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1.  INTRODUCTION

Aerosols, specifically their effects on clouds and
precipitation, are one of the key components of the
world’s climate system and hydrological cycle (Tao et
al. 2012). However, the spatial and temporal distribu-
tions of aerosols are modulated from hour to hour by
environmental conditions (e.g. winds, thermodyna -
mic profiles, surface conditions, human activities);
thus, the resultant indirect effects involve compli-
cated processes and are considered to be one of the
greatest uncertainties in climate prediction (IPCC
2013). Aerosol indirect effects are closely related to
cloud droplet number concentration (Nd). In general,
increases in aerosol number concentration (Naer) in -

creases Nd and reduces the effective radius of cloud
droplets (re), which makes the cloud brighter for the
same liquid water path (LWP) (i.e. the first indirect
effect). In addition, the precipitation efficiency of the
cloud can be lowered due to the reduced re, which
can prolong the cloud’s lifetime (i.e. the second indi-
rect effect). Therefore, in climate models the treat-
ment of how cloud droplets are formed (i.e. aerosol
activation parameterization) is crucial in determining
the reliability of the model results.

In recent decades, several ways of parameterizing
Nd for climate models have been proposed. The sim-
ple attempts to relate cloud properties to aerosols in
typical general circulation models (GCMs) result in
Nd being empirically linked to total aerosol mass or
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Naer (e.g. Jones et al. 1994, Boucher & Lohmann 1995,
Gultepe & Isaac 1996). The most widely used aerosol
activation parameterization in recent years assumes
log-normal representations of aerosol size distribu-
tions and uses the Köhler theory to compute activa -
ted Nd (Abdul Razzak & Ghan 2000, Fountoukis &
Nenes 2005, Ming et al. 2006). Köhler-theory-ba sed
parameterization depends on several variables, such
as updraft velocity, aerosol particle size distribution,
chemical properties, and supersaturation condition.

The National Institute of Meteorological Research
(NIMR) of the Korea Meteorological Administration
(KMA) jointly participated in the Climate Model
Inter- comparison Project phase 5 (CMIP5) long-term
experiments with the Met Office Hadley Centre,
using the Hadley Centre Global Environmental
Model version 2-Atmosephere-Ocean (HadGEM2-
AO) (Baek et al. 2013). HadGEM2-AO is equipped
with the Coupled Large-scale Aerosol Simulator for
Studies in Climate (CLASSIC) as the aerosol scheme
(Martin et al. 2011). The mass-based CLASSIC
scheme uses an empirical relationship to determine
Nd from Naer, which is derived from the total aerosol
mass concentration. To objectively quantify the
agreement between model and observation, Baek et
al. (2013) used the index of Reichler & Kim (2008),
which was composed of the aggregated and normal-
ized errors in 19 different key climate quantities.
Compared to 24 CMIP phase 3 (CMIP3) models,
HadGEM2-AO exhibited the highest performance.
Perez et al. (2014) evaluated the performance of
CMIP3 and CMIP5 models over the northeast Atlan -
tic region, and all HadGEM2 models belonged to the
most skilled group. However, the observational data-
set used for establishing the empirical relationship
between Nd and Naer came from measurement data
obtained from only limited regions of the Earth, and
thus it may not be representative of the entire Earth.

Therefore, this study had 2 main goals. (1) To re-
establish the relationship between aerosol and cloud
droplet number concentrations, based on a composite
of various observational data obtained from many dif-
ferent regions around the world, in cluding the original
dataset. (2) To examine the effect and applicability of
this new relationship.

2.  THE MODEL

2.1  Model description

The HadGEM2-AO configuration of the Met Office
Unified Model includes atmosphere, ocean, sea-ice

with hydrology, a surface exchange scheme, river
routing, and aerosol processes (Martin et al. 2011).
The atmospheric component uses a horizontal resolu-
tion of 1.25 × 1.875° in latitude and longitude with 38
layers in the vertical extending over 39 km in alti-
tude. The oceanic component uses a latitude−longi-
tude grid with a zonal resolution of 1° everywhere
and meridional resolution of 1° between the poles
and 30° latitudes, from which it increases smoothly to
1/3° at the equator. It has 40 unevenly spaced levels
in the vertical (Collins et al. 2011). Detailed descrip-
tions of the HadGEM2 model family are provided in
Martin et al. (2010).

2.2  Cloud droplet number concentration

In HadGEM2-AO, Nd is estimated according to the
empirically determined relationship between Naer

and Nd of Jones et al. (1994):

(1)

where Nmin = 5 × 106 m−3. In the model, Naer for each
of the different aerosol components is calculated
from the mass concentration of each component
except sea salt. A simple diagnostic treatment of sea
salt aerosol number concentration was included in
the model, calculated as a function of 10 m wind
speed, using parameterization based on observa-
tional data (Jones et al. 2001). The size distributions
of individual aerosol components assume log-normal
distributions; the parameters of the log-normal size
distributions of the different aerosol modes are listed
in Table 1 (Johnson et al. 2011). The total number
concentration of aerosol mode, i (Ni), is determined
as:

(2)

where mi, ρi and Vi are the mass mixing ratio, mean
density and volume of the aerosol mode i, respec-
tively, and ρ0 is the density of air. Note that to deter-
mine Naer in Eq. (1), only those aerosol species with
hydrophilic properties, as specified with a footnote in
Table 1, can be activated as cloud droplets.

The re was calculated using the parameterization of
Martin et al. (1994):

(3)

where qc and ρw are the cloud liquid-water content
and the water density, respectively. The value of the
constant C depends on whether the cloud is maritime
(C = 0.80) or continental (C = 0.67) (Jones et al. 1994,
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Martin et al. 1994). The parameterization for auto-
conversion of cloud water to rainwater follows the
work of Wilson & Ballard (1999), which was based on
earlier work by Tripoli & Cotton (1980). The rate of
increase of the mass mixing ratio of rainwater by
autoconversion of cloud water, Rauto, is given by:

(4)

where g is the acceleration due to gravity, Ec is the
collision/collection efficiency of cloud droplets, as -
sumed to be 0.55 (Tripoli & Cotton 1980), and µ is the
dynamic viscosity of air. As is evident in Eq. (3), re is
critically dependent on Nd. The same can be said for
Rauto according to Eq. (4). Considering the fact that re

and Rauto are the key parameters for assessment of
the first and second indirect effects, respectively,
Eqs. (3) & (4) clearly demonstrate the crucial impor-
tance of the accurate determination of Nd.

2.3  Experimental setup

Baek et al. (2013) calculated climate responses us-
ing the HadGEM2-AO as a part of the CMIP5 long-
term historical experiment from 1860 to 2005 — this is
referred to as HIST in this study. The new experiment
from 1860 to 2005, using the same settings except
with the new relationship for Nd (introduced in the
next sub-section), is therefore named newHIST. As in
HIST, the historical records of anthro pogenic changes
in factors such as greenhouse gases (GHGs), aerosols,
and land cover, and in natural forcings such as solar
and volcanic changes are considered in the newHIST
experiment. Details on this environmental setting are
described in Baek et al. (2013).

2.4  New empirical relationship between Naer and Nd

The empirical relationship between Naer and Nd

used in HadGEM2-AO (Eq. 1) was based on measure-
ment data obtained by aircraft over limited regions of
the northeastern Pacific and Atlantic (Jones et al.
1994). It is unreasonable to apply this relationship to
the whole Earth. Importantly, this dataset did not in-
clude data from East Asia, where relatively very high
aerosol concentrations have been recorded in several
recent observational studies (Yum et al. 2005, 2007,
Kim et al. 2011, 2014). This implies that in order to ob-
tain a more reliable estimate of Nd, a new empirical
relationship should be established that incorporates
data sources from various regions around the world.
Fig. 1 shows this new relationship, which was estab-
lished after incorporating the measured Naer − Nd rela-
tionships obtained from many different regions of the
world (Table 2). The regression equation for this rela-
tionship was obtained as follows:

(5)

Table 2 shows the list of the data sources. In short,
the new relationship tends to provide a lower Nd than
the original for Naer < 680 cm−3, and the opposite for
Naer > 680 cm−3. Statistically, the coefficient of deter-
mination (R2) values of the original (Eq. 1) and new
(Eq. 5) regressions were 0.68 and 0.48, respectively.
The F-ratios for the 2 were 194.8 and 171.2, respec-
tively, easily making the p-value for the null hypo -
thesis of no correlation between the measured Naer

and Nd <0.0001 for both regressions.

3.  RESULTS

3.1  Aerosol optical depth and cloud droplet
number concentration

Since Nd is determined by Naer, the spatial distribu-
tion of aerosols is an important factor to examine.
Fig. 2 shows the 20 yr (1981−2000) mean distribution
of aerosol optical depth (AOD) at a wavelength of
0.55 µm for each of the 4 different aerosol compo-
nents and total aerosols obtained from the HIST
experiment. The AOD of sulfate aero sols is large over
the industrial regions in the mid-latitudes of the
Northern Hemisphere (Fig. 2a), while the AOD of
carbonaceous aerosols is large over the biomass
burning re gions of central and southern Africa and
South America (Fig. 2b). The total AOD depends
mainly on sulfate and carbonaceous aerosols over the
continents and sea salt over the oceans (Fig. 2e).
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Aerosol species and mode rmed (µm) σg ρ (g cm−3)

Sulfate Aitken 0.0065 1.3 1.769
Sulfate accumulationa 0.0950 1.4 1.769
Black carbon fresh 0.0400 2.0 1.900
Black carbon aged 0.0400 2.0 1.900
Biomass burning fresh 0.1000 1.3 1.350
Biomass burning ageda 0.1200 1.3 1.350
Organic carbon fresh 0.1000 1.3 1.350
Organic carbon ageda 0.1200 1.3 1.350
Biogenic secondary organic aerosola 0.0950 1.5 1.300
Sea salt filma 0.1000 1.9 2.165
Sea salt jeta 1.0000 2.0 2.165
aIndicates aerosol species that can be activated

Table 1. Parameters of the log-normal size distributions of the
aerosol modes. rmed: median radius; σg: geometric standard devia-

tion; ρ: density
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The spatial distribution of Nd shown in Fig. 3a is
similar to that of total AOD. Nd is especially high in
large sulfate optical depth regions, certainly due to
the high hygroscopicity of sulfate aerosols. As shown

in Fig. 1, the new Naer − Nd relationship tends to pro-
vide a lower Nd than the original relationship for Naer

< 680 cm−3, and the reduction is most significant
where Naer is around 300 cm−3 (i.e. Nd is ~150 cm−3).

Not surprisingly, in the newHIST
experiment Nd is significantly reduced
in oceanic regions — especially in the
equatorial Pacific — but is increased
mainly in the regions where the sulfate
optical depth is large (Fig. 3b). To
determine the statistical significance of
the difference between newHIST and
HIST, a Student’s t-test was performed,
and the regions in which there is a sig-
nificant difference (α < 0.05) between
the 2 experiments are shown as stip-
pled in Fig. 3b. This result confirms
that the difference is statistically signif-
icant over most of the globe. If it can be
assumed, then, that the new Naer − Nd

relationship truly re presents the real
association between these 2 factors, it
can be said that HIST has significantly
under estimated Nd over industrialized
regions while overestimating it over
most of the oceanic regions.

3.2  Total cloud amount and
 precipitation

Fig. 4 shows the 20 yr (1981−2000)
mean distribution of total cloud amount
from HIST and the difference be tween
the newHIST and HIST ex periments.
The largest change in total cloud
amount is shown in the Pacific Ocean,

60

Symbol                Experiments                                                                        Regions

d                          Martin et al. (1994)                                                             Northeastern Pacific and Atlantic
S                           SCMS (Hudson & Yum 2001)                                             East coast of Florida
F                           FIRE (Yum & Hudson 2002)                                               Northeastern Pacific
X                          ASTEX (Yum & Hudson 2002)                                           Northeastern Atlantic
I                            INDOEX (Yum & Hudson 2002)                                        Indian Ocean
S1                         SOCEX I (Yum & Hudson 2004)                                        Southern Ocean
S2                         SOCEX I (Yum & Hudson 2004)                                        Southern Ocean
A1                        ACE 1 (Yum et al. 1998)                                                     Southern Ocean
A2                        ACE 2 (Pawlowska & Brenguier 2000)                              Eastern Atlantic
AA                       ACE-ASIA (Song & Yum 2004)                                          Asian seas
NA                       North Atlantic (Gultepe & Isaac 1996)                              North Atlantic
As                        ASTEX North Atlantic (Taylor & McHaffie 1994)            Northeastern Atlantic

Table 2. Data sources used for establishing the new Naer − Nd relationship
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Fig. 1. Aerosol number concentra-
tion (Naer; equivalently cloud con-
densation nuclei concentration at
1% supersaturation) versus cloud
drop let number concentration
(Nd) ob tained from various air-
craft field campaigns. Dots: data
used to establish the original rela-
tionship (shown by the dashed
line); solid line: the new relation-
ship established from the compos-
ite of symbols and dots; Ori: origi-
nal Na–Nd relationship. Sha ded
area is enlarged in the lower
panel for illustration. See Table 2

for the list of data sources
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and this change is statistically significant (Fig. 4b).
There are large regional differences in the
increase/decrease pattern. When low- and high-level
clouds are examined separately, the amount of low-
level clouds decreases over the North Pacific, and the
Pacific coast of North America and Peru, where low-
level clouds usually persist (Fig. 5a,b). High-level
clouds are located mainly in the intertropical conver-
gence zone (ITCZ) (Fig. 5c), and the difference in
high-level cloud amounts between newHIST and
HIST is greatest in this region (Fig. 5d). It seems that
overall, while the amount of high-level cloud does

not change, the region is shifted southeast in the
newHIST experiment. This result is likely associated
with changes in wind circulation patterns in the
newHIST experiment, and will be discussed further
in the following section.

The 20 yr (1981−2000) mean total precipitation rate
(mm d−1) is large in the ITCZ, where deep convective
clouds frequently develop (Fig. 6a). These regions of
high precipitation follow those of large amounts of
high-level clouds. In the ITCZ, the pattern of increase/
decrease in precipitation rate between newHIST and
HIST is very similar to that of the high-level cloud

61

Fig. 2. The 20 yr (1981−2000) mean distributions of aerosol
optical depth (AOD) at 0.55 µm wavelength for (a) sulfate,
(b) carbonaceous aerosols, (c) mineral dust, (d) sea salt and 

(e) total aerosol, obtained from the HIST experiment
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Fig. 3. (a) The 20 yr (1981−2000) mean distributions of cloud droplet number concentrations at 500 m altitude from HIST and
(b) the difference between newHIST and HIST. Stippling indicates regions of significant difference between the 2 experi-

ments (Student’s t-test, p < 0.05)
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Fig. 4. (a) The 20 yr (1981−2000) mean distribution of total cloud amounts from HIST and (b) the difference between newHIST 
and HIST. Stippling indicates regions of significant difference between the 2 experiments (Student’s t-test, p < 0.05)
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amount (Figs. 5b & 6b). However, over the north east
Pacific where there are persistent low-level clouds,
the low-level cloud amount itself decreases (Fig. 5b),
while the precipitation rate increases slight ly and is
statistically significant. This result seems to be
related to the fact that the new Naer − Nd relationship
reduces the Nd of low-level clouds in this region
where Naer is low, which subsequently increase the
autoconversion rate (Eq. 2). Thus, precipitation effi-
ciency increases and cloud amount decreases. In the
HadGEM2-AO model, meanwhile, high-level clouds
are assumed to be composed of ice particles and
therefore not affected by the change in autoconver-
sion rate. Instead, precipitation from high-level
clouds is determined by cloud hydrometeor mass. In
other words, precipitation rate increases in high
hydro meteor mixing ratio regions. This means that,
unfortunately, aerosol effects on ice clouds cannot be
directly assessed in this model.

3.3  Wind circulation

The new Naer − Nd relationship induces significant
changes in total cloud amount and precipitation rate.
The change of Nd is largest in the industrial regions
where Naer is high, but the response also appears
strongly in the ITCZ where Naer is low. Curiously, the
change in total cloud amount in the ITCZ does not
show a clear correspondence with the expected
reduction in Nd due to low Naer in this region. Note
that the Naer − Nd relationship used in this study holds
only for water clouds. However, in the upper alti-
tudes of the ITCZ, most clouds are deep convective
clouds that contain mostly ice particles, and thus the
Naer − Nd relationship is almost irrelevant in this re -
gion. To determine the reason for the conspicuous
difference in total cloud amount between newHIST
and HIST in the ITCZ, we examined the atmospheric
circulation pattern. Fig. 7 shows the 20 yr (1981−

64

Fig. 5. The 20 yr (1981−2000) mean distribution of (a) low-level (500 m altitude) clouds from HIST and (b) the difference in   
low-level cloud cover between newHIST and HIST, and (c) high-level (10 km altitude) clouds and (d) high-level cloud differ-
ence between newHIST and HIST. Stippling indicates regions of significant difference between the 2 experiments (Student’s 

t-test, p < 0.05)
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Fig. 6. (a) The 20 yr (1981−2000) mean distribution of total precipitation rate from HIST and (b) the difference  between
newHIST and HIST. Stippling indicates regions of significant difference between the 2 experiments (Student’s t-test, p < 0.05)
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2000) mean distribution of horizontal wind vector at
1 km altitude from HIST, and the difference between
newHIST and HIST. The color shading indicates ver-
tical wind velocity. Mid-latitude westerlies and tropi-
cal easterlies are clearly visible over the Pacific,
which creates almost a clockwise circulation pattern
in the northern Pacific (Fig. 7a). Examining the dif-
ference between newHIST and HIST (Fig. 7b), it is
apparent that there is a counterclockwise circulation
pattern in the northern Pacific, which implies that in
the newHIST experiment the clockwise circulation is
weakened. A decrease in updraft is also apparent in
the equatorial northern Pacific. Another noticeable
feature is the westerly over the equatorial southern
Pacific (Fig. 7b), which implies weakened trade
winds in the newHIST experiment. Overall, the re -
sult is that the location of maximal convective activi-
ties in the ITCZ is shifted southeast in the newHIST
experiment. The conspicuous decrease/increase pat-
terns of total cloud amount (Fig. 4b) and precipitation
rate (Fig. 6b) seem to be due to this shift in wind cir-
culation pattern. A similar result was found by Ming
& Ramaswamy (2011), who investigated the effects of
anthropogenic aerosols on tropical circulation using
a GCM. The more pronounced anthropogenic aero -
sol cooling over the Northern Hemisphere compared
to that over the Southern Hemisphere led to a
weaker tropical convection over the Northern Hemi-
sphere and stronger tropical convection over the
Southern Hemisphere. The increased Nd in the pol-
luted regions of the Northern Hemisphere due to the
new Naer − Nd relationship in newHIST may have
exerted similar effects on the tropical circulation to
that shown in Ming & Ramaswamy (2011).

3.4  Cloud droplet effective radius

The first aerosol indirect effect is represented by re,
determined from Nd, thereby affecting cloud albedo
(Jones et al. 2001). If the LWP is the same, clouds with
smaller re reflect more radiation, and thus contribute
to cooling the earth (Twomey 1977). According to
Eq. (3), re decreases with an increase of Nd, and thus
we can expect that re in newHIST over the polluted
regions would be smaller than that of HIST. Fig. 8
shows the 20 yr (1981−2000) mean re distribution at
500 m altitude from HIST and the difference between
newHIST and HIST. In the polluted regions where
Nd becomes higher in the newHIST experiment
(Fig. 3b), reduction of re is clearly manifested and
most of these changes are statistically significant
(Fig. 8b). A general increase of re over the oceanic

regions is also consistent with reduced Nd in these
regions. In several localized regions, however, the
spatial distribution of the re difference in Fig. 8b does
not fit well with the increase/decrease pattern of Nd

shown in Fig. 3b. Note that re is a function not only of
N –1/3

d , but also of cloud liquid-water content (q7/3
c )

(see Eq. 4). So the result in Fig. 8b seems to indicate
that the effect of qc on re is more significant than that
of Nd in highly cloudy regions such as tropics and the
Southern Ocean. Basically, qc is determined by cloud
microphysics and dynamics, which, in turn, are de -
termined by atmospheric circulation patterns. This
means that a simple 1-to-1 correspondence between
Nd and re is not actually to be expected. Instead, sev-
eral variables are interconnected to determine re.

3.5  Radiation and temperature

Fig. 9a shows the difference between newHIST
and HIST with respect to temperatures at 1.5 m alti-
tude over the 20 yr (1981−2000) period. Tempera-
tures are obviously higher in newHIST for most re -
gions except, notably, over the northern mid-  latitude
Pacific and East Asia, and the Antarctic oceanic
regions. It can be said that this would be consistent
with the increased re over the oceanic regions in the
newHIST experiment (Fig. 8b), which reduces cloud
albedo there. We may also expect reduced tempera-
ture over the polluted regions (i.e. more pronounced
first indirect aerosol effect) because of the reduced re

(Fig. 8b), although, except in East Asia, this is not
clear. Another important point to make is that the
range of temperature difference between newHIST
and HIST is huge: up to a 2°C difference in the Arctic
regions. These changes are statistically significant
mainly in the mid-latitude regions. Surprisingly,
how ever, most of the northern hemisphere does not
show significant differences except some regions in
the North Pacific (Fig. 9a). The fact that a small
change in the Naer − Nd relationship can induce such
a large difference is surprising, and calls for more
attention to the calculation processes of related
parameters in the model.

However, temperature difference can be caused by
several factors. Fig. 9b−d shows the differences be -
tween newHIST and HIST in net (shortwave and
longwave) downward radiative flux, total (latent and
sensible) heat flux and total energy flux (radiative, la-
tent and sensible heat) at the surface. Note that the
difference in net downward radiative flux was domi-
nated by shortwave, and the difference in longwave
was small (data not shown). Differences in the net ra-

66
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Fig. 7. (a) The 20 yr (1981−2000) mean distribution of horizontal (arrows) and vertical (color) winds at 1 km altitude from HIST 
and (b) the difference between newHIST and HIST experiments
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Fig. 8. (a) The 20 yr (1981−2000) mean distribution of cloud droplet effective radius (re) at 500 m altitude from HIST and (b) the
difference between newHIST and HIST. Stippling indicates regions of significant difference between the 2 experiments 

(Student’s t-test, p < 0.05)
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diative flux seem to be closely associated with differ-
ences in total cloud amount (Fig. 4b). The net rad -
iative flux increases in most regions of the globe, but
the increase is pronounced over the regions where to-
tal cloud amount decreases, while the decrease is pro-
nounced where total cloud amount increases — espe-
cially over the tropical Pacific — but these changes are
not large enough to be statistically significant, and
thus, almost no regions are marked with stippling
(Fig. 9b). It is clear that in some limited regions such
as the Antarctic Ocean and East Asia, the change in
temperature matches reasonably well with that of the
increase/decrease trend of net radiative flux (compare
Fig. 9a & b). In general, however, the spatial distribu-
tion of temperature difference does not show a clear

correspondence with that of net radiative flux. The
difference in total (latent and sensible) heat flux be-
tween newHIST and HIST (Fig. 9c) is more varied, its
magnitude is notably larger than that of net radiative
flux (Fig. 9b), and there is a clear correspondence
with temperature difference in the Antarctic oceanic
regions. When combined, the overall pattern of the to-
tal energy flux difference (Fig. 9d) seems roughly con-
sistent with that of temperature difference (Fig. 9a),
although the re gions of statistical significance in
Fig. 9d are reduced and do not match with those in
Fig. 9a. The important point, however, is that the
strong, positive temperature difference over the
Arctic regions in the Northern Hemisphere cannot be
explained by the total energy flux difference.
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Fig. 9. Differences between newHIST and HIST in (a) the 20 yr (1981−2000) mean temperature at 1.5 m altitude, (b) total net
downward radiative flux, (c) total heat flux and (d) total flux (radiative + heat flux) at the surface (sfc). Stippling indicates 

regions of significant difference between the 2 experiments (Student’s t-test, p < 0.05)
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Using direct observations, Wild et al. (2015) evalu-
ated the energy balance over land and oceans as rep-
resented in 43 CMIP5 climate models. The authors
indicated that radiative imbalances could be induced
by advective exchanges of latent and sensible energy
in the atmosphere between the land and ocean do -
mains. Perhaps the conspicuous increase in tempera-
ture in the Arctic latitudes of the Northern Hemi-
sphere can be explained when differences of heat
transport are included, because, as discussed above,
the atmospheric circulation pattern also changes
 significantly in the newHIST experiment (Fig. 7b).
That is, the cyclonic anomaly over the North Pacific
could indicate enhanced poleward advection of heat
in newHIST. Note that in the process of checking the
heat fluxes, we find that the results in the HIST and
newHIST experiments are largely similar to those
of the first National Centers for Environmental Pre -
diction (NCEP) reanalysis (NCEP/R1) data, except
that the magnitude of sensible heat flux is much
smaller in our experiments, especially in the Arctic
regions (data not shown). Thus, heat flux calcula -
tion in the HadGEM2-AO model calls for further
investigation.

4.  DISCUSSION

The model run results in the previous section
demonstrate that the modulation of Nd by the new
Naer − Nd relationship induces significant changes in
important climate variables. To check the validity of
the new Naer − Nd relationship, the differences in
20 yr (1981−2000) mean surface temperatures be -
tween the model and observations were compared
(Fig. 10). Here, the global reanalysis data from Euro-
pean Centre for Medium-Range Weather Forecasts
(ECMWF ERA40) was used as a proxy for observa-
tion. Clearly there are strong cold biases in the
Northern Hemisphere in HIST (Fig. 10a), but these
cold biases are significantly reduced in newHIST
(Fig. 10b). It is more difficult to judge for the South-
ern Hemisphere from the results shown in Fig. 10;
therefore in Fig. 11, the time series of hemispheric
yearly mean temperatures at 1.5 m altitude from
newHIST and HIST were compared with those from
the ECMWF reanalysis over a 41 yr period (1960−
2000). The temperature from HIST is colder in the
Northern Hemisphere and warmer in the Southern
Hemisphere than that of ECMWF for both winter and
summer seasons, whereas the temperature from
newHIST is consistently warmer than that of HIST.
Thus, although the cold biases in the Northern Hemi-

sphere are reduced, the warm biases in the Southern
Hemisphere increase in newHIST.

In this context, examining the changes in tempera-
ture at 1.5 m (°C) and annual-mean net radiation
budget (W m−2) at the top of the atmosphere (TOA)
be tween the present-day (1981−2000) and pre-
industrial period (1861−1880) in the HIST and
newHIST experiments would be important, as shown
in Fig. 12. Not surprisingly, temperatures increase in
most regions except industrialized regions in the
Northern Hemisphere and some part of the Southern
Ocean in both experiments (Fig. 12a,b). Note the
more widespread increase across the Arctic region in
the newHIST than in the HIST experiment. Radiative
forcing (difference in annual mean net radiation
budget at TOA between the  present-day and pre-
industrial period) roughly follows this pattern, but
regions of negative radiative forcing are much wider
than those of negative temperature trend (Fig. 12c,d).
Especially in the new HIST experiment, radiative
forcing is slightly negative in parts of the Arctic
region (Fig. 12d) despite the posi tive temperature
trend there (Fig. 12b). These contrasts illustrate that
temperature change is difficult to explain by radia-
tive forcing alone. In an investigation of temperature
response to radiative forcing for the 1860−2000
period, Jones et al. (2007) also found that the temper-
ature response was concentrated in the Northern
Hemisphere, especially at high latitudes. They sug-
gested that the reason for a strong temperature
response in spite of weak radiative forcing was
related to the change in sea-ice area. Further exami-
nation of the impact of sea-ice change on the temper-
ature response and radiative forcing relationship is
required. Fundamentally, however, climate variables
interact with each other. Therefore, response to the
implementation of the new Naer − Nd relationship
may not occur only in cloud variables, but also in
other variables that are not immediately apparent.
This implies that, although out of the scope of this
study, some kind of model calibration may be
required for more reliable implementation of the new
Naer − Nd relationship.

Note that sea surface temperatures (SSTs) simula -
ted by CMIP5 models, including the HadGEM mod-
els, generally showed lower values in the Northern
Hemisphere and higher values in the Southern Hemi -
sphere than observations (Wang et al. 2014). Thus, it
seems quite probable that the surface temperature
biases of the model runs are crucially as sociated with
SST biases. Therefore improvements to cloud droplet
activation parameterization alone cannot guarantee
an improved overall performance of the model unless
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Fig. 10. Difference in 20 yr (1981−2000) mean temperature at 1.5 m altitude between (a) HIST and European Centre for 
Medium-range Wheather Forecast (ECMWF) reanalysis and (b) between newHIST and ECMWF reanalysis
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other serious biases are reduced simultaneously. Low-
level marine stratocumulus clouds play a large role in
climate. Allen et al. (2011) noted that marine stratocu-
mulus clouds contributed to serious SST biases, espe-
cially in the southeast Pacific region (one of the
largest regions of strato cumulus clouds in the world)
be cause occurrence frequency, top height, depth,
and coverage of these clouds remain poorly repre-
sented in climate models (Ma et al. 1996, Hannay et
al. 2009, Wyant et al. 2010). Hwang & Frierson (2013)
also indicated that the lack of clouds resulted in high
temperatures over the Southern Hemisphere and
also a southward shift in tropical precipitation. This is
consistent with our results. However it is still not
clear that the uncertainties of marine stratocumulus
clouds induce SST bia ses or vice versa in the south-
east Pacific. This likely requires further investigation
of SST and cloud bia ses over the Southern Ocean.

When it comes to cloud droplet activation parame-
terization, as was done in this study, the most impor-
tant factor to examine is aerosol distribution. If the
model-produced aerosol distribution does not repre-
sent the observed distribution accurately enough,
the derived Nd cannot be reliable even if the new

Naer − Nd relationship itself is trustworthy. Fig. 13
shows the 5 yr (2001−2005) mean AOD at 0.55 µm
wavelength obtained from the TERRA MODIS satel-
lite observations and those from HIST, as well as the
differences between them. AOD is clearly underes-
timated in HIST compared to MODIS. The HIST
underestimation is especially large over the North-
ern Hemisphere, and negative biases must also be
noted around the Antarctic Ocean. The Antarctic
region is important in the global climate system, be -
cause it is one of the Earth’s primary cooling sources
and an important driving force of global atmos-
pheric zonal circulation (Allison & Morrissy 1983).
Im portantly, if aerosol distributions were predicted
more closely to observation, the model results could
have been different from what we have described
above. Aerosols are known to exert an overall cool-
ing effect (IPCC 2013); so if AOD underestimation in
the Northern Hemisphere is somehow corrected in
the HIST ex periment (i.e. an increase in aerosol con-
centrations), the cold biases in the Northern Hemi-
sphere may actually be widened. Temperature may
also become colder in the newHIST experiment with
AOD correction, since AOD underestimation occurs
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almost uniformly in high- and low-AOD regions in
the Northern Hemisphere (Fig. 13). Meanwhile,
over the Southern Hemisphere, where AOD overes-
timation is relatively small but underestimation is
somewhat more significant, warm biases may be
reduced both in the HIST and newHIST experi-
ments. The conspicuous warm biases over the
Antarctic oceanic regions (Fig. 10) may especially
be reduced because these regions are where AOD
underestimation is  significant. However, these argu-
ments are speculative at best. As demonstrated in
Figs. 4, 6 & 9, the change of Nd due to the new Naer

− Nd relationship changes atmospheric circulation
patterns in the newHIST experiment and somehow
makes the  difference between HIST and newHIST
in total cloud amount and precipitation rate more
pronounced over the tropical Pacific region. That is,
climate variables are intricately connected to each
other, and thus we cannot simply speculate what the
effects of corrected AOD estimation would be in the
model calculation.

5.  SUMMARY AND CONCLUSIONS

A new relationship between aerosol and cloud
droplet number concentrations (Naer and Nd, respec-
tively) was established based on a composite of the
observational dataset obtained from many different
regions around the world (Table 2). Significant differ-
ences were found when the results from the original
historical run (HIST) were compared with those from
the historical run with the new Naer − Nd relationship
(newHIST). Nd increased where Naer was high (i.e.
industrialized regions) but decreased where Naer was
low (oceanic regions) as expected. However, un -
expected but significant changes occurred in the
total cloud amount and precipitation rate: the most
conspicuous difference between HIST and newHIST
appeared in the tropical Pacific Ocean, seemingly as -
sociated with the change in atmospheric circulation
pattern over the Pacific. Surface temperature general -
ly became warmer over the whole globe in newHIST,
which reduced the cold biases in the Northern Hemi-
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Fig. 12. Changes in (a,b) temperature (°C) at 1.5 m and (c,d) annual mean net radiation budget at the top of the atmosphere
(W m−2) between the present day (1981−2000) and pre-industrial period (1861−1880) in the HIST and newHIST experiments
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Fig. 13. The 5 yr (2001−
2005) mean total aerosol
optical depth (AOD) at
0.55 µm wavelength from
(a) MODIS satellite obser-
vation, (b) HIST, and (c)
the difference in AOD be-
tween HIST and MODIS
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sphere but widened the warm biases in the Southern
Hemisphere, compared to those in HIST.

These results demonstrate how much climate mo -
del results can change due to the implementation of
a new Naer − Nd relationship, even though the differ-
ence from the original relationship seems insignifi-
cant. The average global temperature was 0.51°C
higher in newHIST than in HIST over the 41 yr
(1960−2000) period. In current models, a Köhler the-
ory based parameterization is widely used for cloud
droplet activation process calculations (Abdul Raz-
zak et al. 1998, Abdul Razzak & Ghan 2000, Foun-
toukis & Nenes 2005, Takemura et al. 2005, Ming et
al. 2006), which is certainly more theoretically sound.
However, this type of parameterization also involves
significant uncertainty because temperature, pres-
sure, and vertical velocity (which are critical in the
calculation of Köhler theory based parameterization)
can be highly unreliable or unrealistic in climate mo -
dels due to the scale mismatch between the micro -
physical scale of cloud droplet activation process and
climate model grid spacing. Therefore no assurance
can be given that experiments using a Köhler theory
based parameterization produce better results than
those that use an empirical Naer − Nd relationship.

The new Naer − Nd relationship we introduced in
this study can be considered an improvement in the
sense that a much larger observational dataset was
incorporated to establish the relationship than in the
original model. Nevertheless, it does have severe
limitations. First, it cannot be guaranteed that the
proposed new Naer − Nd relationship will hold for all
clouds regardless of their dynamical and microphysi-
cal characteristics. Moreover, the same relationship
is used throughout the globe even though it may dif-
fer regionally in different parts of the world. Certain -
ly improvements must be made in this regard for this
type of approach to be more reliable. Another serious
problem is that the Naer − Nd relationship applies only
to water clouds. As demonstrated in many recent
studies, aerosols also affect the development of ice
clouds and their precipitation (e.g. Tao et al. 2007,
Rosenfeld et al. 2008, Khain 2009, Khain et al. 2011,
Lee et al. 2014). Parameterizing aerosol effects on ice
clouds in climate models is challenging since our
understanding on this issue is still very limited, but
certainly this is an area that needs improvement.

We also emphasize the fact that reliable estimation
of aerosol distribution in the model is a critically
important prerequisite for more accurate calculations
of the cloud droplet activation process. This is true
not only for cloud droplet activation parameterization
based on an empirical relationship, but also for Köh-

ler theory based parameterizations. In that sense,
aero sol processes such as emission, nucleation, sedi-
mentation, and scavenging must be examined and
re fined in climate models as much as possible before
we concentrate on the cloud droplet activation pro-
cess. Furthermore, improvements to other climate
variables such as SST and cloud amounts should be
made simultaneously with that of cloud droplet acti-
vation parameterization in order to obtain more reli-
able climate predictions. These are the issues on
which we will concentrate in our future work.
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