extrapolation of aerosol number/CDN correlations taken from particular10

regions to the global scale leads to systematic biases in the CDN fields produced. For
example, North Atlantic observations have been used to generate empirical aerosol
number/CDN relationships (e.g. Menon et al., 2002). When an aerosol-CDN relation
is generated in a similar way in our model it leads to regional biases of up to 50% in
CDN. The Arctic, the Southern Ocean and regions of persistent stratocumulus cloud15

show the greatest biases. There is also very large regional variation (up to a factor 4) in
the sensitivity of CDN to changes in aerosol (∂CDN/∂Na). Again, the Southern Ocean
and regions of persistent stratocumulus are particularly sensitive. Thus, the error in
predicted CDN and in the response of CDN to changes in aerosol using an empirical
relation maximizes in regions that account for most of the global first indirect forcing in20

climate models. Errors in the Arctic are also of concern given that it is a region highly
susceptible to climate change.

Although this study is limited to sea spray and sulfate aerosol, we can expect that the
increased complexity of a more realistic aerosol system will add extra dimensions to the
complexity and will provide additional variations that empirical relations will struggle to25

capture. Here we have drawn attention to the importance of the aerosol size distribution
and certain processes that shape it.

Although mechanistic CDN schemes are generally considered to be ideologically
preferable (Lohmann and Feichter, 2005), we know of no work that has shown them to
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be superior to empirical schemes in terms of their explanatory power. In fact, Menon
et al. (2003) found that in a single column model, mechanistic activation schemes per-
formed no better than empirical schemes compared to observations due to problems in
diagnosing updraft velocity. However, we have shown that empirical schemes produce
large regional errors that can be explained in terms of variations in aerosol physical5

properties.
Despite the difficulties associated with mechanistic schemes in climate models (pri-

marily defining updraft speeds) our results suggest that such schemes should have
some regional explanatory power that is not captured by variations in aerosol mass or
number alone. A careful analysis of CDN observations in different regions and a com-10

parison against empirical predictions may confirm this.
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Table 1. Global average CDN concentration for the two updraft velocities using NS03 (Col-
umn 3) or the regionally derived correlation relationships (Col 4). The global mean absolute
difference (Col 5) and the percentage change (Col 6) between the two calculations is also
shown (weighted by gridbox area and low cloud cover from ISCCP). All CDN concentrations
are in cm−3, regions defined in Fig. 8.

Region Updraft CDN CDN Abs. Abs. %
(m s−1) NS03 Corr. Diff. Diff.

1 0.15 95.4 87.9 22.6 16.8
2 0.15 95.4 108.2 31.0 21.0
3 0.15 95.4 79.4 24.0 18.0
4 0.15 95.4 98.4 22.8 20.0
5 0.15 95.4 89.0 21.4 19.1
6 0.15 95.4 111.9 31.0 24.7
1 0.30 139.5 124.0 26.6 23.1
2 0.30 139.5 148.4 35.7 27.3
3 0.30 139.5 114.3 32.0 20.5
4 0.30 139.5 144.3 33.5 21.2
5 0.30 139.5 126.4 27.0 21.0
6 0.30 139.5 136.9 36.3 31.0
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Fig. 1. (a) Global fields of CCN at 0.2% supersaturation (cm−3); (b) CDN concentration (cm−3)
predicted using NS03 and an updraft velocity (w) of 0.15 m s−1; (c) Maximum supersaturation
predicted (w=0.15); (d) and (e) are the same as (b) and(c) but for an updraft of 0.3 m s−1. The
figures show monthly mean field for October 2001 and an altitude of 920 hPa.
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a) Updraft = 0.15

c) Updraft = 0.15 d) Updraft = 0.3

b) Updraft = 0.3

Grey dots      =   Model data 
Dotted line   =   Gultepe and Isaac (1999) continental
Dot Dash       =   Gultepe and Isaac (1999) marine
Solid               =   Jones (1994)

Grey dots      =   Model data 
Dotted line   =   Boucher and Lohmann (1995)
Solid               =   Lowenthal (2004)

Fig. 2. Simulated dependence of CDN on aerosol number (top row) and nss-sulfate mass
(bottom row) calculated at two updraft velocities (0.15 and 0.3 m s−1). Model data (grey dots) is
taken from all model grid boxes in one model level (average pressure level of 920 hPa). For the
number plots (top row), the over plotted lines correspond to; the empirical relationship of Jones
et al. (1994) (solid), Gultepe and Isaac (1999) for marine (dash-dot) and continental regions
(dotted). For the mass plots (bottom row), the lines correspond to; Lowenthal et al. (2004) for
solid, and Boucher and Lohmann (1995) for dotted.
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Fig. 3. Aerosol number distributions for a range of total aerosol number concentrations
(Dp>50 nm), see plot titles for details. The average aerosol number distributions leading to
a CDN that is (i) smaller than the 15th percentile (CDN15) (solid line) and (ii) larger than the
85th percentile (CDN85) (dotted line) are shown.
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Fig. 5. CDN (cm−3) calculated for a range of lognormal ammonium sulfate aerosol distribu-
tions (σ=1.8) with an updraft velocity of 0.15 m s−1, coloured contours indicate aerosol mass
(µg m−3).
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Fig. 6. The global distribution of the probability that the aerosol distribution in a particular grid-
box will produce a CDN concentration that is (top row: a and b) larger than the 85th percentile
(CDN85) or (bottom row: c and d) smaller than the 15th percentile (CDN15), of the range of CDN
concentrations produced (for the relevant aerosol number concentration). Results are shown
for an updraft velocity of 0.15 m s−1 (left column: a and c) and 0.3 m s−1 (right column: b and
d).
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Fig. 7. Global median CDN concentrations for a range of aerosol number loadings (large black
crosses); the smaller black crosses show the global CDN15 and CDN85 values. The over-plotted
diamonds are the 30, 40, 50, 60 and 70th percentiles of the aerosol number concentrations in
the sample region plotted against the regional median CDN concentration (for the relevant
aerosol number concentration), error bars represent regional CDN15 and CDN85 values. Plots
are shown for two updraft velocities (a) 0.15 and (b) 0.3 m s−3.
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Sample model data (aerosol number and CDN)
from a 28   x 28  region

Use the regional aerosol number / CDN data to derive a
“correlation - relation” (using Jones et al [1994] 

equation as a �rst approximation

Use the regionally derived “correlation-relation” to
calculate CDN throughout the globe

Calculate the percentage di�erence in the CDN
concentration calculated using:

(i) the regional correlation-relation and (ii) NSO3

O O

Fig. 8. Schematic showing the 6 regions sampled in the study (left) and an overview of the
process by which the plots in Fig. 10 are produced (right).
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Fig. 9. Global distribution of the gradient ∂CDN/∂Na (Na=aerosol particle number). Results
are based on a linear regression of CDN vs. aerosol number. Each gradient value is calculated
from data sampled from regions of 4 neighboring grid boxes. An updraft velocity of 0.3 m s−1

was used.
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Fig. 10. Percentage difference in CDN that occurs when global CDN is calculated using a cor-
relation relationship derived from regional CDN concentrations (compared to the NS03 pa-
rameteriation). Each plot corresponds to biases calculated from correlation-relations derived
from data in the six study regions (1–6 shown from top to bottom, location shown by the black
rectangle). An updraft velocity of 0.15 m s−1 is used.
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