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Abstract. Many different interactions between aerosols and
clouds have been postulated, based on correlations between
satellite retrieved aerosol and cloud properties. Previous
studies highlighted the importance of meteorological covariations to the observed correlations.
In this work, we make use of multiple temporally-spaced
satellite retrievals to observe the development of cloud
regimes. The observation of cloud regime development allows us to account for the influences of cloud fraction (CF)
and meteorological factors on the aerosol retrieval. By accounting for the aerosol index (AI)-CF relationship, we reduce the influence of meteorological correlations compared
to “snapshot” studies, finding that simple correlations overestimate any aerosol effect on CF by at least a factor of two.
We find an increased occurrence of transitions into the
stratocumulus regime over ocean with increases in MODIS
AI, consistent with the hypothesis that aerosols increase stratocumulus persistence. We also observe an increase in transitions into the deep convective regime over land, consistent
with the aerosol invigoration hypothesis. We find changes in
the transitions from the shallow cumulus regime in different aerosol environments. The strength of these changes is
strongly dependent on Low Troposphere Static Stability and
10 m windspeed, but less so on other meteorological factors.
Whilst we have reduced the error due to meteorological
and CF effects on the aerosol retrieval, meteorological covariation with the cloud and aerosol properties is harder to
remove, so these results likely represent an upper bound on
the effect of aerosols on cloud development and CF.

1

Introduction

Affecting both radiation and cloud processes, atmospheric
aerosols have been recognised to have an important effect
on the Earth’s climate. The magnitude and sign of these effects constitute some of the largest uncertainties in attempts
to model anthropogenic climate change (Forster et al., 2007).
The aerosols themselves can scatter radiation directly back
into space, but depending on their type, they can also absorb
radiation, heating the atmosphere (e.g. Haywood and Shine,
1995). This heating of the atmosphere can stabilise the atmospheric column, which may lead to a reduction or an increase in cloud formation depending on the meteorological
conditions (Koch and Del Genio, 2010).
Aerosols also act as cloud condensation nuclei (CCN),
giving them an important role in cloud formation. Increasing the number of aerosols can result in the modification of
the droplet size distribution, increasing the number of cloud
droplets and decreasing the droplet radius. This decrease in
effective radius results in an increase in the optical thickness
of the cloud (assuming constant liquid water path) (Twomey,
1974). The resulting decrease in droplet size could also result in the suppression of precipitation, as the droplets take
longer to reach precipitation forming sizes. This decrease in
precipitation reduces the depletion of cloud water and may
increase cloud lifetime (Albrecht, 1989). A strong correlation between aerosol optical depth (AOD) and cloud fraction
(CF) in the atmosphere has been observed (Kaufman et al.,
2005). It has been suggested that aerosols influence the transition between open and closed celled stratocumulus (Rosenfeld et al., 2006), which may also result in a relationship between AOD and CF. In addition to an AOD-CF relationship,
convective clouds also show a strong relationship between
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AOD and cloud top pressure (CTP), with the cloud height
increasing in high AOD regions (Koren et al., 2005), possibly due to the modified droplet size distribution and ice processes (Rosenfeld et al., 2008; Stevens and Feingold, 2009).
The increased cloud height may also lead to an increased
cloud fraction at higher altitudes, with increases in convective anvil area being reported with increased AOD (Koren
et al., 2010b).
However, these observed aerosol cloud correlations may
not be due to aerosol effects on clouds, the correlation of
aerosol and cloud properties could be the result of other
factors such as large scale meteorology. Previous modelling
studies suggest that the majority of the AOD-CF correlation can be explained by aerosol humidification increasing
the AOD in regions of high relative humidity (Quaas et al.,
2010). Similar results have been shown using satellite data
(Engstrom and Ekman, 2010). Koren et al. (2010a) also find
a dependence on relative humidity in the AOD-CTP relationship, but concluded that the observed relationship was not
due to meteorological factors and was still consistent with an
aerosol effect.
There is also the possibility that the observed AOD-CF
correlation may be due to satellite retrieval errors, especially
in regions of broken cloud. The scattering of light at the
edges of clouds can result in a high bias of AOD retrievals
in the vicinity of clouds (Wen et al., 2007), an effect which
might be larger in regions of high CF. Spurious correlations
may be generated by mis-identification of pixels as cloudfree, when they contain thin or sub-pixel cloud, known as
“cloud contamination” (Kaufman et al., 2005). This contamination effect may be more common in regions with a large
cloud fraction, resulting in a strong AOD-CF relationship.
Some estimates of cloud contamination suggest that this
cloud contamination effect could result in a 10–20 % overestimation of the monthly mean AOD from the Moderate Resolution Imaging Spectrometer (MODIS) instrument (Zhang
et al., 2005).
The majority of previous satellite studies of aerosol-cloud
interactions are limited to a single overpass time and so
have to infer important elements of the cloud lifecycle,
such as convective development and stratocumulus breakup.
Some previous studies have investigated the development
of clouds in different aerosol environments using sub-daily
time-resolved satellite datasets. Matsui et al. (2006) used the
Visible and Infrared Scanner (VIRS) instrument on the Tropical Rainfall Measurement Mission (TRMM) to investigate
the diurnal cycle of low clouds and MODIS to provide an
aerosol retrieval. However, they restrict their study to low
clouds, and do not account for the varying development of
different cloud regimes, so may miss important effects. Lagrangian studies of marine boundary layer (MBL) clouds
have also shown possible aerosol effects on cloud development. Mauger and Norris (2007) suggest that whilst there
may be an aerosol effect, retrieval errors and meteorological
covariations mean that a simple correlation may be overesAtmos. Chem. Phys., 14, 1141–1158, 2014
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timating the cloud-fraction effect by 30 %. They were able
to study the evolution of MBL clouds over several days, using MODIS to provide the cloud and aerosol products. However, there may be important effects happening on a sub-daily
timescale, such as the strong diurnal cycle of convection,
that are missed by this approach. Meskhidze et al. (2009)
attempted to reduce retrieval errors by examining the evolution of cloud properties between the Terra and Aqua MODIS
overpasses as a function Terra MODIS AOD. They found an
apparent increase in the breakup rate of stratocumulus clouds
in high AOD environments, but they did not account for meteorological covariation or the strong AOD-CF relationship,
which may be generating spurious correlations.
Many previous approaches have focused on a specific
cloud type, but the use of a wide CF or CTP range could
result in meteorological covariation generating an apparent
aerosol cloud relationship. The use of “snapshot” correlations, where both the aerosol and cloud properties are retrieved at the same time, also limits the ability to distinguish
real aerosol-cloud interactions from meteorological covariation or retrieval errors.
This study addresses these issues using a regime based approach, building on Gryspeerdt and Stier (2012). We investigate how both the frequency of occurrence of cloud regimes
and the probability of transitions between the regimes depends on satellite retrieved AI. We place particular emphasis on the development of CF, due to the strong AOD-CF
correlation making studies of aerosol effects on CF difficult.
By studying transitions we aim to reduce spurious correlations due to meteorological covariation and retrieval errors.
We also show how these studies of short term cloud development can be related to “snapshot” studies, where the aerosol
and cloud properties are retrieved at the same time.
2

Methods

We split our clouds into regimes using the same method as
Gryspeerdt and Stier (2012), which is based on a method
used to determine cloud regimes for the International Satellite Cloud Climatology Project (ISCCP) (Rossow et al.,
2005; Williams and Webb, 2009) but using data from
the MODIS instrument. This method uses k-means clustering (Anderberg, 1973) on Cloud-Top-Pressure – CloudOptical-Depth histograms to objectively determine the cloud
regimes. We then assign each 1◦ by 1◦ gridbox to a cloud
regime using the gridbox mean CF, cloud optical depth and
cloud top pressure. Here we use the same regime centroids as
Gryspeerdt and Stier (2012), shown in Table 1. The dominant
physical cloud type represented by each of these regimes is
not always clear, the thick mid-level is a mid-level convective type, the transition regime is a cloud type between the
shallow cumulus and stratocumulus regimes. Figure 2 shows
the frequencies of occurrence of the different regimes in the
tropics (30◦ N–30◦ S, 150◦ W–150◦ E).

www.atmos-chem-phys.net/14/1141/2014/
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Table 1. Cloud regimes used in this study, from Gryspeerdt and
Stier (2012). The mean rain rate is an annual mean over the tropics
(30◦ N–30◦ S) from the Global Precipitation Climatology Project
(GPCP) 1◦ product (Huffman et al., 2009).
Regime
Shallow Cumulus
Thick Mid Level
Thin Mid Level
Transition
Anvil Cirrus
Deep Convective
Stratocumulus

Albedo
(%)

CTP
(hPa)

CF
(%)

Rain
(mm d−1 )

45.2
62.8
40.0
40.5
33.7
69.7
48.7

551
261
270
856
137
127
745

24.7
97.6
84.3
58.3
88.0
98.6
83.9

1.13
10.56
5.54
0.99
6.54
23.68
1.75

We use the two separate MODIS instruments to investigate links between aerosol properties and the properties of
the cloud regimes. The MODIS instrument is flown on the
Terra and Aqua, satellites in sun-synchronous orbits with
equatorial crossing times of 1030 and 1330 LST respectively.
The overpass time can vary slightly due to the wide swath of
MODIS such that the time between overpasses can vary from
between one and a half and four and a half hours. These instruments are of the same design, minimising error due to
instrument differences. However, there are some slight differences between the instruments, with Terra MODIS suffering
from more significant optical sensor degradation than Aqua
(Levy et al., 2010; Xiong et al., 2008).
We use the MODIS L3 collection 5.1 data at 1◦ by 1◦ resolution for our cloud properties (Platnick et al., 2003) over
the period 2003–2011 inclusive. We only use products from
retrievals performed during daylight hours, ensuring that the
retrieval time within the study region is known. We restrict
the region studied to 150◦ W–150◦ E, avoiding the region
around the international dateline where the overpass order
of the satellites relative to UTC can be unclear.
Whilst there are different possible MODIS CF products
available, in this work we use the MODIS cloud optical properties “CF Combined” to determine the cloud regime. This
CF product is determined by the cloud optical properties retrieval, which ignores pixels not surrounded by cloudy pixels and pixels where the retrieval algorithm fails. This gives
a lower CF than the Cloud Mask CF (hereafter referred to as
CF Day), but it is directly related to the cloud optical properties retrieval and the ISCCP style CTP-optical depth histogram produced by MODIS previously used for regime determination. It also reduces the probability of having heavy
aerosol classified as cloud (Hubanks et al., 2008).
For atmospheric relative humidity at 850 hPa, 10 m wind
speed, 500 hPa vertical velocity (ω500 ) and low troposphere
static stability (LTSS – calculated from the temperature profile, Klein and Hartmann, 1993), we use data from the full
resolution ECMWF ERA-Interim dataset re-gridded to a 1◦
by 1◦ grid (Dee et al., 2011). The meteorological properties
www.atmos-chem-phys.net/14/1141/2014/
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are re-sampled to 10:30 LST by taking a weighted average
of the properties at the two closest times provided by ERAInterim.
The aerosol data we use here are the level 3 daily aerosol
data from MODIS collection 5.1 (Remer et al., 2005). We
use the AOD QA_mean and angstrom exponent QA_mean
products to generate the aerosol index (AI). The Angstrom
exponent provides a size dependent measurement and so the
AI, as AOD multiplied by Angstrom exponent, is thought to
provide a better estimate of CCN than the AOD (Nakajima
et al., 2001).
To ensure that we remove correlations caused by seasonal
variations or climatological spatial gradients in cloud and
aerosol properties (Grandey and Stier, 2010), we define high
and low aerosol as the highest and lowest quartile for each
1◦ by 1◦ location, regime and season separately. This means
that the difference between high and low AI varies by location and regime.
We also use the ECMWF Monitoring Atmospheric Composition and Climate (MACC) AOD product as an AOD
dataset to investigate the possibility of sampling errors (Sayer
et al., 2010b) caused by the lack of AOD retrievals in high CF
regimes. The MACC product uses assimilated MODIS data,
so while it cannot account for cloud contamination or relative humidity issues, it does provide AOD estimates for cloud
covered regions. The performance of MACC Angström exponent has not been evaluated, so we do not create a MACC
AI product. Whilst this limits value of a direct comparison
between MODIS AI and MACC AOD, we feel the benefits
of using MODIS AI outweigh these drawbacks. Throughout
this work, the low AI population is the lowest AI quartile and
the high AI population is the highest AI quartile.
2.1

Transitions

The frequency of occurrence of the regimes is determined
in part by the CF, so the strong AI-CF correlation would be
likely to cause change in the frequency of occurrence of the
regimes with increasing AI. Changes in the mean properties
of the regimes, such as precipitation rate, are less likely to
be influenced by strong AI-CF correlation, as they do not
depend on the frequency of occurrence of the regimes (and
hence regime CF). Such properties include effective radius
and cloud droplet number concentration as well as the probability of transitions between regimes.
The dual overpasses of the MODIS instruments allows us
to look at the transitions between cloud types over the period
between roughly 10:30–13:30 LST. We refer to this period as
the timestep throughout this work. To minimise sources of
variance, we restrict our study to the tropics (30◦ N–30◦ S)
where the strong diurnal cycle is the main driver of variability, rather that the synoptic systems of the mid-latitudes.
Over ocean in the tropics, the diurnal cycle accounts for approximately 20 % of the variability in brightness temperature. Over land the percentage variability explained by the
Atmos. Chem. Phys., 14, 1141–1158, 2014
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Fig. 1. The shallow cumulus regime cloud fraction (CF) distribution
for low and high AI populations. Before accounting for CF variations (a), there is a strong link between AI and CF, afterwards (b),
this link is reduced. We also correct for 500 hPa vertical velocity,
low troposphere static stability, 850 hPa relative humidity and 10 m
windspeed. This step is performed for each regime, separately over
land and ocean.

diurnal cycle is larger, at 30–40 %, representing a significant
contribution to the total variability (Yang and Slingo, 2001).
Regime transitions (not to be confused with the transition
regime – see Table 1) are only defined when there is a valid
retrieval and regime assignment at the start and the end of
the timestep in the same location. Note that if there is no
change in the regime type over the timestep, we consider this
a transition between regimes of the same type. At a resolution
of 1◦ by 1◦ , the scale of a single gridbox in the tropics is
roughly 120 km, so over 3 h we are on the limit of whether
advection should be considered. Throughout this work we
neglect the effects of advection as the cloud regimes are often
similar over a larger size than 1◦ by 1◦ . We investigate the
validity of this assumption in this work.
We determine statistical significance for the changes in
the transition histograms using a bootstrap method (Efron,
1979). We consider a change in transition frequency as significant if the 95 % confidence intervals of the transition frequency for the high AI and low AI populations do not intersect.
2.2

Meteorological effects

Meteorological effects exert a strong influence on both cloud
development and AI and so must be accounted for in any
study into aerosol-cloud interactions (Koren et al., 2010a).
Even in the absence of other meteorological influences, the
diurnal cycle results in transitions between cloud regimes.
For example, the increase in convection over land during the
day will result in transitions into the deep convective regime,
and the breakup of stratocumulus clouds over the ocean during the day will result in transitions out of the stratocumulus
regime, into the transition and shallow cumulus regime. We
aim to determine whether separating our data into high and
low AI populations modifies the regime transition probabilities.
Given the strong link between CF and AI it is necessary to
account for possible effects linking CF and AI at the start of
Atmos. Chem. Phys., 14, 1141–1158, 2014

the timestep. This process is illustrated in Fig. 1. Normalised
histograms of CF are made for the high and low AI populations. For each histogram bin, data-points are drawn at random from the population with the larger frequency density
in that bin until both distributions match. This is performed
independently for each bin and the entire process is repeated
until the populations have sufficiently similar normalised histograms. Investigations suggest that this process reduces the
difference in the mean CF of the high and low AI populations to below 0.1 % at the start of the timestep for each of the
regimes. This process is performed for each regime over land
and ocean separately. It is not used when determining the frequency of occurrence of the regimes, only when investigating
the frequency of the transitions between the regimes. While
this process removes any effects of aerosol on CF, previous
studies have shown that this represents a small fraction of the
overall AI-CF correlation (Quaas et al., 2010). The main result of this process is to remove non-aerosol effects linking
CF and AI.
Figure 1 also demonstrates how the diurnal cycle may result in apparent aerosol effects on the transition frequencies
if this correction is not performed. If we consider a system
made up of two regimes, defined only by high or low CF,
clouds starting in the low CF regime will transition to the
high CF regime if their CF is increased. As demonstrated in
Fig. 1, the high and low AI populations have different CF
distributions. If this were an example of the low CF regime,
an increase in CF of all the clouds would generate more transitions for the high AI population, as it has more higher CF
data-points, despite all the included data-points being part
of the shallow cumulus regime. After the correction process,
this effect no longer occurs, as both populations have the
same CF distribution, so there would be no difference in the
frequency of transitions between the high and low AI populations.
As the AI-CF relationship may also be influenced by relative humidity (Quaas et al., 2010), we perform this step
with ERA-Interim 850 hPa relative humidity. We also use this
technique to ensure the high and low AI populations have the
same distributions of divergence (which can be approximated
by 500 hPa vertical velocity), 10 m windspeed (Engstrom and
Ekman, 2010) and LTSS (Mauger and Norris, 2010), as they
have all been suggested to affect the AI-CF relationship.
Other meteorological properties, such as Sea Surface Temperature have been shown to have important influences on
cloud evolution (Pincus et al., 1997), but they are thought to
have less of an influence on the apparent strength of aerosolcloud interactions. Whilst we do not account for variation in
all meteorological parameters, the ones considered have previously been shown to have strong correlations with aerosol
and cloud properties (Koren et al., 2010a). By ensuring the
high and low AI populations have the same distribution of
each of these meteorological variables within each regime,
we reduce meteorological covariations controlled by these
variables.
www.atmos-chem-phys.net/14/1141/2014/
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Fig. 2. (a–g) Relative frequency of occurrence (RFO) of each of the MODIS cloud regimes from Terra MODIS (2003–2011). The RFO
is defined such that the sum of the RFOs for all of the regimes is 100 %. (h–n) The difference in frequency of occurrence of the regimes
between the lowest and the highest MODIS AI quartiles. (o–t) as (h–n) but using MACC AOD instead of MODIS AI as the aerosol product.
Note that the effect of CF on the AI retrieval is not accounted for when determining changes in regime RFOs.

This process reduces the amount of data available for study
by about half for all the regimes. At the start of the timestep
there are approximately 500 000 data-points in the shallow
cumulus regime and 50 000 in the deep convective regime,
the most and least numerous regimes respectively. Requiring a coincident MODIS AI retrieval removes the transitions
from the deep convective regime, as there are not enough
co-located MODIS AI retrievals in this regime due to the
high CF. Transitions from the deep convective regime are
still present when using MACC AOD, as it provides values
for AOD in completely cloud covered regions.
We remove the AI-CF relationship at the time of the Terra
(morning) overpass. To investigate the possible effect of
aerosol on CF, we investigate the recovery of the AI-CF relationship over the 3 h timestep. We define d(CF) (Eq. 1) as
the difference between the mean change in CF of the low
and high AI populations over the timestep. If the AI used is
retrieved at the start of the timestep and the CF sampling is
performed as described in this section, d(CF) is the difference in mean CF between the high and low AI populations
at the end of the timestep. This is extended to different variables, for example, d(LWP) would be the difference in mean
Liquid Water Path evolution between the high and low AI
populations.


d(CF) = 1CF High AI − 1CF [Low AI]

www.atmos-chem-phys.net/14/1141/2014/

(1)

3
3.1

Results
Regime RFO changes

Figure 2 shows the change in regime relative frequency of occurrence (RFO) between the lowest and the highest gridbox
AI quartiles, the scale being the change in RFO. A positive
change indicates a regime becoming more common at higher
AI. There is a clear decrease in the shallow cumulus regime
at high AI (Fig. 2h), almost universally across the globe, although the decrease is less pronounced around the Atlantic
coast of Africa, in the Arabian Sea and over Indonesia. We
see a corresponding increase in the stratiform cloud types,
with the increase in stratocumulus regime (Fig. 2n) being
more confined to the edge of continents than the transition
regime, which increases over most of the globe (Fig. 2k). The
decreases in the RFO of the transition regime appears to be
due to thickening of the cloud in that area, seen as an increase
in stratocumulus cloud. The increases in stratiform cloud are
consistent an increase in AI being correlated with an increase
in CF in the stratocumulus and transition regimes.
There is also an almost universal increase in the RFO of
the mid-level regimes. A small increase in the Anvil Cirrus
type is also observed, confined to regions where it already
commonly occurs (Fig. 2l). The increases in the convective
types (anvil cirrus and thick mid-level) are consistent with
the convective invigoration hypothesis of aerosol effects on
Atmos. Chem. Phys., 14, 1141–1158, 2014

Ocean
100
75
50
25
0

d)

10
5
0

f)

-5

-10

Starting type

3.2

b)

Transition frequency (%)

Land

S
Th . C.
ick
Th M.L
in .
TrMa .L.
n
A. s.
D. Cir.
Co
Strnv
at.
S.
Th C.
ic
Th k M.L
in .
TrMa .L.
n
A. s.
D. Cir.
Co
Strnv
at.

a)
S. C.
Thick M.L.
Thin M.L.
Trans.
A. Cir.
D. Conv
Strat.
c)
S. C.
Thick M.L.
Thin M.L.
Trans.
A. Cir.
D. Conv
Strat.
e)
S. C.
Thick M.L.
Thin M.L.
Trans.
A. Cir.
D. Conv
Strat.

Absolute change in transition frequency (%)

MODIS AI differences
End type

convective clouds, resulting in an increased cloud top height.
There is very little observed change in the Deep Convective
regime RFO when using MODIS AI (Fig. 2m), most likely
due to the low regime RFO and high cloud fraction restricting
the number of locations where the Deep Convective regime
exists with a valid AI retrieval.
Similar changes in regime frequency are observed when
using the MACC AOD product, with increases in deep convective (Fig. 2t) and stratocumulus regimes (Fig. 2u). The decrease in the deep convective RFO in some regions when using MACC may be due to the effect of wet scavenging, which
may not be sampled by the standard retrieval (Grandey et al.,
2013). This may also be linked to the smaller increase in the
anvil cirrus regime in the same region, which also have a very
high mean CF. The decrease in shallow cumulus RFO with
increasing MACC AOD (Fig. 2o) is slightly less pronounced
than when using MODIS AI. This may also be due to the
effect of wet scavenging, with a reduced change in shallow
cumulus clouds being easiest to see over equatorial Atlantic
and East Pacific where the anvil cirrus and deep convective
regimes are more common. The increase in the stratocumulus regime is also less pronounced, although it does occur in
the same geographic locations as when using MODIS AI.
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Starting type

Transitions

To investigate the frequencies of transitions between the
regimes during the 3 h timestep, we make use of transition
histograms similar to those of Lee et al. (2013). These are
two dimensional histograms, normalised such that the sum of
all the transition probabilities for any given starting regime is
100 % (a regime has to transition into another type). For this
reason, we also refer to situations where there is no change in
regime over the timestep as a transition. As an example, the
top-right bin in each of the transition histograms indicates
the strength of the stratocumulus (Strat.) to shallow cumulus (S.C.) transition. If this was 100 %, all the stratocumulus regime clouds at the start of the timestep would end the
timestep as the shallow cumulus regime.
The majority of the transitions between the regimes
(Fig. 3a, b) occur between regimes of the same type (i.e.
there is no change in the regime type over the timestep). The
dominant off-diagonal elements of the transition histogram
display the strong elements of the diurnal cycle. Over land
(Fig. 3a) there are stronger transitions between the shallow
cumulus, thick mid-level (Thick M.L.) and deep convective
(D. Conv.) regimes. The shallow cumulus – thick mid-level
– deep convective pathway is referred to as the convective
pathway in this work.
Over ocean, the transitions from the transition regime to
shallow cumulus regime stand out, as do transitions from the
stratocumulus regime to transition regime (Fig. 3b). These
are a result of the breakup of stratocumulus clouds during
the day (Wood, 2012). The breakup of stratocumulus is not
so obvious over land, where the stratocumulus regime can be
Atmos. Chem. Phys., 14, 1141–1158, 2014

Fig. 3. Regime transition histogram showing the conditional probability of a given transitions between regimes over (a) land and (b)
ocean during the 3 h period between 1030 and 1330 LST, given each
starting regime. Each column sums to 100 %. The difference in the
histograms between the highest and lowest MODIS AI quartile days
over (c) land and (d) ocean, and using MACC AOD over (e) land
and (f) ocean. Positive values indicate an increase in the frequency
of the transition with increasing AI. Note the non-linear colourbar
in (a) and (b). The dots indicate 95 % statistical significance. This
plot covers regime transitions for the tropical region (30◦ N–30◦ S).

a precursor to convective cloud types, in contrast to its behaviour over ocean. This is shown by the higher probability
of the stratocumulus to thick mid-level transitions over land
compared to over ocean. In this work, we refer to the shallow
cumulus-transition-stratocumulus pathway as the stratiform
pathway (the stratiform regimes in order of increasing CF).
When investigating the change in transition frequencies,
we account for the strong AI-CF correlation using the
method described in Sect. 2.2. The difference between the
regime transition histograms for those transitions starting in
the highest AI quartile and the lowest AI quartile (Fig. 3c, d)
is less pronounced than the change in regime RFOs (Fig. 2b).
This is partly because the transitions only consider the results of an effect over 3 h rather than the integrated effect
considered by “snapshot” correlations. The differing diurnal
cycle over land and ocean generates different features in the
difference histograms over land and ocean. Due to the restricted number of deep convective regime clouds with a colocated MODIS AI retrieval, there are no observed changes
www.atmos-chem-phys.net/14/1141/2014/
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in transitions from the deep convective regime (Fig. 3c, d)
when using MODIS AI.
The transitions histograms over both land and ocean
(Fig. 3c, d) show a distinct decrease in all of the transitions
into the shallow cumulus regime with increasing AI. They
also both show in increase in transitions out of the shallow
cumulus regime, with the increase in transitions to the transition regime over ocean being more pronounced.
Over land (Fig. 3c) the dominant effect is the increase
in transitions into the thick mid-level and deep convective
regimes, suggesting that the convective pathway transitions
occur more frequently in the high AI population. There are
also increases in transitions to the Anvil Cirrus regime (A.
Cir.). The particular transitions to note for the convective
pathway are the increase in thick mid-level to deep convective and the increase in stratocumulus to thick mid-level transitions, as they are both important for the convective pathway
over land.
These changes in convective pathway transition frequencies are consistent with the hypothesis of invigoration of
convective clouds by aerosols. There are increases in transitions into the deep convective regime and the anvil cirrus
regime, which are consistent with an invigoration hypothesis (Williams et al., 2002; Koren et al., 2005) and an increase in anvil area (Koren et al., 2010b). The increase in the
stratocumulus to thick mid-level transition over land is also
characteristic of an increase in convective activity with increasing AI. Convection over land in the tropics can develop
from widespread low clouds with high CF (Machado et al.,
2002), which appears here as the stratocumulus regime. The
transitions from stratocumulus to thick mid-level represent
the initiation of convection, while the thick mid-level to deep
convective transition is a later state in the cloud lifecycle. The
increase in thick mid-level to thick mid-level transitions is at
the expense of transitions from thick mid-level to the shallow cumulus or stratocumulus regimes, and so can also be
interpreted as a strengthening of convection with increasing
AI.
We see very little increase in the convective pathway over
ocean. This may be due to the smaller AI variance over ocean
(smaller difference between high and low AI) and a lower
frequency of occurrence of the deep convective regime over
ocean (Fig. 5e). It is also possible that the diurnal cycle is
playing a role. Over the ocean we expect convective systems
to be dissipating through the day (Chen and Houze, 1997),
compared to convective systems over land, where they would
be intensifying.
There are also changes to transitions involving the stratiform cloud types. The stratocumulus regime becomes more
persistent over ocean (Fig. 3d), with both increases in the occurrence of stratocumulus to stratocumulus transitions and in
transitions into the stratocumulus regime. There are also increases in the transitions into the transition regime from the
shallow cumulus regime, and decreases in the occurrence of
stratocumulus-transition regime transitions.
www.atmos-chem-phys.net/14/1141/2014/
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Although we have observed an increase in stratocumulus persistence with increasing AI, previous studies have
observed an increase in the rate of stratocumulus breakup.
They show increased AOD is correlated with a larger decrease in CF between the Terra and Aqua MODIS overpass
times (1030 and 1330 LST respectively). They speculate that
this decrease may be due to increased evaporation of the
cloud at the cloud top, caused by increased evaporation of
the smaller cloud droplets that are more common in polluted
regions (Meskhidze et al., 2009). These results are supported
by some modelling studies, which show an increased rate of
stratocumulus breakup in high aerosol environments (Sandu
et al., 2008).
Our analysis has found the opposite effect (Fig. 3d), suggesting that stratocumulus breakup is suppressed in high AI
regions. This is shown by the reduced probability of a stratocumulus to transition regime transition in higher AI environments, suggesting longer lived stratiform clouds and resulting in an increase in stratiform CF with increased AI.
This slowing of the stratocumulus breakup may provide further evidence that aerosols might be influencing the transition
from closed to open celled stratocumulus (Rosenfeld et al.,
2006).
This difference is due to our more sophisticated accounting of meteorological properties, especially CF, at the start
of the timestep. In stratocumulus clouds, initial CF is correlated with the decrease in CF over the timestep, such that a
high initial CF is correlated with a large CF decrease over
the timestep. When coupled with the strong AI-CF relationship, this results in an apparent aerosol induced reduction in
CF over the timestep. If the strong AI-CF relationship is accounted for, a slight increase in CF over the timestep with
increasing AI is found, which exhibits itself in this study as
an increase in stratocumulus persistence with increasing AI.
The use of MACC AOD to provide aerosol properties colocated with the MODIS cloud properties does suggest some
possible sampling errors, although the main features of the
transition histograms are the same. Whilst there is still an
increase in the convective pathway transitions when using
MACC AOD, there is no longer an increase in transitions
into the deep convective regime (Fig. 3e). This difference is
probably due to wet scavenging in cloud-covered scenes in
the MACC product. These are under-sampled in the MODIS
product, as aerosol properties can not be retrieved in cloud
covered scenes. There is some uncertainty over whether the
changes as a function of MODIS AI or MACC AOD are
more reliable, as although MACC eliminates sampling issues, its accuracy in cloud covered scenes is not known
(Grandey et al., 2013). There is also a strengthening of the
stratiform pathway over land compared to MODIS AI. Over
ocean (Fig. 3f), there is a very slight decrease in the strength
of the stratiform pathway compared to MODIS, which may
also be due to sampling issues in the high CF stratocumulus
regime.
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Fig. 4. Difference in transition frequency between the low and high AI populations for transitions from the shallow cumulus regime. These
maps correspond to the first column of Fig. 3d. The relative frequency of occurrence of the shallow cumulus regime is shown in the final
plot. These plots all use MODIS Aqua and Terra data from 2003–2011, between 30◦ N and 30◦ S.

3.3

Regional effects

We concentrate on transitions from the shallow cumulus
regime, as it has the largest frequency of occurrence across
the tropics (Fig. 2a). To prevent regional variations in the AICF relationship from affecting the transition frequency spatial patterns, we apply the method described in Sect. 2.2 to
regions of 5◦ by 5◦ . This ensures that each location has the
same CF distribution, rather than just each regime. This resolution gives enough data to determine the transition frequencies whilst still maintaining a reasonable spatial resolution
and acceptable sampling errors (Grandey and Stier, 2010).
The changes in transition frequencies observed in Fig. 4
are well correlated with both increases in d(CF) and decreases in d(CTP) (Fig. 5a, h). The increase in d(CF) is much
less pronounced in the Northern Hemisphere, although over
land it is much larger, generating a corresponding larger decrease in the shallow cumulus to shallow cumulus transition
(Fig. 4a). In this case, the decrease in CTP may be a consequence of the increase in CF, as MODIS is known to have difficulties in retrieving the CTP of broken low clouds (Zuidema
et al., 2009).
The Liquid Water Path (LWP) for shallow cumulus clouds
is larger in high AI environments than low AI environments across the tropical oceans, apart from the Atlantic
(Fig. 5c, g). Over the timestep, d(LWP) shows a pattern similar to but opposite in sign to that of d(CF) (Fig. 5a). The increase in LWP at the start of the timestep is similar to model
results, with most General Circulation Models (GCMs) preAtmos. Chem. Phys., 14, 1141–1158, 2014

dicting a large increase in LWP with increasing AOD (Quaas
et al., 2009). Our study finds a negative d(LWP) in the shallow cumulus regime, suggesting that increased AI is correlated with a reduction in LWP. This decrease in observed
mean LWP is not due to a decrease in LWP of existing clouds
at high AI. It results from an increase in low LWP clouds,
which generates an increase in CF in the high AI population. The CF weighted LWP increases over the timestep (not
shown), suggesting that the total cloud water increases, while
the mean in-cloud water decreases. LWP retrievals may not
be reliable in high aerosol regions (Seethala and Horvath,
2010) and although we are looking at changes in LWP rather
than absolute magnitudes, these changes may also be unreliable.
Given the strong relationship observed in d(CF), we
also consider the changes in the MODIS CF Day product. The CF Day product is created from the MODIS cloud
mask (MOD35), rather than the cloud properties retrieval
(MOD06, referred to as CF in this work). The cloud properties retrieval (MOD06, CF) requires each pixel where the
retrieval is performed to be surrounded by cloudy pixels and
so it has a smaller cloud fraction than the total cloud mask
(MOD35, CF Day). The CF Day product may also include
some heavy aerosol flagged as cloud (Hubanks et al., 2008),
and for this reason is not used when assigning the regimes or
when considering the effects of cloud on AI at the start of the
timestep. The ratio between CF and CF Day can also be affected by the cloud shape, as it is dependent on the perimeterto-area ratio of the clouds as well as the amount of heavy
www.atmos-chem-phys.net/14/1141/2014/
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aerosol. CF Day is often higher in the high AI population
at the start of the timestep (Fig. 5b), especially in regions
where the primary source of aerosol is dust, such as the West
coast of Africa and the Arabian Sea. This suggests that the increased CF Day in these regions is due to aerosol contamination of the cloud retrieval, but it may also be due to a changing area to perimeter ratio. As CF Day is not the same for
the high and low AI populations at the start of the timestep
(Fig. 5b), the value of d(CF Day) at the end of the timestep
(Fig. 5f) may be affected by the difference in the initial state.
We find d(CF Day) shows a similar pattern to d(CF), with
increased d(CF Day) in the Southern Hemisphere. The apparent decrease of d(CF Day) in the Northern Hemisphere
may be due to the difference in CF Day between the high
and low AI populations at the start of the timestep.
3.4

Meteorology

If we consider d(CF) of the shallow cumulus regime in a meteorological variable space instead of a latitude-longitude
space, we can see the dependence of the correlations between
aerosol and the CF development as a function of meteorological variables (Fig. 6).
As expected, the shallow cumulus regime tends to occur
in regions of subsidence and low LTSS, although it is not exclusively confined to these locations (black lines in Fig. 6).
We find that the d(CF) at the end of the 3 h timestep is not
a strong function of ω500 . LTSS shows a much clearer relationship, with d(CF) increasing with increasing LTSS. The
increase in d(CF) is particularly clear over the range from 12
to 20 K, where d(CF) increases linearly from around 0.02 to
around 0.08. Outside of this range the relationship becomes
harder to determine due to the reduction in data volumes and
correspondingly larger errors (blue lines in Fig. 6).
Shallow cumulus clouds develop differently under strong
inversions, spreading out and tending to be topped by a stratiform layer (Stevens et al., 2001). This more stratiform character could lead to the increases in d(CF) in higher LTSS regions. The increase in d(CF) with increasing LTSS matches
well with the observation of increased d(CF) in high LTSS
regions of the Southern Hemisphere (Fig. 5a) and may explain the hemispheric difference in d(CF).
Across the majority of the range investigated for relative
humidity, it appears to have a relatively poor relationship to
d(CF). There is perhaps an increase in d(CF) with increasing
relative humidity above around 70 %, but given the smaller
quantity of data and larger uncertainty in this range, it is hard
to make a conclusive determination.
Windspeed at 10 m appears to have a significant effect on
d(CF) above 8 m s−1 , where we observe a large increase in
d(CF) from around 0.04 to over 0.1. Below this range, there
is a much less significant relationship between windspeed
and d(CF). The cause of the relationship between windspeed
and d(CF) is not clear. Sea spray is known to be related to
windspeed (Woodcock, 1953), where wind and waves force
www.atmos-chem-phys.net/14/1141/2014/
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air bubbles to burst. When the 10 m wind reaches a threshold of around 7–11 m s−1 ,“spume” droplets are also formed,
where droplets are separated from wave crests by the wind
(e.g. Kientzler et al., 1954; Andreas, 1998). If this increase
in sea salt aerosol increases the variance in AI, this may result in an increase of d(CF). Another possible explanation is
the effect of whitecaps increasing the aerosol retrieval (Sayer
et al., 2010a), as significant whitecaps begin to occur above
about 5 m s−1 , although how this would increase d(CF) unclear.
Whilst there is a small influence of initial CF on d(CF)
at very low values of CF, in general there is a very weak
relationship between them, with a slight increase in d(CF) at
higher initial CF (Fig. 6).
3.5

Advection

The geographical pattern of d(CF) for the shallow cumulus
regime (Fig. 5) and the link to LTSS (Fig. 6) suggests the possibility of advection having an important role. At the MODIS
L3 resolution of 1◦ by 1◦ , we are at the limit of whether advection should be considered over the 3 h timestep. Although
we have neglected advection effects, within a 3 h timestep an
airmass may well have left the 1◦ by 1◦ gridbox in which
it started the timestep. The movement of airmasses between
gridboxes could generate transitions between the regimes, reducing the apparent strength of any aerosol effect on the transitions. Large scale meteorology may generate systematic errors. The tropical subsidence regions have a strong East-West
gradient in CF, with the trade winds transporting air parcels
down gradient. This results in higher CF air being advected
into a gridbox during the timestep, an effect which may be
important if advection is neglected. Advection may be generating the positive d(CF) in the shallow cumulus regime in
the trade wind cumulus regimes, by advecting in stratocumulus clouds into a gridbox during the timestep, apparently
increasing the CF of the shallow cumulus regime.
Using the Hybrid Single Particle Lagrangian Integrated
Trajectory Model (HYSPLIT) (Draxler and Hess, 1998) with
a starting altitude of 1000 m, we include the effect of advection on the observed changes in CF for the shallow cumulus
regime. We use NCEP reanalysis data to determine trajectories from the centre of each 1◦ by 1◦ degree box. If this trajectory ends in a different box after 3 h, data from that box is
used to provide the end of timestep CF. We cover the period
July-August-September for 2003–2011.
Comparing d(CF) from the cases both with and without
accounting for advection, we find the difference between
them is generally much smaller than the magnitude of d(CF)
(Fig. 7). Taking into account advection does result in an increased d(CF) over the north tropical Atlantic, as well as the
east coast of South America. There is also a small increase
over the Arabian Sea. In some cases neglecting advection reduces the observed d(CF). In general the effect of advection
Atmos. Chem. Phys., 14, 1141–1158, 2014
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Fig. 5. The difference in end of timestep CF and AI between the low and high AI populations (a) and the difference in AI between the highest
and lowest AI quartiles (e) for the shallow cumulus regime. The difference in CF Day (MODIS cloud mask), Liquid Water Path – Liquid
clouds and Cloud Top Pressure at the start of the timestep (b–d), and the difference in the evolution of these quantities over the timestep
(f–h). These plots all use MODIS Aqua and Terra data from 2003–2011, between 30◦ N and 30◦ S.

is much smaller than the observed effect, justifying our assumption that the effects of advection can be neglected.
3.6

Role of the retrieval product

To investigate the possibility that the particular retrieval we
are using could be generating our results, we also repeat them
using data from the International Satellite Cloud Climatology
Project (ISCCP) (Rossow and Schiffer, 1999). In the tropics,
ISCCP uses mainly geostationary satellites, allowing several
views of the same region each day. This also minimises effects from instrument variation over the day and allows investigation of the region around 180◦ W as there is no uncertainty in the timing of the retrievals. The cloud regimes
used are from Williams and Webb (2009), which restricts the
analysis in this section to 20◦ N–20◦ S as the regimes are not
defined outside of this region. These are similar regimes to
the ones used in this work, although there is not an exact correspondence due to differences between the instruments, retrievals and regimes determined by the clustering processes.
We also use the GlobAerosol (Thomas et al., 2013) AOD retrieval from the AATSR instrument on the Envisat satellite.
This is similar to Terra MODIS in that it is sun-synchronous
and has an overpass time of approximately 1000 LST. It has
a smaller swath, meaning that it only covers that entire tropics approximately once every three days. All of the data in
this section is regridded to a common resolution of 2.5◦ by
2.5◦ .
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We find similar results (Figs. 8, 9) to those shown with
MODIS data (Figs. 2, 3). With the AATSR AOD data, there
is an increase in the strength of the convective pathway over
land, which is also seen to a lesser extent over ocean. There
is also a strong increase in the stratocumulus pathway over
ocean, similar to the changes seen when using MODIS cloud
and AI retrievals. When using MACC AOD, we find that the
increase in the convective pathway over land is not a prominent as when using AATSR AOD, similar to when using
MODIS cloud retrievals. This provides further evidence that
our observed results are not due to the details or resolution of
the cloud properties or aerosol retrievals.
3.7

Relationship to long term effects

The developmental studies presented here can only assess the
possible effect of aerosol on cloud fraction over the period
between the two cloud retrievals, approximately 3 h in this
case. “Snapshot” studies, where the aerosol and cloud properties are retrieved at the same time, have the advantage that
they represent the total time-integrated effect of aerosol on
CF. However, we can use developmental studies to estimate
the extent that a snapshot AI-CF correlation overestimates
the influence of AI on CF.
We make use of two AI retrievals, one AI retrieval with
CF “effects” on AI (such as aerosol humidification and
cloud contamination) included (similar to a “snapshot” study,
Fig. 10c), and one where they are accounted for in the same
way as the developmental studies in this work (Fig. 10b). We
www.atmos-chem-phys.net/14/1141/2014/
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can then compare d(CF) for each of these retrievals to examine how CF ‘effects’ on the retrieved AI affect observed
AI-CF correlations.
We assume that the retrieved AI (AIretrieved ) is composed
of two parts, a part dependent on the actual AI (AIreal ) and
a part dependent on some function of the CF (f (CF)) (Eq. 2).
The developmental studies we have used so far have the same
CF distribution for both the high and low AI populations and
so the same CF contribution to the retrieved AI. This means
we are sure that the high AI population has a high AIreal ,
not just a higher CF. We define the d(CF) calculated in the
developmental studies as dreal (CF) (Fig. 10b).
AIretrieved = f (CF) × AIreal

(2)

Due to the method we use to account for the CF effects at the
start of the timestep, we cannot use the same instrument at
the same time to get an AI retrieval that includes CF effects
for the same sample of clouds. However, at the end of the
timestep, there is a second AI retrieval using Aqua MODIS.
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We can make use of this retrieval as a “contaminated” AI
retrieval, as it includes the CF dependent part. We refer to
this AI retrieval as AIretrieved , and the corresponding d(CF)
as dretrieved (CF) (Fig. 10c). Due to the included CF effects,
dretrieved (CF) is analogous to a “snapshot” study.
Assuming that AIreal is constant across the timestep, we
can then compare d(CF) calculated using an AI retrieval that
has CF effects accounted for (as in the studies of regime transitions), and one that does not account for CF effects on the
AI retrieval (as in “snapshot” studies). Comparing these for
a single group of clouds shows the amount the AI-CF relationship is overestimated by studies using a “snapshot” of the
AI and CF properties.
It is important to note that the effects of CF on AI are not
necessarily due to cloud contamination of the AI retrieval.
Some studies of the MODIS aerosol retrieval have suggested
that the residual cloud contamination effect is small (Kaufman et al., 2005), while others suggest that it plays a larger
role (Zhang et al., 2005). Quaas et al. (2010) suggested that
the largest contributors to the AI-CF relationship are retrieval
errors and humidification of aerosols. The effect of aerosols
on CF is comparatively small in the GCM used in their study,
and may still be overestimated (Quaas et al., 2009). As the
effect of AI on CF is a small fraction of the total AI-CF correlation, we are justified in removing the link between AI and
CF at the start of the timestep.
Table 2 shows the different values of d(CF) over the tropics. As expected, dretrieved (CF) is larger than dreal (CF) in all
the regimes, over both land and ocean, in some cases by
a significant margin. This shows that a snapshot AI-CF correlation will overestimate the magnitude of the possible AI
effect on cloud fraction by at least a factor of two (Column
dreal (CF)Terra / dretrieved (CF) in Table 2). This overestimation
is slightly larger over land than over ocean, possibly due to
the difficulty in retrieving aerosol over land.
We have assumed that AIreal is constant across the
timestep, considering variations in AIretrieved as due only to
variations in CF (or related factors). An assumption of constant aerosol is reasonable in many cases, especially far from
primary sources (Smirnov et al., 2002; Cachorro et al., 2004),
but it will not be true in precipitating scenes, where aerosol
will be removed from the atmosphere by wet scavenging.
Whilst aerosol emissions would also vary AIreal over the
3 h timestep, emissions processes are not expected to be as
regime dependent as wet scavenging.
We can get an estimate of the size of the wet scavenging
effect by comparing dreal (CF) calculated separately for both
Aqua and Terra MODIS. If higher rainrates are correlated
with high CF, wet scavenging would be expected to reduce
the difference in AIreal between the high and low AI populations for Aqua compared to Terra. This would result in
a lower dreal (CF) when calculated using Aqua MODIS AI
compared to Terra.
We find this expected reduction, with −dreal (CF)Aqua less
than dreal (CF)Terra (Table 2). The difference is larger in
Atmos. Chem. Phys., 14, 1141–1158, 2014
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Fig. 7. The difference in the CF at the end of the timestep between the high AI and low AI populations (d(CF)). This figure shows the
difference when advection is taken into account using HYSPLIT (a), when the effects of advection are neglected (b) and the difference
between them (c).

regimes that have a larger precipitation rate (Table 1), especially over land, providing further evidence that this change
is the result of wet scavenging. The negative sign allows for
a better comparison with dreal (CF)Terra, as dreal (CF)Aqua is
determined using an AI retrieval at the end of the timestep,
and so d(CF)Aqua is determined backwards in time.
We cannot calculate the exact effect of wet scavenging, as
we cannot calculate dreal (CF)Aqua and dreal (CF)Terra from
a single group of clouds. Calculating dreal (CF)Aqua requires
setting dreal (CF)Terra to zero (and vice-versa). Using separate populations of clouds (as we have done here) can only
give an indication of the size of the wet scavenging effect.
The difference between dretrieved (CF) and dreal (CF) shows
the extent of the overestimation the AI-CF relationship when
not accounting for the CF dependent part of the AI retrieval.
This links our results from studying the regime transition frequencies to previous “snapshot” correlation studies.

4

Correlation or causation

When considering aerosol effects, it is important to consider
possible interactions between the cloud and aerosol properties that could lead to the observed correlation, especially
ones that are not due to aerosol effects. The strong correlation
between AI and CF may lead to other correlations appearing,
such as a CF reduction with increasing AI over the timestep,
that are not the result of aerosol effects.
To account for the strong AI-CF relationship, we remove
it at the start of the timestep, accounting for meteorological effects on the AI retrieval which are a function of CF
(Sect. 2.2). The same process that we use for CF at the start
of the timestep is also used for other meteorological variables
that have been suggested to generate correlations between
aerosol and cloud properties (Fig. 1). By investigating the
transitions between the regimes over the timestep, we are
Atmos. Chem. Phys., 14, 1141–1158, 2014

able to determine if the AI-CF relationship returns, and to
what extent. Even after these steps are taken to remove meteorological factors and possible biases from satellite retrieval
errors, we still see a positive d(CF) (an increase in CF in with
increasing AI) at the end of the timestep (Fig. 5). This positive d(CF), along with changes in other cloud properties generates transitions which are consistent with an aerosol effect
on CF in stratiform clouds over ocean and the aerosol invigoration hypothesis in convective clouds over land (Fig. 3).
An important issue to note here is the different effects
that meteorological covariations can have on correlations between aerosol and cloud properties. We can separate these
effects based on how they interact with the AI retrieval. Type
one meteorological effects modify the aerosol properties so
as to change the retrieved AI without changing the number
of CCN, and may also modify cloud properties. These type
one effects include cloud contamination of the retrieval and
aerosol humidification, although they may act as type two
effects in certain situations. Given how these are thought to
be major contributors to the AI-CF relationship, by accounting for the AI-CF relationship at the start of the timestep, we
suggest that we have reduced the impact of these type one
effects.
Type two meteorological covariations are much harder to
account for. These effects modify cloud properties and the
CCN number simultaneously, and so would not be accounted
for even with a perfect CCN retrieval. They may occur globally, such as increased windspeed modifying sea salt fluxes
(Woodcock, 1953) together with surface heat fluxes resulting in changes cloud properties (Nuijens and Stevens, 2012).
More local effects may also play a role, such as Saharan
dust outbreaks across the North Atlantic being accompanied
by warm dry air (Carlson and Prospero, 1972), influencing
cloud properties. Ensuring that the high and low AI populations have the same distribution of certain meteorological
parameters should act to reduce these type two errors, but
www.atmos-chem-phys.net/14/1141/2014/
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2003–2007. The RFO is defined such that the sum of the RFOs for all of the regimes is 100 %. (b) shows the difference in frequency of
occurrence of the regimes between the lowest and the highest MODIS AI quartiles. (c) as (b) but using MACC AOD instead of MODIS AI
as the aerosol product.

Table 2. Difference in cloud fraction between high and low AI populations at the end of the timestep (Eq. 1). dreal (CF)Terra uses an
AI retrieval from the start of the timestep to determine a non-cloud contaminated AI, whereas dretrieved (CF) uses a contaminated retrieval
performed at the end of the timestep. Both dreal (CF)Terra and dretrieved (CF) use the same population of clouds. −dreal (CF)Aqua is determined
using an AI retrieval at the end of the timestep, and uses a different population of clouds, so it is not exactly comparable. It is presented as
a negative due to the AI being retrieved at the end of the timestep, and so dreal (CF)Aqua is determined “backwards” in time compared to the
other measurements of d(CF).
Regime

dreal (CF)Terra

dretrieved (CF)

−dreal (CF)Aqua

dreal (CF)Terra /
dretrieved (CF)

2.9
6.1
6.2
2.6
4.0
–
4.1

7.1
12.5
12.7
7.4
9.4
–
9.2

1.2
−4.4
−2.8
3.3
1.7
−7.8
0.9

0.4
0.5
0.5
0.4
0.4
–
0.4

3.9
1.6
5.2
5.7
5.7
–
4.6

7.1
11.0
10.7
10.9
10.5
–
10.4

1.1
2.8
4.3
1.2
4.3
−6.3
3.7

0.6
0.1
0.5
0.5
0.5
–
0.4

Land
Shallow Cumulus
Thick Mid Level
Thin Mid Level
Transitions
Anvil Cirrus
Deep Convective
Stratocumulus
Ocean
Shallow Cumulus
Thick Mid Level
Thin Mid Level
Transitions
Anvil Cirrus
Deep Convective
Stratocumulus
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Fig. 9. Regime transition histogram showing the conditional probability of a given transitions between regimes over (a) land and
(b) ocean during the 3 h afternoon period being observed, given
each starting regime. As such, each column sums to 100 %. This
plot covers regime transitions for the tropical region (20◦ N–20◦ S).
The difference in the histograms between the highest and lowest
GlobAerosol AATSR quartile days over (c) land and (d) ocean, and
using MACC AOD over (e) land and (f) ocean. Positive values indicate an increase in the frequency of the transition with increasing
AI. Note the nonlinear colourbar in (a) and (b). The dots indicate
statistical significance.

without a control experiment, they cannot be removed completely.
There is some evidence that the observed changes in transitions frequencies (Fig. 3) may not be due to an aerosol effect. d(CF) is remarkably similar between regimes (dreal (CF)
column in Table 2) and in the shallow cumulus regime it
shows a much stronger link to LTSS (Fig. 6) than to the
magnitude of change in AI (Fig. 5e). This is emphasised by
the lower value of d(CF) in the Northern Hemisphere, where
a larger AI variance (Fig. 5e) might be expected to produce
a larger d(CF).
This hemispheric discrepancy over ocean might be explained by the nonlinearity of proposed aerosol effects resulting in a stronger interaction in cleaner regions. Over land,
where the aerosol perturbation is larger, strong responses to
aerosol perturbations are observed, indicating that this nonlinearity is perhaps not the main factor. The differing nature
of the clouds in the different hemispheres (Wood et al., 2002)
Atmos. Chem. Phys., 14, 1141–1158, 2014
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High AI
Low AI
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Initial CF distribution
(For high and low AI)

dreal

Using AIreal
(Transitions study)

dretrieved

Using AIretrieved
(‘Snapshot’ study)

Fig. 10. Schematic demonstrating how the time of the aerosol retrieval can affect d(CF). At the start of the timestep (a), both the
high and low AI populations have the same CF distribution. (b) Despite starting with the same CF, these populations evolve differently,
generating dreal (CF) at the end of the timestep. (c) Using the AI retrieval from the end of the timestep (AIretrieved ) gives a larger CF
difference dretrieved (CF), due to aerosol humidification and cloud
contamination, which increase with CF.

probably plays an important role in determining the magnitude of the response to aerosol perturbations. The dependence of d(CF) on meteorological factors would support this
conclusion.
The nature of the re-analysis data used at the start of the
timestep to account for meteorological covariations also introduces an uncertainty into our results. If the re-analysis was
a perfect representation of the atmosphere, we would be able
to use it to sample our results in such a way as to remove
the influence of meteorological covariation. The imperfect
representation of the atmosphere, coupled with our inability
to sample every possible meteorological variable, suggests
that our results provide the upper limit to an aerosol effect,
as a better accounting for meteorological covariations might
be expected to reduce any apparent aerosol effect on cloud
properties.

5

Conclusions

In this study we have demonstrated a way to investigate
aerosol-cloud interactions whilst accounting for the influences of CF and meteorological properties on the aerosol
retrieval. This is of particular importance, as hypothesised
aerosol effects that modify the CF in some manner cannot
easily be separated from CF-related errors in the aerosol retrieval. Investigating the transitions between cloud regimes
also allows us to directly view cloud development in different AI environments.
To do this, we make use of a regime based method, objectively splitting our data into separate cloud regimes based on
www.atmos-chem-phys.net/14/1141/2014/
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k-means clustering of the MODIS histograms. This allows
the study of the change in relative frequency of occurrence
(RFO) of different cloud regimes with changing AI. By making use of the two time-separated MODIS retrievals, we also
investigate the frequency of transitions between the regimes
in high and low AI environments.
To ensure the transitions between regimes are not due to
the strong AI-CF relationship, we make sure the CF distributions within each regime are the same for the high and low
AI populations at the start of the timestep. By accounting for
variations in CF with AI, we are able to reduce meteorological errors due to the AI-CF correlation. The same method is
also applied to other meteorological variables thought to have
effects on correlations between aerosol and cloud properties,
such as 10 m windspeed and low troposphere static stability. Accounting for CF influences on the AI retrieval gives us
more confidence that it reflects the actual CCN. By ensuring
similar meteorological conditions, we reduce the possibility
that the observed results are due to differences in the meteorological environment.
We find that with increasing AI, the RFO of both stratiform cloud types and convective cloud types increases at the
expense of the shallow cumulus regime. These results would
be consistent with both with an aerosol influence on the transition between open and closed cell stratocumulus clouds and
the aerosol invigoration hypothesis (Fig. 2).
The changes in regime RFOs are probably the result of
the strong AI-CF relationship, and so could be considered
as primarily the result of meteorological covariation (Quaas
et al., 2010; Grandey et al., 2013). We also find increases
in the probability of transitions to higher CF regimes with
increased AI, as well as changes in regime transition frequencies consistent with the aerosol invigoration hypothesis (Fig. 3). These are less likely to be the result of the
same meteorological covariation, as we have accounted for
the relationship between CF and AI. With increasing AI
we also find an increase in the persistence of marine stratiform types over ocean, contrary to some previous studies,
which showed an increase in the breakup rate with increasing AOD. The increase in persistence is consistent with an
aerosol influence on the open-closed cell transition in marine
stratocumulus reducing the rate of dissipation of stratocumulus clouds. Similar changes in regime transition frequency
are also found when using the ISCCP cloud product and the
AATSR GlobAerosol AOD retrieval, indicating that this effect is not dependent on a single satellite product/retrieval
(Fig. 9).
As AI cannot be retrieved in cloud covered scenes, we
use the ECMWF MACC AOD product to investigate possible sampling errors. It suggests that the results in stratiform
regions are unlikely to be significantly influenced by sampling errors. However, the reduced transition frequency into
the deep convective regime found when using MACC AOD
compared to MODIS AI suggests that the high precipitation
rate and corresponding increased wet scavenging in the high
www.atmos-chem-phys.net/14/1141/2014/
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CF regimes may be important in determining any links between AI and convective cloud development (Fig. 3e, f).
To compare the magnitude of our results looking at cloud
regime development with previous “snapshot” studies, we investigated the change in regime CF over the timestep using
AI retrieved both at the start and the end of the timestep.
This gives us one AI retrieval where CF influences are accounted for, and one where they are not, allowing an estimate of the effect of not accounting for the AI-CF relationship. We find that a simple AI-CF regression overestimates
the link between CF and AI by at least a factor of two, although the exact amount is uncertain due to wet scavenging
processes and uncertainty in the development of the cloud
regime properties (Table 2).
The increases in transitions between regimes with increasing AI (Fig. 3), are consistent with previously hypothesised
effects of aerosols on cloud development, even after accounting for the influence of CF and meteorological parameters at
the time of the AI retrieval. Whilst this study does not rule out
meteorological covariation, it does reduce the upper limit on
the strength of an aerosol effect on CF by at least a factor of
two (Table 2). This illustrates the importance accounting for
CF and meteorological influences on aerosol retrievals.
The study demonstrates the powerful possibilities of
studying cloud development for controlling for meteorological effects when investigating aerosol-cloud interactions.
Further work is necessary to understand the relationship between development methods and “snapshot” studies so that
the advantages of each method can be leveraged to better understand aerosol effects on cloud processes.
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