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Introduction

Microphysical and dynamical interactions between aerosols
Geoscientific
and clouds are associated with
some of the largest uncertainties in projections of future
climate
(Lohmann and Feichter,
Instrumentation
2005; Forster et al., 2007). One proposed aerosol effect on
Methods and
clouds is the cloud lifetime effect (Albrecht, 1989): increasSystems
ing aerosol concentrationsData
may decrease
cloud droplet size,
suppressing precipitation and enhancing the retention of liquid water by the cloud, hence increasing the lifetime of
the cloud and the total cloud
fractional cover. Positive relaGeoscientific
tionships between satellite-retrieved cloud fraction (fc ) and
aerosol optical Model
depth (τ ) Development
have been reported and have been
interpreted to indicate aerosol cloud lifetime effects (e.g. Koren et al., 2005; Kaufman et al., 2005; Yuan et al., 2011).
However, these fc –τ relationships
may not
be due to aerosol
Hydrology
and
effects on clouds. Many possible reasons for observed reEarth
System
lationships between aerosol
and cloud
properties exist. Exparticular
panding on Quaas et al. (2010), of
Sciencesrelevance to the
fc –τ relationships are the following potential mechanisms:
Open Access
Open Access
Open Access

1. Climatological spatial gradient effects may lead to spurious fc –τ relationships if data are analysed on large
regional scales larger
than 4◦Science
× 4◦ (Grandey and Stier,
Ocean
2010).
Open Access

2. Satellite data errors may lead to positive fc –τ relationships. Pixels in thin and broken cloud fields, with
high fc , may be mistakenly flagged as cloud-free when
they are contaminated bySolid
cloud, Earth
leading to erroneously
high τ retrievals (Huang et al., 2011). Furthermore,
three-dimensional scattering of light by inhomogeneous
Open Access

Abstract. Strong positive relationships between cloud fraction (fc ) and aerosol optical depth (τ ) have been reported.
Data retrieved from the MODerate resolution Imaging Spectroradiometer (MODIS) instrument show positive fc –τ relationships across most of the globe. A global mean fc increase
of approximately 0.2 between low and high τ conditions is
found for both ocean and land. However, these relationships
are not necessarily due to cloud–aerosol interactions. Using
state-of-the-art Monitoring Atmospheric Composition and
Climate (MACC) reanalysis-forecast τ data, which should
be less affected by retrieval artefacts, it is demonstrated that
a large part of the observed fc –τ signal may be due to cloud
contamination of satellite-retrieved τ . For longer MACC
forecast time steps of 24 h, which likely contain less cloud
contamination, some negative fc –τ relationships are found.
The global mean fc increase between low and high τ conditions is reduced to 0.1, suggesting that cloud contamination may account for approximately one half of the satelliteretrieved increase in fc . ECHAM5-HAM general circulation
model (GCM) simulations further demonstrate that positive
fc –τ relationships may arise due to covariation with relative
humidity. Widespread negative simulated fc –τ relationships
in the tropics are shown to arise due to scavenging of aerosol
by convective precipitation. Wet scavenging events are likely
poorly sampled in satellite-retrieved data, because the properties of aerosol below clouds cannot be retrieved. Quantifying the role of wet scavenging, and assessing GCM representations of this important process, remains a challenge for future observational studies of aerosol–cloud–precipitation interactions.
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modules simulate wet scavenging as the major removal
mechanism for atmospheric aerosol.

clouds may also lead to erroneously high τ retrievals
(Várnai and Marshak, 2009). A possible way to avoid
these problems may be to combine satellite-retrieved
fc data with simulated τ data. For example, Koren
et al. (2010) combine chemical transport model τ data
with MODerate resolution Imaging Spectroradiometer
(MODIS) cloud data when investigating deep convective clouds over the Atlantic Ocean. General circulation
model (GCM) data should not suffer from this problem.
3. The simple aerosol cloud lifetime effect conceptual
model would predict positive fc –τ relationships (Albrecht, 1989), assuming τ is a suitable surrogate for
cloud condensation nuclei concentration (CCN; Andreae, 2009). Many GCMs attempt to simulate this effect by coupling aerosol to the autoconversion scheme
in stratiform cloud microphysics schemes, an effect that
can often be switched on or off, although a large model
error may exist. However, increasing aerosol concentrations also have the potential to decrease cloud fractional
cover, for example via the semi-direct effect (Ackerman
et al., 2000).
4. Relative humidity may drive positive fc –τ relationships
(Quaas et al., 2010; Chand et al., 2012). Cloud fraction generally increases with relative humidity. Aerosols
swell hygroscopically in high relative humidity conditions, increasing τ . GCMs should be able to reproduce
this effect, particularly as cloud cover parameterizations
are generally heavily dependent on relative humidity
(e.g. Sundqvist et al., 1989), although there may be significant model errors. GCM-modelled dry τ , which assumes no hygroscopic aerosol growth and may therefore
be a better surrogate for the CCN which would be activated at a given supersaturation, allows for this relative
humidity effect to be accounted for, as demonstrated by
Quaas et al. (2010). Chand et al. (2012) have recently
used a Gaussian probability density function model to
show that observed fc –τ relationships are consistent
with hygroscopic growth of aerosol.
5. Other meteorological factors may lead to spurious fc –τ
relationships. For example, 10 m wind speed is capable
of explaining a significant part of observed fc –τ relationships over ocean (Engström and Ekman, 2010). This
is because τ increases with 10 m wind speed over ocean
likely due to both sea-surface brightness contamination
of the τ retrieval and genuine wind speed dependent
emission of sea salt (Grandey et al., 2011), and higher
fc values are likely found for meteorological conditions
associated with higher wind speeds. GCMs should be
capable of reproducing meteorological effects.
6. Wet scavenging of aerosols by precipitation might lead
to negative fc –τ relationships, assuming a positive correlation between fc and precipitation. GCM aerosol
Atmos. Chem. Phys., 13, 3177–3184, 2013

7. Cloud processing of aerosols may alter the optical properties of aerosols. Far away from sources, aerosol particles may have been cycled through clouds approximately three times (Pruppacher and Jaenicke, 1995).
Aerosol which has been recently cycled through a cloud
may be more hydrated than aerosol further away, potentially leading to an increase in τ in the immediate vicinity of clouds (Koren et al., 2007). (It is worth noting that
this effect, whereby clouds may affect aerosol properties, is different from the larger scale relative humidity
effect, discussed in the fourth point above, whereby relative humidity variations drive cloud formation.)
In order to investigate some of these possible mechanisms, two tools are used in this paper alongside AquaMODIS data. Firstly, Monitoring Atmospheric Composition
and Climate (MACC) project reanalysis-forecast τ data are
used in an attempt to investigate cloud contamination errors
in the MODIS τ data (second point above). Secondly, the
ECHAM5-HAM GCM is used to investigate the cloud lifetime effect, relative humidity and wet scavenging contributions (third, fourth and sixth points above). Spatial gradient
effects (first point above) have been investigated elsewhere
and are accounted for in the methodology used in this paper (Grandey and Stier, 2010). As discussed in the seventh
point above, cloud processing effects are unlikely to significantly contribute to fc –τ relationships or scales larger than a
few kilometres, so cloud processing is not investigated here.
Apart from relative humidity, other meteorological factors
(fifth point above) are outside the scope of the current paper,
remaining an important topic for further research.
The following questions are asked in this paper: to what
extent may cloud contamination errors be responsible for the
observed fc –τ relationships? What are the dominant physical
processes leading to genuine fc –τ relationships?
2

Method

The satellite data used in this paper are from the official
Aqua-MODIS science team Collection 5 level 3 daily 1◦ ×1◦
cloud and aerosol dataset (MYD08 D3) (Platnick et al.,
2003; Remer et al., 2005). Total cloud fraction (fc ) and
aerosol optical depth at 550 nm (τ ) are of interest here.
As mentioned above, cloud contamination of τ retrievals
may cause spurious fc –τ relationships, something that may
be avoidable by pairing satellite-derived fc with τ from
a state-of-the-art reanalysis-forecast aerosol dataset. However, residual cloud contamination may remain, and model
errors may be introduced. The reanalysis-forecast τ data used
in this paper are from the MACC project (Morcrette et al.,
2011). The model uses a mixed bulk and bin aerosol scheme
(Morcrette et al., 2009). MODIS Collection 5 τ data are
www.atmos-chem-phys.net/13/3177/2013/
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assimilated using a 4D-Var scheme with a 12 h assimilation
window (Benedetti et al., 2009). The MACC data are designed to be unbiased with respect to MODIS τ data (Morcrette et al., 2011). Further discussion of the MACC data,
including comparisons with satellite-retrieved and AErosol
RObotic NETwork (AERONET) aerosol data, is provided in
Morcrette et al. (2011). MACC data from two different forecast time steps, relative to the most recent assimilation time
of 00:00 UTC, are used: t + 3 h; t + 24 h from assimilation
the previous day. The t + 24 h τ is likely to have less residual cloud contamination but more model bias than the t + 3 h
τ . Since the MACC τ data approximately correspond to the
start of each day, they are temporally interpolated equally between each pair of days, corresponding to interpolation times
of 15:00 UTC for t + 3 h and 12:00 UTC for t + 24 h. It is assumed that the interpolated τ is representative of the τ at
the Aqua daytime equatorial overpass time of 13:30 LT. The
MACC data are spatially interpolated from 1.125◦ × 1.125◦
to 1◦ × 1◦ in order to match the MODIS data. The MODIS
and MACC data used in this paper cover 2003–2007.
Data from the ECHAM5 GCM with the HAM aerosol
model are also used (Stier et al., 2005; Zhang et al., 2012).
The HAM aerosol model has been coupled to the twomoment cloud microphysics via activation of cloud droplets,
droplet number dependent autoconversion and the impact of
the effective radius on the cloud radiative properties, allowing the cloud albedo and cloud lifetime aerosol effects to be
represented (Lohmann et al., 2007; Stier et al., 2013). Of particular interest here is the cloud lifetime effect on fc . Six
simulations are performed. Three of these use the Sundqvist
cloud cover scheme, which parameterizes fc using relative
humidity as the only input (Sundqvist et al., 1989); three
use the statistical Tompkins cloud cover scheme, which uses
a prognostic probability density function of water vapour,
considering processes such as convection, turbulence and microphysics (Tompkins, 2002). For each cloud cover scheme,
three simulations are conducted: a control run, with aerosol
indirect effects represented; a NoAIE run, with no aerosol indirect effects (fixed cloud droplet number concentration); and
a NoConvScav run, with aerosol indirect effects represented
but with no convective wet scavenging of aerosols. Only the
results for the Sundqvist simulations are presented in the
main body of this paper. The results for the Tompkins simulations, which are very similar to those for the Sundqvist simulations, can be viewed in the Supplement. As in Zhang et al.
(2012), all simulations use year 2000 present-day aerosol
and precursor emissions, are nudged to year 2000 meteorology using European Centre for Medium-Range Weather
Forecasts reanalysis (ERA-40) data, and are preceded by
a three-month spin-up period from October 1999. All simulations are run at T63 horizontal resolution, corresponding
to 1.875◦ × 1.875◦ , and L31 vertical resolution. Aerosol and
cloud data are output at 6 h resolution. The fc data are calculated assuming maximum-random overlap of cloud layers,
using an updated version of the satellite simulator module
www.atmos-chem-phys.net/13/3177/2013/
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used in Quaas et al. (2009) (Stier et al., 2013). In addition
to τ from all simulations, dry τ output from the control simulations is also used. Following Quaas et al. (2010), dry τ
is diagnosed by reducing the extinction coefficient of each
aerosol mode by the volume fraction of water for that mode,
approximating the τ that would be calculated if there was no
hygroscopic swelling of the aerosols.
The fc data are categorized into two cases: low τ conditions, where τ is less than the median for that grid box, season and dataset; high τ conditions, where τ is greater than the
median. The mean fc for each grid box, season and dataset is
then calculated for low τ and high τ conditions, before averaging across all four seasons to produce annual mean fields.
The difference in fc between low and high conditions is then
calculated. The analysis is limited to 60◦ S–60◦ N.

3

Results and discussion

Figure 1 shows the difference in fc between low and high
τ conditions. Positive fc –τ relationships, shown in red, are
found globally. For more than 99 % of the grid boxes with
data, the difference is greater than the standard error for that
grid box. Positive fc –τ relationships have been observed in
other studies, such as those by Koren et al. (2005) and Kaufman et al. (2005) who investigated clouds over the North Atlantic Ocean using earlier MODIS data. Particularly strong
relationships, shown in darker shades of red, are found over
the subtropical oceans, southern South America and eastern
North America. The relationship over the extratropical southern oceans is weaker. Over ocean, there is a mean increase in
fc of 0.20 from 0.51 to 0.71; over land, there is also a mean
increase of 0.20 from 0.30 to 0.50.
An increase of 0.2 in fc is relatively large. For example,
assuming an idealised ocean albedo of 0.1 and a cloud albedo
of 0.5, a 0.2 increase in fc may lead to an albedo increase of
order 0.1 over ocean. Given a solar constant of 1370 W m−2 ,
averaged to 340 W m−2 across the surface of the earth, an
albedo increase of 0.1 would correspond to an upwelling
shortwave radiation increase of order 30 W m−2 at the top
of the atmosphere. Of course, this shortwave increase might
be offset be a sizeable longwave decrease, particularly if the
cover of high clouds increases.
In Chapter 3 of Grandey (2011), two other satellite
datasets (Clouds and Earth’s Radiant Energy System Single
Scanner Footprint; and Advanced-Along Track Scanning Radiometer GlobAEROSOL τ data with Oxford-RAL Retrieval
of Aerosol and Clouds fc data) were also investigated. It was
shown that positive fc –τ relationships also exist for these
datasets, although the relationships are not as strong as in the
Aqua-MODIS Collection 5 data.
As previously stated, the positive fc –τ relationships are
not necessarily due to aerosol indirect effects on cloud. Cloud
contamination of aerosol retrievals provides one potential explanation. In an attempt to investigate this error, the MODIS
Atmos. Chem. Phys., 13, 3177–3184, 2013
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choice does not have a large impact globally (Fig. S1a, b of
the Supplement).
Results for the ECHAM5-HAM Sundqvist control simulation are shown in Fig. 2c. The spatial distribution of positive and negative relationships is remarkably similar between the Sundqvist control and the MODIS–MACC t +
24 h results. The strong positive fc –τ relationships observed
over the subtropical oceans, southern South America, North
(a) Aqua-MODIS Coll. 5
America, Asia and Australia are of similar size to those
for the MODIS–MACC combinations. Further agreement is
found in the extratropical ocean, where the relationships are
weaker, with some weak negative relationships in the extratropical southern oceans. As observed in the MODIS–
Fig. 1. Annual (all seasons) mean difference (high – low) in
MACCCollection
t + 24 h data, 5negative
(all seasons)
mean
di↵erence
(high
low)
in
Aqua-MODIS
cloudfc –τ relationships are found
Aqua-MODIS Collection 5 cloud fraction (fc ) between low Aquaover
parts
of
the
tropics,
particularly South-East Asia, alMODIS
aerosol
optical
depth
(τ
<
seasonal
grid
box
median)
conween low Aqua-MODIS aerosol optical depth (⌧ < seasonal grid box median)
though these negative relationships are much stronger in the
ditions and high τ (τ > seasonal grid box median) conditions. For
igh ⌧ (⌧ more
> seasonal
grid
box with
median)
conditions.
represents
missing
Sundqvist
control data.
These negative relationships, which
than 99 % of the
grid boxes
data, the mean
difference is Grey
greater than the standard error in the mean difference for that grid
occur primarily over the tropical ocean, greatly reduce the
box. The mean of the standard errors is 0.02. Grey represents missglobal mean increase in fc to 0.03 over ocean. Over land, the
ing data.
global mean increase is 0.11, comparable to the MODIS–
MACC t + 24 h results.
Seven possible mechanisms for fc –τ relationships were
1
fc data are paired with MACC reanalysis-forecast τ data,
suggested at the beginning of this paper. The first of these,
a combination henceforth referred to as MODIS–MACC.
namely spatial gradient effects, has been avoided by conThe results of categorising according to low and high MACC
ducting the analysis on small regions of 1◦ × 1◦ or 1.875◦ ×
t + 3 h τ conditions are shown in Fig. 2a. Globally positive
1.875◦ . The second of these, namely cloud contamination of
fc –τ relationships are again evident, although they are genτ , is difficult to remove from the satellite data, although an aterally weaker than cases when MODIS τ is used. For a few
tempt has been made to investigate this error by using MACC
small regions, notably part of the extratropical South Atlantic
τ . Cloud contamination does not impact the ECHAM5-HAM
Ocean, weak negative fc –τ relationships are observed, indimodel results. Four possible mechanisms remain for explaincated by pale blue. Over ocean, the global mean increase is
ing the ECHAM5-HAM Sundqvist control results. Two of
now 0.13; over land, the increase is 0.15.
these would predict positive fc –τ relationships: the aerosol
Residual cloud contamination may remain in the MACC τ
cloud lifetime effect and hygroscopic growth of aerosol in
data due to the assimilation of satellite-retrieved τ . This conhigh relativity humidity conditions. One would predict negtamination should decrease for longer forecast times from asative fc –τ relationships: wet scavenging of aerosol by presimilation, although model bias will increase as the forecast
cipitation. The contributions of these three effects to the
length increases. The MODIS–MACC fc –τ relationships for
ECHAM5-HAM Sundqvist control results are now invesa longer MACC forecast of t + 24 h are shown in Fig. 2b.
tigated. The two remaining possible mechanisms, whereby
The relationships are generally weaker than for t + 3 h, alspurious fc –τ relationships are caused by other meteorologthough the spatial patterns are similar. Negative fc –τ relaical factors or cloud processing of aerosols, are not tested
tionships are more evident in the tropics for the t + 24 h τ
here.
data. Over ocean, the global mean increase is 0.09; over land,
First, the contribution of the cloud lifetime effect is investithe increase is 0.12. Assuming that the MACC t +24 h τ data
gated. The control simulation contains a representation of the
do not contain model bias or residual cloud contamination,
cloud albedo and cloud lifetime effects, assuming the cloud
this suggests that cloud contamination may account for aplifetime effect can be represented through a modulation of
proximately one half of the observed global increase in fc
autoconversion only. These aerosol indirect effects are not
over ocean. However, it is difficult to disentangle the conincluded in the NoAIE simulation. The difference in fc betributions from residual cloud contamination and introduced
tween low and high τ conditions for the NoAIE simulation
model bias.
is shown in Fig. 2d. A slight weakening of positive fc –τ reIt is worth noting that MODIS τ retrievals do not exist for
lationships occurs over many subtropical ocean areas, and
completely cloudy grid boxes, whereas MACC τ data exist
the differences in the southern Indian Ocean become more
everywhere. Sampling differences such as these may be imnegative. However, a slight strengthening of positive fc –τ
portant (Sayer et al., 2010). When MACC t + 24 h τ data
relationships occurs over land for the NoAIE run, opposite
are sampled according to Aqua-MODIS τ availability, fewer
of what would be expected from the conceptual cloud lifegrid boxes show negative relationships. However, sampling
time effect. These results suggest that the model-simulated
Atmos. Chem. Phys., 13, 3177–3184, 2013
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(a) MODIS–MACC t + 3 hour

(b) MODIS–MACC t + 24 hour

(c) Sundqvist Control

(d) Sundqvist NoAIE

(e) Sundqvist Control Dry

(f) Sundqvist NoConvScav

Fig. 2. Same asFigure
Fig. 1, but
(a) Aqua-MODIS
withfor
MACC
t + 3 τ , (b) Aqua-MODIS
fc with MACC
24 τAqua, (c) ECHAM5-HAM
2: for
Same
as Figure 1,fcbut
(a) Aqua-MODIS
fc with MACC
t + 3 ⌧t, +(b)
Sundqvist control
simulation
f
with
τ
,
(d)
Sundqvist
NoAIE
f
with
τ
,
(e)
Sundqvist
control
f
with
dry
τ
and
(f)
Sundqvist
c
c
c
MODIS fc with MACC t + 24 ⌧ , (c) ECHAM5-HAM Sundqvist Control simulation fc with NoConvScav
fc with τ . The means
the standard
errors are
(d)–(e) 0.03.
Corresponding
MODIS–MACC and the
⌧ , (d) ofSundqvist
NoAIE
fc (a)–(c)
with ⌧0.02
, (e)and
Sundqvist
Control
fc with results
dry ⌧ for
andsampled
(f) Sundqvist
ECHAM5-HAMNoConvScav
Tompkins simulations
are
shown
in
Fig.
S1
of
the
Supplement.
f with ⌧ . Corresponding results for sampled MODIS–MACC and the ECHAM5c

HAM Tompkins simulations are shown in Figure S1 of the supplementary material.

indirect effects are not the primary mechanism responsible
the the NoConvScav simulation compared to the control simfor the positive fc –τ relationships observed in the control
ulation, particularly in the tropics (Fig. S2c). The lifetime
simulation. This is consistent with the findings of Lohmann
of aerosols in ECHAM5-HAM is typically less than a week
when scavenging is turned on (Stier et al., 2005). Switchet al. (2006) and Quaas et al. (2010).
Second, the contribution of relative humidity is investiing off convective scavenging increases τ by a factor of apgated. In order to do this, dry τ from the control simulation
proximately three, suggesting a lifetime of less than three
is used instead of total τ . Dry τ provides a surrogate for the
weeks for the NoConvScav simulation. Therefore the three
CCN which would be activated at a given supersaturation but
month spin-up should allow these concentrations to reach
which is independent of relative humidity. Because τ is heavan equilibrium by the start of the year 2000 analysis period.
ily dependent on aerosol size, dry τ is generally much lower
Figure 2f shows the results for the NoConvScav simulation.
than τ (Fig. S2a, b). The fc difference between low and high 2 Most of the negative fc –τ relationships found in the tropdry τ conditions in the control run is shown in Fig. 2e. It can
ics of the control simulation are removed, becoming posibe clearly seen that using dry τ removes the majority of the
tive in the NoConvScav simulation. This demonstrates that
positive fc –τ relationships over ocean. Many land areas rewet scavenging by convective precipitation is the primary
tain positive fc –dry τ relationships. However, these positive
reason for the strong negative fc –τ relationships found in
relationships are significantly weakened compared to when
the tropics of the control simulation. Interestingly, the fc –τ
total τ is used. A global mean negative fc –dry τ relationship
relationships become more negative for many extratropical
is found over both ocean and land. These results demonstrate
ocean areas in the NoConvScav simulation compared to the
that relative humidity is the primary driver for the positive
control simulation. This may be because wet scavenging by
fc –τ relationships, in agreement with Quaas et al. (2010) and
stratiform cloud precipitation may become a more significant
aerosol removal mechanism in the NoConvScav run, leading
Chand et al. (2012).
to more negative relationships in regions where stratiform
Third, the contribution of wet scavenging is investigated.
precipitation dominates.
The negative fc –τ relationships in the control run are generally found in the tropics, where convective precipitation domSince τ cannot be retrieved in cloudy conditions, passive
satellite radiometers such as MODIS may have poor saminates, constituting 95 % of the 20◦ S–20◦ N precipitation
in the control simulation. It is these negative relationships
pling of negative fc –τ relationships arising due to scavenging. This may partly explain the absence of negative rewhich are of interest here, so wet scavenging by conveclationships in the Aqua-MODIS data, and also the reductive precipitation is switched off for the NoConvScav simulation, although the convective precipitation itself remains.
tion in the number of grid boxes with negative relationships
Scavenging by stratiform cloud precipitation remains. Wet
when sampling is applied to the MODIS–MACC t + 24 h
data. Although some negative relationships are observed for
scavenging is the major removal mechanism for aerosol in
MODIS–MACC t + 24 h, the MODIS–MACC combination
ECHAM5-HAM. As a result, τ is generally much higher in
www.atmos-chem-phys.net/13/3177/2013/
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may underestimate the negative relationships due to differences between modelled precipitation and real precipitation
for a given location and day.
The results for simulations where the Tompkins stratiform cloud cover scheme is used are similar to those for the
Sundqvist results described above (Fig. S1c–f in the Supplement). The results for two alternative methods of quantifying
c
the fc –τ relationships, namely ddf
ln τ gradients and correlations, are shown in Figs. S3 and S4 in the Supplement. Similar conclusions can be reached using these figures, showing
that the findings presented in this study appear to be insensitive to different methods of quantifying the fc –τ relationships.
In this paper, τ has been used, following the observational studies of Koren et al. (2005), Kaufman et al. (2005)
and Yuan et al. (2011). However, it has been suggested that
aerosol index (AI), the product of τ and the Ångström exponent, may provide a better measure of aerosol number burden
than τ does (Nakajima et al., 2001). This is because the size
of the aerosol particles is taken into account via the Ångström
exponent. As a result, some cloud–aerosol interaction studies
have used AI instead of τ (e.g. Penner et al., 2011). It is unclear whether the findings presented here for fc –τ relationships would also apply to fc –AI relationships. It is possible
that AI may be less affected by relative humidity than τ is,
due to the fact that AI is less sensitive to aerosol size.

4

Conclusions

Strong positive relationships between retrieved fc and τ are
observed in Aqua-MODIS satellite data. A global mean fc
increase of 0.20 between low and high τ conditions is found
for both ocean and land.
Categorising the Aqua-MODIS fc data according to
MACC reanalysis-forecast t + 3 h τ data results in a general weakening of the observed positive fc –τ relationships.
The positive relationships are weakened further for a longer
MACC forecast period of t + 24 h. This provides some evidence to suggest that part of the positive fc –τ relationships
observed in the MODIS data may be due to cloud contamination, although the weakening of the relationships may also be
due to MACC model errors. Positive fc –τ relationships are
still observed to dominate globally for the MODIS–MACC
combinations, particularly in the subtropics. However, negative relationships emerge over parts of the tropics and extratropical southern oceans in the t + 24 h data.
The results of ECHAM5-HAM control simulations generally agree well with the MODIS–MACC results in the
subtropics and extratropics. In agreement with the MODIS–
MACC t +24 h results, negative fc –τ relationships are found
in parts of the tropics. However, these negative relationships
are found to be much stronger in the ECHAM5-HAM control
simulations. NoAIE simulations, in which simulated aerosol
indirect effects have been switched off, demonstrate that the
Atmos. Chem. Phys., 13, 3177–3184, 2013
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cloud lifetime effect is not the primary contributor to positive
fc –τ relationships in ECHAM5-HAM. Rather, the positive
relationships are primarily due to hygroscopic swelling of
aerosols in high relative humidity conditions, demonstrated
by using dry τ instead of total τ . NoConvScav simulations,
in which convective wet scavenging has been switched off,
demonstrate that the negative fc –τ relationships in the tropics are primarily due to wet scavenging by convective precipitation. These results demonstrate the important contribution
of wet scavenging to aerosol–cloud interactions.
Wet scavenging events are likely poorly sampled in retrieved satellite data, due to the absence of τ retrievals in
cloudy conditions. This may partly explain why negative relationships are not observed in the Aqua-MODIS data. Similarly, this may also explain an absence of negative relationships between retrieved rain rate and τ (Koren et al., 2012).
Quantifying the role of wet scavenging, and assessing GCM
representations of this process, remains a challenge for future
observational studies of aerosol–cloud–precipitation interactions.
It would be beneficial if the findings presented here were
to be further analysed in future studies using different tools
and methodologies. In particular, analysing fc –τ relationships for different cloud regimes may provide further insight.
Such a regime-based approach has already been applied to
the investigation of relationships between τ and cloud droplet
number concentration (Gryspeerdt and Stier, 2012). Largescale synoptic conditions, such as those associated with extratropical cyclones, can also be considered (Grandey et al.,
2013). It would also be beneficial to identify the reasons
for fc –τ relationships in other global model datasets. The
GCM results can be supplemented by cloud-resolving models, which are more accurate tools for the investigation of
cloud-scale processes for specific regimes and geographical
regions.
Supplementary material related to this article is
available online at: http://www.atmos-chem-phys.net/13/
3177/2013/acp-13-3177-2013-supplement.pdf.
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