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Abstract

Aerosols are thought to have a large effect on the climate, especially through their interactions with

clouds. The magnitude and in some cases the sign of aerosol effects on cloud and precipitation are

highly uncertain. Part of the uncertainty comes from the multiple competing effects that aerosols have

been proposed to have on cloud properties. In addition, covariation of clouds and aerosol properties

with changing meteorological conditions has the ability to generate spurious correlations between

cloud and aerosol properties.

This work presents a new way to investigate aerosol-cloud-precipitation interactions while ac-

counting for the influence of meteorology on cloud and aerosol. The clouds are separated into

cloud regimes, which have similar retrieved cloud properties, to investigate the regime dependence

of aerosol-cloud-precipitation interactions. The strong aerosol optical depth (AOD)- cloud fraction

(CF) correlation is shown to have the ability to generate spurious correlations. The AOD-CF correla-

tion is accounted for by investigating the frequency of transitions between cloud regimes in different

aerosol environments. This time-dependent analysis is also extended to investigate the development

of precipitation from each of the regimes as a function of their aerosol environment.

A modification of the regime transition frequencies consistent with an increase in stratocumulus

persistence over ocean is found with increasing AI (aerosol index). Increases in transitions into the

deep convective regime and in the precipitation rate consistent with an aerosol invigoration effect

are also found over land. Comparisons to model output suggest that a large fraction of the observed

effect on the stratocumulus persistence may be due to aerosol indirect effects. The model is not able to

reproduce the observed effects on convective cloud, most likely due to the lack of parametrised effects

of aerosol on convection. The magnitude of these effects is considerably smaller than correlations

found by previous studies, emphasising the importance of meteorological covariation on observed

aerosol-cloud-precipitation interactions.
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‘There are perfectly logical explanations for everything that happened. The bonfire sent soot into

the air which created rain, and with all the trees cut down a flood was inevitable.’

Lisa Simpson, The Simpsons.
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Chapter 1

Introduction

1.1 Aerosols, precipitation and the climate system

Clouds and precipitation play vital roles in the earth’s atmosphere, transporting water and energy

in the atmosphere through evaporation and condensation. Clouds are important components of the

earth’s energy budget, cooling the planet by reflecting solar radiation and warming it by absorb-

ing outgoing longwave radiation. Small changes in cloud or precipitation properties can have large

effects on the climate.

The influence of atmospheric aerosols (small particulate matter) on cloud and precipitation, both

inadvertent (Warner, 1968) and deliberate (Fleming, 2006) has been studied since the 1940s, with

early experiments on the effects of aerosols on precipitation taking place in 1946 (Vonnegut, 1947).

Subsequent experiments confirmed that pollution could also modify cloud properties - Gunn and

Phillips (1957) showed that cloud droplets in polluted air are smaller than those in cleaner air. Further

evidence for a pollution effect on clouds comes from studies of clouds over clean continental regions,

which share similarities with clouds over clean oceanic regions. This suggests that it is pollution

and not some other difference between continental and maritime environments which is important

(Andreae et al., 2004).

It is difficult to quantify the effect of aerosols on clouds, and the effect of aerosols on precipi-

tation is still disputed (Levin and Cotton, 2009). Whilst some modification of cloud properties by

deliberate introduction of aerosols has been shown, the effect on total precipitation is still uncertain

due to the difficulty of obtaining comparable data for clouds that have not had aerosols introduced

1



2 CHAPTER 1. INTRODUCTION

(National Research Council, 2003; Garstang et al., 2005). This often requires the use of larger scale

statistical studies when looking at precipitation changes, but these studies can suffer from spurious

correlations. These spurious correlations are generated by covariation of cloud and aerosol retrievals

with meteorological properties - that is without aerosols causing a change in cloud properties (eg.

Quaas et al., 2010).

Major uncertainties are also generated by difficulties in determining aerosol number concentra-

tion from space (Kapustin et al., 2006) and in the attribution of cause and effect. Due to the many

feedbacks and possible pathways for aerosols to influence cloud systems, it can be difficult to deter-

mine the results of aerosol perturbations (Stevens and Feingold, 2009). Additionally, different cloud

types are thought to respond in different ways to increased aerosol concentrations, which makes the

quantification of separate effects difficult (Khain, 2009).

The main aim of this thesis is to gain an improved understanding of how aerosols affect cloud and

precipitation. Due to the large influence of meteorological factors in generating spurious correlations

between aerosol and cloud properties, accounting for meteorological factors forms an important part

of this work. Satellite data and global models will be used to study these interactions and investigate

how aerosols influence cloud and precipitation properties.

1.1.1 Aerosols

In the context of atmospheric sciences, aerosols are suspended particles which range in diameter from

molecular clusters of approximately∼1 nm to giant particles around 20µm in diameter (Seinfeld and

Pandis, 1998). The radiative imbalance at the top of the atmosphere, or radiative forcing, is a measure

of how strongly an effect impacts the energy budget of the atmosphere. The forcing due to aerosol

effects is thought to be the largest anthropogenic radiative forcing after greenhouse gases (Forster

et al., 2007), although the uncertainty in the forcing from aerosols is much larger than that from

greenhouse gases. Part of this uncertainty is due to the complexity of their interactions with clouds

(Stevens and Feingold, 2009) and their short lifetime (Textor et al., 2006), which introduces large

spatio-temporal inhomogeneities.

There are a variety of sources of atmospheric aerosols. Natural sources include sea spray forming

sea salt (Gantt and Meskhidze, 2013), desert dust, and sulphates emitted by phytoplankton (Ayers

and Gillet, 2000). Biogenic particles (e.g. bacteria, pollen and biological debris) are an important
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source of natural aerosol (Schnell and Vali, 1976). Secondary organic aerosols (SOA), are formed by

the condensation of organic vapours from primarily biogenic sources such as terpenes and isoprene

(Henze and Seinfeld, 2006). SOA rarely forms directly; it usually forms by condensation onto pre-

existing aerosol (Kerminen et al., 2000). Aerosols formed from biomass burning (vegetation fires

and domestic biofuel use) contain a very large proportion of carbonaceous material, both organic

carbon and ‘soot-like’ black carbon (Bond et al., 2013). There are also many anthropogenic sources

of aerosols, such as sulphates, nitrates and other absorbing aerosols. These can come from similar

sources to natural aerosols, although a large contribution to anthropogenic aerosol comes from the

burning of fossil fuels. The sources of aerosols are such that aerosols are usually emitted into the

troposphere, with the notable exception of aerosol generated by explosive volcanic eruptions, which

can be directly injected into the stratosphere. The removal processes of aerosol in the troposphere are

dominated by wet scavenging, giving them a mean lifetime of around one week (Textor et al., 2006).

Satellites retrieve a property known as aerosol optical depth (AOD), which is related to the column

amount of aerosol. Is it unclear as to whether a global AOD trend exists (Zhao et al., 2008; Thomas

et al., 2010), although regional trends may exist, particularly over India (Zhang and Reid, 2010;

Krishna Moorthy et al., 2013). Satellite studies estimate the anthropogenic component of the current

atmospheric aerosol at between 10 and 20% of the total AOD over ocean (Kaufman et al., 2005;

Yu et al., 2009) although the uncertainty in the anthropogenic contribution is still high. For a more

detailed summary of the differing species of aerosols and how the emissions of each have evolved

with time, see Andreae and Rosenfeld (2008).

Aerosols have the ability to aid the condensation of water vapour when forming cloud droplets.

These aerosols are known as cloud condensation nuclei (CCN), but not all aerosols are effective CCN.

The classical Köhler theory describes the ‘activation’ of aerosol particles as CCN, emphasising the

importance of particle size as an indication of droplet nucleating ability. Köhler theory predicts larger

particles to be much more effective as CCN (Kohler, 1936). The size of aerosol particles has been

shown to be a better predictor of nucleating ability than the chemistry (Dusek et al., 2006), although

the chemistry and mixing state of the aerosols cannot be ignored (Roesler and Penner, 2010; Cappa

et al., 2012).

Soluble and wettable particles are much more effective CCN than hydrophobic particles such

as fresh soot (Pruppacher and Klett, 1978; Seinfeld and Pandis, 1998), although insoluble particles
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may provide good ice nuclei (IN) (Hoose and Möhler, 2012). For example, desert dust is known to

provide good IN (DeMott et al., 2003).

Aerosols are rarely found as a single type; for example the burning of fossil fuel often creates

soot, but it also creates sulphates via sulphur dioxide from the burning of the sulphur in the fuel

(Andreae and Rosenfeld, 2008). As noted earlier, organic vapours condensing onto aerosol particles

are a particularly large source of mixing. This mixing of the aerosol types acts to modify the aerosol

properties, a few percent in mass of sulphate can modify a poor CCN soot particle into a much more

efficient CCN particle by making it slightly soluble (Zhang et al., 2008).

1.1.2 Clouds and Precipitation

Clouds can form once air becomes saturated with respect to water or ice. This typically happens in

the atmosphere as the result of rising air cooling during its ascent, although mixing can also result

in airmasses reaching saturation. Cloud droplets do not necessarily form once saturation is achieved,

usually requiring the presence of sufficient CCN or IN. To form droplets, aerosol must be activated,

requiring saturations in excess of 100% (Kohler, 1936). Once cloud droplets form, they grow by

the condensation of water vapour onto the droplet. Condensational growth slows down with size

(due to a reduction in the surface area/volume ratio) resulting in a narrowing of the droplet size

distribution with time. A typical cloud droplet of 10µm has to grow to around 1 mm to form a

raindrop (a increase in volume of 1 million times), but condensational growth proceeds too slowly to

form precipitation in warm clouds (Reynolds, 1878). The primary processes by which precipitation

is formed are determined by the structure of the cloud, with a major distinction being whether the

cloud contains ice (Rogers and Yau, 1989).

The collision-coalescence mechanism can occur in any clouds containing liquid water droplets.

Once droplets reach around 20µm, they begin to fall through the cloud, undergoing rapid growth

through coalescence with the cloud droplets they collide with. The efficiency of this process depends

on the droplet size. Droplets below 20µm have a poor collection efficiency, but the collection effi-

ciency increases with size, resulting in a fast increase in droplet size for larger droplets. Comparisons

of satellite observations with radar measurements indicate that when the cloud top effective radius

reaches 14µm, precipitation sized particles can be detected inside clouds (Rosenfeld and Gutman,

1994). In addition to the droplet size spectrum, the liquid water content (LWC) is an important con-



1.1. AEROSOLS, PRECIPITATION AND THE CLIMATE SYSTEM 5

trol on the coalescence rate of the droplets. For clouds with low LWC such as tropical stratocumulus,

the droplet growth rate is low, resulting in low precipitation rates (Stephens and Kummerow, 2007).

Whilst the collision-coalescence process is still important in clouds containing ice, as the cloud

top temperature decreases, ice processes rapidly become important to precipitation initiation. Above

the freezing level, the supersaturation over ice is higher than that over water, so ice crystals will

grow at the expense of water droplets (Pruppacher and Klett, 1978). The crystals can form either

homogeneously or on a suitable IN. Below around -35 ◦C the freezing of cloud droplets is almost

certain through homogeneous freezing. The presence of IN can raise the droplet freezing temperature

by allowing heterogeneous freezing.

In mixed phase clouds (with both ice crystals and supercooled droplets), the ice crystals can

grow by colliding with the droplets or with each other (processes known as riming and aggregation

respectively), producing precipitation sized particles. The size of the precipitation produced by these

processes is dependent on the internal cloud dynamics and cloud updraughts. If the temperature near

the ground is high enough, the precipitating ice crystals may fall as rain (Franklin, 1789).

1.1.3 Aerosol influences on clouds and precipitation

The properties of aerosols give rise to several effects on the earth’s climate. The aerosols themselves

interact with solar radiation, both scattering and absorbing incoming radiation depending on the type

of aerosol, in an effect known as the direct effect (Myhre et al., 2013). To first order, the direct effect

is proportional to the mass of aerosol in the path of the radiation (Murphy, 2013), but also depends

on the albedo of the underlying surface. The direct effect usually results in a negative radiative

forcing, as radiation is scattered back into space, but if the aerosol is above a surface with an albedo

larger than the single-scattering albedo of the aerosol, such as aerosol over snow or ice, the aerosol

reduces the planetary albedo resulting in a positive radiative forcing and a net warming (Haywood

and Shine, 1995). Absorbing aerosols such as black carbon can also reduce the planetary albedo

resulting in warming, but this warming effect is currently thought to be smaller that the cooling

effect of scattering aerosols (Chung et al., 2012). The total direct effect of aerosols is estimated as

-0.27 W m−2 with a range of -0.58 W m−2 to -0.02 W m−2 (Myhre et al., 2013).

In their role as CCN, aerosols also modify cloud properties, processes known as ‘indirect’ effects.

By providing more condensation nuclei, aerosols can increase the cloud droplet number concentra-
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tion (CDNC), which at constant LWC results in smaller cloud droplets. Small droplets are more

efficient scatterers of radiation, so this effect results in an increase in cloud albedo and is known

as the ‘cloud albedo effect’ (Twomey, 1974, 1977). The effect of increased CCN decreasing cloud

droplet size is supported by laboratory studies (Gunn and Phillips, 1957); however the strength of

the cloud albedo effect in the atmosphere is difficult to quantify due to interactions with other cloud

processes. Observations of ships tracks (narrow bands of optically thicker marine stratocumulus in

otherwise thinner regions) (Coakley et al., 1987) with both satellite and aircraft suggest that there

are indeed higher droplet number concentrations in these ship tracks (Radke et al., 1989), and that

the tracks reflect more solar energy than the surrounding clouds (King et al., 1993). Measurements

during the Monterray ship–track experiment (MAST) suggested that changes in CCN due to ship

exhaust are the cause of these changes in cloud properties (Durkee et al., 2000). Whilst ship tracks

illustrate the effect aerosols can have on clouds, their small extent results in a small overall forcing of

around 50 mW m−2 (Schreier et al., 2007). The total radiative forcing due to the cloud albedo effect

is thought to be between -0.5 and -1.9 W m−2. When combined with the estimates of the direct effect

forcing of approximately -0.27 W m−2, the radiative forcing from aerosol is comparable in magnitude

to current estimates of the radiative forcing from anthropogenic CO2 at +1.7 W m−2 (Forster et al.,

2007).

These changes to the microphysical properties of clouds, and to their radiative environment can

feed-back on the clouds, creating further changes in cloud properties. Many different feedbacks and

indirect aerosol effects have been proposed (Lohmann and Feichter, 2005), often acting in oppo-

sition, so the net effect of aerosols on cloud properties is unclear. For example, the reduction in

cloud droplet radius is thought to decrease precipitation efficiency, which may in turn result in an in-

creased cloud lifetime (Albrecht, 1989). However, such clouds may entrain more dry air (Ackerman

et al., 2004) and smaller cloud droplets also evaporate faster, which can reduce cloud water content

(Sandu et al., 2008). Wood (2007) suggests that marine stratocumulus with higher bases (>400 m)

might experience cloud thinning in higher aerosol environments, resulting in a cancellation of the

aerosol indirect effect on shorter timescales. It is also possible that aerosols influence the transition

between open and closed-celled stratocumulus by influencing precipitation rates (Rosenfeld et al.,

2006). Whether a cloud is producing surface precipitation may be important, with Lee et al. (2009)

suggesting that for thin stratocumulus clouds, aerosols increase the cloud liquid water path (LWP)
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only in precipitating clouds. As changes in the LWP of a cloud via lifetime effects also influence the

strength of the cloud albedo effect, the different effects of aerosols on clouds cannot be completely

separated.

Strong relationships have been found between satellite retrieved cloud fraction (CF) and AOD in

low clouds (Kaufman et al., 2005), varying with aerosol types and dynamic regimes (Small et al.,

2011) and also in higher altitude ice clouds (Mahowald and Kiehl, 2003; Koren et al., 2010b). An

increase in CF may be connected with the suppression of precipitation in some cloud types, although

aerosols may not result in a suppression of precipitation in all cloud types. Rosenfeld et al. (2002)

suggest sea salt, acting as giant CCN (GCCN), increases rainfall and may help to clean the atmo-

sphere of pollutants. These GCCN can nucleate droplets which are above the collision-coalescence

threshold and so can immediately form rain. Recent work has suggested that relationships between

AOD and CF may be the result of factors other than aerosol-cloud interactions (Quaas et al., 2010;

Grandey et al., 2013b).

Convective clouds

The suppression of precipitation in shallow clouds may lead to invigoration of deeper clouds (Williams

et al., 2002; Rosenfeld et al., 2008). The suppression of warm rain in the initial phases of the convec-

tive cloud lifecycle may lead to precipitation only forming once cloud droplets freeze. This would

increase the buoyancy of cloud parcels, which in turn invigorates the cloud dynamics (Fig. 1.1). This

microphysical effect may be offset by a radiative effect, with a reduction of shortwave (SW) radiation

at the surface and a heating of the atmosphere leading to a reduction in convective available poten-

tial energy (CAPE) and decrease in the strength of convection at very high aerosol concentrations

(Rosenfeld et al., 2008; Koren et al., 2008).

Stevens and Feingold (2009) propose another method for convective invigoration of clouds. They

suggest that the increase in CCN should delay the onset of precipitation, allowing hydrometeors to be

advected to higher levels. This would increase cooling by evaporation at the cloud top, destabilising

the cloud top region. The destabilised cloud top could invigorate updraughts, increasing the cloud

top height and increasing precipitation. These effects are likely to be more complicated in systems

with multiple clouds due to competition and interactions between the clouds (Lee and Feingold,

2010). The invigorated convection is likely to result in an increase in precipitation, although this is
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Figure 1.1: Comparison of the development of deep convective clouds in pristine (top) and polluted
atmospheres. The reduction in precipitation in the early stages of cloud development in the polluted
atmosphere results in water reaching the freezing level, where it freezes forming precipitation which
then falls through the cloud melting in the lower levels. The suppression of precipitation until the
droplets reach the freezing level increases the buoyancy of the cloud parcels, invigorating the cloud
dynamics. [From Rosenfeld et al. (2008), c© AAAS, Reproduced with permission.]

not certain and model studies suggest it depends strongly on the environmental conditions (Khain,

2009).

Semi direct effect

Different aerosols are suspected to play varying roles in the atmosphere. Black carbon (BC) is an

efficient absorber of solar radiation. In very polluted atmospheres, reductions in cloud fraction have

been observed with increasing aerosol. Ackerman et al. (2000) suggest that this might be due to

absorbing aerosols heating the atmosphere at higher altitudes, reducing the relative humidity. These

aerosols can also cool lower altitudes, stabilising the atmosphere. This stabilisation acts to reduce

cloud fraction and precipitation due to convective clouds, a process known as the semi-direct ef-
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fect. Reductions in cloud fraction over the Amazon with increasing AOD have been observed (Koren

et al., 2008) and attributed to the semi-direct effect. This same process could also result in absorb-

ing aerosols heating the tops of cloud, increasing evaporation and thereby decreasing cloudiness.

More subtle effects have also been proposed, such as absorbing aerosol weakening wind shear in the

Arabian Sea, intensifying tropical cyclones in that region (Evan et al., 2011).

Over stratocumulus regions, absorbing aerosols can also have other effects on cloud through

modification of the atmospheric temperature structure (Koch and Del Genio, 2010). By enhancing a

temperature inversion over stratocumulus cloud, absorbing aerosols above a cloud layer can cause a

thickening of the cloud layer, enhancing its reflectivity and resulting in a negative radiative forcing

(Wilcox, 2010; Peters et al., 2011).

Total effect

Aerosols modify the planetary energy balance, both directly and through their influence on cloud

properties. They are generally assumed to lead to an increase in the planetary albedo, leading to a

reduction in absorbed solar radiation that could also lead to a reduction in global mean precipitation.

Allen and Ingram (2002) show that general circulation models (GCMs) produce an increase in pre-

cipitation with an increase in surface temperature due to greenhouse gases of ∼2-3 % K−1 resulting

from an increase in latent heating compensating for stronger radiative cooling of the atmosphere. A

corresponding cooling effect from aerosols would result in a reduction in precipitation, with aerosols

perhaps being effective at modifying precipitation rates as they have a larger influence on shortwave

radiation (Wild and Liepert, 2010). Absorbing aerosols can also have an effect on the global mean

precipitation by altering the planetary energy budget (Frieler et al., 2011), but the sign of the pre-

cipitation change is dependent on the level in the atmosphere at which they are located (Ming et al.,

2010; O’Gorman et al., 2011). The global energy balance is less useful for constraining regional

changes in precipitation. The dry static energy flux divergence has been shown to be important for

regional precipitation changes due to greenhouse gases in GCMs, but the local water vapour budget

becomes more important on smaller scales (Muller and O’Gorman, 2011).
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1.2 Observations of aerosols, clouds and precipitation

There are a variety of different ways to retrieve aerosol, cloud and precipitation properties from space.

These are described below.

1.2.1 Aerosol properties

Aerosols are highly variable, so whilst there are many accurate in-situ measurements of aerosols and

ground based remote sensing datasets (eg. AERONET (Holben et al., 1998)), the lack of spatial

coverage and representativeness afforded by these datasets can present a problem in determining a

global picture of aerosol–cloud–precipitation interactions. The most common solution is the use of

satellite measurements, which can retrieve aerosol optical depth (AOD), a quantitative measurement

of aerosol extinction along a path between the satellite and the ground.

The AOD provides a measure of the attenuation of solar radiation due to aerosols, which has been

proposed as an estimate of the CCN concentration (Andreae, 2009). There are several difficulties in

retrieving AOD that should be considered when using it for aerosol-cloud interaction studies. AOD

is generally only retrieved in cloud free pixels. As the AOD (around 0.1) is much less than typical

cloud optical depths (usually >5), cloud contamination of the AOD retrieval can result in increases

in the retrieved AOD. Although cloud contamination was initially thought to be small for retrievals

using the Moderate Resolution Imaging Spectrometer (MODIS) instrument (Kaufman et al., 2005),

other studies suggest that it is more significant (Zhang et al., 2005).

Even in the case of perfect cloud-aerosol identification, the AOD retrieval can still be influenced

by the presence of clouds. Light escaping from the edges of clouds or ‘3D effects’ (Wen et al., 2007;

Várnai and Marshak, 2009) can also give rise to increased AOD retrievals up to 15 km away from

a cloud without an increase in CCN. The enhancement of relative humidity near clouds can cause

aerosols to swell, increasing the AOD in a systematic effect known as the ‘twilight zone’ (Koren

et al., 2007; Twohy et al., 2009).

The size variation of aerosols introduces biases in the AOD-CCN relationship depending on the

type of aerosol being studied, as larger particles typically have a larger cross sectional area and a

higher Mie scattering efficiency (Liou, 2002). For example, aerosols are known to swell in humid

environments, increasing the AOD with little change to the CCN concentration (eg. Liu and Li, 2013).
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As the humid swelling of aerosols increases the AOD without modifying the CCN concentration, this

can lead to an artificial correlation between AOD and CF (eg. Chand et al., 2012). The processing

of aerosol by clouds, where aerosol is dissolved and re-evaporated can also modify the aerosol size

distribution, resulting in a larger AOD for a given CCN concentration (Pruppacher and Jaenicke,

1995).

The AOD can be retrieved at different wavelengths - in this work the 550 nm AOD is used. The

Angström exponent is derived from the AOD at two separate wavelengths and is inversely propor-

tional to the mean aerosol size. The aerosol index (AI - AOD × Angström exponent) (Nakajima

et al., 2001; Bréon et al., 2002) uses Angström exponent to provide a size dependent parameter and

provides a better estimate of CCN than the AOD, although it is still influenced by local effects and

uncertainties in the aerosol optical properties (Kapustin et al., 2006).

There are two main ways of retrieving aerosol properties from space, using active instruments

such as the LIDAR CALIOP (Cloud Aerosol Lidar with Orthogonal Polarisation) (Winker et al.,

2007), or passive radiometer type instruments, operating in the visible and infra-red (eg. MODIS) or

UV (eg. the Ozone Monitoring Instrument - OMI).

Radiometers typically have much larger swaths (eg. MODIS has an ∼2300 km swath) enabling

greater spatial coverage than LIDARs, which only view a single strip in the nadir under 100 m wide.

Radiometers do come with some disadvantages; being passive instruments they can only retrieve

AOD during daylight hours and they suffer more from thin cirrus contamination, with thin clouds

being classified as aerosol or vice-versa (Huang et al., 2011). Whilst some progress has been made

in retrieving aerosol properties over clouds (eg. Torres et al., 2012), radiometers are generally un-

able to retrieve aerosol and cloud properties from the same pixel, only in cloud-free pixels will an

aerosol retrieval be attempted resulting in aerosol and cloud retrievals not being perfectly co-located.

LIDARs are able to perform retrievals of aerosol properties for aerosol layers above cloud, allowing

the retrievals to be horizontally co-located. Their active nature makes LIDARs less sensitive to 3D

effects, where light exiting the side of a cloud can cause an apparent increase in the AOD. LIDARs

have problems determining the AOD as they require knowledge of the extinction to backscatter ra-

tio, resulting in possible errors of 40%, although CALIOP retrievals compare well to MODIS AOD

retrievals (Kittaka et al., 2011). CALIOP can also be used to determine the height of aerosol layers

relative to cloud (Costantino and Bréon, 2013).
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This study primarily uses aerosol retrievals from MODIS (Remer et al., 2005), which has a high

swath giving near-complete global coverage each day. The high instrument resolution (250 m in cer-

tain visible channels (King et al., 1992)) minimises cloud contamination. MODIS is flown onboard

both the Terra and Aqua satellites, Aqua is part of the A-Train constellation (L’Ecuyer and Jiang,

2010), enabling easy comparisons with data from other instruments in the constellation. The MODIS

dataset has been heavily studied and evaluated against AERONET and CALIOP (Zhang and Reid,

2006; Schaap et al., 2008; Levy et al., 2010; Shi et al., 2011; Kittaka et al., 2011), generally showing

good agreement with the other datasets. It is thought to have some issues over land (Xia, 2006) and

in broken cloud regimes (Zhang et al., 2005), although it generally shows a good correlation with

AERONET (Chu et al., 2002). Aqua and Terra MODIS compare well against each other, and there

is minimal difference between the sensors (Remer et al., 2006; Xiong et al., 2008).

GlobAerosol AOD data from the Advanced Along-Track Scanning Radiometer (AATSR) (Thomas

et al., 2010), flown onboard ENVISAT, is also used. AATSR makes use of dual views of the same

scene, with a changing atmospheric path length. Whilst the MODIS AOD retrieval assumes a rela-

tionship between the IR and visible surface reflectances (Kaufman et al., 1997, 2002), the AATSR

retrieval assumes the angular dependence of the surface reflectance (Thomas et al., 2013). Using

different assumptions, the AATSR AOD retrieval provides an independent aerosol retrieval for com-

parison.

As aerosol retrievals are generally only performed in cloud free locations, AOD from the ECMWF

Monitoring Atmospheric Composition and Climate (MACC) product is used to sample the aerosol in

cloud covered regions (Inness et al., 2013). The MACC product involves the assimilation of MODIS

550 nm AOD retrievals into a version of the ECMWF IFS model which is running an aerosol scheme.

The modelled aerosol component allows an estimate of the AOD in cloudy conditions where MODIS

and AATSR cannot retrieve AOD.

1.2.2 Cloud properties

As with aerosols, cloud properties are highly variable in space and time, exhibiting a strong diur-

nal cycle. This gives polar orbiting satellites and geostationary satellites distinct advantages and

disadvantages.

Geostationary satellites are able to sample the entire diurnal cycle, but they are limited in ge-
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ographic sampling and spatial resolution (eg. SEVIRI on Meteosat Second Generation has a peak

resolution of around 3 km (Schmetz et al., 2002), compared to the peak MODIS resolution of about

250 m). Polar orbiting satellites typically provide a higher spatial resolution, better geographic

coverage and more varied instruments at the expense of a reduction in temporal coverage. Sun-

synchronous satellites are the most common variety. With a single overpass time they do not sample

the diurnal cycle, but are able to investigate day-to-day variations in cloud properties. The MODIS

instrument is flown on two different sun-synchronous satellites, with daytime overpasses at 1030 and

1330 local solar time (LST), giving it a limited ability to investigate the diurnal cycle. Non sun-

synchronous satellites, such as the Tropical Rainfall Measurement Mission (TRMM) (Kummerow

et al., 1998, 2000), are able to sample the entire diurnal cycle as their overpass time varies. However,

as they rarely have more than two overpasses per day, they are limited in their ability to investigate

individual clouds.

The International Satellite Cloud Climatology Project (ISCCP) (Rossow and Schiffer, 1991,

1999) collects weather satellite radiance measurements which are then used to retrieve cloud prop-

erties (including cloud top pressure, cloud optical depth and cloud fraction). ISCCP determines the

cloud top height using temperature based methods. As this can result in the retrieval of mid-layer

clouds where thin high cloud overlies low cloud, a visible retrieval is used to adjust the retrieved

values where it can be determined that this situation has occurred. The ISCCP retrievals are aggre-

gated to a 3 hourly basis, generating near-complete global coverage every three hours (Rossow and

Schiffer, 1999). The ISCCP products rely on geostationary satellites for much of their data, and this

reliance has been shown to bias some of the cloud properties with respect to the satellite zenith angle,

making long term trends in the data unreliable (Evan et al., 2007).

Whilst MODIS does not have the temporal resolution of ISCCP, it operates at a higher spatial

resolution, allowing better separation between cloud types (Marchand et al., 2010). MODIS uses

a CO2 slicing based technique for determining the cloud top pressure (CTP) of high clouds and a

cloud top temperature based method similar to ISCCP for low clouds (Menzel et al., 2008). Cloud

top temperature based methods can lead to errors determining the height of thin clouds (Marchand

et al., 2010) and low level broken cloud (Zuidema et al., 2009).

Cloud fraction (CF) is important not just for the physical properties of a cloud field, but also for

cloud retrievals, which are only performed where a cloud is detected. In this work, the CF of a region



14 CHAPTER 1. INTRODUCTION

is defined as the area fraction of that region covered by cloud. The sensitivity of the instrument and

the vertical structure of the cloud field can affect cloud detection, so that varying observation angles

can change the apparent CF (Maddux et al., 2010). Cloud fraction also depends on resolution, with

large over-estimations of the CF being found at low instrument resolutions (Shenk and Salomonson,

1972). The resolution that CF is determined at also affects the CF distribution, with the distribution

being also binary at scales much smaller than the typical cloud scale, but showing a larger variation

when determined at larger spatial scales.

MODIS can have difficulties in retrieving cloud properties in high aerosol environments, espe-

cially where there is aerosol above clouds. High aerosol concentrations can be mis-classified as cloud

(eg. Hubanks et al., 2008), which leads to an increased AOD-CF correlation. This is a less important

factor than cloud contamination of the AOD retrieval and is generally mitigated by picking a con-

servative cloud retrieval, or by discarding pixels with an AOD above 0.6 (Brennan et al., 2005). In

situations where there is aerosol above cloud, MODIS can underestimate the LWP due to an apparent

reduction in visible cloud brightness and droplet effective radius (Haywood et al., 2004). Microwave

instruments can also retrieve cloud properties, using the brightness at GHz frequencies to determine

the profile of water vapour and cloud water (Stephens and Kummerow, 2007). They may be more re-

liable than MODIS in very high aerosol regions when retrieving liquid water path, but they generally

operate at a lower spatial resolution (Seethala and Horvath, 2010).

Active instruments (which transmit radiation as well as receiving it), including radars and LI-

DARs can also be used to investigate cloud properties. Whilst LIDARs are attenuated quickly by

clouds, they can be suitable for the study of cloud tops or thin clouds (Borg et al., 2011). Radars

generally cannot detect thin clouds, but their ability to penetrate thicker clouds enables the vertical

resolution of cloud properties (Austin and Stephens, 2001). This high vertical resolution comes with

a reduced horizontal swath. The CloudSat Cloud Profiling Radar (CPR) (Stephens et al., 2008) op-

erates only in the nadir and the TRMM Precipitation Radar (PR) (Kummerow et al., 1998, 2000) has

a swath of around 200 km, but cannot detect cloud.

In the majority of this work, cloud retrievals from MODIS (Platnick et al., 2003) are used, due to

their high spatial resolution, near-coincident aerosol retrievals and multiple daylight overpasses each

day. The ISCCP retrievals are used to provide a second independent set of cloud property retrievals.

Zenith angle dependencies are also present in the MODIS dataset (Maddux et al., 2010), with thin
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cloud and aerosol more likely to be detected at the edge of the swath. The use of the ISCCP dataset

allows the influence of varying scattering angles to be considered, as they vary between the viewing

geometries of MODIS and ISCCP.

1.2.3 Precipitation

Precipitation is even more variable than clouds or aerosol, making it very difficult to get an accurate

measurement of the areal precipitation accumulation with limited measurements. Local rain gauge

data can be accurate for well maintained and well sited gauges (±10%), but precipitation estimates

are often required over a larger area, resulting in errors due to the lack of representativeness of rain

gauges (Groisman and Legates, 1994). Measurements are also available from ship based sensors,

improving the spatial coverage, but as ships are rarely stationary, they require careful use (Woodruff

et al., 2011).

Ground based weather radars are able to provide precipitation retrievals over larger regions and

at higher temporal frequency than rain gauges. However, their coverage is still limited globally,

especially over the ocean and over regions with complex topography. They are often dependent on

bias corrections provided by local rain gauges, making comparisons between radars difficult.

Passive microwave instruments such as the Special Sensor Microwave/Imager (SSM/I) can re-

trieve precipitation estimates as well as cloud properties. Over ocean, lower frequency measurements

(10-20 GHz) are typically used to determine the precipitation rate. Below 20 GHz, absorption by wa-

ter modifies the upwelling surface radiation, increasing the brightness temperature. This increase is

small, so precipitation retrievals using this method are limited to regions where the surface brightness

temperature is low, such as the ocean. Over land, absorption by precipitation is typically smaller than

can be detected given the uncertain surface properties. In this case, precipitation is usually retrieved

using higher frequency channels (higher than 60 GHz). At these frequencies, the brightness temper-

ature is determined primarily by scattering from ice particles rather than surface emission. As they

are related to ice scattering, high frequency retrievals are less directly related to surface precipitation

rates than the lower frequency retrievals, which are more sensitive to liquid precipitation (Bauer et al.,

2005).

To convert these measurements of column properties into surface precipitation, either empiri-

cal relationships between brightness temperature and precipitation, or cloud profiles based on cloud
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models are used. The empirical methods require many assumptions to be made regarding the separa-

tion of cloud water from precipitation (Stephens and Kummerow, 2007). As they are known to have

difficulties in separating precipitation and cloud water, an increase in LWC could cause a passive mi-

crowave instrument to see an increase in precipitation (Berg et al., 2006; O’Dell et al., 2008; Bennartz

et al., 2011). The GPROF retrieval (Kummerow et al., 2001) makes use of modelled precipitation and

cloud water profiles to retrieve the vertical distribution of cloud properties from microwave bright-

ness temperatures, separating cloud and precipitation properties. More recent retrievals extend this

method to use hydrometeor profiles from radar rather than models (Kummerow et al., 2011). Mi-

crowave instruments can be subject to retrieval errors based on assumptions about the underlying

surface, whether it is due to the the ocean surface emissivity model and its relation to windspeed, or

the effect of soil moisture on surface emissivity. They are also subject to beam-filling errors due to

their low resolution (Greenwald et al., 2007), although they compare well to higher resolution active

instruments (Berg et al., 2006).

Active microwave instruments, or radars, such as the TRMM PR and the CloudSat CPR can

provide complementary measurements of precipitation properties. To first order, radar reflectivity is

proportional to the sixth power of droplet radius. This makes radars more sensitive to the large pre-

cipitation droplets, but also introduces a dependency on the assumed droplet size spectrum (Iguchi

and Meneghini, 1994). Radar instruments also have to contend with attenuation by clouds and espe-

cially precipitation. The CloudSat CPR suffers from this more than the TRMM PR, being severely

attenuated by any rainfall over 40 mm hr−1 which can cause it to underestimate tropical rainfall (Ellis

et al., 2009). The TRMM PR operates at a lower frequency and so is less susceptible to attenuation,

although this comes with a reduced sensitivity to light rain and drizzle compared to the CloudSat

CPR (Haynes et al., 2009).

Given the variability of precipitation, individual instruments are unable to capture the full nature

of precipitating systems. Geostationary IR instruments are also used to estimate precipitation, such

as in the PERSIANN (Hsu et al., 1997; Sorooshian et al., 2000) and CMORPH (Joyce et al., 2004)

datasets. These can be combined with other satellite and surface gauge data to generate a better

precipitation estimate (Adler et al., 2001). Comparisons between the datasets indicate that pure IR

retrievals most likely overestimate precipitation (Tompkins and Adebiyi, 2012).

The Global Precipitation Climatology Project (GPCP) (Huffman et al., 2001; Adler et al., 2003;
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Huffman et al., 2009) uses rain gauge data, satellite microwave and IR information to produce a

global picture of precipitation. A global precipitation estimate is generated by using rain gauge data

to calibrate satellite microwave instruments, and these in turn to calibrate geostationary IR mea-

surements. This method is also used for the TRMM Multisatellite Precipitation Analysis (TMPA or

TRMM 3B42) (Huffman et al., 2007). This uses the TRMM Microwave Imager (TMI) and PR to

provide a calibration against which other microwave satellite instruments are matched. Any gaps in

this record are filled using a geostationary IR precipitation dataset. This purely satellite dataset is then

corrected monthly using rain gauges, producing a tropical precipitation estimate every three hours.

This product captures both the regional distribution of precipitation as well as the diurnal cycle in the

tropics (Bowman, 2005). This study uses the TRMM 3B42 product as the main precipitation dataset,

augmented by vertically resolved satellite radar products where possible.

1.3 Atmospheric models

The complex nature of clouds and the atmospheric system makes determination of cause and effect

from purely observational studies difficult. Randomised control experiments are difficult and expen-

sive when investigating the effect of aerosols on clouds. Atmospheric models provide one possible

solution.

Global climate projections often make use of general circulation models (GCMs), which are used

to simulate the atmosphere-ocean-land system. These models often contain a dynamic atmosphere

that covers the entire globe. Due to computational cost, these models are usually run at resolutions

lower than 1◦ by 1◦ degree. As this is too coarse to resolve many atmospheric processes, the small

scale processes are parametrised (eg. Arakawa, 2004). A wide range of parametrisations can be

employed, generating uncertainties in the response of the climate system to perturbations. Whilst

global models can capture the main features of accumulated global precipitation, they still have

some unrealistic features, such as a double Intertropical Convergence Zone (ITCZ) over the central

Pacific (Dai, 2006) and they produce precipitation approximately twice as often and much lighter

than observations (Stephens et al., 2010).

These atmospheric models can be coupled to aerosol modules (eg. ECHAM-HAM (Stier et al.,

2005) and HadGEM3-UKCA (Bellouin et al., 2013)), which represent the effect of aerosols on
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clouds. These aerosol modules include large uncertainties, particularly in their influence of aerosols

on cloud properties. Large compensating errors can be hidden inside parametrisations, generating

similar magnitudes for an aerosol effect on clouds in different models, but via different pathways

(Penner et al., 2006). However, models are expected to reproduce meteorological covariations be-

tween cloud and aerosol properties, allowing these covariations to be investigated as possible causes

for aerosol cloud correlations (eg. Lohmann et al., 2006; Quaas et al., 2010). Coupled with the abil-

ity to remove atmospheric processes, global models are a powerful tool for testing hypotheses about

aerosol-cloud interactions.

Models run at a higher resolution are able to resolve individual clouds and cloud processes, re-

moving the need for parametrisations of larger scale processes. As the resolution of these models

is increased, fewer processes need to be parametrised. Convection resolving (or permitting) models

run at a resolution of around 1 km can resolve convective processes. Large eddy simulations (LES),

run between around 10 m and 100 m resolution, can resolve large scale turbulence. Direct numerical

simulations (DNS) resolve all turbulence and dissipating eddies (Jacobson, 2005). These high reso-

lution models often include sophisticated models of aerosols as CCN, maintaining number and size

distributions in multiple size bins. As they operate at high resolution they are often used to examine

the effects of convection and microphysics on the individual clouds (eg. Khain et al., 2008). As they

are expensive to run, they are not generally used for climate modelling on a global scale, but they can

help analyse possible interactions between aerosols and individual clouds.

1.4 Studies of aerosol–cloud–precipitation interactions

Many studies have been conducted on the effect of aerosols on precipitation. The effect of aerosols

on cloud fraction and cloud top pressure are also strongly related.

1.4.1 Cloud fraction

Correlations between aerosol and cloud fraction (CF) have been observed using many different in-

struments in a variety of different cloud regimes. Global studies with satellite datasets show an

increase in CF with increasing aerosol number (Sekiguchi et al., 2003) and over the Atlantic, Kauf-

man et al. (2005) find an increase in CF with AOD in several separate regions, each dominated by
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different aerosol types. Studies using aircraft also suggest an increase in CF with increasing aerosol;

Heymsfield and McFarquhar (2001) find increased CF with increased aerosol during the INDOEX

experiment. High resolution studies with the ASTER instrument (15 m resolution) also show an in-

crease in CF, suggesting that errors in the CF retrieval are unlikely to be the cause of the AOD-CF

correlation (Dey et al., 2011).

Whilst increases in CF are observed in ship-tracks in stratocumulus clouds (Taylor et al., 2000),

there can be a decrease in cloud optical depth in regions close to the tracks (Chen et al., 2012). How-

ever, this decrease is small compared to the overall increase in cloud reflectivity, and the changes in

cloud properties can persist over large distances after the initial shiptrack is no longer obvious (Goren

and Rosenfeld, 2012). Baker and Charlson (1990) suggest the existence of two stable states of shal-

low cloud depending on the aerosol environment. This is expanded upon by Rosenfeld et al. (2006),

who suggest that aerosol influences precipitation properties and so the transition between open and

closed celled stratocumulus. Simple theoretical models (Koren and Feingold, 2011) and cloud re-

solving models of stratocumulus clouds support this interpretation (Wang and Feingold, 2009a,b).

Studies using windspeed as a proxy for sea salt aerosol have shown a decrease in stratocumulus CF

at high aerosol (high windspeed), suggesting that GCCN may have a different effect on stratocumulus

through their different impact on precipitation (Lehahn et al., 2011).

Decreases in CF with increasing aerosol are also found at high AODs over land (Koren et al.,

2008). Using AERONET sunphotometers, Kaufman and Koren (2006) show an increase in CF with

increasing AOD in smoke dominated regions, with the change in CF with AOD becoming negative

at large AOD. A similar effect is found by Small et al. (2011) in smoke dominated regions, with a

strong increase in CF with AOD at low AODs but a decrease in CF at high AODs. In these studies,

the increase in CF is hypothesised to be due to a suppression of precipitation with increasing AOD.

At high AODs, the increased absorption is thought to suppress CF via the semi-direct effect.

Model studies have also found increases in CF with increased AOD. The GCM parametrisation of

precipitation suppression (which may then lead to an increase in CF) is usually simple, with aerosols

modifying the autoconversion rate, resulting in reduced precipitation in higher aerosol environments

(eg. Beheng, 1994; Wilson and Ballard, 1999). The AeroCom indirect effect experiment showed an

increase in CF and LWP with increased AOD in almost all of the models, although the magnitude of

the sensitivities of CF and LWP to AOD showed large variation (Quaas et al., 2009).
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High resolution models provide varying results as to an aerosol influence on CF. A reduction in

cloud fraction in high aerosol environments is seen by Xue and Feingold (2006), who attribute it to

increased evaporation of small cloud droplets. They suggest that CF may only increase for larger

clouds that are less susceptible to increased evaporation. Jiang et al. (2006) find in their model that

while individual clouds may experience a modification of their lifetime, the mean lifetime of shallow

cumulus clouds was unchanged with increasing aerosol.

Correlations between CF and AOD have also been observed in other cloud types. Mahowald and

Kiehl (2003) show small changes in thin cirrus cloud amount with increased aerosol. Koren et al.

(2010a) find an increase in cloud anvil area with increased AOD, although this increase is likely to

proceed by different mechanisms to the studies emphasised above. Models also show an increase

in CF at the anvil height, even with no explicit influence of aerosols on ice processes (Grabowski,

2003). This increase may be related to convective invigoration and the suppression of precipitation

in the early stages of the cloud development.

There are large uncertainties in observed AOD-CF relationships. CF and AOD are known to

both vary with meteorological parameters, such that large AOD-CF correlations may be generated

by meteorological covariation. Model studies indicate that the majority of the AOD-CF correlation

may be generated by the swelling of aerosols increasing the AOD in humid, high CF environments

(Quaas et al., 2010; Grandey et al., 2013a). These meteorological covariations have to be considered

in any study of possible aerosol effects on CF.

1.4.2 Cloud top height

Convective invigoration by aerosols is thought to increase cloud top height as well as increasing the

precipitation from these clouds (Williams et al., 2002). Strong correlations have been observed be-

tween aerosol and cloud top height properties using multiple different instruments. Increases in cloud

top height have been seen in satellite data, using both passive radiometers (Koren et al., 2005) and

active radars (Niu and Li, 2012). In-situ measurements of CCN coupled with ground based remote

sensing measurements of cloud properties show similar increases in cloud top height with increased

aerosol (Li et al., 2011), suggesting retrieval errors are not the primary reason for correlation between

AOD and cloud top height.

It is thought that meteorology is likely to play a large role in generating correlations between
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aerosol and cloud properties. Koren et al. (2010b) suggest that meteorological covariation cannot

explain the AOD-CTP correlation in MODIS data. They find that although NOAA NCEP-GDAS re-

analysis data is correlated to cloud and aerosol properties, there are no variables which are sufficiently

correlated to both cloud and aerosol properties. Increased cloud top height with increasing AOD has

been observed in regions dominated both by dust and by pollution from North America, suggesting

that both types of aerosol play a role in this process (Koren et al., 2005).

The relationship between aerosol and cloud top height in models is not as strong as in obser-

vations. Very few global models have parametrised effects of aerosols on convective clouds or ice

processes, which are likely to be important when modelling aerosol effects on convective clouds. Of

the models in the AeroCom indirect effect experiment, only one model showed a significant overall

correlation between AOD and CTP (Quaas et al., 2009).

Cloud top height and precipitation rate are correlated, a correlation important in IR based satellite

precipitation retrievals (eg. Arkin and Meisner, 1987). The relationship between cloud top height and

surface precipitation is good at monthly and daily timescales, but breaks down at higher temporal

resolutions and may not be constant under changes in convective cloud microphysics. For example,

smaller and lighter precipitation particles forming in polluted clouds may fall outside of the cloud in

the presence of background wind-shear, evaporating faster than droplets from a clean cloud, which

are typically larger and fall from lower levels (Khain, 2009). However, increases in cloud top height

with increasing aerosol could be a result of convective invigoration and may indicate an increase in

precipitation in convective clouds.

1.4.3 Precipitation

Observations of warm rain from shallow cumulus show a suppression of rainfall with increasing

aerosol (Rosenfeld, 1999) and in some cases, pollution has been shown to completely inhibit pre-

cipitation (Rosenfeld, 2000). These case-study results have been expanded to more global studies of

oceanic shallow cumulus clouds (Sorooshian et al., 2009), and all maritime clouds (Lebsock et al.,

2008). Changes in the annual cycle of precipitation over the tropical Atlantic (Huang et al., 2009b)

and decadal trends of precipitation and aerosol properties over the China Sea (Bennartz et al., 2011)

also indicate a suppression of precipitation over large regions with many varying cloud types. Krüger

and Graßl (2011) also find a decrease in precipitation with increased aerosol, although they avoid
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measuring aerosol directly, inferring it from ocean colour and phytoplankton concentration.

Stratocumulus clouds also show suppression characteristics (Sorooshian et al., 2010); flights as

part of the MASE-II experiment across ship tracks note a reduction in the precipitation measured

by CloudSat in regions where the aircraft found high aerosol concentrations (Lu et al., 2009). Direct

observations of precipitation from stratocumulus clouds are uncommon, as the low precipitation rates

are below the detection limit for many spaceborne radars - only the CloudSat CPR can directly detect

drizzle from stratocumulus clouds. Comparisons between the CPR and the AMSR-E microwave

radiometer show that the precipitation rate is a strong function of LWP, and that this function changes

in response to aerosol. These observations also suggest that sea-salt may increase precipitation in

marine stratocumulus, compared to sulphate and other pollution aerosols which suppress drizzle

(L’Ecuyer et al., 2009).

Figure 1.2: Summary of modelling studies of aerosol effects on precipitation from Khain (2009)
showing the variety of different effects produced by cloud resolving models. Studies in the lower
right of the figure show an increase in precipitation with increasing aerosol [ c© IOP Publishing Ltd.
Reproduced under the CC BY-NC-SA 3.0 license].

Modelling studies have highlighted the importance of the competition between condensate growth

processes (e.g. collision-coalescence) and condensate loss processes (e.g. evaporation) in determin-
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ing the sign of the precipitation change (Khain, 2009) (Fig. 1.2). Studies using cloud resolving

models have suggested that increased evaporation at the cloud top can result in a reduction of precip-

itation from shallow cumulus clouds (Altaratz et al., 2008).

The importance of ambient relative humidity (RH) is also highlighted using models. Fan et al.

(2007) show a small aerosol effect in dry air, becoming much larger at more significant RH (>70%).

This strong dependence on RH is also found in orographic clouds, where aerosols act to suppress

precipitation in dry air, but increase it in humid air. This is attributed to the increased CCN resulting

in smaller cloud droplets which evaporate easily in dry air, but in humid air this evaporation enhance-

ment due to aerosols is much smaller (Lynn et al., 2007). Khain et al. (2008) use multiple model

studies of different clouds to show increased evidence for a change in sign of the aerosol effect on

precipitation in different RH environments (Fig. 1.2).

Low level marine clouds are particularly important for the planet’s radiation balance and are the

main source of uncertainty in climate models (Bony and Dufresne, 2005). However, they are not the

main source of rain, with convective clouds and systems accounting for a larger fraction of total rain-

fall (Schumacher and Houze, 2003). Observations of deep convective clouds often show an increase

in precipitation with increasing aerosol. Lin et al. (2006) find an enhancement of precipitation with

increased AOD over the Amazon during the biomass burning season. They also see an increase in

cloud cover and cloud top height with increasing AOD, perhaps suggesting an invigoration effect.

Similar increases of precipitation with increased satellite retrieved AOD are found globally by Koren

et al. (2012) and Niu and Li (2012).

These effects are not only observed with satellite measurements of cloud and aerosol properties.

Using in-situ CCN measurements, Li et al. (2011) find an increase in cloud top height with increased

aerosol. Aircraft measurements of the droplet size distribution in similar clouds (Andreae et al.,

2004) also see a reduction in droplet size in polluted environments, forcing the cloud droplets to

reach greater heights before precipitating, despite the substantial reduction in surface heating due to

the aerosol. This would suggest that although aerosol retrieval errors may be important, it is likely

other effects play a role in generating these correlations.

Modelling studies find a varying importance of ice processes in possible convective invigora-

tion. Tao et al. (2007) suggest that evaporative cooling in the lower atmosphere is important for the

aerosol invigoration of convective clouds. However, Phillips et al. (2007) demonstrate the impor-
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tance ice melting processes in convective clouds, suggesting that aerosol modify these processes to

invigorate clouds. Studies using an aquaplanet also show invigoration of convective clouds, finding

a maximum at the convective anvil height (Grabowski, 2003), similar to the observational studies

of Koren et al. (2010a). The dependence of models on the parametrisation of small scale processes

has been suggested to have undesirable consequences for models. Lebo and Seinfeld (2011) show

little change in precipitation in a cloud resolving model when using a bulk microphysics scheme (the

type used in many global climate models) but a slight reduction in precipitation when using a more

sophisticated scheme.

Some studies avoid using aerosol retrievals, making use of changes in aerosol properties over

time to investigate aerosol influences on clouds and precipitation. One possible method of looking

for aerosol effects involves searching for weekly cycles in cloud properties. Weekly cycles in aerosol

properties have been observed (Xia et al., 2008), and it has been suggested that weekly cycles found

in cloud properties are due to these weekly cycles in aerosols, as no other atmospheric phenomenon

has a cycle tied to the 7-day week (Bell et al., 2008; Bell and Rosenfeld, 2008). Weekly cycles in

more complex properties, such as tornado frequency (Rosenfeld and Bell, 2011) and lightning (Bell

et al., 2009) have also been observed, suggesting that aerosols may invigorate convective storms.

However, the existence of weekly cycles in atmospheric phenomena is disputed with some studies

finding a weekly cycle in aerosol/visibility but not in precipitation properties (Schultz et al., 2007;

Stjern, 2011). For a more complete overview of the use of weekly cycles, see Sanchez-Lorenzo et al.

(2012).

1.4.4 Circulation changes

Global scale models are particularly useful for their ability to study non-local aerosol effects on

clouds and precipitation. Changes in the large scale circulation and non-local change in cloud prop-

erties and precipitation due to aerosols cannot be observed through instantaneous observations of

cloud and aerosol properties, requiring long-term trend analysis to determine the magnitude of these

effects in observations.

The cooling effect of some aerosols can also result in changes to the large scale circulation. Due

to their short atmospheric lifetime, there is a large hemispheric asymmetry in aerosol concentrations,

with higher concentrations in the northern hemisphere due to stronger emissions. This asymmetry
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results in a cooling of the northern hemisphere, which in turn shifts the ITCZ south, an effect which

may have contributed to the Sahelian drought of the 1970s and 1980s (Rotstayn and Lohmann, 2002).

The total aerosol effect on precipitation in the IPCC AR4 models varies from no change to

-0.13 mm day−1, with the changes being larger where the atmospheric model is coupled to a mixed

layer ocean, allowing evaporation to vary (Denman et al., 2007). As global evaporation must balance

precipitation a reduction in solar heating due to aerosols would be expected to cause a decrease in

global mean precipitation (Liepert et al., 2004). This is in contrast to precipitation measurements

over the last century, perhaps suggesting an overestimate in the effects of aerosols on global mean

precipitation. Changes in global precipitation patterns are still likely to be important, given the re-

gional nature of aerosol effects (Denman et al., 2007). The effect of aerosols on the South Asian

summer monsoon is of particular interest (Ramanathan et al., 2005). Recent work suggests that a

drying trend over India is likely the result of increases in aerosols over the 20th century (Bollasina

et al., 2011).

1.5 Possible influences on aerosol-cloud correlations

This work primarily considers relationships between cloud and aerosol properties in observational

data. Whilst aerosol effects on clouds are one possible explanation of the observed correlations

between retrieved aerosol and cloud properties, there are many other effects which have been shown

or hypothesised to influence the strength of the correlations between aerosol and cloud properties

(Tab. 1.1). Even if these effects cannot be accounted for, it is vital to identify sources of possible

error to gain an accurate understanding of the uncertainty in any estimate of aerosol effects on clouds

and precipitation.

Meteorological biases on the correlations between AOD and other cloud properties can be sepa-

rated into two types. The first type of meteorological covariations are due to errors in the determina-

tion of the CCN concentration. For example, when AOD is used as a proxy for CCN, humidification

of aerosol results in an increase in AOD without a change in the underlying CCN. Effects where the

cloud properties and the CCN proxy are modified without a change in CCN are referred to as type one

meteorological covariations throughout this thesis. They include effects such as cloud contamination

and 3D effects, and can be completely accounted for by a perfect CCN retrieval/measurement. Type
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two covariations are the result of the cloud and CCN properties varying in response to an external

controlling factor and cannot be accounted for by a perfect CCN retrieval, perhaps requiring a control

experiment of a modelling study.

Type one covariations typically result in the enhancement of AOD in high CF regions, generat-

ing a spurious AOD-CF correlation. Some of these covariations (3D effects, cloud contamination)

depend on the existence of clouds, enhancing AOD in high CF regions to create an AOD-CF correla-

tion. These covariations create conditions which affect the AOD retrieval, but not the CCN. They can

be further split into two types, errors in the AOD retrieval, and deviations from a simple AOD-CCN

relationship.

The swelling of aerosols in the vicinity of clouds (the twilight zone), cloud contamination of the

AOD retrieval and 3D effects cause errors in the retrieval of the AOD and are not explicitly modelled

in current GCMs. The difference between observed and model relationships can give an idea of the

magnitude of these AOD biases, suggesting that they may be responsible for around a third of the

observed correlation between AOD and CF (Quaas et al., 2010).

The swelling of aerosol (and the corresponding increase in AOD) in response to large scale RH

is modelled in modern GCMs. As CF is a strong function of RH, regions with high RH are likely

to show both high AOD and high CF, generating a strong AOD-CF correlation. Using the ECHAM

model (Roeckner et al., 2003), Quaas et al. (2010) find that this swelling of aerosols is responsible for

the majority of the correlation between AOD and CF. Not all studies of the effect of RH on aerosol-

cloud correlations come to the same conclusion; Koren et al. (2010a) investigate the links between

multiple meteorological fields from re-analysis data and find that none of them adequately explain

the correlation between AOD and CTP.

Type two meteorological covariations are found when CCN properties are modified along with

cloud properties. For example, dust outflow from the Sahara is often accompanied by warm dry air

(Carlson and Prospero, 1972), which can increase the inversion strength over the north Atlantic stra-

tocumulus regions. This correlation between low troposphere stability and AOD can result in stronger

apparent correlations between AOD and CF. Mauger and Norris (2007) show that by accounting for

this effect, the strength of the AOD-CF correlation is reduced by 30 %. Type two covariations are

more subtle and still exist even in the case of a perfect CCN retrieval. This distinction is explored

further in section 4.3.
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Whilst meteorological properties directly related to moisture are important for cloud formation

and aerosol properties, other meteorological properties have been shown to have strong influences

in the strength of the AOD-CF correlation. Together with large scale RH, Engstrom and Ekman

(2010) show a strong influence of windspeed on the strength of the AOD-CF correlation, finding that

accounting for these meteorological effects reduces the correlation by 27 %. Synoptic systems in the

mid-latitudes also generate high windspeeds and high AODs, as well as having high cloud fractions

(Grandey et al., 2011). It has been suggested that these systems might influence the correlations

between aerosol and cloud properties, however recent work suggests that their impact is minimal

(Grandey et al., 2013a).

Removal processes of aerosols can also play a role in generating aerosol-cloud correlations, al-

though they are likely to generate negative correlations. Wet deposition is the main method of re-

moval of atmospheric aerosol, and generates the false impression that precipitation is higher where

aerosol is lower. Some have attempted to reduce it by using the aerosol averaged over a large area

(Huang et al., 2009a), but as wet scavenging introduces a systematic bias this method may not be very

effective. Sorooshian et al. (2009) remove points where precipitation was retrieved in the previous

24 hours as a way of accounting for the effects of wet scavenging. Back-tracing of aerosol trajecto-

ries has also been used as a method for avoiding wet-scavenging biases by locating airmasses from

high aerosol regions. This can introduce even more uncertainty in the result due to the difficulty of

providing an accurate path for the aerosol. Huang et al. (2009b) back traced aerosol over West Africa

for three days from different heights, and found possible sources from most of Africa and Europe.

Bennartz et al. (2011) were more successful in locating the source of aerosol over the China Sea as

industrial areas in China, but the length of the trajectory was much shorter and the source easier to

confirm.

The expected negative effect of wet scavenging in the AOD-CF relationship may also be disguised

by the use of cloud free points to retrieve the AOD. It has been argued that the aerosol beneath the

cloud is more representative of the aerosol acting on the cloud. The aerosol in cloud free regions has

not experienced the same degree of wet scavenging as that below the cloud, and so can have a larger

AOD, increasing the strength of the AOD-CF correlation (Grandey et al., 2013b).

Errors can also be generated by geographical correlations. Grandey and Stier (2010) showed

that Simpson’s paradox (see Pearl, 2009) applies to aerosol-cloud interactions, where climatological
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spatial gradients in cloud and aerosol properties may generate spurious correlations. Errors can also

occur when considering the different scales of aerosol-cloud interactions and satellite data scales.

These errors due to scale mismatches can be mitigated by accounting for variation in cloud properties

(McComiskey and Feingold, 2012).

Some studies make use of natural experiments to account for the confounding effects of meteo-

rology. Yuan et al. (2011a) make use of volcanic emissions from Hawaii during the summer of 2008,

comparing these results to the climatology. Although these results may account for the influence of

meteorology when determining the influence of aerosol on cloud, they are limited to a specific regime

and location, so do not provide a global picture of these effects.

Individually, none of these processes (Tab. 1.1), including an aerosol effect on clouds and precip-

itation, can explain observed correlations between aerosols and cloud properties. They all have to be

accounted for when considering possible aerosol-cloud-precipitation interactions.

1.6 Structure of thesis

The aim of this thesis is to improve the understanding of possible aerosol-cloud-precipitation interac-

tions, in particular how aerosols interact with cloud fraction and precipitation. Given the importance

of meteorological covariation in generating correlations between aerosol and cloud properties, this

thesis will consider the role of these correlations and attempt to minimise them when investigating

possible aerosol-cloud-precipitation interactions.

The remainder of this thesis is formed from the following chapters;

Chapter 2

This chapter investigates one possible cause of the AOD-CTP correlation, the strong AOD-CF cor-

relation. The chapter examines what proportion of the AOD-CTP correlation can be explained by a

combination of the AOD-CF and the CF-CTP correlations and how the effect varies globally.

Chapter 3

In chapter three, MODIS data is used to determine cloud regimes, which are then used to investigate

the correlation between AOD and CDNC. This correlation is important in determining the magnitude

of the cloud albedo effect. Two related issues are studied: how does the sensitivity of CDNC to AOD
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vary by regime, and are there sampling issues when determining this correlation due to the lack of

AOD retrievals in cloud covered pixels?

Chapter 4

In chapter four, the effect of the AOD-CF correlation is accounted for by investigating how aerosols

are correlated with transitions between cloud regimes. This chapter presents a new method for inves-

tigating aerosol-cloud interactions while accounting for the influence of meteorological covariation.

This chapter aims to determine whether there is a link between aerosol properties and the develop-

ment of the cloud regimes.

Chapter 5

This chapter extends the work in the previous chapter to investigate the precipitation development

of each of the cloud regimes. The principle aim of this chapter is to determine whether aerosols

influence the precipitation development of the cloud regimes, whilst accounting for the influence of

meteorological covariation.

Chapter 6

This chapter continues the work on cloud regime development, extending it to studies using models.

This chapter poses two main questions. First, can a GCM reproduce the observed changes in cloud

regime transitions and precipitation development? Second, can the results from a GCM be used to

determine the influence of meteorological covariations on the results found in the satellite data?

Chapter 7

The conclusions from this thesis are presented and future avenues of research are discussed.



Chapter 2

Influence of the aerosol optical depth - cloud

fraction correlation

A strong correlation between AOD and cloud top height is observed globally (Koren et al., 2005,

2010b; Yuan et al., 2011a; Niu and Li, 2012). Different measurements of cloud top height, both

passive radiometer based (Koren et al., 2005, 2010b) and active radar based (Niu and Li, 2012) show

an increase in cloud top height (decrease in CTP) with increased AOD.

A strong link is also observed between AOD and CF in both observations (Sekiguchi et al., 2003;

Kaufman et al., 2005; Kaufman and Koren, 2006; Loeb and Schuster, 2008; Koren et al., 2008; Dey

et al., 2011; Koren et al., 2010a; Small et al., 2011) and models (Myhre et al., 2007; Quaas et al.,

2009; Grandey et al., 2013b). These correlations have been found in several different cloud regimes,

such as stratocumulus (Costantino and Bréon, 2013) and convective anvils (Koren et al., 2010a), but

they all show the same general form, a strong increase in CF with increasing AOD. Some studies find

a decrease in CF at high AOD (eg. Koren et al., 2008), but a positive AOD-CF relationship is found

in the majority of regions. Much of the AOD-CF correlation is thought to be due to effects other than

aerosol-cloud interactions such as cloud contamination of the aerosol retrieval (Zhang et al., 2005),

cloud 3D effects (Wen et al., 2007), aerosol humidification (Twohy et al., 2009; Quaas et al., 2010;

Chand et al., 2012) and other meteorological influences (Engstrom and Ekman, 2010).

These previous studies of the AOD-CTP and AOD-CF correlations have shown strong correla-

tions with many different observing systems, suggesting that retrieval errors or other measurement

This chapter is currently in preparation for publication. I have worked on it together with Benjamin Grandey (Sin-
gapore - MIT Alliance for Research and Technology) and Philip Stier. The analysis and manuscript are my own work,
with comments and suggestions from co-authors.
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effects are not the primary cause of these correlations between aerosol and cloud properties. How-

ever, due to effects such as aerosol humidification, AOD may not be a good proxy for CCN (eg.

Nakajima et al., 2001).

The influence of the AOD-CF correlation on the AOD-CTP correlation has been considered pre-

viously (Myhre et al., 2007), but its importance for determining the AOD-CTP correlation was not

fully considered. This chapter demonstrates how this strong AOD-CF relationship may explain the

majority of the AOD-CTP relationship across the globe. This underscores the importance of account-

ing for CF when considering relationships between aerosol and cloud properties.

2.1 Method

Nine years (2003-2011) of MODIS Terra cloud (Platnick et al., 2003) and aerosol (Remer et al.,

2005) daily level three data are used at a 1◦ by 1◦ resolution for the region 50◦N-50◦S. The cloud

mask (MOD35) cloud fraction retrieval are used to provide the cloud fraction product from the level

3 (MOD08 D3) dataset, although these results are applicable when using other cloud fraction prod-

ucts. There is evidence of heavy aerosol being mis-classified as cloud by the MODIS cloud retrieval

(Brennan et al., 2005; Hubanks et al., 2008). Restricting the maximum AOD to 0.6 partially accounts

for the influence of aerosols on the CF retrieval, although not for cloud contamination of the aerosol

retrieval. The aerosol retrieval used is the standard dark-target MODIS AOD retrieval, ‘Optical Depth

Land and Ocean Mean.’ As MODIS cannot make co-located observations of aerosol and cloud prop-

erties, so the level 3 AOD is assumed to be representative of the entire gridbox. Gridboxes with no

AOD retrieval are excluded from this analysis.

To investigate the strength of the relationships between ln(AOD), CF and ln(CTP), the sensitivity

is defined as the slope of a linear regression between two quantities. To avoid errors from seasonal

effects or climatological spatial gradients (Grandey and Stier, 2010), sensitivities are calculated lo-

cally, at a 1◦ by 1◦ scale and separately for each season, with the seasonal sensitivities being combined

using a standard-error weighted mean.
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Figure 2.1: a) Sensitivity of cloud fraction to ln(AOD), b) sensitivity of ln(CTP) to ln(AOD), c)
sensitivity of ln(CTP) to CF. d) The reconstructed ln(CTP) - ln(AOD) sensitivity generated assuming
the relationship is mediated by CF. Grey regions indicate missing data. The highlighted region in (d)
is studied further in Fig. 2.2

2.2 Results

Similar to the previous studies discussed in the introduction to this chapter, strong sensitivities of

both CF (Fig. 2.1a) and CTP to AOD (Fig. 2.1b) are found over the majority of the globe. There

is also a strong sensitivity of CF to CTP, (Fig. 2.1c), especially in convective regions. This is likely

due to deep convective clouds having both a high CF and low CTP, but may also be due to retrieval

errors in broken cloud regions, where cloud flagging is not perfect. In this case, radiances from the

underlying surface can be included with radiances from clouds, resulting in a warmer apparent cloud

top temperature and so a lower retrieved cloud top height. This is more common in low cloud fraction

pixels and can result in a negative correlation between CF and CTP for low clouds (Zuidema et al.,

2009). Other than possible retrieval errors, the changes in CTP may not be the result of changes in CF,

so this may only represent a statistical rather than causal relationship between the cloud properties.

Using the sensitivity of CTP (ptop) to CF (fc) and CF to AOD (τ ), the sensitivity of CTP to AOD

can be considered as in Eq. 2.1. The combination of the statistical relationships between CF, CTP

and AOD can then be used to determine the residual term, the part of the sensitivty of CTP to AOD

that is not mediated by the CF. The residual term includes the sensitivity of CTP to AOD at constant

CF (and with constant meteorology) as well as other terms. Using the natural logarithm of the AOD
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allows the use of linear regression to determine the sensitivies as the relationship between AOD and

cloud properties is thought to be non-linear.

dln(ptop)

dln(τ)
=

dln(ptop)

dfc
× dfc

dln(τ)
+ Residual (2.1)

When the negative relationship between CF and CTP in Fig. 2.1c is multiplied by the strong

positive sensitivity of CF to AOD (as in Eq. 2.1), a pattern between AOD and CTP (Fig. 2.1d)

can be generated that is similar to that found when calculating the sensitivity of CTP to AOD (Fig.

2.1b). Given the uncertainty surrounding the causes of the AOD-CF relationship (Quaas et al., 2010;

Grandey et al., 2013b), this suggests that effects other than an aerosol influence on cloud processes

may play an important role in determining the strength of the sensitivity of CTP to AOD.
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Figure 2.2: a) The dependence of mean CTP on CF for four AOD quartiles. The dots on the axes
indicate the mean of the property for each AOD quartile. b) As (a) but restricting the CTP to those
with a mean CTP above 600hPa.

A closer examination of clouds in the central tropical Atlantic (10◦N-10◦S,20◦W-50◦W), (the

region marked in Fig. 2.1d, similar to that used in Koren et al. (2010a)) shows the relationship

between CF and CTP has a weak dependence on AOD (Fig. 2.2a). This region has many convective

clouds and is also in the outflow region for African aerosol, providing a good location for the study

of potential aerosol influences on CTP.

For a given CF, the higher AOD populations have typically lower cloud tops (a higher CTP).

Given the prevalence of low clouds, and the difficulty in retrieving the CTP for these clouds, it is

possible that this negative relationship is due to the retrieval rather than an effect of aerosols on cloud

properties. This dependence is opposite from that seen with the mean CTP (dots in Fig. 2.2a), where
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Figure 2.3: a) The sensitivity of ln(CTP) to ln(AOD) over 9 years of MODIS data (as in Fig. 2.1a). b)
The residual sensitivity of ln(CTP) to ln(AOD) once the reconstructed AOD-CTP relationship (Eq.
2.1) is removed. c) The correlation of ln(CTP) and ln(AOD). d) The residual correlation (Eq. 2.2) of
ln(CTP) to ln(AOD) accounting for CF as the co-varying variable.

increased AOD is correlated with a decrease in CTP. A strong AOD-CF relationship is found in this

region, which when combined with the strong CF-CTP relationship, results in an decrease in CTP at

increased AOD despite the AOD-CTP relationship having the opposite sign at fixed CF in this region.

As the convective invigoration hypothesis predicts effects mainly on high topped cloud, this anal-

ysis is repeated with the CTP retrievals restricted to only those above (CTP less than) 600 hPa (Fig.

2.2b). The mean CTP for retrievals above 600 hPa is determined using the CTP histogram in the

level 3 MODIS product. This has the added benefit of being in the altitude region where MODIS

determines CTP using CO2 slicing rather than IR temperatures, resulting in a more accurate deter-

mination of the CTP (Menzel et al., 2008). For these high clouds, CTP is not such a strong function

of CF. There is also a weak dependence of CTP on AOD for fixed CF, displaying higher clouds at

higher AOD. However, the combination of the AOD-CF and the CTP-CF relationships are still acting

to increase the observed AOD-CTP relationship.

The strength of the CF correlation and its ability to generate a strong relationship between CTP

and AOD then leads to the question of what proportion of the AOD-CTP relationship is not at-

tributable to the AOD-CF relationship (in this framework) and thus may be due to an aerosol influence

on cloud properties?

The sensitivity of ln(CTP) to ln(AOD) is shown in Fig. 2.3a. Assuming that the dependence of
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the CF-CTP relationship on AOD is small, the ‘reconstructed’ relationship can be subtracted from

Fig. 2.1d, to leave the residual sensitivity (Fig. 2.3b). Compared to the total sensitivity, the residual

sensitivity is much smaller, in some regions it becomes positive, indicating an increase in CTP (de-

crease in cloud top height) with increasing AOD. These decreases in height are located in regions with

large amounts of low-lying cloud, indicating that low stratiform cloud may not respond to aerosol

perturbations in the same way as convective clouds. Not all of the regions with large amounts of low

level cloud show this positive sensitivity, with the east coast of South America showing a noticeably

different residual sensitivity to regions in the Atlantic and the North-West Pacific. This may indicate

the possibility of a semi-direct effect (eg. Koren et al., 2008; Koch and Del Genio, 2010), as these

regions also have significant amounts of absorbing aerosol.

There is also a possibility of meteorological covariation generating the observed relationship.

Meteorological covariations have not explicitly accounted for here, and although the removal of the

CF influence on the AOD-CTP sensitivity accounts for some (due to the large influence of meteorol-

ogy on the AOD-CF correlation), it is likely that they are still important in the residual sensitivity.

The correlation between ln(CTP) and ln(AOD) (Fig. 2.3c) is strongly negative over the majority

of the tropics, with a decrease in the strength of the correlation on the eastern edge of the Atlantic

ocean. To account for the effect of CF as a controlling variable, the residual correlation coefficient

is computed by using the partial correlation coefficient (Hazewinkel, 2002). The partial correlation

(Eq. 2.2) is designed to measure the linear dependence of one variable (CTP) on another (AOD),

with the effect of the controlling variable (CF) removed.

rCTP−AOD·CF =
rCTP−AOD − rCTP−CF rCF−AOD√

1− r2CTP−CF

√
1− r2CF−AOD

(2.2)

The partial correlation (Fig. 2.3d) displays a similar pattern to the residual sensitivity. There is

a negative correlation over the majority of the globe; however, in certain regions there is a positive

correlation between CTP and AOD, indicating a reduction in cloud height with increasing AOD.

These regions are characterised by stratocumulus clouds, which would not be expected to respond to

aerosol perturbations according to the aerosol invigoration hypothesis (Williams et al., 2002).
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2.3 Discussion and conclusions

The results suggest that a large part of the AOD-CTP relationship is an artifact of the strong AOD-CF

sensitivity. As in previous work, strong ln(AOD)-ln(CTP) and ln(AOD)-CF sensitivities are observed

globally. There is also a strong CF-ln(CTP) sensitivity. When the ln(AOD)-CF sensitivity is multi-

plied by the sensitivity of CF to ln(CTP), a similar pattern and magnitude to the sensitivity of ln(CTP)

to ln(AOD) is found. The residual ln(AOD)-ln(CTP) sensitivity suggests that in some cases ln(AOD)

is correlated with decreases in cloud height (increases in CTP), an effect that is obscured when CF

variations are not considered.

A large part of the AOD-CF correlation has been suggested to be due to effects other than aerosol-

cloud interactions, such as meteorological covariation. This suggests that the residual ln(AOD)-

ln(CTP) sensitivity and correlation might be closer to the true effect of aerosols on CTP. There are

two major caveats to the calculation of this residual. The first is that it is likely that there are other

meteorological effects which could generate the observed AOD-CTP correlation. Accounting for

these would likely reduce the residual sensitivity and correlation further.

Secondly, the potential effect of aerosols on CF is ignored here. An aerosol influence on CF

would, through the CTP-CF relationship, produce a AOD-CTP relationship. This would act to in-

crease the residual sensitivity and possibly the residual correlation. However, the proportion of the

AOD-CF relationship that is due to the effect of aerosol on CF is thought to be small. Whilst there

may be specific regimes where a large increase in CF is coupled to an decrease in CTP (such as con-

vective anvils (Koren et al., 2010b)), estimates of the aerosol induced fraction of the total measured

effect are usually much smaller. Mauger and Norris (2007) set an upper limit to the aerosol induced

fraction at around 70% of the total; some estimates (Zhang et al., 2005; Quaas et al., 2010; Engstrom

and Ekman, 2010) attribute a much smaller proportion of the total AOD-CF correlation to aerosol

effects. This would suggest that including aerosol effects on CF would not result in a large increase

in the residual sensitivity of CTP to AOD.

This chapter shows that a significant fraction of the observed relationship between AOD and CTP

can be attributed to spurious correlations related to CF, disguising the magnitude, and in some cases

the sign of the relationship between AOD and CTP. This spurious correlation does not account for

the entire ln(AOD)-ln(CTP) relationship, the residual sensitivity is around 20% of the total ln(AOD)-

ln(CTP) sensitivity. In regions where low-lying stratiform clouds are common, the residual ln(AOD)-
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ln(CTP) sensitivity is positive, perhaps indicating a different response of these regimes to increases

aerosol. This emphasises the importance of accounting for both cloud regimes and the AOD-CF

correlation when investigating aerosol-cloud correlations.

Restricting CF when determining cloud properties also removes the ability to investigate an

aerosol effect on CF. Although the aerosol effect on CF is expected to be small, even a small ef-

fect on low level CF could have large implications for the reflected SW radiation. As the AOD-CF

relationship needs to be removed to account for the influence of CF on AOD, a different method has

to be used to investigate the influence of aerosols on CF. The remainder of this thesis investigates

improved ways to account for the AOD-CF relationship and other meteorological covariations whilst

allowing the study of possible effects of aerosol on CF and other cloud properties.



Chapter 3

Regime–based analysis of the cloud albedo

effect

Satellite studies on the cloud albedo effect have concentrated on the sensitivity of cloud droplet ef-

fective radius (re) and cloud droplet number concentration (CDNC) to AOD. Kaufman et al. (2005)

found a decrease in re in shallow clouds over the Atlantic ocean with increasing AOD. A correspond-

ing increase in CDNC with increasing AOD was found by (Quaas et al., 2008), who used the CERES

science team retrieval of data from the MODIS instrument (Minnis et al., 2011) over large regions

to determine the correlation between CDNC and AOD. Such satellite correlations are based on the

assumption that AOD is a suitable proxy for cloud condensation nuclei (CCN) (Andreae, 2009).

These studies confine their data to specific regions for the purposes of determining the sensitivity

of cloud properties to AOD, based on the assumption that the aerosol and cloud properties are largely

similar across each region. However, Grandey and Stier (2010) showed that this assumption is not

valid over regions larger than about 4◦ by 4◦, due to the possibility of climatological spatial gradients

of aerosol and cloud properties across the region generating spurious correlations. They also note

that the sensitivity of CDNC to AOD is negative over land when using MODIS collection 5 data,

which would result in a positive indirect radiative forcing from the cloud albedo effect over land, in

contrast to model results (Quaas et al., 2009).

Whilst these, and other studies based on the CERES retrieval take into account spatial variations

of cloud properties, they do not consider how different cloud types vary in their responses to AOD

The text and figures in this chapter based on those from Gryspeerdt and Stier (2012). (E Gryspeerdt and P. Stier,
Regime-based analysis of aerosol-cloud interactions. Geophys. Rev. Lett., 39, L21802, doi:10.1029/2012GL053221.
The analysis and manuscript are my own work, with comments and suggestions from co-authors.
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changes. Stratifying by pressure vertical velocity has previously been used to separate out different

cloud regimes (Bony et al., 2004), with stratocumulus clouds being much more likely to form in

regions of positive pressure vertical velocity. Jones et al. (2009) consider the indirect effect using

data stratified by 850 hPa pressure vertical velocity but find very little change in the indirect forcing

between regions of ascending and descending air. However, these large scale properties may not

be suitable for determining cloud regimes locally. Rossow et al. (2005) suggest that satellite cloud

properties provide a better description of the local state of the atmosphere.

This chapter uses cloud and aerosol data from the MODIS instrument to study the sensitivity of

CDNC to AOD perturbations. By using the objective clustering method of Williams and Webb (2009)

to determine tropical cloud regimes, this sensitivity for different liquid cloud regimes is calculated,

determining which regimes are most important to the indirect forcing and ultimately bringing this

type of statistical satellite approach closer to the physically relevant process scale. In addition, this

regime based method also investigates the contribution made by sampling biases to the observed

relationships.

3.1 Methods

The data is separated into different cloud regimes using the method of Williams and Webb (2009).

This method uses a k-means clustering process (Anderberg, 1973) on the MODIS cloud top pressure-

cloud optical depth (CTP-COD) collection 5.1 daily level 3 histogram at 1◦×1◦ resolution. The k-

means clustering algorithm requires the number of clusters as an input, which is determined follow-

ing the method of Rossow et al. (2005). Starting at four clusters, the number of clusters is increased

and the clusters are judged by whether they fulfil the following conditions: 1) The cluster centroid

histograms do not change significantly when the clustering process is re-run with different starting

centroids; 2) The resulting cluster centroid patterns should differ from each other such that the cor-

relations between them are low (usually <0.6); 3) The spatial and temporal correlations between the

frequency of occurrence patterns of the regimes should be low. Strong correlations between the cen-

troid histograms or the frequency of occurrence patterns may indicate that a cluster is being repeated.

In a similar fashion to Williams and Webb (2009), the additional condition that the total relative fre-

quency of occurrence (RFO) of each of the regimes should be above 3.5 % is also imposed, as these
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Figure 3.1: Maps of the relative frequency of occurrence (RFO) and joint cloud top pressure – cloud
optical depth histograms of each cloud regime between 30◦N and 30◦S.

low frequency clusters tend to be sensitive to the initial seeding of the clusters. The final number of

clusters used is the largest number of clusters which satisfies these criteria.

Seven clusters are found in the tropics (30◦N - 30◦S) (Tab. 3.1) when using 1 year of MODIS

Aqua data. When dealing with the full set of data from 2003-2011, each level 3 pixel is assigned to the

regime with the closest mean properties (CF, CTP and albedo). Each of these variable is normalised

to the range 0-1. This assignment method improves the speed of the assignment while having a

negligible effect on the regime histograms. Fig. 3.1 shows the relative frequencies of occurrence of

the different regimes. The transition regime refers to the transition between the shallow cumulus and

the stratocumulus regimes.

MODIS Aqua collection 5.1 level 3 daily data at 1◦ by 1◦ resolution is used for aerosol (Remer

et al., 2005) and cloud (Platnick et al., 2003) property retrievals, with ‘Optical Depth Land And

Ocean Mean’ as the AOD product. The adiabatic approximation (Eq. 3.1) (Brenguier et al., 2000) is

used to estimate CDNC (Nd), where τc is the cloud optical depth, and γ = 1.37× 10−5 m− 1
2 (Quaas

et al., 2006).

Nd = γτ
1
2
c r

− 5
2

e (3.1)

This relationship assumes that the liquid water content and droplet radius increase monotonically
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Table 3.1: Properties of the regimes centroids used in this study. including regime relative frequency
of occurrence (RFO) and the contribution to the total mean sensitivity (Sens). The mean GPCP
rainrate (Huffman et al., 2009) and the initial height used for the HYSPLIT trajectory analysis (see
chapter 5) are also included.

Regime Albedo CTP CF RFO Sens Rain HYSPLIT alt.
hPa % % % mm d−1 m

Shallow Cumulus 0.452 551 24.7 50.0 11 1.13 1000
Thick Mid. Level 0.628 261 97.6 9.5 11 10.56 3000
Thin Mid. Level 0.400 270 84.3 8.6 7 5.54 6000
Transition 0.405 856 58.3 14.3 18 0.99 1000
Anvil Cirrus 0.337 137 88.0 4.5 0 6.54 8000
Deep Convection 0.697 127 98.6 3.7 -2 23.68 6000
Stratocumulus 0.487 745 83.9 9.4 58 1.75 1000

with height in the cloud, and that re is representative of the true droplet radius at the top of the cloud.

Although the MODIS cloud property retrievals are not performed where overlapping cloud layers

are detected, in cases with a undetected thin cirrus layer overlying a low liquid water cloud, the

retrieval of cloud droplet radius can be compromised (Davis et al., 2009). The removal of clouds

where overlapping layers are detected may also influence the statistics of regime occurrence, as high-

topped regimes such as the deep convective regime are unlikely to have an issue with overlapping

high cloud. In this work, the retrievals in regions where no overlapping cloud is detected are assumed

to representative of the dominant cloud regime at each location. Previous work (Grandey and Stier,

2010) has suggested that restricting the study to regions where only single-layer clouds are detected

does not make a large difference to the sensitivity of CDNC to AOD. Following Grandey and Stier

(2010), Nd is calculated using the τc–re joint histogram in the MODIS level 3 product, excluding

bins where τc < 4 and re < 4.

The sensitivities is calculated following the method of Feingold et al. (2003), where the sensitivity

(bNd
), of Nd, to AOD (τ ) is given by

bNd
=

dlnNd

dlnτ
(3.2)

The sensitivities are calculated separately for each season DJF, MAM, JJA and SON, and ignore

pixels with fewer than five retrievals before calculating the one-sigma error-weighted mean.

The adiabatic approximation for the CDNC is valid in adiabatic liquid clouds, assuming that there

is no precipitation or entrainment, that the CDNC is constant with height and that the liquid water
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content increases monotonically with height. Marine stratocumulus clouds have been found that are

very close to adiabatic (Zuidema et al., 2005). Although continental clouds are often found to be

sub-adiabatic, the sensitivity is defined such that the absolute magnitude of γ is not important.

3.2 Results

When considering all the data for determining the sensitivity of droplet effective number concentra-

tion to AOD (Fig. 3.2e), a strong positive sensitivity is found over ocean, indicating that an increase

in AOD is correlated with an increased CDNC. There is a predominantly negative relationship over

land, which is not seen either in climate models, or when using cloud data from the CERES science

team retrieval of cloud properties from MODIS (Quaas et al., 2009). This negative sensitivity is not

consistent with conventional theories of the cloud albedo effect, which predict an increase in cloud

albedo with increasing CCN. The pattern of negative sensitivities observed is not consistent with

semi-direct effects expected to occur in regions with significant aerosol absorption (eg. Stier et al.,

2007), as they would not be expected to show such a clear land–sea contrast.

As expected, the regimes dominated by mixed–phase clouds (deep convective and anvil cirrus)

show no significant sensitivity of CDNC to AOD (Fig, 3.2). The regimes with high proportions of

liquid clouds (shallow cumulus, transition and stratocumulus) show a positive sensitivity over ocean,

indicating that a higher AOD is correlated with a higher CDNC. Negative sensitivities are also found

over land in the shallow cumulus regime, which has a very similar sensitivity pattern to that found

when considering all data, due to the high regime RFO. In regions where the correlation is significant

at the 2-sigma level, both stratiform regimes show a larger sensitivity than the shallow cumulus

regime. The stratocumulus regime shows a strong positive sensitivity over ocean, especially along

the western edge of the Pacific, but also over land, in contrast to the negative relationship observed

in the shallow cumulus regime.

Failure to consider regimes when calculating sensitivities leads to an under-representation of

the high CF regimes, as aerosol and cloud cannot be retrieved at the same location (about 60 % of

stratocumulus regime has no valid AOD retrieval, compared to only 30 % of the shallow cumulus

regime). This is especially important given that these regimes have a high proportion of the total

liquid cloud amount. To account for this, when the regime sensitivities are recombined to calculate
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Figure 3.2: Sensitivity of cloud droplet effective number concentration (CDNC) to aerosol optical
depth (AOD) for the separate regimes. This uses 9 years of Aqua-MODIS collection 5.1 cloud and
aerosol products, from 2003-2011. Only relationships significant at the 2-sigma level are shown.

the total sensitivity, the regime sensitivities are weighted by the total regime RFO, which has no

requirement for valid AOD retrievals. This assumes that the regimes behave similarly whether or not

there is a co-located AOD retrieval. The regimes are also weighted by the regime mean liquid CF

in each gridbox, on the basis that the indirect forcing from a regime/gridbox would scale with liquid

CF.

Fig. 3.3 shows that the regime based method of calculating sensitivity (Fig.3.3b) results in similar

sensitivities to those calculated without separating and weighting the regimes (Fig. 3.3a), but with

some notable differences. The sensitivity over ocean decreases slightly, although there are increases

in some regions, notably in the Western Pacific, on the edge of the stratocumulus region. In gen-

eral, the sensitivity increases over land, becoming positive in some regions, compared to a negative

sensitivity when regimes are not used. This is in better agreement with models and theory. Given

that only the shallow cumulus regime experiences a negative sensitivity over land, this suggests that
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Figure 3.3: Comparison between the sensitivity of CDNC to AOD without splitting the data into
cloud regimes (a), using a liquid cloud fraction and frequency of occurrence weighted mean (b), and
the difference between the methods (c). Only relationships significant at the 2-sigma level are shown.

the negative sensitivity over land may be due to difficulty in retrieving CDNC in low cloud fraction

pixels (Bennartz, 2007). However, these results show that the low CF pixels provide a relatively

small contribution to the weighted total sensitivity (Tab. 3.1) even though they have a high frequency

of occurrence, limiting the impact of this negative sensitivity. The majority of the total sensitivity

comes from the stratocumulus regime, due to its high liquid CF compensating for its low frequency

of occurrence.

It is also possible that the increase in sensitivity in the higher CF regimes is not a physical effect,

but may be due to one of the numerous different effects which result in the strong relationship be-

tween CF and AOD (Quaas et al., 2010). However, the ability to pinpoint the source of the negative

sensitivity over land to the low CF retrievals illustrates the importance of regime based analysis.

3.3 Conclusion

This chapter highlights the importance of regime–based studies of aerosol–cloud interactions, due to

the differing interaction strengths of the different regimes.
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Using a k-means clustering process on retrieved cloud properties, nine years of MODIS Aqua

data are separated into seven tropical cloud regimes. These cloud regimes have differing sensitivities

of CDNC to perturbations in AOD, with the stratiform regimes having the largest sensitivities. The

shallow cumulus regime has very similar sensitivity to the total sensitivity determined without using

regimes, due to its high relative frequency of occurrence.

Without accounting for the different cloud regimes, a negative sensitivity is found over land, in the

location of the strongest anthropogenic aerosol perturbations. This negative sensitivity is produced

by the low CF shallow cumulus regime and although this could be an aerosol effect, it does not agree

with other satellite products, suggesting that it may be due to the difficulty of retrieving CDNC in

low CF scenes.

Determining the sensitivity requires both AOD and cloud property retrievals at the same loca-

tion. This requirement means that the high cloud fraction (CF) stratiform regimes are typically

under-represented in sensitivity determinations due to a lower number of AOD retrievals reducing

the apparent regime frequency of occurrence. To compensate for this sampling bias, the total regime

frequency of occurrence, which is not dependent on AOD retrievals, is used to determine the regime

frequency. In addition, each regime is weighted by its mean liquid CF to account for the extra con-

tribution high CF regimes make to the forcing.

With these weightings, the stratocumulus regime contributes the most to the total sensitivity (58 %

of the total) despite its low frequency of occurrence, due to high liquid CF and regime sensitivity.

Due to a low liquid CF, the shallow cumulus regime only makes a small contribution to the total

sensitivity (1 1% of the total), limiting the impact of the negative sensitivity of this regime. This

weighting increases the total sensitivity of CDNC to AOD over land, in some regions changing the

sign of the sensitivity to positive, putting it in better agreement with other studies.

This increased sensitivity of CDNC to AOD over land is particularly significant given that the

short lifetime of many aerosol species leads them to be concentrated near sources, which are of-

ten over land. This increased sensitivity and the differing sensitivity of the regimes highlights the

importance of regime based analysis for investigating the magnitude of the cloud albedo effect.

In the remaining chapters, the cloud regimes determined here are used to further examine the

possible effects of aerosols on cloud, particularly cloud and precipitation development. Whilst the

use of cloud regimes partially restricts the CF variance, reducing the influence of the AOD-CF cor-
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relation, they do not fully account for it. The next chapter shows how the AOD-CF relationship can

be accounted for whilst still allowing the study of possible aerosol effects on CF.





Chapter 4

Satellite observations of regime transitions

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. The use of ‘snapshot’ correlations, where both the aerosol and cloud

properties are retrieved at the same time, limits the ability to distinguish real aerosol cloud interac-

tions (especially aerosol influences on CF - see chapter 2) from meteorological covariation or retrieval

errors.

Some previous studies have investigated the development of clouds in different aerosol environ-

ments using sub-daily time resolved satellite datasets. Matsui et al. (2006) used the Visible and

Infrared Scanner (VIRS) instrument onboard TRMM to investigate the diurnal cycle of low clouds

and used MODIS to provide an aerosol retrieval. However, they restrict their study to low clouds, and

do not account for the different development of the 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 between AOD and CF

may be overestimating the influence of aerosol on CF 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 and stratocumulus breakup, that are missed by this approach. Meskhidze et al. (2009)

The text and figures in this chapter are based on Gryspeerdt, E.,P. Stier and D. G. Partridge, Satellite observa-
tions of cloud regime development: Links to aerosol processes, Atmos. Chem. Phys. Discuss, 13, 22931-22977,
doi:10.5194/acpd-13-22931-20113, 2013. The analysis and manuscript are my own work, with comments and sug-
gestions from co-authors.
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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 me-

teorological covariation or the strong AOD-CF relationship. As shown in chapter 2, not accounting

for the AOD-CF relationship can lead to spurious correlations between aerosol and cloud properties.

This chapter addresses these issues with a regime based approach, using the regimes determined

in chapter 3. The relationship between both the frequency of occurrence of cloud regimes and the

probability of transitions between the regimes and satellite retrieved AI is investigated, with a strong

emphasis placed on accounting for meteorological covariation. The development of CF is also inves-

tigated, due to the strong AOD-CF correlation making studies of aerosol effects on CF difficult. By

studying transitions, the work in this chapter aims to reduce spurious correlations due to meteorolog-

ical covariation and retrieval errors. It also shows 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.

4.1 Methods

MODIS L3 collection 5.1 data at 1◦ by 1◦ resolution is used for cloud property retrievals (Platnick

et al., 2003), splitting data into separate cloud regimes over the period 2003-2011 inclusive. The

same method as chapter 3 is used here to determine the regimes; details of the regimes are given in

table 3.1. Fig. 4.2 shows the frequencies of occurrence of the different regimes in the tropics (30◦N

– 30◦S, 150◦W – 150◦E) using Terra MODIS.

Only products from retrievals performed during daylight hours are used to ensure that the retrieval

time within the study region is known. The region studied is restricted 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.

In this chapter, the two separate MODIS instruments are used to investigate links between aerosol

properties and the transitions between cloud regimes. The MODIS instruments are onboard Terra

and Aqua, satellites in sun-synchronous orbits with equatorial crossing times of 1030 and 1330 LST

respectively. The local overpass time can vary slightly due to the wide swath of MODIS, such that
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the time between overpasses can vary from between one and a half to four and a half hours. These

instruments are of the same design, minimising error due to instrument differences. 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). These differences do not affect

the results of this study.

Whilst there are different possible MODIS CF products available, in this and following chapters,

the MODIS cloud optical properties ‘CF Combined’ is used to determine the cloud regime, rather

than the cloud mask CF used in chapter 2. This CF product is determined by the cloud optical prop-

erties 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 and 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 Hart-

mann, 1993)), data from the full resolution ECMWF ERA-Interim dataset is used, re-gridded to a 1◦

by 1◦ grid (Dee et al., 2011). The meteorological properties are re-sampled to 1030 LST by taking a

weighted average of the properties at the two closest times provided by ERA-Interim.

The AOD was used in previous chapters for ease of comparison with earlier work. The aerosol

index (AI) is used from this chapter onwards, generated from the MODIS AOD QA mean and

Angström exponent QA mean products. The Angström exponent provides a size dependent mea-

surement. The AI, as AOD multiplied by Angström exponent, is thought to provide a better estimate

of CCN than the AOD alone (Nakajima et al., 2001).

To ensure that correlations caused by seasonal variations or climatological spatial gradients in

cloud and aerosol properties are removed (Grandey and Stier, 2010), high and low aerosol are defined

as the highest and lowest AI 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.

The ECMWF Monitoring Atmospheric Composition and Climate (MACC) AOD product is also

used as an AOD dataset to investigate the possibility of sampling errors caused by the lack of AOD

retrievals in high CF regimes (Sayer et al., 2010b). The MACC product uses assimilated MODIS
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data, so while it does not account for cloud contamination or relative humidity issues, it does provide

AOD estimates for cloud covered regions. As the performance of the MACC Angström exponent

has not been evaluated, a MACC AI product is not created. Whilst this limits direct comparisons

to results using MODIS AI, but the benefits of using AI from MODIS outweigh these drawbacks.

Throughout the remainder of this thesis, the low AI population is the lowest AI quartile, and the high

AI population is the highest AI quartile.

4.1.1 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 changes 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 the strong AI-CF correlation, as they do not depend on the frequency of

occurrence of the regimes (and hence regime CF). Such properties also 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 the investigation the transitions between

cloud types over the period between roughly 1030 – 1330 LST. This period is referred to as the

timestep throughout this chapter. To minimise sources of variance, this study is restricted to the

tropics (30◦N to 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 diurnal cycle is larger, at 30 – 40%, representing a significant contribution to the

total variability (Yang and Slingo, 2001).

Transitions 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, this is considered 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, at the limit of whether advection

should be considered over a three hour timestep. Throughout this chapter the effects of advection

are neglected, as the cloud regimes are often similar over scales larger than 1◦ by 1◦. The validity of

neglecting advection over the three hour timestep is investigated in this chapter.

Statistical significance for the changes in the transition histograms is determined using a boot-
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Figure 4.1: The shallow cumulus regime 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. 500 hPa vertical velocity, low troposphere static stability, 850 hPa relative humidity and
10 m windspeed are also accounted for. This step is performed for each regime, separately over land
and ocean.

strap method (Efron, 1979). A change in transition frequency is considered significant if the 95%

confidence intervals of the transition frequency for the high AI and low AI populations do not inter-

sect.

4.1.2 Meteorological covariations

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. This study aims to determine whether separating the

regimes 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 time of the aerosol retrieval. This process is illustrated in Fig. 4.1. Normalised

histograms of CF are made for the high and low AI populations. For each histogram bin, data-points

are removed at random from the population with the larger frequency density in that bin until both

normalised distributions match. This is performed independently for each bin, and the entire process

is repeated until the populations have sufficiently similar normalised histograms. Investigations sug-

gest that this process reduces the difference in the mean CF between 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
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regime over land and ocean separately. It is not used when determining the frequency of occurrence

of the regimes, only at the start of the timestep 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.

Fig. 4.1 also demonstrates how the diurnal cycle may result in apparent aerosol effects on the

transition frequencies if this correction is not performed. In 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. 4.1a, 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 equally, would generate more transitions for the high AI population, as it has more higher CF

data-points. After the correction process (Fig. 4.1b), 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 relationship between aerosol and cloud properties may also be influenced by relative hu-

midity (Quaas et al., 2010), this step is repeated with ECMWF 850 hPa relative humidity. This

technique is also used to ensure the high and low AI populations have the same distributions of di-

vergence (which can be approximated by 500 hPa vertical velocity), 10 m windspeed (Engstrom and

Ekman, 2010) and LTSS (Mauger and Norris, 2010), as these have all been suggested to influence

aerosol-cloud correlations. It should be noted that the ECMWF RH may not provide a constraint on

the actual RH (Boucher and Quaas, 2012) and the CF may be a more effective constraint on RH. It is

included here as it appears to have an influence on the strength of the transitions between the regimes.

Other meteorological properties, such as sea surface temperature have been shown to have im-

portant influences on cloud evolution (Pincus et al., 1997), but they are thought to have less of an

influence on the apparent strength of aerosol-cloud interactions. Not all meteorological parameters

are considered here, the main focus is on parameters that have previously been shown to have strong

correlations with aerosol and cloud properties (eg. 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, meteorological covariations controlled by these variables are reduced.

This process reduces the amount of data available for study by about half for all the regimes.
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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.

The AI-CF relationship is removed at the time of the Terra (morning) overpass. To investigate the

possible effect of aerosol on CF, the recovery of the AI-CF relationship over the three hour timestep

is examined. To aid this, δ(CF) (Eq. 4.1) is defined as the difference between the mean change in CF

(fc) 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, δ(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, δ(LWP) would be the difference in mean liquid water path evolution

between the high and low AI populations.

δ(CF) = ∆fc [High AI]−∆fc [Low AI] (4.1)

4.2 Results

4.2.1 Regime RFO changes

Fig. 4.2 shows the change in regime relative frequency of occurrence (RFO) between the low and

the high AI populations, the scale being the change in percentage frequency occurrence. 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. 4.2h), almost universally across the globe, although the

decrease is less pronounced around the Atlantic coast of Africa, in the Arabian Sea and in Indonesia.

There is a corresponding increase in the stratiform cloud types, with the increase in stratocumulus

regime (Fig. 4.2n) being more confined to the edge of continents than the transition regime, which

increases over most of the globe (Fig. 4.2k). The decreases in the RFO of the transition regime

appear to be due to thickening of the cloud in that area, seen as an increase in the stratocumulus

regime. The increases in stratiform cloud are consistent with an increase in AI being correlated with
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Figure 4.2: 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.

an increase in CF in the stratocumulus and transition regimes.

There is also an almost universal increase in the RFO of mid-level regimes with increasing AI.

A small increase in the anvil cirrus type is also observed, confined to regions where it already com-

monly occurs (Fig. 4.2l). The increases in the convective types (anvil cirrus and thick mid-level)

are consistent with the convective invigoration hypothesis of aerosol effects on 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. 4.2m), 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



4.2. RESULTS 57

increases in deep convective (Fig. 4.2t) and stratocumulus regimes (Fig. 4.2u). 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., 2013b). This may also be linked

to the smaller increase in the anvil cirrus regime in the same region, which also has a very high mean

CF. The decrease in shallow cumulus RFO with increasing MACC AOD (Fig. 4.2o) 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 the 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.

4.2.2 Transitions

To investigate the frequencies of transitions between the regimes during the three hour timestep,

transition histograms similar to those of Lee et al. (2013) are used. 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, situations where there

is no change in regime over the timestep are also referred to 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. 4.3a,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. 4.3a) there are strong 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 thesis.

Over ocean, the transitions from the transition regime to shallow cumulus regime stand out, as

do the ones from the stratocumulus regime to transition regime (Fig. 4.3b). 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 a precursor to convective cloud types,
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Figure 4.3: Regime transition histograms showing the conditional probability of a given transi-
tions between regimes over (a) land and (b) ocean during the three hour 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).

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 thesis, the shallow cumulus

– transition – stratocumulus pathway is referred to as the stratiform pathway (the stratiform regimes

in order of increasing CF).

When investigating the change in transition frequencies, the strong AI-CF correlation is ac-

counted for using the method described in section 4.1.2. The difference between the regime tran-

sitions histograms for those transitions starting in the highest AI quartile and the lowest AI quartile
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is less pronounced than the change in regime RFOs (Fig. 4.2b). This is partly because the transitions

only consider the results of an effect over three hours, rather than the integrated effect considered by

the ‘snapshot’ correlations present when determining the change in regime RFOs. The differing di-

urnal cycle over land and ocean generates different features in the difference histograms (Fig. 4.3c-f

)over land and ocean. Due to the restricted number of deep convective regime clouds with a co-

located MODIS AI retrieval, there are no observed changes in transitions from the deep convective

regime (Fig. 4.3c,d) when using MODIS AI.

The transitions histograms over both land and ocean (Fig. 4.3c,d) show a distinct decrease in all of

the transitions into the shallow cumulus regime with increasing AI. They also both show an increase

in transitions out of the shallow cumulus regime, with the increase in transitions to the transition

regime with increasing AI over ocean with being more pronounced.

Over land (Fig. 4.3c) 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 into 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, 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 hypothe-

sis (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 stra-

tocumulus 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 lifecy-

cle. 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.

There is very little increase in the convective pathway transitions over ocean. This may be due
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to the smaller AI variance over ocean (smaller difference between high and low AI quartiles) and

a lower frequency of occurrence of the deep convective regime over ocean (Fig. 4.5e). It is also

possible that the diurnal cycle is playing a role. Convective systems over ocean are expected 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. 4.3d), 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 the stratocumulus–transition regime transition.

Although an increase in stratocumulus persistence with increasing AI is observed in this study,

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 evap-

oration 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).

The analysis presented here shows the opposite effect (Fig. 4.3d), 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 of aerosols influencing the transition from closed to open

celled stratocumulus (Rosenfeld et al., 2006).

This difference is due to the more sophisticated accounting of meteorological properties, espe-

cially CF, at the start of the timestep in this study. 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 de-

crease 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
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study as an increase in stratocumulus persistence with increasing AI.

The use of MACC AOD to provide aerosol properties co-located with 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. 4.3e). There

is also a strengthening of the stratiform pathway over land compared to MODIS AI. Over ocean (Fig.

4.3f), 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. These differences

are 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., 2013b). It is possible that as the aerosol in cloud covered scenes has

been influenced by the cloud (such as by wet scavenging), it may not be suitable for determining the

influence of aerosols on cloud.

The results for the changes in frequencies of transitions between the cloud regimes where a ‘clear-

sky’ regime is included are shown in Fig. A.3. In general, the ‘clear-sky’ regime is not included in

this study, as it almost exclusively only exchanges with the shallow cumulus regime. Having zero CF

also means that the CF cannot be used to limit humidity variations. The exclusion of the ‘clear-sky’

regime does not impact the results in the remainder of this work.

4.2.3 Regional effects

Transitions from the shallow cumulus regime are investigated here, as the shallow cumulus regime

has the largest frequency of occurrence across the tropics (Fig. 4.2a). To prevent regional variations in

the AI-CF relationship from affecting the transition frequency spatial patterns, the method described

in section 4.1.2 is applied 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. 4.4 are well correlated with both increases
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Figure 4.4: 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. 4.3d. 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.

in δ(CF) and decreases in δ(CTP) (Fig. 4.5a,h). The increase in δ(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. 4.4a). In this case, the decrease

in CTP may be a consequence of the increase in CF due to the strong CF-CTP relationship (Chapter

2).

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. 4.5c,g). Over the

timestep, δ(LWP) shows a pattern similar to but opposite in sign to that of δ(CF) (Fig. 4.5a). The

increase in LWP at the start of the timestep is similar to model results, with most GCMs predicting a

large increase in LWP with increasing AOD (Quaas et al., 2009). This study finds a negative δ(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 higher

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 changes in LWP rather
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Figure 4.5: 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) (b), liquid water path - liquid clouds (c)
and cloud top pressure at the start of the timestep (d), and the difference in the evolution of these
quantities over the timestep (f,g,h) are also shown. These plots all use MODIS Aqua and Terra data
from 2003–2011, between 30◦N and 30◦S.

than absolute magnitudes are investigated here, these changes may also be unreliable.

Given the strong relationship observed in δ(CF), changes in the MODIS CF Day product are also

investigated. 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 chapter). The cloud properties retrieval

(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 (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

perimeter-to-area ratio of the clouds as well as the amount of heavy aerosol. CF Day is often higher

in the higher AI population at the start of the timestep (Fig. 4.5b), especially in regions where the
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primary source of aerosol is dust, such as the West coast of Africa and the Arabian Sea. This suggests

that the larger CF Day is due to aerosol contamination of the cloud retrieval (Brennan et al., 2005),

but it may also be due to a changing area to perimeter ratio in these regions. As CF Day is not the

same for the high and low AI populations at the start of the timestep (Fig. 4.5b), the value of δ(CF

Day) at the end of the timestep (Fig. 4.5f) may be affected by the difference in the initial state. δ(CF

Day) shows some similarities to δ(CF), with increased δ(CF Day) over the ocean in the Southern

Hemisphere. However, there is a decrease in δ(CF Day) over the Northern Hemisphere and over

land. This is most likely due to the difference in CF Day between the high and low AI populations

at the start of the timestep (Fig. 4.5b), possibly due to heavy aerosol being flagged as cloud in these

regions (Brennan et al., 2005).

4.2.4 Meteorology

Considering δ(CF) of the shallow cumulus regime in a meteorological variable space instead of a

latitude-longitude space, the dependence of the correlations between aerosol and the CF development

as a function of meteorological variables can be investigated (Fig. 4.6).

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. 4.6). The δ(CF) at the

end of the three hour timestep is a not a strong function of ω500 for the shallow cumulus regime.

LTSS shows a much clearer relationship, with δ(CF) increasing with increasing LTSS. The increase

in δ(CF) is particularly clear over the range from 12 to 20 K, where δ(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.

Shallow cumulus clouds develop differently under strong inversions, spreading out and tending to

be topped by a stratiform cloud layer (Stevens et al., 2001). This more stratiform character could lead

to increases in δ(CF) in higher LTSS regions. The increase in δ(CF) with increasing LTSS matches

well with the observation of increased δ(CF) in the high LTSS regions of the Southern Hemisphere

(Fig. 4.5a) and may explain the hemispheric difference in δ(CF).

Across the majority of the range investigated for relative humidity, it appears to have a relatively

poor relationship to δ(CF). There is perhaps an increase in δ(CF) with increasing relative humidity

above around 70%, but given the smaller quantity of data and larger uncertainty in this range it is
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Figure 4.6: The dependence of δ(CF) (blue) on initial meteorological parameters for the oceanic
shallow cumulus regime. The distribution of points as a function of meteorological parameter is also
shown by the solid black line. This plot is composed from MODIS data at all the oceanic shallow
cumulus points from July-August-September over the years 2003-2011.

hard to draw any conclusions.

Windspeed at 10 m appears to have a significant effect on δ(CF) above 8 m s−1, where a large

increase in δ(CF) can be seen, from around 0.04 to over 0.1. Below this range, there is a much

less significant relationship between windspeed and δ(CF). The cause of the relationship between

windspeed and δ(CF) is not clear. Sea spray is known to be related to windspeed (Woodcock, 1953),
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a) Shallow Cumulus δ(CF) (advected)

b) Shallow Cumulus δ(CF) (not advected)

c) d(CF) (Advected - not advected)

-0.1 -0.05 0 0.05 0.1

CF difference

Figure 4.7: The difference in the CF at the end of the timestep between the high AI and low AI
populations (δ(CF)). This figure shows the difference when advection is taken into account using
HYSPLIT, when the effects of advection are neglected, and the difference between them. This plot
covers the period July-September, 2003-2011.

where wind and waves force 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 (eg. 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 δ(CF). Another possible explanation is the effect of

whitecaps increasing the retrieved AI (Sayer et al., 2010a), as significant whitecaps begin to occur

above about 5 m s−1. How this would increase δ(CF) is unclear, as the high and low AI populations

have the same distribution of 10 m windspeeds.

Whilst there is a small influence of initial CF on δ(CF) at very low values of CF, in general there

is a very weak relationship between them, with a slight increase in δ(CF) at higher initial CF (Fig.

4.6).

4.2.5 Advection

The geographical pattern of δ(CF) for the shallow cumulus regime (Fig. 4.5) and the link to LTSS

(Fig. 4.6), suggests the possibility of advection having an important role. The MODIS L3 resolution

of 1◦ by 1◦ is at the limit of whether advection should be considered over the three hour timestep.

Although advection has been neglected in this chapter, within a 3 hour timestep an airmass may

well have left the 1◦ by 1◦ gridbox in which it started the timestep. This movement of airmasses
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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 δ(CF) in the shallow cumulus regime in the trade wind cumulus regions, by advecting

stratocumulus clouds into a gridbox during the timestep, apparently increasing the CF of the shallow

cumulus regime.

The Hybrid Single Particle Lagrangian Integrated Trajectory Model (HYSPLIT) with a starting

altitude of 1000 m is used to include the effect of advection on the observed changes in cloud frac-

tion for the shallow cumulus regime. NCEP reanalysis data is used to determine trajectories from

the centre of each 1◦ by 1◦ degree box over the period July-August-September 2003-2011. If this

trajectory ends in a different gridbox after three hours, data from that gridbox is used to provide the

end of timestep CF.

Comparing δ(CF) from the cases both with and without accounting for advection, the difference

between them is generally much smaller than the magnitude of δ(CF) (Fig. 4.7). Taking into account

advection does result in an increased δ(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 δ(CF). In general the effect of advection on δ(CF) is much smaller

than δ(CF), justifying the assumption that the effects of advection can be neglected.

4.2.6 Role of the retrieval product

To investigate the possibility that the particular retrievals used could be generating these results, this

analysis is repeated using data from ISCCP (Rossow and Schiffer, 1999). In the tropics, ISCCP uses

mainly geostationary satellites, allowing several views of the same region each day. This also min-

imises 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, al-

though there is not an exact correspondence due to differences between the instruments, retrievals
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and regimes determined by the clustering processes. The GlobAerosol (Thomas et al., 2013) AOD

retrieval from the AATSR instrument on the ENVISAT satellite is also used. This is similar to Terra

MODIS in that it is sun-synchronous and has an overpass time of approximately 1030 LST. It has a

smaller swath, meaning that it only covers the 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◦.

Similar results are found when using ISCCP and AATSR data (Figs. A.1, A.2) to those seen with

MODIS data (Figs. 4.2, 4.3). 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, the increase in the convective pathway over land

is not as prominent as when using AATSR AOD, similar to when using MODIS cloud retrievals. This

provides further evidence that the observed results are not due to the details or resolution of either

the cloud properties or aerosol retrievals.

4.2.7 Relationship to long term effects

The developmental studies presented here can only assess the possible effect of aerosol on CF over the

period between the two cloud retrievals, approximately three hours 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, developmental studies can be

used to estimate the extent that a snapshot AI-CF correlation overestimates the influence of AI on

CF.

Two AI retrievals are used, one AI retrieval with CF ‘effects’ on AI (such as humid swelling

and cloud contamination) included (similar to a ‘snapshot’ study, Fig. 4.8c), and one where they

are accounted for in the same way as the developmental studies in this thesis (Fig. 4.8b). δ(CF) is

then compared for each of these retrievals to examine how CF ‘effects’ on the retrieved AI influence

observed AI-CF correlations.

It is assumed here that the retrieved AI (AIretrieved,αretrieved) is composed of two parts, a part

dependent on the actual AI (AIreal,αreal) and a scaling factor dependent on some function of the CF

(f (fc)) (Eq. 4.2). The developmental studies have the same CF distribution for both the high and

low AI populations, and so the same CF contribution to the retrieved AI. This ensures the high AI
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High AI 

Low AI 

3 hours 
dreal 

Using AIreal 
(Transitions study) 

Using AIretrieved 
(‘Snapshot’ study) 

Initial CF distribution 
(For high and low AI) 

dretrieved 
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Figure 4.8: Schematic demonstrating how the time of the aerosol retrieval can affect δ(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 δreal(CF) at the
end of the timestep. c) Using the AI retrieval from the end of the timestep (AIretrieved) gives a larger
CF difference δretrieved(CF), due to the effects of humid swelling and cloud contamination, which
increase with CF.

population has a high AIreal, not just a higher CF. δreal(CF) is the δ(CF) calculated in the developmental

studies (Fig. 4.8b).

αretrieved = f (fc)× αreal (4.2)

The CF effects are accounted for at the start of the timestep, so the same instrument cannot be

used at the same time to get an AI retrieval including CF effects for the same sample of clouds.

However, at the end of the timestep, there is a second AI retrieval using Aqua MODIS. This retrieval

is used as a ‘contaminated’ AI retrieval, as it includes the CF dependent part. This AI retrieval is

referred to as AIretrieved, and the corresponding δ(CF) as δretrieved(CF) (Fig. 4.8c). Due to the included

CF effects, δretrieved(CF) is analogous to a ‘snapshot’ study.

Assuming that AIreal is constant across the timestep, the δreal(CF) calculated using an AI retrieval

that has CF effects accounted for (as in the studies of regime transitions) can be compared to 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



70 CHAPTER 4. SATELLITE OBSERVATIONS OF REGIME TRANSITIONS

‘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 suggests that is plays a

larger role (Zhang et al., 2005). Quaas et al. (2010) suggested that the largest contributors to the

positive AI-CF relationship are retrieval errors and humid swelling of aerosols. They find that the

effect of aerosols on CF in the GCM is smaller than retrieval errors or humid swelling, 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, justifying the removal of the link between AI and CF at the start of the timestep.

Tab. 4.1 shows the different values of δ(CF) over the tropics. As expected, δretrieved(CF) is larger

than δreal(CF) in all the regimes, over both land and ocean, in many cases by a significant margin.

This shows that a snapshot AI-CF correlation will overestimate the magnitude of the possible aerosol

effect on CF by at least a factor of two (Column δreal(CF)Terra/δretrieved(CF) in Tab. 4.1). This overestimation

is slightly larger over land than over ocean, possibly due to the difficulty in retrieving aerosol over

land.

So far, this work assumes 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 three hour

timestep, emissions processes are not expected to be as regime dependent as wet scavenging.

An estimate of the size of the wet scavenging effect can be calculated by comparing δreal(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 δreal(CF) when calculated

using Aqua MODIS AI compared to Terra.

The expected reduction is seen in Tab. 4.1, with -δreal(CF)Aqua less than δreal(CF)Terra. The

difference is larger in regimes that have a larger precipitation rate (Tab 3.1), especially over land,

providing further evidence that this change is the result of wet scavenging. The negative sign allows

for a better comparison with δreal(CF)Terra, as δreal(CF)Aqua is determined using an AI retrieval at
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Table 4.1: Difference in cloud fraction between high and low AI populations at the end of the timestep
(Eq. 4.1). δreal(CF)Terra uses an AI retrieval from the start of the timestep to determine a non-cloud
contaminated AI, whereas δretrieved(CF) uses a contaminated retrieval performed at the end of the
timestep. Both δreal(CF)Terra and δretrieved(CF) use the same population of clouds. -δreal(CF)Aqua
uses an AI retrieval where the AI-CF correlation is accounted for, determined 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 δreal(CF)Aqua is determined
‘backwards’ in time compared to the other measurements of δ(CF)

Regime δreal(CF)Terra δretrieved(CF) -δreal(CF) Aqua δreal(CF)Terra/δretrieved(CF)

Land
Shallow Cumulus 2.9 7.1 1.2 0.4
Thick Mid Level 6.1 12.5 -4.4 0.5
Thin Mid Level 6.2 12.7 -2.8 0.5
Transition 2.6 7.4 3.3 0.4
Anvil Cirrus 4.0 9.4 1.7 0.4
Deep Convective – – -7.8 –
Stratocumulus 4.1 9.2 0.9 0.4

Ocean
Shallow Cumulus 3.9 7.1 1.1 0.6
Thick Mid Level 1.6 11.0 2.8 0.1
Thin Mid Level 5.2 10.7 4.3 0.5
Transition 5.7 10.9 1.2 0.5
Anvil Cirrus 5.7 10.5 4.3 0.5
Deep Convective – – -6.3 –
Stratocumulus 4.6 10.4 3.7 0.4

the end of the timestep, and so δ(CF)Aqua is determined backwards in time.

The exact effect of wet scavenging cannot be determined here, as δreal(CF)Aqua and δreal(CF)Terra

cannot be calculated from a single group of clouds. Calculating δreal(CF)Aqua requires setting

δreal(CF)Terra to zero (and vice-versa). Using separate populations of clouds (as done here) can

only give an indication of the size of the wet scavenging effect.

The difference between δretrieved(CF) and δreal(CF) shows the extent of the overestimation of the

AI-CF relationship when not accounting for the CF dependent part of the AI retrieval. This links the

results from studying the regime transition frequencies to previous ‘snapshot’ correlation studies.

4.3 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. The strong correlation between AI
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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, it is removed at the start of the timestep, accounting

for meteorological effects on the AI retrieval which are a function of CF (Section 4.1.2). The same

process used 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. 4.1). The changes

in the frequency of transitions between the regimes over the timestep then shows whether 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, there is still a positive δ(CF) (an increase

in CF in with increasing AI) at the end of the timestep (Fig. 4.5). This positive δ(CF), along with

changes in cloud optical depth and CTP 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. 4.3).

An important issue to note here is the different effects that meteorological covariations can have

on correlations between aerosol and cloud properties. These effects are separated 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 humid swelling of aerosols,

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, the impact of these type one effects is reduced.

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 per-

fect 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 me-

teorological parameters should act to reduce these type two errors, but without a control experiment,

they cannot be removed completely.
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There is some evidence that the observed changes in transitions frequencies (Fig. 4.3) may not

be due to an aerosol effect. δ(CF) is remarkably similar between regimes (δreal(CF) column in table

4.1) and in the shallow cumulus regime it shows a much stronger link to LTSS (Fig. 4.6) than to

the magnitude of change in AI (Fig. 4.5e). This is emphasised by the lower value of δ(CF) in the

Northern Hemisphere, where a larger AI variance (Fig. 4.5e) might be expected to produce a larger

δ(CF).

This hemispheric discrepancy over ocean might be explained by the non-linearity 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 non-

linearity is perhaps not the main factor. The differing nature of the clouds in the different hemispheres

(Wood et al., 2002) probably plays an important role in determining the magnitude of the response

to aerosol perturbations. The dependence of δ(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 these results. If the re-analysis was a perfect repre-

sentation of the atmosphere, it could be used to sample the results in such a way as to remove the

influence of meteorological covariation. The imperfect representation of the atmosphere in reanal-

ysis data, coupled with an inability to sample every possible meteorological variable, suggests that

these 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.

4.4 Conclusions

This chapter demonstrates a way to investigate aerosol-cloud interactions which allows for the study

of aerosol correlations with CF, whilst accounting for the influences of CF and meteorological prop-

erties 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 the direct study of cloud

development in different AI environments.

The cloud regimes defined in chapter 3 are used and the change in relative frequency of occur-
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rence (RFO) of different cloud regimes with changing AI is studied. By making use of the two

time-separated MODIS retrievals, the frequency of transitions between the regimes in high and low

AI environments is also investigated.

To ensure the transitions between regimes are not due to the strong AI-CF relationship, each

regime is selected such that the CF distribution is the same for the high and low AI populations at the

start of the timestep (Fig. 4.1). By accounting for variations in CF with AI, meteorological errors due

to the strong AI-CF correlation are reduced. 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 in-

creases the confidence that it reflects the actual CCN. By ensuring similar meteorological conditions,

the possibility that the observed results are due to differences in the meteorological environment is

reduced.

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

convective invigoration hypothesis (Fig. 4.2).

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., 2013b). There are also 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 in-

vigoration hypothesis (Fig. 4.3). These are less likely to be the result of the same meteorological

covariation, as the relationship between CF and AI has been accounted for. With increasing AI there

is also an increase in the persistence of marine stratiform types over ocean, contrary to previous stud-

ies, 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 reduc-

ing 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. A.2).

As AI cannot be retrieved in cloud covered scenes, the ECMWF MACC AOD product is used

to investigate possible sampling errors. It suggests that the results in stratiform regions are unlikely



4.4. CONCLUSIONS 75

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 high CF regimes may be

important in determining any links between AI and convective cloud development (Fig. 4.3e,f).

To compare the magnitude of these results looking at cloud regime development with previous

‘snapshot’ studies, the change in regime CF over the timestep is investigated using AI retrieved both

at the start and the end of the timestep. This gives one AI retrieval where CF influences are accounted

for, and one where they are not, allowing an estimate of the possible overestimates of the AI-CF

relationship in ‘snapshot’ studies. This shows that a simple AI-CF regression overestimates the link

between CF and AI by at least a factor of two. The exact amount is uncertain due to wet scavenging

processes and uncertainty in the development of the cloud regime properties, so the overestimation

by ‘snapshot’ correlations is probably larger still (Tab. 4.1).

The increases in transitions between regimes with increasing AI (Fig. 4.3) are consistent with

previously hypothesised effects of aerosols on cloud development, even after accounting for the in-

fluence 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 (Tab. 4.1). This demonstrates the importance accounting for

CF and meteorological influences on aerosol retrievals when investigating aerosol-cloud interactions.

The work in this chapter demonstrates the powerful possibilities of studying cloud development,

allowing for an accounting of meteorological covariation when studying aerosol-cloud interactions.

In the next chapter, this method is extended to study the development of precipitation over a longer

time period. In chapter six, the occurrence of cloud regimes and their response to AI perturbations is

studied in a GCM, allowing an investigation into the influence of type two meteorological covaria-

tions on the relationship between AI and regime transition frequencies seen in this chapter.





Chapter 5

Links between satellite retrieved aerosol and

precipitation

Observational studies have often shown an increase in precipitation in increased aerosol environ-

ments. Lin et al. (2006) compare MODIS AOD with precipitation from TRMM over the Amazon,

stratifying by the cloud work function to reduce meteorological variability. They find an increase in

precipitation with increasing AOD, coupled with an increase in cloud top effective radius at -10◦C,

suggesting an increase in ice formation. Studies using in-situ observations have also suggested a

link between CCN and precipitation, with a ten-year record at the ARM Southern Great Plains site

showing an increase in precipitation with increasing CCN (Li et al., 2011). At very high aerosol con-

centrations, opposing effects have been noted. Koren et al. (2008) show that the radiative effect of

aerosols may dominate microphysical effects at high AOD, suppressing cloud formation rather than

increasing it.

When considering precipitation and aerosol, wet scavenging is also important, as precipitation is

expected to remove aerosol from the atmosphere (Seinfeld and Pandis, 1998). A negative relationship

between AOD and precipitation might be indicative of this relationship. It is also possible that this

negative relationship cannot be observed using satellites, as they cannot sample the aerosol in cloud

covered scenes where the wet scavenging is occurring (Grandey et al., 2013b).

A link has been shown between satellite retrieved AOD and precipitation globally, with an almost

universal increase in precipitation with increasing AOD, similar to that in Fig. 5.1 (Koren et al.,

The text and figures in this chapter are from a paper in preparation for submission to Atmospheric Chemistry and
Physics which I have been working on with Philip Stier and Daniel Partridge. The analysis and manuscript are my own
work, with comments and suggestions from co-authors.
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2012). Whilst the interpretation of this result has been disputed (Boucher and Quaas, 2012), it shows

a strong link between satellite retrieved aerosol and precipitation properties. The cause of this re-

lationship is less clear, and may be due to meteorological covariation, satellite retrieval errors or

aerosol influences on precipitation.

In this chapter, the time-dependent method developed in the previous chapter is extended to in-

vestigate the relationship between precipitation and retrieved aerosol. The main aim of this chapter

is to account for possible meteorological covariation and biases in the retrievals of cloud and aerosol

properties to gain a clearer picture of how aerosols might be influencing precipitation properties and

development.

5.1 Methods

Both the aerosol effects on precipitation and meteorological influences on the correlation between

aerosol and precipitation are expected to be strongly influenced by the cloud type, with aerosol

invigoration effects expected primarily in convective regimes. Meteorological covariations, where

aerosol and cloud properties are correlated because they are linked to a meteorological parameter

(such as relative humidity (Quaas et al., 2010; Grandey et al., 2013b)) are particularly pervasive

when considering relationships between aerosol and cloud properties, due to the strong influence of

meteorological factors on cloud and aerosol. To attempt to reduce these covariations, the retrievals

are again separated by cloud regime, using the regimes determined in chapter 3 and listed in Tab. 3.1.

The entire tropics, 30◦N – 30◦S, 180◦W – 180◦E, over the period 2003-2007 is used in this study

(2003-2009 for the maps of precipitation change).

Given the strong influence of the AI-CF correlation on other correlations between aerosol and

cloud properties (see chapter 2), the regimes are again sampled such that the high and low AI popu-

lations have the same CF distributions at the time of the AI retrieval for each regime and season (see

section 4.1.2). This process is also repeated for ECMWF ERA Interim 850 hPa relative humidity and

500 hPa pressure vertical velocity. As noted in the supplementary information of Koren et al. (2012),

removing the link between CF and AI will reduce the vertical extent of the sample of clouds under

investigation. This in turn can remove any links between AI and precipitation, including links due

to an aerosol effect on precipitation. To avoid this, the diurnal nature of the cloud and precipitation
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Figure 5.1: a)The annual mean MODIS aerosol index (AI) in the tropics (30◦N-30◦S) for the years
2005-2007. b) The annual mean TRMM 3B42 merged precipitation rate in the same region. c) The
difference in TRMM 3B42 precipitation rate between days in the highest AI quartile and days in the
lowest AI quartile, with red indicating an increase in precipitation at high AI (based on Koren et al.
(2012))

cycle in the tropics is studied using multiple different satellite retrievals. Retrievals both before and

after the AI retrieval are used to determine how aerosol is related to the development of precipita-

tion, rather than the relationship between aerosol and precipitation in ‘snapshots’ of satellite retrieved

properties.

As with chapter 4, MODIS is used for both aerosol and cloud properties. These are both from

the collection 5.1 level 3 daily data, at 1◦ by 1◦ resolution. High and low aerosol are defined as the

highest and lowest AI quartiles respectively, and are defined separately for each 1◦ by 1◦ location,

regime, and season. This means that the difference in AI between the highest and lowest AI quartiles

varies by location and regime, with a large difference between high and low AI in regions with a

large AI variation, such as the Bay of Bengal. The mean AI value is strongly influenced by the

high values due to the AI distribution being biased towards smaller values. This means that high

AI regions typically have a large variation in AI. As precipitation is typically heavier in high cloud

fraction regimes, to prevent sampling issues, the spatial interpolation method of Koren et al. (2012) is

used. This method interpolates aerosol retrievals into cloud covered pixels that are adjacent to pixels
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with a valid AI retrieval.

For precipitation retrievals, the TRMM merged precipitation product (3B42) (Adler et al., 2000;

Huffman et al., 2007) is used. In this work, version 7 of the 3B42 product is used, regridded to a 1◦

by 1◦ resolution. For each TRMM 3B42 precipitation retrieval, the closest MODIS aerosol and cloud

regime retrievals are determined, noting the time offset between the MODIS and the precipitation

retrievals. Using the regime determined at the same time as the AI retrieval and the calculated time

offset between the AI/regime and the precipitation retrievals, the diurnal cycle of precipitation is

determined for each of the regimes. Due to possible missing data and sparse retrievals, the data is not

used to track the development of individual clouds, only to infer the development of the regimes.

At 1◦ by 1◦ resolution, advection can cause a significant change in the properties of a single 1◦

by 1◦ gridbox over a period of 12 hours. To account for this, the HYSPLIT lagrangian trajectory

model (Draxler and Rolph, 2013) is used, with NCEP reanalysis providing the meteorological data

for the model. The starting altitude is determined separately for each regime (Tab. 3.1), and the

model is run forward and backward 12 hours across the tropics to account for the effect of advection

on the observed results. The starting altitude is determined based on the cloud regime. It is possible

that the aerosols are located at a different height to the clouds and so do not follow the HYSPLIT

trajectory determined for the clouds. This should have a minimal impact due to the larger spatial

scales of aerosols compared to clouds and the short timescales involved (Engström and Magnusson,

2009). Any errors in the HYSPLIT trajectories should be a random rather than a systematic function

of aerosol, so by using several years of data, the impact of errors in the trajectories is reduced.

In addition to these main datasets, several other datasets are also used in a lesser capacity. The

TRMM Precipitation Radar (PR) reflectivity product (2A25) is used to provide a semi-independent

precipitation retrieval. Whilst data from the TRMM PR is included in the 3B42 rainfall product, it is

only a small component of the 3B42 product, which is based primarily on microwave precipitation

retrievals (Huffman et al., 2007). The PR reflectivity also provides a vertically resolved view of the

precipitation within the regimes.

The TRMM Lightning Imaging Sensor (LIS) also provides a measure of the activity of convective

systems (Christian, 2003). By using high frequency optical measurements, the LIS is able to deter-

mine the lightning flash rate of storms in a 90 second observation period. An increase in lightning

flash rate indicates increased vigour in a convective system. Increases in flash rate with increased
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AOD have been previously observed in the West Pacific (Yuan et al., 2011b). The GlobAerosol

AATSR aerosol product is again used to provide a independent aerosol retrieval.

Finally, the ISCCP three hourly D1 dataset (Rossow and Schiffer, 1999) is used to provide cloud

top temperatures at several times during the day so the effects of cloud top temperature on the precip-

itation development, and on the possible aerosol-precipitation interactions can be investigated. The

ISCCP, AATSR and TRMM LIS data are regridded to a 1◦ by 1◦ resolution.

Using the diurnal sampling ability of TRMM merged product, the precipitation development of

different regimes in varying aerosol environments is investigated. This can account for the influence

of CF and other meteorological properties at the time of the retrieval, whilst still allowing cloud

vertical development, and time for any aerosol effects to act on the cloud properties.

5.2 Results

5.2.1 Temporal variations

Aqua MODIS is used to provide the AI and cloud retrievals, defining time zero (T+0) as the satellite

overpass time (1330 local solar time (LST)). Without separating the data by regime, a differing

diurnal cycle is observed over both land and ocean (Fig. 5.2a,b). Over land (Fig. 5.2b), the peak

precipitation rate occurs at approximately T+4 (1730 LST), with a minimum in precipitation around

T-2 (1130 LST). Over ocean (Fig. 5.2a), the peak in precipitation is less clearly defined, occurring

between around T-12 and T-6 (0130 and 0730 LST). The mean precipitation rate over land is higher

than that over ocean, although the mean daily minimum rain rate is similar, at about 0.05 mm h−1.

When separating the data by regimes, the regime is defined at T+0. For example, this means that

the deep convective regime (Fig. 5.2m,n) is only guaranteed to be a deep convective cloud at T+0.

The cloud regimes transition to other regimes over the observation period; the influence of aerosols

on the transition frequencies is investigated in chapter 4. The transitioning between regimes means

that it is very unlikely that the clouds in the deep convective regime at T+12 are still deep convective

clouds. However, they have all transitioned from the deep convective regime at T+0, so the lifecycle

of the regimes can be studied.

As the regime is only guaranteed at T+0, apparent diurnal cycles can be generated in regimes/locations

where the real diurnal cycle is weak or where the frequency of occurrence of a regime is particularly
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Table 5.1: The mean total TRMM 3B42 merged precipitation (mm) for the six hours following T+0
for the years 2003-2007. These are the mean precipitation rates over the period T+0→+6 for each of
the sub-figures in Fig. 5.2.

Ocean (mm day−1) Land (mm day−1)
Regime High AI Low AI High AI Low AI

Total 2.10 0.78 6.13 4.11

Shallow Cumulus 0.58 0.47 2.98 2.20
Thick Mid Level 10.4 9.19 13.8 11.7
Thin Mid Level 2.10 1.87 5.85 4.22
Transition 0.72 0.56 4.11 2.73
Anvil Cirrus 1.63 1.54 4.09 3.01
Deep Convective 28.9 26.7 33.8 29.5
Stratocumulus 1.63 1.44 6.38 4.75

low. The best example of this is the deep convective regime over ocean, which shows a clear peak

in precipitation at T+0 (Fig. 5.2m). In contrast to the deep convective clouds found over land (Fig.

5.2n), those found over ocean at 1330 LST are not part of a strong diurnal cycle, and they are as

likely to be found early in their lifecycle as they are to be found late in their lifecycle. This makes

compositing them less successful, such that their peak precipitation occurs at T+0, and their shape is

defined by the timescale for formation/decay of the deep convective regime, as well as decoherence

of the HYSPLIT predicted trajectory with the actual storm trajectory. This effect is most significant

for deep convective clouds over ocean, but also affects deep convective clouds over land when T+0

is 1030 LST (Fig. 5.3n).

The difference in precipitation rate between the high and low AI populations when not consider-

ing regimes is large (Fig. 5.2a,b), especially over ocean (Fig. 5.2a) where there is a strong increase

in precipitation with AI. At T+0, the difference in precipitation rates is comparable to those found by

Koren et al. (2012), although there are some differences in how the data is prepared (quartiles rather

than terciles for determining high and low AI in this study). Without limiting the study to specific

cloud regimes or accounting for the AI-CF correlation, the high AI population has a precipitation rate

almost three times the low AI population at T+0 over ocean, over land the increase is approximately

50%.

Separating the data into cloud regimes and accounting for CF at the time of the AI retrieval

reduces the link between AI and precipitation at T+0 (Fig. 5.2c-p). Over ocean the difference in

precipitation between the high and low AI populations is eliminated completely in almost all of the
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Figure 5.2: Mean precipitation rainrates at times before and after the Aqua MODIS aerosol and cloud
retrieval at T+0 (1330 LST) for the region 30◦N-30◦S. The development in a high AI environment is
shown in red and a low AI environment in blue. Statistical errors are shown at 95% significance, the
variation in the precipitation rate suggests a larger overall error in some regimes due to other factors.
The top row (‘All regimes’) shows the development of precipitation if cloud regimes and the AI-CF
relationship are not accounted for. These plots are created from MODIS L3 cloud and aerosol data
and TRMM 3B42 3hr Merged precipitation data over the five years 2003-2007. Numerical values for
the mean precipitation between T+0→+6 are given in Tab. 5.1

regimes, with only the transition and shallow cumulus regimes showing a small difference. Over

land, only the stratocumulus regime shows a significant difference in precipitation rate between the

high and low AI populations at T+0, although the difference is small (Fig. 5.2p). The minimal

difference in T+0 precipitation rate between the high and low AI populations is important, as it is

not explicitly reduced; only the difference in CF is minimised. This emphasises the strength of
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the correlation between CF and precipitation rate, suggesting that CF may act to mediate the AI-

precipitation correlation in the same way as the AOD-CTP correlation (chapter 2).

Over ocean, the regimes show similar precipitation development in both the high and low AI

populations. The deep convective regime shows little significant difference in mean rainrate between

the high and low AI populations and the thick mid-level regime (Fig. 5.2e) shows only a small

increase in precipitation in the high AI population compared to the low AI population. The stratiform

regimes show slight increases in precipitation at times after the AI retrieval (Fig. 5.2c,i,o). They also

show small differences in precipitation rate at T+0, although these are much smaller than those found

when not accounting for the effects of CF on the AI retrieval (Fig. 5.2a). It should be noted that

although the statistical errors are shown in Fig. 5.2, the variation in the precipitation rate through the

day indicates larger errors in some of the regimes, especially those with low precipitation rates and a

low RFO, such as marine stratocumulus.

Over land (Fig. 5.2d,f,h,j,l,n,p), the differences in precipitation development are much more

striking, with all the regimes showing increased precipitation for the high AI population after T+0.

At times before T+0 over land and ocean, many of the regimes show a higher rainrate from the low

AI population. This difference in pre-T+0 precipitation is also seen to a lesser extent over land where

the data is not separated by regime (Fig. 5.2b). This is likely due to wet scavenging, which removes

aerosol from the atmosphere. A higher precipitation rate at times before T+0 would result in more

aerosol being removed from the atmosphere and a lower retrieved AI at T+0. This generates an

inverse relationship between pre-T+0 precipitation and retrieved AI at T+0.

The time of maximum precipitation and maximum difference in rainrate between the high and low

AI populations differs by regime. The deep convective regime (Fig. 5.2n) experiences a maximum

in precipitation rate between T+0 and T+2, whilst the thick mid-level regime shows a maximum at

around T+3/T+4 and a significant increase in precipitation at T+0 (Fig. 5.2f). The stratiform regimes

exhibit a maximum even later, at around T+4/T+5 (Fig. 5.2j,p). This change in the time of peak

precipitation is due to the development of the regimes, and transitions between them. Some of the

thick mid-level clouds will transition into the deep-convective regime in the hours after T+0, where

they will have higher rainrates. The thick mid-level regime can be considered as partially developed

deep convective clouds, which only reach their peak rainrate once they have transitioned into the deep

convective regime, exhibiting a later precipitation peak. This development is evident in the shallow
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Figure 5.3: As Fig. 5.2, but using Terra MODIS for the cloud and aerosol retrievals, giving a T+0 of
1030 LST.

cumulus regime (Fig. 5.2d), where the peak precipitation rate lasts for a longer period of time and

is later in the day, when some of the shallow cumulus clouds have transitioned to the thick mid-level

or deep convective regimes. As this could be expected to take longer than the transition from thick

mid-level to deep convective, the time of peak precipitation is later. This provides a good example of

how the regime based analysis separates out clouds with different properties and at different stages

of development.

Due to the timing of the diurnal cycle, many of the convective regimes observed using a T+0 of

1330 LST will have already started to develop. With a T+0 of 1030 LST, Terra MODIS is used to

further investigate the precipitation development of these regimes (Fig. 5.3).
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The overall patterns are very similar when using Terra AI and a T+0 of 1030 LST (Fig. 5.3)

compared to Aqua AI and a T+0 of 1330 LST (Fig. 5.2). The deep convective regime over land now

shows similar features to the deep convective regime over ocean, with a peak at T+0 and a steady

buildup/decay in rain rate before and after T+0. This is due to the lack of deep convective clouds at

this stage in the diurnal cycle over land.

The most notable difference is in the thick mid-level regime over land (Fig. 5.3f), where a much

larger fractional increase in precipitation after T+0 is observed in the high AI population compared

to the low AI population than is seen when using Aqua MODIS (T+0 at 1330 LST). There is almost

a 30% increase in the rainrate of the high AI population over the six hours T+0→+6 compared to the

low AI population, but no difference in rainrate at T+0. The increased sensitivity of the precipitation

to AI changes when using Terra MODIS compared to Aqua is due to the diurnal cycle. Many of

the deep convective regime clouds found when using Aqua MODIS are developing at 1030 LST and

so are in the thick mid-level regime. The high AI population thick mid-level clouds are more likely

to transition to the deep convective regime over the next three hours than the low AI population

(Fig. 4.3). This suggests that for observing convective systems, 1030 LST has advantages for use

as T+0, as it catches the systems as they are developing, rather than when they are already in the

deep convective regime. However, it does not allow the investigation of developed deep convective

regimes due to a low deep convective regime RFO at 1030 LST.

These regime based results show similarities to the results found without using regimes, but

they also illustrate the importance of accounting for regimes and the AI-CF correlation. Whilst the

restriction of CF reduces the vertical extent of the clouds (due to the strong CF-CTP relationship),

not controlling for this effect can result in an overestimation of the AI-CF correlation by at least a

factor of two (Tab. 4.1). Investigating the development of the regimes reduces the effect of CF on the

AI retrieval, whilst allowing an aerosol influence on cloud vertical development.

5.2.2 Regional variations

As the majority of the precipitation increase with AI occurs in the 6hrs following the aerosol re-

trieval, the mean rainrate across the period T+0→+6 is examined to investigate regional variations in

precipitation development. Due to the sparse nature of the data in some regimes, it is averaged over

5◦ by 5◦ regions (Fig. 5.4). For the rest of this chapter, only Aqua MODIS is used to provide the
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A Shallow Cumulus B Thick Mid Level

C Thin Mid Level D Transition
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G Stratocumulus
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Figure 5.4: The difference in mean precipitation between the high and low AI populations from T+0
to T+6 using Aqua MODIS (T+0 at 1330 LST) for each regime, averaged over 5◦ by 5◦ regions for
the period 2003-2009. Red indicates an increase in precipitation at high AI. Crosses indicate 95%
statistical significance. The boxes on the shallow cumulus plot are the regions selected for further
study.

cloud and aerosol properties, giving a T+0 of 1330 LST.

The difference in the regime behaviour is clear, and there are also clear regional variations (Fig.

5.4). The shallow cumulus regime shows an increase in T+0→+6 precipitation for the high AI

population over almost all the continental regions (Fig. 5.4a). Also notable is the small decrease

in mean precipitation over the Arabian Sea and South China Sea for the high AI population. This

decrease in precipitation is confined to the region close to land in the Indian Ocean and West Pacific,

with increases in precipitation being observed in the East Pacific and Southern Indian Ocean. There

are some anomalous decreases in precipitation with increasing AI in the middle of the Pacific Ocean,

which is most obvious in the shallow cumulus regime. These are due to an uncertainty in the Aqua

overpass time around the international dateline when using level 3 MODIS data.

There is less data from the convective regimes, making determination of any regional patterns

difficult (Fig. 5.4b,f). Although both the thick mid-level (Fig. 5.4b) and deep convective regimes

(Fig. 5.4f) show some significant increases in mean precipitation over land, over ocean the results

are too noisy to determine the magnitude or sign of any regional effect.
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A Shallow Cumulus B Thick Mid Level

C Thin Mid Level D Transition

E Anvil Cirrus F Deep Convective

G Stratocumulus
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Figure 5.5: Mean precipitation difference between the high and low AI populations from T-9 to T-3
(T+0 at 1330 LST) over the period 2003-2009. Red indicates an increase in precipitation at high AI.
Crosses indicate 95% statistical significance.

For the maps of the mean precipitation rate difference between the high and low AI populations

between T-9 and T-3 (Fig. 5.5), the expected wet scavenging relationship is observed, with higher

mean precipitation rates in the low AI population. This difference is larger in regions with high

precipitation rates and occurs over both land an ocean with a similar magnitude. In some very clean

regions, there is a slight increase in precipitation over the period T-9→-3 for the high AI population

compared to the low AI population. This may indicate wet scavenging of aerosol is less effective

or that another process, such as an increase in liquid water path in high aerosol environments, is

important in these clean, low precipitation rate regions.

The difference in mean shallow cumulus precipitation rate over the period T+0→+6 between the

high and low AI populations shows a clear regional pattern (Fig. 5.4a). Whilst there is an observable

change in the regions where there is significant rainfall (Fig. 5.1a), it is not of the same sign globally.

The strength of the effect varies with mean AI, with a decrease in precipitation with increasing AI

in high AI locations, such as the Bay of Bengal, and an increase in precipitation further south in the

Indian Ocean, where the mean AI is lower but there is still a high mean precipitation rate.

The relationship between the mean AI and the T+0→+6 mean precipitation rate for marine shal-
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Figure 5.6: The dependence of the mean precipitation rate over the period T+0→+6 on local mean
AI for oceanic (blue dots) and continental (red crosses) shallow cumulus. The change in precipitation
points are taken from Fig. 5.4a. The straight lines (Kempe, 1877) are linear regressions over land
(red) and ocean (blue) respectively.

low cumulus (Fig. 5.6) shows a negative correlation (r = -0.25), with increased AI being correlated

with an increase in precipitation in regions with a low mean AI, but a decrease in precipitation in

regions with high mean AI. There is a very low correlation between the mean precipitation and the

difference in T+0→+6 mean precipitation between the high and low AI populations (r = -0.02). Over

land, there is a positive correlation between the difference in T+0→+6 mean precipitation between

the high and low AI populations and AI (r = 0.25), but it is smaller than the correlation with lo-

cal mean precipitation (r = 0.4). Local mean precipitation is even more strongly correlated to the

difference in mean T-9→T-3 precipitation between the high and low AI populations (r = -0.5) in

the oceanic shallow cumulus regime, providing further evidence that this difference in precipitation

between the high and low AI populations at times before T+0 is due to wet scavenging.

5.2.3 Warm and mixed phase clouds

While they depend on CTP, the regimes used in this work do not explicitly separate warm and mixed

phase clouds. However, many hypothesised effects of aerosols on precipitation depend on whether

the clouds include ice phase hydrometeors. Clouds with tops colder than 273 K are separated out us-

ing the ISCCP D1 cloud top temperature retrieval (Rossow and Schiffer, 1999). This is provided on a

3hr timestep, synchronised with the 3B42 precipitation retrievals. Unlike the regime, which is deter-

mined only at T+0, the cloud top temperature is required to be above 273 K for all the precipitation
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Figure 5.7: As Fig. 5.2, but using ISCCP CTT to remove all clouds with a mean CTT of less then
273K, keeping only liquid phase clouds.

retrievals at all time offsets in the warm case.

Plotting the precipitation development for each regime, both before and after the AI retrieval (Fig.

5.2), shows an increase in precipitation after the AI retrieval for the high AI population compared to

the low AI population. When repeated using only clouds with tops warmer than 273 K (Fig. 5.7),

a much smaller difference in precipitation development between the high and low AI populations is

found. These warm clouds also have a much smaller precipitation rate compared to the mixed-phase

clouds. Clouds with mean cloud top temperatures warmer than 273 K contribute about 60% of the

total retrievals used, but only 10% of the total retrieved precipitation.

In the warm clouds, the wet scavenging effect (Fig. 5.7), with the high AI populations having
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Figure 5.8: As Fig. 5.2, but using ISCCP CTT to remove all clouds with a mean CTT of more than
273K, keeping only mixed and ice phase clouds.

a lower rainrate at times before the AI retrieval is not so clear, although it is visible over land in

certain regimes. It is likely that this effect is stronger over land due to the larger AI variance. This

indicates that the precipitation from these warm clouds is still removing aerosol from the atmosphere

and that the wet scavenging effect exists even when the clouds are ice-free. The reduction of the wet

scavenging effect when compared to the ‘all-data’ case (no separation between warm and mixed/ice

phase clouds Fig. 5.2) is most likely due to the lower overall precipitation rate in the warm clouds.

At times after T+0 in the warm clouds (Fig. 5.7), some regimes do show an increase in retrieved

precipitation. This increase is observed in the shallow cumulus and transition regimes. As the TRMM

3B42 product may not be able to accurately retrieve very light rain, the occurrence of this difference
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in precipitation after T+0 in the warm clouds may indicate an increase in cloud liquid water, rather

than a precipitation increase.

In the mixed/ice phase case (Fig. 5.8), the development of the precipitation is very much like

the ‘all-data’ case (Fig. 5.2), with increased precipitation at times after T+0 with increasing AI in

many of the regimes, especially over land. This is most likely due to the larger precipitation rate

in the clouds with tops colder 273 K, which generate the majority (almost 90%) of the precipitation

observed in the ‘all-data’ case (Fig. 5.2).

Restricting the cloud top temperature restricts the vertical development of the cloud, and prevents

the warm clouds growing into higher precipitation rate regimes. The small differences in precipitation

rate for the warm clouds (where vertical development is restricted) suggest that the growth into these

more highly precipitating regimes is important for generating the difference in precipitation rate

between the high and low AI populations. It also suggests that ice processes are likely to be important

in an invigoration effect, as increases in precipitation are only observed for the high AI population

when clouds tops are allowed to ascend above the freezing level.

5.2.4 Instrument effects

It is possible that the changes in precipitation development observed here are due to limits in the

precipitation retrieval. Whilst the 3B42 retrieval includes data from the TRMM precipitation radar,

the majority of retrievals are performed using microwave radiometers and IR geostationary satellites

(Huffman and Bolvin, 2009). These retrievals make assumptions about the properties of the clouds

which may not hold in different aerosol environments, especially if there is a change in cloud prop-

erties. The ‘HQ’ product from the TRMM 3B42 version 7 dataset provides the non gauge-corrected

merged microwave–only retrieval, without the IR precipitation retrieval combined. This allows in-

vestigation of the role of the IR precipitation retrieval.

The results are very similar to those including the geostationary IR products (Fig. B.1). There

are a number of small differences; the spike in precipitation rates at T-2 in the anvil cirrus over

ocean regime would appear to be due to the IR precipitation retrieval. The difference in precipitation

between the high and low AI populations for the marine stratocumulus is also reduced. Finding

similar effects when using the HQ product suggests that the IR retrieval is not the cause of the results

in this study.
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Figure 5.9: The difference in TRMM LIS flash rate for the high and low AI populations for the tropics
(30◦N – 30◦S, 180◦W – 180◦E) over the period 2003-2007. Red indicates the flash rate development
for the high AI population and blue the low AI population.

Lightning flash counts from the Lightning Imaging Sensor (LIS) on-board TRMM are used to

provide an independent measure of convective activity, via an increase in flash rate. The LIS flash

counts are treated in the same fashion as the 3B42 precipitation data, resulting in a diurnal cycle of

flash rates for the high and low AI quartiles in each regime, over both the tropical land and ocean

(Fig. 5.9).

There is a large difference between the oceanic and continental flash rates (Fig. 5.9), with flash

rates over land being up to ten times larger than over ocean for the same regime. This is believed

to be due to an increased vigour of convection over land (Zipser, 1994). The peak flash rates in the
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regimes over land are consistent with the expectation of convective activity within the regimes. The

deep convective regime exhibits the largest peak flash rates; the other regimes have similar peak flash

rates, with the thick mid-level and anvil cirrus regimes having slightly higher flash rates than the

other regimes.

The diurnal cycle in flash rate over land is much stronger than that observed over ocean. There are

increases in the flash rate for the high AI populations compared to the low AI population after T+0,

especially over land. This is similar to the increases in precipitation seen in the high AI population

after T+0. In the shallow cumulus regime (Fig. 5.9b), there is a strong increase in the flash rate be-

tween T+1 and T+6, with very little difference at T+0. In many of the other regimes, especially over

ocean, there is not enough data to draw any significant conclusions about the relationship between

AI and the lightning flash rate.

Over both land and ocean, there is little difference between the flash rates of the high and low

AI population before T+0. This again is most likely due to a combination of the lack of data from

these regimes and the influence of the diurnal cycle. Low flash rates in the morning (T-6 to T+0)

over land are due to the lack of convective activity (Liu and Zipser, 2008). Combining this with the

sparse nature of lightning flashes makes observing any wet scavenging-like effect very difficult. The

significant increase in flash rate for the shallow cumulus regime (Fig. 5.9b) over land in the high AI

population would suggest that the increase in precipitation observed using 3B42 is not due to errors

in the precipitation retrieval resulting from the aerosol environment.

5.2.5 Reflectivity profiles

Estimates of precipitation rates based on microwave emission are known to suffer from retrieval

errors over land, with assumptions about surface emissivity not always being valid (Wilheit, 1986;

Greenwald et al., 2007). Microwave instruments are also known to have issues separating cloud water

from rain water, such that a change in cloud water may appear as a precipitation change (Berg et al.,

2006). Whilst active microwave instruments such as the TRMM PR also suffer from errors in their

retrievals, they do not have the same difficulties distinguishing between cloud and rainwater. Both

active (such as the TRMM PR) and passive microwave retrievals make assumptions about droplet

size, so changes in the TRMM PR reflectivity (which includes comparatively few assumptions) are

investigated. Precipitation estimates from the TRMM PR are included in the TRMM 3B42 prod-
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Figure 5.10: The frequency of occurrence of reflectivities above 20 dbZ from the TRMM PR for each
regime at times relative to 1330 LST over the period 2003-2007. These are from the TRMM 2A25
PR radar reflectivity product over the tropics 30◦N-30◦S

uct. However, as the majority of the 3B42 product is determined using passive microwave and IR

instruments, the radar reflectivity presents a semi-independent evaluation of precipitation properties.

The TRMM PR cannot detect very light rain, having a minimum detectable signal of about 15 dbZ

(Nesbitt et al., 2000). Although it is not able to capture the entire spectrum of rainfall events, it is not

sensitive to cloud water, so changes in the PR reflectivity are due to changes in rainfall properties,
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Figure 5.11: The difference in the percentage of reflectivities above 20 dbZ from the TRMM PR
between the high and low AI populations over the period 2003-2007. Red indicates an increase in
>20 dbZ retrievals at high AI. The hatched areas show 95% significance in the change in frequency
of occurrence.

rather than cloud properties.

The TRMM PR reflectivity profiles from the TRMM 2A25 radar reflectivity product are used to

investigate the development of radar reflectivity within the cloud regimes and how it changes as a

function of retrieved AI, in the same way as with the 3B42 precipitation product. The frequency of
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occurrence of reflectivity retrievals above 20 dbZ is used as a proxy for raining pixels. An increase

in the occurrence of retrievals above 20 dbZ suggests an increase in precipitation occurrence (eg. Liu

and Zipser, 2008).

The diurnal cycle of reflectivity (Fig. 5.10) shows many similar features to the diurnal cycle of

precipitation (Fig. 5.2). Over ocean, only the thick mid-level (Fig. 5.10b) and the deep convective

regimes (Fig. 5.10f) show a maximum in 20 dbZ occurrence at T+0, with all of the other regimes

showing a minimum. This is due to the low frequency of occurrence and weak diurnal cycle over

ocean generating an artificial peak in the reflectivity at T+0 for these regimes, a peak also seen in the

3B42 precipitation rate (Fig. 5.2m). Over land (Fig. 5.10h-n), there is a peak in the reflectivity after

T+0 for all of the regimes. For each of the regimes over land, the frequency of occurrence of 20 dbZ

reflectivities is higher than over ocean.

The regimes dominated by heavy precipitation (Thick mid level and deep convective) show results

supporting those found using the 3B42 product (Fig. 5.11i,m). The thick mid-level regime (Fig.

5.11i) and the deep convective regimes over land (Fig. 5.11m) show an increase in high reflectivities

in the high AI population at times after T+0, whilst also showing a decrease in reflectivities at times

before T+0, which may be due to wet scavenging. Over ocean, the results, especially for the deep

convective regime, are noisier and so harder to interpret. Many of the other regimes, especially over

land, show lower reflectivities in the high AI population at times before the AI retrieval, consistent

with wet scavenging removing more aerosol at higher rainrates.

The stratocumulus (Fig. 5.11n) and transition (Fig. 5.11k) regimes over land do not show a large

increase in reflectivity at times after T+0, although there is a small increase in reflectivity in both of

these regimes, which is significant at higher altitudes. In the shallow cumulus regime over land, there

is a small decrease in the occurrence of reflectivities above 20 dbZ, in apparent contrast to the 3B42

precipitation retrievals, which show an increase in precipitation (which would usually be associated

with an increase in reflectivity). It is possible that this lack of reflectivity increase with increasing AI

when observed by the radar is due to an increase in very light precipitation, which might be detected

by the microwave instruments and not the radar (Kummerow et al., 1998). It is also possible that the

increase in precipitation detected by the 3B42 product is due to an increase in cloud water, or some

other change in cloud properties, rather than a change in precipitation, although the increase in LIS

flash rate (Fig. 5.9) suggests there is still an invigoration. Passive microwave instruments can have
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difficulties determining precipitation over land (Bauer et al., 2005), and although the high frequency

channels typically used over land are less susceptible to influences from surface properties, the link

to precipitation properties is not as direct as with the low frequency channels (Stephens et al., 2008).

The extra assumptions made when determining precipitation over land might explain the differences

in the effects of aerosols on retrieved precipitation and radar reflectivity.

Although the TRMM PR is not able to retrieve very light precipitation, it can be used to investigate

the regional dependence of the T+0→+6 mean precipitation rate for the shallow cumulus regime (Fig.

5.4a). A reflectivity–height histogram (Fig. 5.12a,e,i,m) (eg. L’Ecuyer et al., 2009) is created for each

of the four regions highlighted in Fig. 5.4a. These histograms are very similar for each of the regions,

suggesting that there is not a fundamental property of the precipitation in the shallow cumulus regime

that is different between these regions. The difference in the histograms between the high and low

AI populations over the T+0→+6 period (Fig. 5.12b,f,j,n) shows effects supporting the results found

when using the 3B42 precipitation product.

The Central Pacific and Seychelles regions show an increase in high reflectivities over the T+0→+6

period and a corresponding reduction in the number of pixels with less than 12 dbZ reflectivities in

the high AI population (leftmost column in Figs. 5.12f,j). This suggests that there is an increase

in precipitation at high AI after T+0 in these regions, rather than just a modification of the cloud

properties. These changes in reflectivity are consistent with the precipitation changes observed in

the 3B42 product (Fig. 5.4a). When considering only the pixels with reflectivities above 12 dbZ

in these regions (Fig. 5.12h), a shift to higher reflectivities is seen, suggesting that the distribution

of precipitation has changed. This indicates not only an increase in the frequency of occurrence of

precipitation events, but an increase in the intensity of these events.

The Arabian Sea region shows a decrease in reflectivities with increasing AI over the T+0→+6

period (Fig. 5.12b), suggesting a decrease in precipitation with increasing AI. This reflects the pre-

cipitation change seen in the 3B42 product, where there is also a decrease in precipitation with

increasing AI over the T+0→+6 period (Fig. 5.4a). Similar effects are observed in the China Sea

region (Fig. 5.12n), with a decrease in the occurrence of reflectivities above 12 dbZ in the high AI

population compared to the low AI population over this period. The decrease in occurrence in re-

flectivities above 12 dbZ in the period T-9→-3 for the high AI population (Fig. 5.12o) is sensitive

to large scale RH in this region, even after accounting for CF variations with AI (not shown). The
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sensitivity to large scale RH is likely due to related variations in column water vapour, which is well

correlated to differences between passive microwave and radar precipitation retrievals (Berg et al.,

2006).

5.2.6 Development of meteorological properties

Although the influence of meteorological properties is accounted for at the time of the AI retrieval

(T+0), reanalysis products are known to not be a perfect representation of the atmosphere (eg. Wang

et al., 2011). There is a possibility that the aerosol retrieval is more sensitive to certain meteorological

conditions than the reanalysis dataset. If a divergence in the reanalysis meteorology between the high

and low AI populations is observed after T+0, this would suggest that the re-analysis data is not as

sensitive to the meteorological parameters as necessary for this study.

The 500 hPa vertical velocity (ω500) is investigated, as it is strongly related to precipitation, es-

pecially in convective clouds (Koren et al., 2010a; Medeiros and Stevens, 2011). A strong link is

observed between AI and ω500 (Fig. 5.13a,b), especially over ocean. The effect is similar to the

observed relationship between AI and precipitation, with lower values of ω500 (rising air) correlated

to higher precipitation rates. The expected link between precipitation and ω500 is also seen, with the

more heavily precipitating regimes having a lower mean ω500 at T+0. The strong link between AI and

ω500, coupled with the ω500-precipitation correlation could allow ω500 to act as a controlling variable

in the AI-precipitation correlation, in the same way as CF does in chapter 2. This further emphasises

the importance of accounting for the initial cloud fraction and meteorological state.

The majority of regimes show very little difference in the ω500 development between the low and

high AI populations, once the variance in ω500 at T+0 is accounted for (Fig. 5.13). Where a difference

is observed, such as for the shallow cumulus (Fig. 5.13d) regime over land, this appears to be due

to small errors in the accounting for the variation at T+0, rather than a difference in the environment

of the regimes, and so is unlikely to be producing the observed precipitation changes. This suggests

that the correlation between AI at meteorological properties at T+0 has been adequately accounted

for.
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Figure 5.12: (a,e,i,m) TRMM PR reflectivity-height histograms for the regions highlighted in Fig.
5.4a. (b,f,j,n) shows the difference in the histograms for the low and high AI populations over the
period T+0→+6. (c,g,k,o) show the difference for the time period T-9→-3. For these histograms,
retrievals below 12 dbZ are included in the left-most column of the histogram. (d,h,l,p) show the
difference in the histograms only including retrievals greater than 12 dbZ (these histograms are re-
normalised). For each of the plots, red indicates an increase with high AI and the difference his-
tograms are normalised such that the changes sum to zero at each altitude.



5.2. RESULTS 101

-12 -6 0 6 12
0.010
0.015
0.020
0.025
0.030
0.035

S
h
a
llo
w
C
u
m
u
lu
s

ω
50
0

(h
P
a
d
−
1
)

c)

-12 -6 0 6 12
0.005
0.000
0.005
0.010
0.015
0.020
0.025
0.030
0.035

d)

-12 -6 0 6 12
0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02

T
h
ic
k
M
id
Le
v
e
l

ω
50
0

(h
P
a
d
−
1
)

e)

-12 -6 0 6 12
0.11
0.10
0.09
0.08
0.07
0.06
0.05
0.04
0.03

f)

-12 -6 0 6 12
0.03
0.02
0.01
0.00
0.01
0.02

T
h
in
M
id
Le
v
e
l

ω
50
0

(h
P
a
d
−
1
)

g)

-12 -6 0 6 12
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01
0.00
0.01

h)

-12 -6 0 6 12
0.020
0.025
0.030
0.035
0.040
0.045
0.050

T
ra
n
si
ti
o
n

ω
50
0

(h
P
a
d
−
1
)

i)

-12 -6 0 6 12
0.02
0.01
0.00
0.01
0.02
0.03
0.04

j)

-12 -6 0 6 12
0.04
0.03
0.02
0.01
0.00
0.01
0.02
0.03
0.04

A
n
v
il
C
ir
ru
s

ω
50
0

(h
P
a
d
−
1
)

k)

-12 -6 0 6 12
0.08
0.06
0.04
0.02
0.00
0.02
0.04
0.06

l)

-12 -6 0 6 12
0.35
0.30
0.25
0.20
0.15
0.10
0.05
0.00

D
e
e
p
C
o
n
v
e
ct
iv
e

ω
50
0

(h
P
a
d
−
1
)

m)

-12 -6 0 6 12
0.16
0.14
0.12
0.10
0.08
0.06
0.04
0.02
0.00

n)

-12 -6 0 6 12
Time from aerosol retrieval

0.010
0.015
0.020
0.025
0.030
0.035
0.040
0.045

S
tr
a
to
cu
m
u
lu
s

ω
50
0

(h
P
a
d
−
1
)

o)

-12 -6 0 6 12
Time from aerosol retrieval

0.04
0.03
0.02
0.01
0.00
0.01
0.02
0.03

p)

-12 -6 0 6 12
0.005
0.000
0.005
0.010
0.015
0.020
0.025
0.030
0.035

A
ll
re
g
im
e
s

ω
50
0

(h
P
a
d
−
1
)

a) Ocean

-12 -6 0 6 12
0.04
0.03
0.02
0.01
0.00
0.01
0.02

b) Land

Figure 5.13: The development of ECMWF ERA Interim 500 hPa pressure vertical velocity (ω500) for
the high (red) and low (blue) AI populations, for each of the regimes over the period 2003-2007. The
error bars show the 95% confidence limits. As in Fig. 5.2, the difference in CF and ω500 between the
high and low AI populations is removed at T+0.
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5.3 Discussion

These results appear to show an increase in precipitation with increasing AI that is not due to the

strong AI-CF correlation. There are several possible factors that could be generating the observed

results. These can be classified into one of three main types. Firstly, the precipitation retrievals may

not be reliable in regions of high aerosol, where the assumptions about the cloud and precipitation

properties used in the precipitation retrieval may no longer be valid. Secondly, it is possible that the

AI retrieval is not a good retrieval of CCN in certain conditions. Finally, meteorological covariation

resulting in a change of CCN (and AI) along with a change in cloud and precipitation properties

could possibly generate the observed relationships without an aerosol effect on precipitation. Each

of these possibilities is considered in turn in the following section.

5.3.1 Precipitation retrieval errors

Areal precipitation is a notoriously hard quantity to measure, even using surface instruments. While

the random errors in the precipitation retrieval may be large, these are reduced by using a large

quantity of data. However, possible systematic errors as a function of aerosol could still be generating

the observed results. The apparent wet scavenging effect at times before T+0 provides a possible

mechanism for systematic errors, especially over land.

Microwave retrievals over land are sensitive to the surface emission properties, which themselves

are dependent on soil moisture (Rao et al., 1987; Greenwald et al., 1997). For a given atmospheric

profile, a high soil moisture results in a lower brightness temperature and so, if unaccounted for, a

lower retrieved precipitation. Recent work has suggested that precipitation in the afternoon is more

common over drier soils, in contrast to the naı̈ve expectation (Taylor et al., 2012). Due to the wet

scavenging of aerosol, the AI retrieval is correlated to precipitation intensity before T+0. As such, AI

might also be an indicator of soil moisture and so perhaps an indicator of errors in the precipitation

retrieval due to soil moisture. Changes in the droplet size distribution due to aerosols are also a

possible source of errors in the retrieved precipitation. Both the microwave retrievals and the radar

retrievals make assumptions about the droplet size distribution when retrieving precipitation, so even

though the microwave and radar results agree, they may not be able to account for this effect.

By comparing the precipitation development results from the 3B42 product (Fig. 5.2,B.1) with the
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reflectivity results from the TRMM PR (Fig. 5.11) and the flash rates from the TRMM LIS (Fig. 5.9),

multiple different measurements of precipitation and convective activity are investigated, reducing

the likelihood that the results are due to precipitation retrieval errors. Evidence from chapter 4 (Fig.

4.3), showing increased transitions into the deep convective regime at high AI also provide supporting

evidence to the aerosol invigoration hypothesis (Fig. 4.3). There is some variation in the results using

the different observational tools, although they all show an increase in precipitation/reflectivity/flash

rate for the high AI population at times after T+0, especially over land. This increases the confidence

that these results are due to an increase in precipitation in high AI environments.

5.3.2 Aerosol retrieval errors
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Figure 5.14: The AI-CF correlation in the tropics as a function of local mean AI in Terra MODIS
data over the period 2003-2011.

Systematic errors in the aerosol retrieval may also result in a spurious correlations between pre-

cipitation and satellite retrieved aerosol properties (type one meteorological covariations). Previous

studies have suggested that the AI is well correlated to the CCN concentration (Nakajima et al., 2001).

However, a strong correlation with CF still suggests that other effects, such as humid swelling, are

important controlling factors on the AI retrieval.

Whilst AI is not perfectly correlated to CCN, using it to select the highest and the lowest quartiles

of CCN should be possible, especially in polluted regions where there is a large variance in CCN
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concentration. In very clean regions, where there is little difference between high and low AI, its

ability to separate out high and low CCN may be compromised. In these clean regions, humid

swelling or other meteorological effects may be generating the majority of the difference between

high and low retrieved AI. If so, then the results in this chapter may be due to a correlation between

precipitation and CF rather than precipitation and AI in these clean regions.

Fig. 5.14a shows AI-CF correlation as a function of local mean AI. This provides a measure of

how much of the variance in CF is correlated to AI variations. If the correlation approaches one, then

the method of accounting for the CF influence on AI becomes invalid, as fluctuations in AI cannot

be distinguished from fluctuations in CF. However, although there is an increase in the correlation

at smaller mean AI, only in a few rare cases is it close to one. This suggests that the retrieved AI is

not completely correlated to CF, even in very clean regions. Whilst other meteorological variables

almost certainly play a role, it does suggest that even in these clean regions, retrieved AI is still able

to distinguish between high and low CCN concentrations.

Observations of increased cloud top height with increasing CCN over land using in-situ aerosol

measurements (Li et al., 2011), suggest that aerosol retrieval errors are not the primary reason for the

observed correlations. Repeated analysis using the AATSR GlobAerosol product (Fig. B.3) show

similar results to those seen when using the MODIS, suggesting that these results are not due to the

particular details of the aerosol retrieval.

5.3.3 Meteorological covariation

Even with perfect CCN and precipitation retrievals, type two meteorological covariations could still

be causing the observed effects. When considering precipitation, wet scavenging is also an important

consideration. The development of important ECMWF ERA-Interim variables as a function of AI,

shows little evidence to support a meteorological effect as the cause of the observed relationships

(Fig. 5.13). However, there is still the possibility of meteorological influences on the results in this

study.

Over both land and ocean, there is an increase in precipitation for times after T+0 in the high AI

population compared to the low AI population. The regions where decreases in precipitation with

increasing AI over ocean are found are also regions where biomass burning is a strong contribu-

tor to the total aerosol. It would be reasonable to suggest that fires are suppressed when there is
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high precipitation, so this might generate a negative correlation between aerosol and precipitation.

Regime–based analysis may help to reduce these errors, by selecting clouds with similar properties

at T+0, but the only way to completely determine the influence of these effects is by using a control

sample, perhaps demanding the use of a model.

This suggests that the change in precipitation with increasing AI is not solely due to meteorolog-

ical covariation. If high AI is an indicator of drier atmospheric conditions, a decrease in precipitation

should be observed for the high AI population at times after T+0. Whilst a decrease in precipitation

with increasing AI is observed in regions of high mean AI over ocean, the same effect is not observed

over land. This would suggest that a precipitation influence on emission is not the primary cause of

the results in this study.

High AI could also be considered as an indicator of low morning precipitation, given the wet

scavenging effect. Low precipitation in the morning may lead to higher precipitation in the afternoon,

or perhaps indicate a slight shift in the diurnal cycle, picking out situations where the precipitation

rate peaks later. This is unlikely to be the cause of the results in this study, as previous studies

suggest that the temporal auto-correlation in precipitation rates would cause a location with higher

precipitation before T+0 to be more likely to show a high precipitation after T+0 ((Lee et al., 2013),

Fig. B.4). This is opposite to results observed here.

5.4 Conclusions

This chapter has expanded on the work in previous chapters studying the temporal development of

cloud regimes, investigating the development of precipitation in these cloud regimes. As before,

the data is separated into cloud regimes, with high and low aerosol defined within these regimes

by making use of the MODIS AI. To account for CF influences on the AI retrieval the regimes are

sampled so that, both the high and low AI populations have the same CF distribution at the time of

the AI retrieval for each regime. Whilst this will remove any aerosol effect on CF at the time of

the AI retrieval, these effects are thought to be small in comparison to meteorological covariations

(Quaas et al., 2010).

To investigate the effects of aerosol on precipitation, the temporal evolution of the satellite re-

trieved precipitation rate is studied. An increase in precipitation for the high AI population after T+0
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is observed in the majority of regimes over land. This increase in precipitation is consistent with the

hypothesised aerosol invigoration effect in convective clouds. At times before the aerosol retrieval,

a higher precipitation rate is found in the low AI population, consistent with the wet scavenging of

aerosols. Over ocean, these effects are present but much smaller, possibly due to the smaller variance

in AI.

Over both ocean and land, there is very little difference in precipitation between the low and high

AI populations at the time of the aerosol retrieval. This is in contrast to previous work where a strong

correlation between AI and precipitation was observed at the time of the aerosol retrieval (Koren

et al., 2012) and is likely due to the method of accounting for the AI-CF correlation in this work.

The small difference in the precipitation rate at T+0 emphasises the strong correlation between CF

and precipitation, which would lead to a strong AI-precipitation correlation via the method shown in

chapter 2 if the AI-CF correlation is not accounted for.

The observed increase in precipitation for the 6 hours after the AI retrieval varies by region. In

the shallow cumulus regime, an increase in precipitation is found with increasing AI in many regions.

However, in regions over ocean with a very high mean AI, a decrease in precipitation is found with

increasing AI. This indicates an aerosol suppression of precipitation at very high AI.

The change in precipitation development also depends on cloud top temperature, with the ef-

fect being much stronger in clouds with tops colder than 273 K. This may be due to the increased

precipitation in these colder clouds, although it might support the hypothesis of ice-phase driven

invigoration of convective clouds.

Due to the possible retrieval errors in the TRMM 3B42 precipitation retrieval, other measures of

convective activity are also investigated. An increase in TRMM LIS lightning flash rate is observed

at times after T+0 in the shallow cumulus regime for the high AI population compared to the low

AI one. The high AI population also exhibits an increased occurrence of high TRMM PR radar

reflectivities at times after T+0, especially in the convective regimes over land. This suggests that the

observed increase in precipitation with increasing AI is not primarily due to precipitation retrieval

errors. Whilst it is possible that the observed results are due to either systematic biases in the aerosol

retrieval, or that they are the product of remaining meteorological covariation, the largest known

meteorological covariations are accounted for in this study.

These results provide a new picture of how tropical precipitation might vary in response to aerosol
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perturbations. Accounting for some of the larger known errors reduces the apparent influence of

aerosols on precipitation. The results presented in this chapter are consistent with an invigoration of

precipitation from tropical convective clouds in the presence of higher aerosol concentrations. This

increase in precipitation in high AI environments is consistent with the increase in transitions into the

deep convective regime seen in chapter 4. In the next chapter, the occurrence, frequency of transitions

between regimes, and precipitation development of cloud regimes is investigated in a GCM coupled

to an aerosol model.





Chapter 6

Globally modelled cloud regimes and

comparison to observations

Meteorological covariations exert a significant influence on correlations between aerosol and cloud

properties. Previous chapters have presented a new method for accounting for these meteorological

covariations when investigating aerosol-cloud-precipitation interactions. However, as noted in the

previous chapters, there is the possibility of meteorological covariations generating the observed

results. Previous studies have acknowledged the possibility of meteorological covariation and have

tried to account for it in various ways. Koren et al. (2010a) investigate the correlation between

NOAA NCEP-GDAS meteorological variables and retrieved aerosol and cloud properties, finding

that although aerosol and cloud properties are strongly correlated to meteorological variables, they

are correlated to different variables. They conclude that meteorological factors are not important

in generating an apparent invigoration effect. However, Boucher and Quaas (2012) show that the

correlation between AOD and precipitation can be reproduced in a model without aerosol effects

on precipitation, and that this correlation still exists in this model, even when variations in large

scale relative humidity are accounted for. Quaas et al. (2010) and Grandey et al. (2013b) use models

with and without aerosol indirect effects to determine how much of the AOD-CF relationship can be

attributed to aerosol-cloud interactions in the ECHAM model. They show that even when the model

includes no aerosol indirect effects, the model still shows a strong AOD-CF correlation. Chapter 2

showed the importance of the AOD-CF correlation when considering aerosol cloud interactions and

The runs in this chapter were setup and performed by Zak Kipling (Department of Physics, University of Oxford.
UK) and Rosalind West (Department of Physics, University of Oxford, UK. Now at the Department for the Environment,
Fisheries and Rural Affairs, Westminster, UK.). The analysis and manuscript are my own work.

109



110 CHAPTER 6. GLOBALLY MODELLED CLOUD REGIMES

so have attempted to account for the influence of the AI-CF correlation in the later chapters of this

thesis.

A model study provides a way to investigate the roles meteorological and aerosol effects play

on the transitions between cloud regimes, as it allows a control simulation to be run without aerosol

indirect effects. If an effect observed in the model is no longer present when aerosol indirect effects

are excluded, it suggests that aerosol indirect effects are responsible for generating the observed

effects in the model.

This chapter investigates how the transitions between cloud regimes and the precipitation devel-

opment of the regimes is represented in a GCM. The model used includes some explicitly parametrised

effects of aerosols on large scale precipitation, but has no explicitly parametrised effects on convec-

tive clouds, only feedbacks from the stratiform cloud scheme via the large scale environment. Many

GCMs have similar limitations on their parametrised aerosol effects but often show an increase in CF

with increased AOD (Quaas et al., 2009). As these parametrisations are designed such that large scale

precipitation is suppressed in high aerosol environments, the model might be expected to reproduce

the results from previous chapters showing the response of the stratiform pathway to AI variations.

The lack of explicit effects on convective clouds may be important. It is possible that a suppression of

precipitation in the early stages of cloud formation may be sufficient to invigorate convective clouds

through increasing cloud water. However, it is not clear whether a GCM would be able to reproduce

the observed effects on convective clouds and precipitation without parametrised aerosol effects on

convection.

6.1 Methods

The UK Met Office Hadley Centre HadGEM3 model (v7.3) (Hewitt et al., 2011) is used in this chap-

ter, coupled to the UKCA (United Kingdom Chemistry and Aerosols) module (Bellouin et al., 2013;

Mann et al., 2013). The GLOMAP-mode aerosol scheme in UKCA (Mann et al., 2010) is coupled to

the HadGEM3 cloud scheme via the Abdul-Razzak and Ghan (2000) aerosol activation scheme (West

et al., 2013) which modifies the cloud droplet number concentration (CDNC) in the stratiform cloud

scheme. The UKCA aerosol module interacts with the radiation scheme by providing the optical

properties of the aerosols to the radiation scheme.
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Figure 6.1: Comparison between the annual mean AOD from MODIS (a), MACC (b) and HadGEM-
UKCA (c).

HadGEM3 uses the PC2 cloud scheme (Wilson et al., 2008a,b), which treats both cloud fraction

and cloud water as prognostic variables. CDNC is treated diagnostically, calculated by the activation

scheme at each timestep. The calculated CDNC influences the cloud scheme by modifying the auto-

conversion of cloud liquid water to rain in the large scale precipitation scheme (Wilson and Ballard,

1999). This means that aerosol generally acts to suppress precipitation in this model. UKCA aerosol

has no direct coupling to the convective cloud and precipitation scheme. As such, the stratiform

cloud scheme might be expected to respond to increases in aerosol, but increases in convective cloud

with increasing AI would not be expected. HadGEM is known to have a reasonable representation of

tropical low clouds (Nam et al., 2012) where indirect effects are expected to be strong.

This model is run in atmosphere-only, non-nudged configuration at N96 resolution (1.25◦ latitude

by 1.875◦ longitude), for five years with a single month spinup and constant year 2007 emissions.

Further details on the model setup can be found in West et al. (2013).

For improved comparisons with observations, an observational simulator is used. This generates

a more consistent comparison between the model state and observations by simulating the properties

of the retrieval from a specific instrument. This is particularly important for cloud properties due to

the strong diurnal cycle of cloudiness and the potential for overlapping cloud layers. The integrated
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HadGEM3 ISCCP simulator is used. The regime RFOs and transition frequencies for ISCCP (Figs.

A.1, A.2) are very similar to those from MODIS (Figs. 4.2, 4.3), showing the same important features

(see section 4.2.6), so the use of ISCCP does not make a large difference to the conclusions. The

ISCCP simulator in HadGEM3-UKCA (Bodas-Salcedo et al., 2011) provides mean cloud property

data for all sunlit regions, every three hours of model time. The three hourly gridbox mean cloud

properties are used to assign the data to the ISCCP cloud regimes determined by Williams and Webb

(2009), on which the MODIS regimes are based. To ease comparison with the MODIS results, the

regimes named ‘tropical congestus’ and ‘thin cirrus’ in ISCCP regimes show similar occurrence and

transitions to the ‘thick mid-level’ and ‘thin mid-level’ MODIS regimes. The model AI is determined

using the 550 nm and 670 nm AODs diagnosed by the model.

This analysis follows the same pattern as that in chapter 4. The change in frequency of occurrence

of the regimes with AI is determined using the local AI quartiles, with the highest and the lowest

quartiles as the high and low AI respectively. When considering transitions between regimes, the

regimes are sampled so that the CF distribution is the same for the high and low AI populations

within each regime. This process is also performed for 500 hPa vertical velocity, 10 m windspeed,

low troposphere static stability and 850 hPa relative humidity. For a full description of this method,

see section 4.1.1.

6.2 Results

6.2.1 Regime RFOs

The frequency of occurrence of the regimes in the model (Fig. 6.2) is similar to that found in the

observations (Figs. 4.2, A.1), although there are some important differences. The thin cirrus regime is

much more common in the model than in the observations. The shallow cumulus, tropical congestus

and transition regimes all show a lower RFO in the model than the observations, quite possibly due

to the observations failing to detect some thin high cloud. This would be likely to affect the lower

level regimes, where overlying cirrus is more common as regimes with high cloud tops, such as

the deep convective regime, are unlikely to have any overlying thin cloud. Although the satellite

simulator should account for sub-visible cirrus, ISCCP is known to have difficulties retrieving to

correct cloud top height for high thin cloud over lower thick cloud (Marchand et al., 2010). There
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Figure 6.2: (a-g) The frequency of occurrence of each of the ISCCP cloud regimes in the HadGEM3-
UKCA run including aerosol indirect effects (IND). (h-n) The absolute difference in frequency of
occurrence between the high and low AI populations for the run including aerosol indirect effects
(IND). (o-u) as (h-n) except for the run with constant cloud droplet number concentration (C-CDNC).
For a comparison with observations, see Figs. 4.2 and A.1.

is also the strong possibility that this is due to the model producing a higher thin cirrus RFO, rather

than an error in the ISCCP retrieval. The regime frequencies seen here are similar to those found

by Williams and Webb (2009), who used the HadGEM2 model and based their regime RFOs on the

daily mean cloud properties, rather than the three hour properties used here. The UK Met Office

models simulate regime frequencies of occurrence closer to observations than many other GCMs

(Williams and Webb, 2009); these cloud regimes are used as part of the evaluation process for the

UM (Bodas-Salcedo et al., 2012).

When looking at the change in regime frequencies with increasing AI (Fig. 6.2h-n), some dis-

crepancies between the model and observations are seen. The most obvious change is the modelled

increase in shallow cumulus RFO with increasing AI in some regions (Fig. 6.2h), whereas in the
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observations there is a decrease in shallow cumulus with increasing AI globally (Fig. 4.2h). Whilst

some of these increases in shallow cumulus RFO are found in regions where there is a strong absorb-

ing aerosol component (Herman et al., 1997), many of these increases are in relatively clean locations

(such as over the South Pacific). The shallow cumulus regime appears to grow at the expense of the

thin cirrus regime in the southern hemisphere, but it is not possible to determine the origin of this

increase from only changes in RFO. The model shows an increase in stratocumulus in the Pacific

stratocumulus region with increasing AI, however, decreases are found in regions where absorbing

aerosols are common, such as the western coast of equatorial Africa. This decrease is not seen in

observations, so may be indicative of retrieval errors in this region, meteorological covariation, or

perhaps a stronger influence of absorbing aerosols in the model compared to observations.

The change in regime frequencies with increasing AI when the model is run with a constant

CDNC distribution (no aerosol indirect effects, Fig. 6.2o-u) shows a very similar pattern to that seen

when aerosol indirect effects are included in the model. This supports the assessment of regime

RFOs in chapter 4, that the correlation between regime RFO and AI is controlled primarily by effects

other than aerosol-cloud interactions. Correlations between AI and regime RFO are not adequate for

assessing the strength of aerosol-cloud interactions.

6.2.2 Regime Transitions

Although there are differences between the regimes transition histograms observed using ISCCP

and those found using the model (Fig. 6.3a,b), the model transition histograms reproduce the main

transitions seen in the observations (Fig. A.2a,b). The majority of regimes ‘transition’ into the same

regime (i.e. lie on the diagonal of the transition histogram) over the three hour observation period.

The frequency of occurrence of these transitions along the diagonal are very similar to those from

the observations (Fig. 4.3a,b), suggesting that the regimes exhibit similar persistence.

Over land (Fig. 6.3a), the tropical congestus to thin cirrus transition is much stronger in the model

compared to observations, as is the anvil cirrus to thin cirrus transition. This would help to explain the

high frequency of thin cirrus in the model compared to observations. Over ocean (Fig. 6.3b), there

is a weaker stratocumulus to transition regime transition in the model than in observations. This may

indicate slightly more persistent stratocumulus cloud in the model than in observations. The thin

cirrus regime is also slightly more persistent in the model compared to observations, contributing to
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Figure 6.3: Regime transition histograms showing the conditional probability of a given transitions
between regimes over (a) land and (b) ocean during the three hour 1030 - 1330 LST period being
observed, given each starting regime. Each column sums to 100%. The difference in the histograms
between the highest and lowest AI quartile days for the run including indirect effects (IND) over c)
land and d) ocean, and without indirect effects (C-CDNC) over e) land and f) ocean. Positive values
in the difference plots 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 (20◦N - 20◦S) where the ISCCP regimes are defined. For a
comparison with observations, see Figs. 4.3 and A.2.

the increased thin cirrus RFO.

The changes in the transition frequencies observed in the model with increasing AI show some

similarities to those observed in satellite data. In the model run including aerosol indirect effects

(IND), both the model and the observations show a decrease in transitions into the shallow cumulus

regime over ocean (Fig. 6.3d). There is a slight increase in transitions into the stratocumulus regime

with increasing AI; this increase is stronger over land (Fig. 6.3c). Additionally, over land there
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Figure 6.4: The difference in the relationship between transition frequencies and AI for IND and the
C-CDNC runs. Red indicates an increase in the strength of the relationship between AI and transition
frequency when aerosol effects are activated in the model. Dots indicate 95% significance.

is an increase in stratocumulus to stratocumulus transitions indicating an increase in stratocumulus

persistence at higher AI. There is also an increase in transitions into the deep convective regime at

the expense of the anvil cirrus regime.

It is notable that several of the most important changes in convective transitions in the observa-

tions are not seen in the model. The increase in stratocumulus persistence with increasing AI over

ocean is much smaller than that seen in observations and there is no increase in the tropical congestus

to deep convective transition with increasing AI over land.

When the runs are repeated with a constant cloud droplet number concentration (C-CDNC, Fig.

6.3e,f), there is a reduction in the strength of the relationship between transition frequencies and AI.

There is a much reduced increase in stratocumulus persistence with increased AI over land, and there

is a reduction in many of the other related transitions in the stratocumulus pathway. There is little

change in the magnitude of the transitions into the deep convective regime. Over ocean, there is a

reduction in the change in stratocumulus pathway transitions with increasing AI (Fig. 6.4), although

many of the other transitions remain almost unchanged compared to the IND run.

The change in relationship between transition frequencies and AI between the IND and the C-

CDNC runs (Fig. 6.4) is small for most of the transitions. The models do show significant differences

in the transition frequencies for the stratocumulus to stratocumulus transition over land and ocean, as

well as transitions frequencies between the stratocumulus, shallow cumulus and transition regimes

over ocean. In the C-CDNC run, some of the transitions show no relationship to AI, where a rela-
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Figure 6.5: Mean precipitation rates at times before and after 1330 LST. The development of the
regimes in a high AI environment is shown in red and a low AI environment in blue. Errors are
shown at 95% significance. The top row (‘All regimes’) shows the development of precipitation if
cloud regimes and the AI-CF relationship are not accounted for. These plots are created from five
years of HadGEM3 data from a run including UKCA aerosol indirect effects (IND). For a comparison
with observations, see Fig. 5.2.

tionship is seen in the IND run. However, several of the transitions, especially in convective regimes,

still show a small change in frequency with increasing AI in the C-CDNC run, suggesting that there

may be unaccounted for meteorological effects influencing the correlation between AI and regime

transition frequencies.
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Figure 6.6: As Fig. 6.5 but using five years of HadGEM3-UKCA data from a run excluding UKCA
aerosol indirect effects, instead using a constant cloud droplet number concentration (C-CDNC).

6.2.3 Precipitation

The analysis of the precipitation development of the cloud regimes is also replicated in HadGEM3-

UKCA. No trajectory following is used, so the results are not a directly comparable to those of chapter

5. However, the trajectory following makes a small enough difference over the 12 hour period that it

can be ignored in this case.

The model (Fig. 6.5) reproduces some of the characteristics of the diurnal cycle observed in the

observations (Fig. 5.2). The peak precipitation rate over ocean is around T-8 (0530 LST), with a min-

imum around T+0, similar to the minimum found in observations. Over land, the peak precipitation

rate is around T+2 (1530 LST), similar to that found in the ‘all regimes’ version of the observational
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data (Fig. 5.2b). The precipitation rate over land is much larger during the day compared to night,

similar but more extreme than the day-night contrast found in observations. The mean precipitation

rates for the regimes also show similarities to those found in observations, with the deep convective,

anvil cirrus and tropical congestus regimes having the largest precipitation rates. The diurnal cycle

over land is strikingly similar between the regimes, with all the regimes showing an peak precipita-

tion time of approximately T+2. This is in contrast to the diurnal cycle found in observations over

land (Fig. 5.2), where the less developed regimes at T+0 (eg. shallow cumulus) show a later time of

peak precipitation, as they take time to develop.

Over ocean, the model shows a lower precipitation rate in the high AI population than the low

AI population at T+0 in the ‘all-regime’ case, a difference that is reflected in the individual regimes

(Fig. 6.5a). This negative relationship at T+0 is similar to that found in other models (Grandey et al.,

2013b), although it is unlike the retrieved relationship in the satellite data, where there is very little

difference in precipitation rate at T+0 over ocean. Over land, there is a very small difference in the

precipitation rate between the high and low AI populations at T+0. This small difference is similar to

that found in the observations, where accounting for the variations in CF between the high and low

AI populations removes the link between precipitation and AI (Fig. 5.2).

The difference in precipitation rate between the high and low AI populations over ocean at other

times varies little from the difference at T+0. This is similar to the observations over ocean, with the

high and low AI populations showing a similar cycle of precipitation. However, in the observations,

accounting for the difference in CF between the high and low AI populations removes the difference

in precipitation rate at T+0. This allows other effects, such as wet scavenging, to be observed. This

is not the case in the model, where the strong AI-precipitation relationship at T+0 disguises these

effects.

Over land (Fig. 6.5), there is very little difference between the precipitation development for the

the high and low AI populations, both at T+0 and at other times. Some regimes (thin cirrus and

anvil cirrus) show a negative relationship between precipitation and AI at T+0. Other than a peak in

precipitation shortly after T+0, the model results show little similarity to the observations. There is

no increase in precipitation for the high AI population at times after T+0, and there is no evidence of

wet-scavenging at times before T+0. This lack of a wet-scavenging signature over land is unexpected,

as wet-scavenging is a process that is modelled in HadGEM3-UKCA.



120 CHAPTER 6. GLOBALLY MODELLED CLOUD REGIMES

When comparing the precipitation development in the IND model run (Fig. 6.5) with the C-

CDNC model run (Fig. 6.6), very little difference is found between them. This would suggest that

very little of the difference in precipitation between the high and low AI populations in this model is

due to aerosol–cloud interactions.

6.3 Discussion

A GCM can be used to test which processes are important to observed aerosol-cloud correlations. As

the only difference between the IND and the C-CDNC runs is whether the UKCA aerosol scheme

is coupled to the HadGEM3 cloud scheme, the difference between the IND and the C-CDNC runs

(Fig. 6.4) shows the strength of the aerosol indirect effects within the model. Where the C-CDNC

run shows a relationship between cloud and aerosol properties, this would indicate meteorological

covariation influencing the aerosol-cloud correlations. Likewise, if there is no relationship between

aerosol and cloud properties in the C-CDNC run, then any relationship in the IND run could be

attributed to aerosol effects on clouds in the model. This would provide more evidence that the effects

observed in the satellite data are due to an aerosol effect rather than meteorological covariation.

6.3.1 Stratiform clouds

For the stratiform pathway, the model provides some supporting evidence that the differences in

transition frequencies between the high and low AI populations in the satellite observations are due

to an aerosol effect on clouds. With aerosol effects on clouds included (IND), the stratocumulus

to stratocumulus transition in the model shows a strong increase in frequency of occurrence with

increased AI, especially over land (Fig. 6.3c). In the run without aerosol effects on clouds (C-CDNC),

the strength of the relationship between the model AI and both the stratocumulus-stratocumulus

transition and other transitions in the stratiform pathway is reduced compared to the IND run. In

some cases the relationship between transition frequency and AI is not reduced to zero in the C-

CDNC run. This is likely due to meteorological covariation between cloud and aerosol properties,

but could also be due to aerosol influences on cloud via the radiation scheme, as these are active in

both the IND and the C-CDNC runs.

Aerosols modify cloud properties in HadGEM3-UKCA by reducing the large scale precipitation
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rate (Wilson and Ballard, 1999) and so should have the strongest effect in the stratiform cloud regimes

(transition and stratocumulus). Over ocean, the difference in transition frequencies between the high

and low AI populations in the model is not nearly as strong as that found in observations. One

possible reason for this is the lower AODs in the remote ocean in HadGEM3-UKCA than are seen in

observations. This is demonstrated by the low AODs in Fig. 6.1, and results in a smaller difference

in AI between the high and low AI populations in the model when compared to observations. The

modelled structure of the clouds in the model also leads to uncertainties in the effect of aerosols.

Whilst it has been suggested that aerosols influence the transition between open and closed celled

stratocumulus, the cell structure of stratocumulus is not represented in the model. This means that

the response of stratocumulus to aerosol perturbations in the model does not proceed by the same

pathways as in the atmosphere. More confounding effects may be present in the treatment of the

CDNC within the model. CDNC is treated diagnostically within HadGEM3-UKCA, which may be

important when considering the effect of aerosols on CDNC (Lohmann et al., 2000).

Despite these issues, there is a weaker relationship between transition frequencies and AI along

the stratiform pathway in the C-CDNC run (Fig. 6.4e,f). There are also significant differences in the

relationship between the transition frequencies and AI when comparing the IND and C-CDNC runs,

especially along the stratiform pathway over ocean (Fig. 6.4). This suggests that the changes in the

transition frequencies with increasing AI found in the observations of the stratiform regimes may be

the result of an aerosol effect on stratiform cloud properties, not meteorological covariation of cloud

and aerosol properties.

6.3.2 Convective clouds

The precipitation development and the changes in convective regime transitions indicate the simu-

lated convective regimes do not compare as well to the observations as the stratiform regimes. In

both the IND and the C-CDNC runs, there is very little change in convective regime transitions with

increasing AI. This is in contrast to the changes in regime transition frequency found when using

MODIS AI (Fig. 4.3c,d), although it is similar to that found when using MACC AOD (Fig. 4.3e,f).

The precipitation development as a function of AI also shows some notable differences from the

observations. Although there is a negative relationship between precipitation rate and AI at T+0,

suggestive of wet scavenging, there is no negative relationship between precipitation rate and AI at
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times before T+0 over land. If this relationship between precipitation rate and AI before T+0 in

the observations is indicative of wet scavenging, this would then suggest that wet scavenging in the

model has different properties to those observed in the atmosphere.

There are several possible reasons for the lack of transitions along the convective pathway in

the model. The model has no parametrised effects of aerosol on convective cloud processes. It is

possible that suppression of the large-scale precipitation rate may affect convective precipitation in

the model. However, the lack of direct aerosol interactions with convective cloud processes is likely

to play an important role. If the lack of parametrised aerosol effects on convection is the only reason

that the convective transition frequencies in the IND run show a weak relationship with AI, then

for convective clouds, the IND run might serve a similar purpose to the C-CDNC run for stratiform

clouds. If this is the case, the small change in convective transition frequencies with increasing AI

in the model might indicate that meteorological covariations for the convective transitions have been

significantly reduced. This in turn might suggest that the effects on convective cloud transitions

observed in the satellite data might be due to an aerosol effect. However, it is likely that other issues,

such as sampling differences between the model and satellite observations (Grandey et al., 2013b)

play a role and so no firm conclusions can be drawn about the effect of aerosols on convective clouds.

6.4 Conclusions

In this chapter, the representation of satellite retrieved relationships between aerosol and cloud prop-

erties are investigated in the coupled GCM-aerosol model HadGEM3-UKCA.

The regime relative frequency of occurrence (RFO) in the HadGEM3-UKCA is very similar

to that found in the satellite observations, although there are some differences. There is a higher

thin cirrus regime RFO in the model compared to observations, possibly due to sub-visible cloud

in the model. The relationship between regime RFO and AI in the model shows some significant

differences to observations. In some regions there is an increase in shallow cumulus RFO with

increasing AI, opposite to the change observed in the observations. The relationship between regime

RFO and AI shows very little change when aerosol indirect effects are excluded from the model, still

showing a strong relationship between RFO and AI. This emphasises how the strength of the AI-RFO

relationship is a poor indicator of the strength of aerosol-cloud interactions in satellite studies.
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The frequency of transitions between the regimes in the model is similar to that found in observa-

tions. There is an increase in the transitions into the thin cirrus regime compared to those found in the

observations, which is to be expected given the increased thin cirrus RFO in the model. The relation-

ship between the regime transition frequencies and AI in the model is similar to observations for the

stratiform regimes. In a run repeated with constant CDNC (no parametrised aerosol indirect effects),

many of the transitions in the stratocumulus pathway show a much weaker relationship to AI. This

reduction in the relationship between AI and transition frequencies in the stratiform regimes suggests

that the observed increase in stratocumulus persistence may be the result of an aerosol indirect effect.

However, the model shows no relationship between transition frequencies and AI consistent with

an aerosol invigoration of convective clouds in either a run including aerosol indirect effects or a run

with a constant CDNC. This suggests that convective transitions are not influenced by aerosols in this

model. This is unsurprising, as there is no direct interaction between aerosols and convective cloud

microphysics in this model.

The model simulations of precipitation development as a function of AI do not show the increase

in precipitation in the high AI population at times after T+0 that is seen in the observations. This is

most likely due to the lack of a parametrised effect of aerosols on convective cloud microphysics, as

precipitation in the study region is dominated by convective precipitation. Whilst the model produces

a diurnal cycle of precipitation that is similar to observations, this cycle does not vary between the

regimes. This is in contrast to the observations, where variation in the time of maximum precipitation

is seen between the different regimes, especially over land.

The use of the HadGEM3-UKCA model indicates that some of the observed effects in satellite

data, especially changes in transitions along the stratocumulus pathway, may be the result of an

aerosol indirect effect on clouds properties. The model does not recreate the changes in convective

cloud or precipitation seen in observations, which could be due to the lack of a parametrised effect

of aerosols on convective cloud microphysics in this model.





Chapter 7

Conclusions

The effect of aerosols on precipitation and cloud properties has been studied for over fifty years, but

the recent advent of global satellite datasets and global climate models provides an unprecedented

opportunity to make progress into understanding these effects.

Many strong relationships have been observed between aerosols and cloud properties, as well as

between aerosol and precipitation properties. The magnitude of the contribution of aerosol-cloud

interactions to these relationships is unclear, such that uncertainties related to aerosols and clouds

are the largest uncertainties in future climate projections (eg. Forster et al., 2007). Uncertainties

related to aerosol effects on cloud fraction are particularly hard to quantify, due to a strong non-

causal relationship between aerosol optical depth and cloud fraction. As shown in this thesis, this

strong relationship also generates spurious correlations between observed aerosol and cloud prop-

erties. Aerosol influences on cloud fraction may be an important component of the total aerosol

influence on climate.

Detecting aerosol an influence on precipitation shares many of the same problems. A strong wet

scavenging effect links the relationship between aerosol and precipitation properties, but even this is

confounded by strong covariation of aerosol and precipitation properties with meteorology. Whilst

many studies have investigated a possible aerosol effect on precipitation, the difficulty of determining

causality can make it difficult to determine observational constraints on aerosol-precipitation inter-

actions.

This work reduces some of the key issues in determining the influence of aerosols on cloud and

precipitation properties. A new time-dependent analysis is demonstrated that reduces the influence

of meteorological covariation on the observed relationships between aerosol and cloud properties,

125
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allowing for a better determination of the magnitude of aerosol-cloud-precipitation interactions.

Conclusions

Cloud fraction (CF) has been previously shown to be strongly correlated with aerosol optical depth

(AOD). It is suspected that a large part of this relationship is the result of effects other than an aerosol

influence on cloud fraction. AOD retrieval errors (such as cloud contamination) and errors due to

the use of AOD as a CCN proxy (such as the swelling of aerosol in humid environments) have been

suggested as contributing factors to this relationship, along with possible aerosol-cloud interactions.

A strong correlation has also been observed between AOD and cloud top pressure (CTP), a cor-

relation which has been suggested to be evidence of an aerosol invigoration of convective clouds. In

chapter 2, the influence of the strong AOD-CF correlation on other correlations between aerosol and

cloud properties is examined, demonstrating that much of the AOD-CTP correlation can be attributed

to variations in CF as a controlling variable. Using regularly gridded data at a 1◦ by 1◦ resolution

from the MODIS instrument on-board Terra, these correlations were reproduced globally. When the

AOD-CF was relationship multiplied by the CF-CTP relationship, it was shown that a strong corre-

lation between AOD and CTP can be produced. Neither the CF-CTP nor the AOD-CF correlations

require an aerosol effect on convection, suggesting that the correlation between AOD and CTP is

not evidence of aerosol invigoration of convection. This spurious correlation disguises the AOD-

CTP correlation due to aerosol influences, in some regions obscuring a negative relationship between

AOD and CTP (at constant CF).

The CF-CTP correlation is unlikely to be due to an error in the cloud properties retrieval, but

previous work suggests that the AOD-CF correlation is unlikely to be entirely due to an aerosol

effect on cloud. This in turn creates uncertainty about the true effect of aerosols on CTP and cloud

vertical development. As a basic attempt to account for the influence of the AOD-CF correlation, the

AOD-CTP sensitivity at a constant CF was investigated, showing a significantly decreased sensitivity

of CTP to AOD variations. There are some downsides to examining cloud vertical development using

a constant CF approach. The main disadvantage is that some of the AOD-CF relationship is thought

to be due to aerosol-cloud interactions influencing CF, and so by restricting CF, the response of the

CTP (through the CF-CTP correlation) to aerosol perturbations is also restricted. Restricting CF also

necessarily removes any ability to investigate the effect of aerosols on CF. The accounting for the
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strong AOD-CF relationship whilst allowing cloud development is an important motivator for later

parts of this work.

In chapter three, MODIS cloud regimes were determined using a k-means clustering process on

MODIS cloud top pressure - cloud optical depth histograms. These regimes represent several distinct

cloud types, similar to the ISCCP weather states. These regimes were then used to investigate how

the sensitivity of the cloud droplet number concentration (CDNC) to AOD varies by regime. The

cloud albedo effect predicts an increase in CDNC with increasing CCN concentrations. MODIS

observations of cloud optical depth and effective radius were used to determine the CDNC using the

adiabatic approximation.

The sensitivity of CDNC to AOD was found to vary by regime, with only the liquid cloud regimes

showing significant sensitivities of CDNC to AOD. Among the liquid cloud regimes over ocean,

CDNC in the stratocumulus regime shows a higher sensitivity to AOD than the shallow cumulus

regime. This indicates a sampling bias when calculating the sensitivity without accounting for cloud

regimes, as the stratocumulus regime is undersampled due to its high cloud fraction and correspond-

ing low AOD retrieval success rate.

A negative sensitivity had previously been found over land in the standard MODIS products,

indicating a reduction in CDNC with increasing AOD. This is contrary to the theoretical effect of

aerosols on cloud properties. Considering sensitivity by regime showed that this negative relationship

is driven by the relationship in the shallow cumulus regime. As the shallow cumulus regime has a

much lower CF, this indicates a possible retrieval error for MODIS CDNC at low CF over land.

Recombining the regime sensitivities (accounting for the sampling issues), the sensitivity over land

increases, becoming positive in many regions. This emphasises the importance of considering cloud

properties and aerosol effects by regime.

In chapter four, two temporally spaced MODIS retrievals each day were used to examine the

links between MODIS AI and the transitions between the previously determined cloud regimes. The

main aim of this chapter was to determine whether aerosols have an influence on cloud development

in a way that takes into account the influence of CF, meteorological factors and the importance of

regimes.

The frequency of occurrence of the cloud regimes themselves are very strongly linked to the local

AOD. This is due to the strong AOD-CF relationship, which as suggested previously is thought to be
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mostly the result of non-aerosol influences. This relationship is accounted for whilst still allowing

the study of cloud development and the influence of aerosol on cloud fraction, by investigating the

changes in transition frequency between the regimes with increasing AI.

Separate transition histograms were generated for high and low AI populations, accounting for

the strong AI-CF relationship by ensuring the high and low AI populations have the same distribution

of CF and other meteorological parameters at the start of the observation period. The changes in the

frequencies of transitions between regimes are consistent with an increase in stratocumulus persis-

tence with increasing AI, resulting in an increase in CF with increasing AI. An increase in transitions

into mid-level and deep convective regimes was also found, consistent with an aerosol invigoration

of convective cloud. The correlation between AI and CF development in the shallow cumulus regime

is dependent on the local meteorology, with AI having a stronger correlation with CF development

in regions of higher low tropospheric static stability and higher windspeed.

By using multiple aerosol retrievals, at the start and the end of the observation period, the aerosol

effect on cloud fraction was limited to less than half of that found when performing a simple cor-

relation between AI and CF. Determining the exact magnitude of the aerosol influence on CF was

prevented due to the uncertainties in the magnitude of the wet scavenging influence on AI over the

observation period, but this sets an upper limit to the influence of aerosol on CF.

This methodology was then extended in chapter five to study the changes in precipitation devel-

opment with increasing AI. The main aim of this chapter was to determine whether aerosols have an

influence on precipitation development. Using MODIS AI and cloud property retrievals to provide

cloud regime and AI retrievals at a single overpass time, multiple precipitation retrievals were then

used to build a picture of the diurnal cycle of precipitation for each regime. By using AI defined at

the same time as the cloud regime retrieval, the influence of CF on the AI retrieval is accounted for

in the same way as the previous chapter.

Unlike previous studies of the correlation between AOD and precipitation, little evidence of a

link between AI and precipitation is found at the time of the aerosol retrieval, as the AI-CF corre-

lation is accounted for. However, there is an increase in precipitation at times after the AI retrieval

- consistent with an aerosol invigoration of convective precipitation. This increase in precipitation

with increasing AI is stronger in clouds with tops colder than 273 K, suggesting that ice processes are

an important factor in a possible aerosol effect on precipitation. An inverse relationship was found
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between AI and precipitation at times before the AI retrieval, consistent with wet scavenging. This

wet scavenging effect is stronger in regions with a high mean precipitation rate. The increase in

precipitation with increasing AI at times after the AI retrieval shows a dependence on the local mean

AI. In regions of high mean AI, decreases in precipitation with increasing AI were found, suggesting

that although aerosol acts to increase precipitation at low levels, as it reaches a high concentration, it

acts to suppress precipitation.

Investigations into the diurnal cycle of other variables related to convective activity also showed a

similar effect. The high AI population has a higher lightning flash rate at times after the AI retrieval,

particularly over land. This would suggest that the increase in retrieved precipitation with increasing

AI is not a retrieval bias in the precipitation retrieval caused by a change in droplet size distribution

with increasing AI.

Meteorological covariations can be considered as one of two types. Type one effects are caused

by inaccurate determinations of CCN, in many cases due to a breakdown in the AOD-CCN or AI-

CCN relationship. Many of the type one errors (such as cloud contamination and humid swelling)

are related to the CF within a regime. By making use of the AI and accounting for the AI-CF correla-

tion within the cloud regimes, these errors are reduced. Type two effects, where the cloud and CCN

properties vary together, are harder to remove. To reduce them, the high and low AI populations of

each regime were sampled so that they had the same distribution of the meteorological properties.

However, it is possible that the correlations seen in observations are still the result of covariation

between cloud and aerosol properties, caused by unaccounted-for meteorological covariations. In-

vestigations using model data provide one possible way to determine if the observed effects are due

to an influence of aerosols on cloud properties, or a remaining meteorological covariation.

Global climate models provide the possibility of investigating the role of individual effects on

aerosol-cloud correlations, as these effects can be removed from the model separately. Chapter six

made use of the HadGEM3 GCM with the UKCA aerosol module to investigate whether a GCM

can reproduce the relationships between aerosol and cloud regime transitions and properties. The

studies show that the model is able to represent the frequency of occurrence of the regimes and the

frequencies of transitions between the regimes well. Examining the difference between the transition

frequencies for the high and low AI populations shows that for the transitions between the stratiform

cloud regimes, the model shows similar changes in transition frequencies with increasing AI to those
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seen in observations, indicating an increase in stratocumulus persistence with increased AI. Repeat-

ing the experiment with a constant CDNC, these transitions between the stratiform cloud regimes

show a much smaller difference in occurrence between the high and low AI populations. This sug-

gests that the correlations seen between the transition frequencies and AI in satellite observations

may be the result of an aerosol effect on clouds, rather than meteorological covariations of cloud and

aerosol properties.

The model does not reproduce the changes in transitions between the convective cloud regimes

with increasing AI as well, in many cases showing no change in transition frequency with increased

AI. A similar effect was found when investigating precipitation development in the model, with the

model showing little difference between the development of the high and low AI populations. It is

most likely that this is due to the necessary aerosol interactions with convective cloud microphysics

not being parametrised in this model, making it difficult to draw conclusions about the possible

aerosol influences on convective clouds in this model.

Summary

This thesis has demonstrated a method by which meteorological and retrieval errors can be reduced

when investigating an aerosol effect on precipitation and cloud properties. Results consistent with

an aerosol invigoration of convective clouds are observed, although the magnitude of the effect is

smaller than that seen in previous studies. Changes in the cloud development consistent with in-

creased stratocumulus persistence in high aerosol environments are also observed. It is not possible

to conclusively determine whether these results are due to an aerosol effect on precipitation, although

they do provide new upper limits to the effect of aerosols on cloud fraction and precipitation.

Future work

There are several possible avenues for future investigation leading from the work done in this thesis.

CF-CTP relationship in models

The intensification of the AOD-CTP relationship by the AOD-CF and the CF-CTP relationships is

also present in climate models and explains the strength of the AOD-CTP correlations within the

models of the AeroCom Indirect Effect Experiment. A detailed description of the models and their



131

CA
M

-N
CA

R
AOD-CF Sensitivity CF-CTP Sensitivity Reconstructed AOD-CTP CTP-AOD Sensitivity

GF
DL

HA
DL

EY
LM

DZ
-IN

CA
SP

RI
NT

AR
S

CA
M

-U
M

ic
h

-1 0 1 -2 0 2 -1 0 1 -1 0 1

Figure 7.1: The sensitivities of cloud properties to aerosol properties in the AeroCom indirect effect
models.

behaviour can be found in (Quaas et al., 2009), here it is important to note that these models include

some parametrised effects of aerosols on clouds, but none of them include explicitly parametrised

effects of aerosols on convective clouds or ice. Whilst this does not prevent an aerosol invigoration

effect, many of the current theories of the aerosol invigoration process depend on an interaction with

droplet freezing.

All of the models (Fig. 7.1) apart from the LMDZ model show a negative CF-CTP sensitivity of

varying strengths across the globe. Whilst the strength of the AOD-CF and AOD-CTP sensitivities in
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the models vary, they are typically anti-correlated. Models with a strong positive AOD-CF sensitivity

(eg. GFDL and HadGEM), typically have a strong negative AOD-CTP sensitivity, with a positive

AOD-CTP relationship being found in regions where the AOD-CF correlation is negative or the CF-

CTP relationship is weak. Models with a negative AOD-CF correlation, such as SPRINTARS or

CAM-UMich typically show a positive AOD-CTP sensitivity, which helps to explain the large range

of AOD-CTP sensitivities observed in this collection of models.

The models used in the AeroCom Indirect effect experiment are now several years old; these

models now include more advanced aerosol and cloud schemes. It would be interesting to know

if the AOD-CF relationship is still the primary cause of AOD-CTP correlations in these models,

especially in cases where the models include parametrised effects of aerosol on convection.

Determination of total aerosol effect on CF

Previous work has focused on correlations between aerosol and cloud properties retrieved at the same

time. These ‘snapshot’ correlations have a restricted ability to account for the effects of CF on the

aerosol retrieval. However, they do allow for the investigation of an ‘integrated’ effect, where the

total effect of the aerosol on the cloud properties can be considered. In contrast, the studies of cloud

development in varying aerosol environments presented in this work are unlikely to have reached

equilibrium by the end of the observation period.

Some progress has been made towards determining a total effect of aerosols on CF by comparing

d(CF) calculated with both an AI retrieval where the AI-CF relationship is accounted for and one

where it is not (section 4.2.7). This indicates a relative magnitude between the development and

snapshot methods, which may be suitable for determining a total effect of aerosols on cloud fraction.

Determining a total effect on precipitation is also challenging, as an increase in precipitation will

increase the wet scavenging of aerosol, perhaps resulting in a reduced precipitation rate at later times.

There are other aspects which would need to be addressed to determine the magnitude of a global

effect, for which the current methods and data are not suitable. Transition histograms and changes in

the histograms with changes in aerosol would need to be investigated at different times of day. Given

the important effect of the diurnal cycle, the frequencies of transitions will be different at different

times of day. For transitions at night, this will require a new approach, as cloud and aerosol optical

depth are not currently retrieved in darkness.
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It will also be necessary to determine the applicability of these results in regions outside the

tropics, where the diurnal cycle is not such a strong driver of variability.

Sampling in models

Different correlations between aerosol and cloud regime transitions are found when using MODIS

AI/AOD and MACC AOD. As MODIS and MACC are designed not to differ in locations where there

is a MODIS retrieval, this suggests that there may be a sampling issue in regimes with high cloud

cover. MODIS can only sample the aerosol in clear sky regions, whereas MACC can determine an

AOD even in cloud covered regions. In these cloud covered regions, there is a strong likelihood of

precipitation, which would generate a negative correlation between aerosol and precipitation. This

negative correlation would likely be stronger than that found in the clear-sky MODIS aerosol. In

regimes with high cloud cover and high precipitation rates (such as the deep convective regime),

the strong negative correlation from wet scavenging could disguise an invigoration effect if the all-

sky aerosol is sampled. As GCMs in general do not have a separate population of aerosol for clear

sky-regions, this might limit comparisons between models and observations.

To investigate the possibility of sampling issues, studies using high resolution models, which

resolve aerosol processes in cloud covered and clear sky separately will be needed. These can then

investigate the importance of the difference between model and satellite sampling of aerosols, as well

as whether using all-sky or clear-sky AOD is more suitable for determining an aerosol influence on

precipitation.

Improved satellite assessments

Improved satellite observing systems may provide new insights into cloud and aerosol processes.

The Global Precipitation Mission (GPM) is due to be launched in 2014 as a successor to TRMM. It

will have a microwave imager on-board, but will also carry a dual frequency precipitation radar. Like

TRMM it will be able to retrieve the vertical structure of precipitation, but with a dual frequency

radar, it will also be able to retrieve microphysical properties of precipitation. This is particularly

important for studies of aerosol effects on precipitation, as it will enable a retrieval of the droplet size

distribution. As aerosol processes may modify the droplet size distribution, this would enable a study

of whether the changes observed in this work are due to a change in precipitation rate, or droplet size
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distribution.

Other satellite due for launch in the next few years will also provide increased insight into aerosol-

cloud interactions. EarthCARE will carry a sensitive doppler radar, enabling the retrieval of vertical

velocities within convective clouds. MeteoSat Third Generation, due for launch in 2018, will be

able to provide full disk image at 1 km resolution, every 30 minutes. This will have many useful

applications for investigating cloud development.
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Appendix A

Changes in regime transition frequencies

This appendix includes plots repeating those in chapter 4, but using the ISCCP D1 cloud product and

the GlobAerosol AATSR AOD product for the cloud and aerosol properties. It also includes a repeat

of the analysis in chapter 4 including transitions to and from a ‘clear-sky’ regime.
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Figure A.1: a)Relative frequency of occurrence (RFO) of each of the ISCCP cloud regimes (Williams
and Webb, 2009) from ISCCP (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 GlobAerosol AATSR AOD quartiles. c) As b but using MACC AOD
instead of AATSR AOD as the aerosol product.
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Figure A.2: Regime transition histogram showing the conditional probability of a given transitions
between regimes over (a) land and (b) ocean during the three hour 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 AOD 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 AOD. Note the non-linear colourbar in a) and b). The dots indicate statistical significance.
The properties of the regimes used here are described in Williams and Webb (2009)
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Figure A.3: As Fig. A.2 but using the MODIS AI, cloud regimes and a ‘clear-sky’ regime. The
clear sky regime is defined at locations where MODIS finds a cloud fraction of zero, and so does not
retrieve a cloud top pressure or cloud optical depth. Each column sums to 100 %. The ‘clear-sky’
regime has not had the influence of the AI-CF correlation accounted for, so the changes in transi-
tion frequency from the ‘clear-sky’ regime are not reliable. This plot covers regime transitions for
the tropical region (20◦N - 20◦S). Positive values indicate an increase in the frequency of the tran-
sition with increasing AOD. Note the non-linear colourbar in a) and b). The dots indicate statistical
significance.





Appendix B

Precipitation development

Additional satellite products

As the 3B42 retrieval includes some IR precipitation data, the analysis is repeated using the 3B42

HQ’ product, which includes only the non-gauge adjusted microwave data (Fig. B.1).

This analysis is also repeated excluding points where the retrieved precipitation is zero (Fig. B.2).

The analysis excluding non-precipitating points is not included in the main analysis, as it removes

the ability to study the complete lifecycle of clouds. It shows a similar increase in precipitation after

T+0 to that seen when using the complete 3B42 product, suggesting that the increase in precipitation

is found in an increased precipitation rate for precipitating clouds, rather than a simple increase in

precipitation initiation (although that is still likely to be important).

The precipitation development analysis repeated using GlobAerosol AATSR daily AOD data

(Fig. B.3). As AATSR is flown on the Envisat satellite, T+0 is shifted to 1030 LST, making Fig. 5.3

the most suitable comparison. The plots using AATSR AOD are noisier than those using MODIS

data, due to a smaller swath reducing the available data. Only the all data and the shallow cumulus

regime precipitation development plots are shown.

To demonstrate that the observed increase in precipitation observed at times after T+0 for the

high AI population is not a consequence of a reduced precipitation rate at times before T+0 in the

high AI population, the precipitation development of each regime where the regimes are separated

by the precipitation rate at T-3 is also shown (Fig. B.4). The red line shows the precipitation de-

velopment within each regime of the quartile with the highest precipitation rate and the blue line in

the lower precipitation rate quartile at T-3. It is clear that a low precipitation rate at times T-3 is not
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Figure B.1: As Figure 5.2 but using the ’HQ’ product, which is restricted to the microwave precipi-
tation retrievals.

correlated with a high precipitation rate at times after T+0. The CF distributions for the high and low

precipitation rate quartiles have been sampled so that they are the same at T+0 (see section 4.1.2.

Surface precipitation

To compare these results against a ‘ground-truth’ precipitation product, precipitation retrievals from

the UK Met. Office MIDAS database (UK Meteorological Office, 2012) are also used. This includes

precipitation data from multiple rain-gauges at a time resolution of three hours or lower. The total
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Figure B.2: As Figure 5.2 but restricting the precipitation retrievals used to only those where precip-
itation is detected by the 3B42 precipitation product.

number of sites available is restricted by the need to use a sub-daily temporal resolution, which is not

commonly supplied in gauge datasets.

Both the TRMM PR and the merged product require assumptions about the droplet size distribu-

tion to determine the precipitation rate,especially over land (Iguchi and Meneghini, 1994; Stephens

et al., 2008). As one possible effect of aerosols is to modify the droplet size distribution, an increase

in retrieved precipitation is not necessarily due to a increased precipitation rate. A shift in the droplet

size distribution towards larger droplets without an increase in the total precipitation amount could

be interpreted by both active and passive microwave instruments as an increase in precipitation.
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Figure B.3: As Figure 5.2 for the shallow cumulus regime and the regimes combined, but using the
GlobAerosol AATSR AOD product over the years 2003-2007.

The only way to sure of an increase in precipitation is to use a surface measurement of pre-

cipitation. Unfortunately surface rain gauges are limited in their sampling compared to satellite

instruments.

The UK Met Office MIDAS database of surface station data is used here, which includes surface

data from the tropics, with precipitation data from a subset of stations at a temporal resolution of 3

or 6 hours. The data is averaged over three hour periods, rather than the single hour periods used

for the merged precipitation product. Unfortunately, there is not enough rain gauge data available to

make a determination about whether the satellite studies are seeing a change in surface precipitation.

Although there are hints of effects, they are not significant.

The main issue appears to be the shortage of data for the rain gauges, ideally there would be a

greater number of rain gauges than satellite datapoints so that the gauge data might be closer to the

areal mean precipitation rate. The lack of sampling in regions with a particularly strong response in

the satellite data (Fig. B.5a) is unfortunate.
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Figure B.4: As Figure 5.2 but using the precipitation rate at T-3 to define the high and low popula-
tions. The red line shows the precipitation rate of the highest quartile of precipitation rates at T-3 and
blue the lowest quartile. The CF and meteorological property distributions are the same at T+0 for
the high and low populations.
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Figure B.5: a) The number of surface station precipitation reports over the period 2003-2011 from
the UK Met. Office MIDAS database. For comparison, the 3B42 product would generate 12,000
reports per year for each of the 2◦ by 2◦ location shown here. b-h) Precipitation rates for each of the
regimes at times before and after the Aqua MODIS AI retrieval (1330 LST). Red is the precipitation
rate from the high AI population.
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