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Abstract

Clouds and aerosols are deeply significant components of the Earth’s atmosphere

and climate system. Yet, aerosol-cloud interactions, particularly for shallow con-

vective clouds, remain poorly understood and highly uncertain. Many varied,

and often conflicting, hypotheses of aerosol effects on shallow clouds have been

proposed, reflecting the myriad pathways and mechanisms through which they

interact. This thesis uses high-resolution, large-domain simulations to investigate

the effects of aerosol on shallow convective clouds. Large-domain simulations are

performed to capture the large-scale behaviour of the cloud field in response to

aerosol perturbations. Increased aerosol is found to lead to decreases in domain-

mean precipitation, increases in domain-mean liquid water path, and little impact

on cloud fraction or the frequency of higher precipitation rates, in contrast to

existing research. It is hypothesised that these differences are due to differing

approaches to the model setup. Idealised and realistic simulations of trade wind

cumuli are performed, producing starkly different cloud fields and responses to

increases in aerosol. The idealised simulations experience significant changes

in their thermodynamic evolution along with convective deepening, in contrast

with little change in the thermodynamic evolution of the realistic simulations.

Detailed investigation of the properties and life-cycle of individual clouds high-

lights the different responses of clouds with different characteristics to changes in

aerosol. Cloud lifetimes are directly quantified using a cloud tracking algorithm,

displaying little change in response to increased aerosol. Shallow clouds occur

less frequently, while congestus clouds may become deeper. Increased aerosol

notably delays the onset of precipitation, and reduces the probability of precip-

itation. This analysis emphasises the importance of representing the diversity

present in realistic trade wind cloud fields.
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Preface

Whether looking up at the sky from the Earth’s surface, or looking down on

our planet from space, the prevalence of clouds throughout the atmosphere is

clear. So, too, is the rich variety in their appearance and behaviour, inevitably

leading one to wonder at the importance they must have in the climate. From

Aristotle’s Meteorologica to the pioneering work of Lamarck (1802) and Howard

(1803), and on to modern atmospheric science, and from the poems of Goethe to

the paintings of John Constable, clouds have intrigued, captivated, and inspired.

Clouds and aerosols play hugely significant roles in the atmosphere and cli-

mate system. Clouds are responsible for transporting moisture, energy, and mo-

mentum through the atmosphere, and between the atmosphere and the Earth’s

surface. They exert a radiative effect through reflecting incoming short wave

radiation, and emitting long wave radiation at a range of temperatures. Aerosols

serve as condensation nuclei for the formation of cloud droplets, and so are an

integral part of understanding cloud behaviour, but also are associated with their

own radiative effects. Cloud processes range from microphysics on micrometer

scales, up to mesoscale systems on horizontal scales of hundreds of km, while

processes across these scales may have profound impacts on one another. This

is key, not only to the rich and exciting behaviours of clouds, but also to the dif-

ficulty in studying and understanding them, which persists in current research.

This thesis is motivated by both the importance of clouds, and their scientifically

compelling nature.
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The following section will provide a brief overview of the structure of the

thesis, and of each chapter.

Structure of the thesis

Chapter 1: This chapter will outline the scientific concepts underpinning cloud

physics, as well as the various methodologies employed in the study of clouds,

with a specific focus on shallow convective clouds and their representation in nu-

merical models. The roles of clouds and aerosols in the atmosphere are discussed

in detail, along with the current state of research in shallow clouds and aerosol-

cloud interactions. Based on this discussion, the research questions that this

thesis aims to explore are outlined. Furthermore, the models and methodologies

employed in the thesis are discussed in detail.

Chapter 2: Simulations of the effects of aerosol on shallow cumuli in large

domains are presented, using the case study outlined in the previous chapter.

Simulations are carried out using the Met Office Unified Model (UM), char-

acterised particularly by high spatial resolution and the large, nested domains

employed. A series of simulations with idealised aerosol perturbations are per-

formed. The analysis focuses on the effect of these perturbations on the char-

acteristics of domain mean properties such as cloud fraction, liquid water path,

and precipitation.

Chapter 3: A comparison of idealised and realistic simulations of shallow

cumuli is presented, with a focus on their respective responses to aerosol per-

turbations. These are performed based on the findings of Chapter 2, and their

context amid existing research. The analysis focuses on comparing the effect of

different approaches to large scale forcing and domain boundaries on the response

of the simulations.
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Chapter 4: This chapter builds on Chapter 3, and extends the analysis

of the realistic simulations using a cloud tracking algorithm. This allows for

a detailed inspection of the effect of aerosol perturbations on the properties of

individual clouds, and how these vary over the cloud life-cycle.

Chapter 5: Finally, the results of the previous chapters are summarised.

The conclusions of the thesis and their relation to existing and future research

are discussed. The chapter concludes by suggesting new potential questions and

avenues of research arising from the findings of the thesis.
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Chapter 1

Introduction

1.1 Atmospheric aerosols

Atmospheric aerosols are defined as any solid or liquid particles suspended in the

atmosphere. They are either emitted directly into the atmosphere, in which case

they are referred to as primary aerosols, or can be formed by precursor gases, and

are referred to as secondary aerosols. Aerosols may be classified according to their

chemical properties, or else by physical characteristics such as shape, density,

and size, which can vary from nanometres to several micrometres (Lohmann

et al., 2016). They are a significant component of the atmosphere, directly

affecting the radiation budget through scattering and absorption (Ångström,

1962; McCormick & Ludwig, 1967), as well as affecting the thermal profile of

the atmosphere via these processes (Grassl, 1973; Markowicz et al., 2002; Davidi

et al., 2012).

Aerosols further impact the state of the atmosphere through interactions with

clouds, either in their role as cloud condensation or ice nuclei, or through cloud

responses to the aforementioned radiative cooling and warming (Twomey, 1977;

Albrecht, 1989; Boucher et al., 2013a; Lohmann et al., 2016; Seinfeld & Pandis,

2016).
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Atmospheric aerosols have a large variety of both natural and anthropogenic

sources. Natural emissions of aerosols include sea salt, mineral dust, wildfire

smoke, as well as organic aerosols from biogenic sources (Andreae, 2007; Carslaw

et al., 2010). Biogenic emissions include both primary, such as pollen or plant

debris, as well as secondary aerosols from emissions of gases such as dimethyl

sulphide from plankton (Boucher et al., 2013a; Cavalli et al., 2004; Korhonen

et al., 2008). Volcanoes, through degassing and eruptions, are also a significant

source of aerosols, primarily sulphates (Lohmann et al., 2016; Gettelman et al.,

2015). Anthropogenic emissions of aerosols and aerosol precursors are strongly

associated with industrial processes and the burning of fossil fuels, and include

sulphates, nitrates, and black carbon (Boucher et al., 2013a). These aerosol

species, along with other organic carbon species, are also components of anthro-

pogenic biomass burning aerosol, produced by vegetation fires and the use of

biofuels (Andreae, 2019; Haywood et al., 2021). Black carbon is particularly im-

portant for its ability to absorb solar radiation (Stier et al., 2007), while species

such as sulphates and nitrates are primarily associated with scattering (Charlson

et al., 1992; Boucher et al., 2013a).

Many aerosol species evidently share both natural and anthropogenic sources.

Aerosols typically have lifetimes in the atmosphere of a few days in the case of

coarse primary aerosol particles, up to a little over a week for smaller secondary

aerosol particles (Seinfeld & Pandis, 2016). There are therefore very few regions

of the atmosphere that may be considered pristine, making an assessment of

aerosol conditions before the onset of significant anthropogenic emissions very

difficult (Andreae, 2007). This is additionally complicated by nonlinearities in

aerosol processes caused by aerosol emissions, such that anthropogenic emissions

of carbonaceous aerosol disproportionately contribute to aerosol number close to

source regions, while anthropogenic sulphate emissions disproportionately con-

tribute far from source regions and contribute less than proportionately close to
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source regions (Stier et al., 2006).

Furthermore, localised emissions and large-scale transport contribute to sig-

nificant variability in the spatiotemporal distribution of aerosols (Schutgens et

al., 2017; Zhang et al., 2012; Koffi et al., 2016). These factors are key con-

tributors to the uncertainty associated with estimates of radiative forcing due

to anthropogenic aerosol (Carslaw et al., 2013; Watson-Parris et al., 2020). In-

deed, aerosol radiative forcing, through direct interactions with radiation and

through aerosol-cloud interactions, is the largest source of uncertainty in esti-

mates of anthropogenic radiative forcing of the atmosphere, despite its signifi-

cance in offsetting some of the forcing due to greenhouse gases (Myhre et al.,

2013). The Intergovernmental Panel on Climate Change (IPCC) 5th Assessment

Report (AR5) describes the distinction between forcings, where agents such as

aerosol act directly on the global radiation budget, and rapid adjustments, where

an agent causes changes to another component of the climate system, such as

cloud cover, thus impacting the radiation budget (Boucher et al., 2013a). The

net forcing resulting from the combination of RF and rapid adjustments is then

known as the effective radiative forcing (ERF). The radiative forcing (RF) due

to aerosol-radiation interactions (RFari) is often referred to as the aerosol di-

rect effect. When considered along with rapid adjustments, that have previously

been known as semi-direct effects, the result is the ERF due to aerosol-radiation

interactions (ERFari). The RF due to aerosol-cloud interactions (RFaci) refers

to the impact of instantaneous aerosol-induced changes in cloud albedo on the

radiation budget. When combined with rapid adjustments, we have the ERF due

to aerosol-cloud interactions (ERFaci). In practice, it is very difficult to separate

RFaci from the rapid adjustments due to other aerosol-cloud interactions, and so

typically only ERFaci is quantified (Boucher et al., 2013a).

In this thesis, the primary importance of aerosols is in their ability to act as

cloud condensation nuclei, discussed in detail in section 1.1.1. Through this, they
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have the potential to modify and affect many cloud properties. These aerosol-

cloud interactions will be explored in more detail in section 1.3.

1.1.1 Aerosols as cloud condensation nuclei

Aerosols in the atmosphere serve an essential purpose in facilitating the formation

of cloud droplets. They act as condensation nuclei for water vapour to condense

into liquid droplets, which would otherwise not be possible via homogeneous

nucleation. The processes by which this formation of droplets occurs are known

as Köhler theory (Köhler, 1936). The Kelvin equation describes the relationship

between the vapour pressure over the curved surface of a droplet of radius r,

eS(r), with that over a flat surface, eS(∞):

eS(r) = eS(∞) exp

(
2σvl
kTr

)
, (1.1)

where σ is the surface tension of water, vl is the volume occupied by a molecule

in the liquid phase, k is the Boltzmann constant, and T the temperature. For

brevity, we may write this as

eS(r) = eS(∞) exp

(
A

r

)
, (1.2)

where A is a curvature factor given by

A =
2σvl
kT

. (1.3)

The Kelvin equation states that, for a given substance, the vapour pressure over

a curved surface is always greater than that over a flat surface. In order for

cloud droplets to grow via homogeneous nucleation then, they must overcome
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this effect. Defining the saturation ratio

S =
eS(r)

eS(∞)
, (1.4)

the Kelvin equation suggests saturation ratios far higher than those observed in

the atmosphere in order for cloud droplets to grow in this way (Lohmann et al.,

2016).

However, the presence of soluble aerosol particles in the atmosphere can alter

this. Raoult’s law describes how soluble material dissolved in water reduces the

saturation vapour pressure over the flat surface of a solution, esolS :

esolS (∞)

eS(∞)
=

nw
nsol + nw

, (1.5)

where nw and nsol are the number of water molecules and solute molecules in the

solution, respectively. For a dilute solution, this may be approximated using a

Taylor expansion as

esolS (∞)

eS(∞)
≈ 1− nsol

nw
. (1.6)

nw and nsol may be written as

nw =
NAmw

Mw

, and nsol =
iNAms

Ms

, (1.7)

where NA is Avogadro’s constant, i is the Van ’t Hoff factor, mw and ms are the

masses of water and the solute, and Mw and Ms are the molecular weights of

water and the solute.
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A droplet of radius r has a mass

mdroplet = mw +ms. (1.8)

Again approximating for a dilute solution, the mass of the solute may be

neglected, so that

mdroplet ≈ mw =
4

3
πr3ρw, (1.9)

where ρw is the density of water.

Applying Raoult’s law for a droplet thus yields

esolS (r)

eS(r)
= 1− B

r3
, (1.10)

where

B =
3imsMw

4πρwMs

. (1.11)

Combining the competing effects of the Kelvin equation and Raoult’s law

yields

esolS (r)

eS(∞)
=
esolS (r)

eS(r)

eS(r)

eS(∞)
=

(
1− B

r3

)
exp

(
A

r

)
. (1.12)

A Taylor expansion of the exponential term allows this to be written, for

small values of A/r,

esolS (r)

eS(∞)
≈
(

1− B

r3

)(
1 +

A

r

)
(1.13)

= 1 +
A

r
− B

r3
− AB

r4
. (1.14)
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This can be further simplified since, for droplets larger than 0.1 µm, both A/r

and B/r3 << 1, and therefore so is their product, the last term. This leads to

the Köhler equation

esolS (r)

eS(∞)
= S = 1 +

A

r
− B

r3
. (1.15)

For a given aerosol, this equation can describe a Köhler curve, which describes

the saturation ratio over a droplet, given its radius. The maximum of the Köhler

curve, which roughly separates the regimes dominated by the Raoult and Kelvin

effects, describes what is known as the activation or critical saturation ratio, Sc,

and radius, rc. Setting the derivative of 1.15 to zero yields

rc =

√
3B

A
, Sc = 1 +

√
4A3

27B
. (1.16)

This activation saturation ratio Sc, for a given solute and corresponding

Köhler curve, is the saturation required for a droplet to grow to the macro-

scopic sizes of cloud droplets. Fig 1.1 shows some examples of Köhler curves for

particles of different dry radii. For S < Sc, a droplet is in a stable equilibrium

with its surroundings, and may only grow to the size along its Köhler curve

corresponding to S, and will not be activated.

Cloud condensation nuclei (CCN) are those members of the atmospheric

aerosol population that have the potential to be activated. CCN must therefore

be defined at a fixed supersaturation. The activated CCN population is deter-

mined by both the aerosol population and properties, as well as the properties of

the surrounding atmospheric environment that determine the supersaturation;

including humidity, temperature, and vertical air velocity.

The processes described thus far have been limited to warm phase formation

of cloud droplets. However, it is also possible for certain aerosol particles to act as
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Figure 1.1: Köhler curves showing the vapour pressure equilibrium between a

droplet and the environment, for three ammonium sulphate particles of varying

dry diameter. The curves demonstrate the combination of the Raoult and Kelvin

effects. The horizontal dashed black line shows the supersaturation required

for the activation into a cloud droplet of a 0.1 µm particle (from Andreae and

Rosenfeld (2008) after Seinfeld and Pandis (2016)).
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ice nulcei (IN) in the formation of cloud ice through heterogeneous ice nucleation

(Lohmann et al., 2016). Ice nucleation processes are still poorly understood,

though the subset of the aerosol population that is able to act as IN may be

determined in part by factors such as surface structure, or functional chemical

groups (Kanji et al., 2017). This thesis, however, will focus on warm phase

clouds, and thus the details of ice nucleation processes will not be important.

1.1.2 Representation in numerical models

Aerosols may be represented in atmospheric numerical models in a number of

different ways. The approaches vary depending on the particular application, and

the levels of complexity can vary significantly. Bulk schemes are the most simple,

making use of predefined size ranges to categorise aerosol (Neale et al., 2010).

Linear superpositions of lognormal distributions have been shown to be effective

at characterising components of the aerosol size spectrum (Whitby, 1978). For

a given component or mode i, these have the form

nN(r) ln(r) =
dNi

dr
=

Ni√
2π lnσi

exp

(
−(ln r − ln ri)

2

2 ln2 σi

)
, (1.17)

where nN(r) is the aerosol number density as function of radius, r, Ni is the

aerosol number, ri is the median particle radius, and σi is the standard devia-

tion. Modal schemes use a sum of these lognormal distributions to describe a

number of aerosol size modes (Stier et al., 2005; Mann et al., 2012). Sectional,

or bin, schemes are the most complex, discretising aerosol sizes into a series

of bins (Zhang et al., 2004; Yu et al., 2015). These are, however, much more

computationally expensive compared to other approaches (Mann et al., 2012).

The modes typically represented in modal schemes, shown in fig. 1.2, are also

useful more generally for understanding aerosol distributions, and the processes
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Figure 1.2: Typical number and volume distributions of atmospheric aerosol

shown by the solid lines, with contributions of different aerosol modes shown by

dotted lines (from Seinfeld and Pandis (2016)).

associated with the different components. The nucleation mode refers to particles

with diameters up to around 10 nm, formed through nucleation of supersaturated

vapours (Seinfeld & Pandis, 2016). The Aitken mode refers to the range 10

to 100 nm. The accumulation mode comprises the range 0.1 to 2.5 µm, and is

named for the tendency for particles to accumulate in this size range as a result

of coagulation of smaller particles and less efficient removal mechanisms (Seinfeld

& Pandis, 2016). Above 2.5 µm is the coarse mode, comprising such species as

sea salt and dust.

No detailed and fully interactive aerosol scheme will be used in this the-
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sis. However, a cloud microphysics scheme with some interactive treatment of

aerosols will be employed, and is discussed in more detail in section 1.5. This

overview of aerosol representations will thus prove useful in informing later dis-

cussions.

1.2 Clouds

Clouds are defined as consisting of particles of liquid water or ice, or both, sus-

pended in the atmosphere (World Meteorological Organization, 2017). They are

an ubiquitous feature of Earth’s atmosphere, covering on average more than two

thirds of the surface (King et al., 2013; Stubenrauch et al., 2013). It is no sur-

prise, then, that clouds are deeply significant components of the atmosphere and

climate system, contributing to many important atmospheric processes. Cloud

processes range from micrometre scale microphysics through to circulations on

scales of hundreds of kilometres. This fact is key to both the rich multitude

of cloud behaviours, as well as the difficulty in understanding and representing

them in global climate models.

Clouds, and the associated precipitation, are major contributors to the hy-

drological cycle, as well as the processing and deposition of atmospheric aerosol

(Lohmann et al., 2016). Additionally, the vertical motions associated with clouds

are responsible for transport of heat and moisture in the atmosphere. They

further impact the global radiation budget, interacting with both short- and

longwave radiation (Cotton et al., 2011). The longwave cloud radiative effect

(LWCRE) is primarily determined by cloud-top temperature, while the short-

wave cloud radiative effect (SWCRE) is determined by the cloud albedo. The

longwave and shortwave effects are around 28 W m−2 and −46 W m−2, respec-

tively, leading to a global net cloud radiative effect of around −18 W m−2 (Loeb

et al., 2018). This is largely owing to the prevalence of low-level stratocumulus
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and cumulus clouds in the marine boundary layer, with high albedos and warm

cloud-top temperatures (Cotton et al., 2011; Stephens et al., 2012).

Given the integral role of clouds in the atmosphere, there is much interest in

understanding how they may respond to perturbations to the climate. This is

especially salient due to their role in processes of great importance to humanity,

including precipitation and extreme events, such as storms and flooding. Feed-

backs in the climate system refer to changes in a component of the climate in

response to increases in global mean surface temperature, that may act to am-

plify or dampen this change in temperature (Boucher et al., 2013a). However,

cloud feedbacks in a warming climate, and responses to aerosol perturbations,

constitute some of the largest sources of uncertainty in climate sensitivity (Bony

et al., 2004; Bony & Dufresne, 2005; Boucher et al., 2013a; Bony et al., 2015).

This is particularly true of low, shallow clouds, which will be discussed in more

detail in 1.2.1.

The definition of a cloud given above by the World Meteorological Organisa-

tion (WMO) is rather general, and serves to emphasise the dependence on mi-

crophysics that is common to all cloud types. However, it does little to describe

the morphological and dynamical characteristics of clouds, or the rich variety of

behaviours they may exhibit. The definitions of specific genera of cloud given in

the International Cloud Atlas (World Meteorological Organization, 2017) go fur-

ther in this regard, detailing ten genera, and many further species and varieties

of clouds. A schematic of the ten genera is shown in fig. 1.3, and it is instructive

to consider several of the main types, their characteristics, and the roles they

play in the atmosphere.

Before doing so, however, it is also useful to consider the atmospheric con-

ditions under which clouds may develop. It is important to note that, while

the fundamental equations for the thermodynamics of dry and moist air are well

understood, numerical models are required to make a number of simplifications
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Figure 1.3: A schematic figure of the ten cloud genera defined by the WMO

(from Lohmann et al. (2016)).

and assumptions. This is due to the breakdown of the continuum hypothesis for

hydrometeors such as liquid droplets or ice crystals, and due to the difficulty in

accounting for the continuous phase changes that occur in clouds. However, we

can nonetheless gain a good understanding of the relevant processes by employing

one of two assumptions: reversible thermodynamics, or pseudoadiabatic thermo-

dynamics. Under an assumption of reversible thermodynamics, total water is

conserved following air motion; that is, the material derivative of the total water

mixing ratio is 0, and thus all condensate is considered to move with the air. In

stark contrast, the pseudoadiabatic assumption is that condensate produced by

a moist adiabatic process is immediately removed from the air upon formation,

via idealised instantaneous precipitation. For the purposes of this discussion, we

will proceed with the pseudoadiabtic assumption.
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The buoyancy, B of a parcel of air is given by

B = −gρ− ρ0
ρ

= −gρ
′

ρ
, (1.18)

where g is the gravitational acceleration, ρ is the density of the air, and
′

denotes the deviation from a reference state in hydrostatic balance, ρ0, such that

the vertical derivative of pressure, p, is given by

dp

dz
= −gρ0. (1.19)

The potential temperature, θ, may be defined as

θ ≡ T

(
p

p00

) Ra
cpa

, (1.20)

where T is temperature, p00 is a reference pressure (typically 1000 hPa), Ra

is the gas constant for air, and cpa is the specific heat capacity of air at constant

pressure. Considering this along with the ideal gas equation,

p = ρRaT , (1.21)

allows us to write 1.19 as

B = g
θ
′

θ0
. (1.22)

We can begin to account for the presence of condensate by modifying the

definition of density, and by defining the virtual temperature, Tv, so that

ρ = ρa(1 + qH), (1.23)
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and

Tv ≈ T (1 + 0.61qv), (1.24)

where qH is the hydrometeor mixing ratio, and qv is the water vapour mixing

ratio. The equation of state is thus now

p = ρRdTv, (1.25)

where Rd is the gas constant for dry air. The buoyancy may now be approx-

imately written as

B ≈ g

(
T

′

T0
− p

′

p0
+ 0.61q

′

v − qH
)

. (1.26)

A useful form of the equations of motion in the atmosphere is that resulting

from the anelastic approximation. This assumes that buoyancy is a significant

component of the vertical momentum equation, that the characteristic vertical

displacement of an air parcel is comparable to the density scale height, and

that horizontal variations are small compared to the reference state. Following

Bannon (1996), the anelastic momentum equation can be written

Du

Dt
= − 1

ρ0
∇p′

+Bk− 2Ω× u +
F

ρ0
. (1.27)

Taking the vertical component,

dw

dt
= − 1

ρ0

∂p
′

∂z
+B, (1.28)
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for a dry parcel with p ≈ p0, we have

dw

dt
−B = 0. (1.29)

Expanding a Taylor series around a small change in height, δz, for 1.22 we

find

δB

δz
= − g

θ0

∂θ0
∂z

. (1.30)

Defining the Brunt-Väisälä frequency

N2
0 =

g

θ0

∂θ0
∂z

, (1.31)

and substituting into 1.29, yields

d2δz

dt2
= −N2

0 δz. (1.32)

We therefore find that for ∂θ0
∂z

< 0, a displaced parcel will accelerate in the

direction of displacement, that is, the atmosphere is unstable. For ∂θ0
∂z

> 0,

however, we find oscillatory solutions, and the atmosphere is stable, while for

∂θ0
∂z

= 0 the atmosphere is in a neutral equilibrium.

Atmospheric stability can be similarly determined through examining the

lapse rate, Γ, defined

Γ = −dT
dz

. (1.33)

For an idealised dry air parcel rising adiabatically, the dry adiabatic lapse rate
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follows from the equation of state, and the assumption of hydrostatic equilibrium,

Γd =
g

cp
≈ 9.81 K km−1. (1.34)

From its definition, we can write the vertical gradient of the potential tem-

perature in terms of Γd, and the ambient lapse rate, Γ,

1

θ0

∂θ0
∂z

=
1

θ0

∂

∂z

(
T

(
p

p00

) Ra
cpa

)
(1.35)

=
1

T

∂T

∂z
− Ra

pcpa

∂p

∂z
(1.36)

=
1

T

∂T

∂z
+

Ra

pcpa
gρ (1.37)

=
1

T
(Γd − Γ). (1.38)

In this dry case, then, we can see that for Γ < Γd the atmosphere is stable,

while for for Γ > Γd the atmosphere is unstable, and neutral if the two lapse

rates are equal. In the presence of moisture, however, the release of latent heat

by condensation must also be considered. To find the saturated adiabatic lapse

rate, following Lohmann et al. (2016), the first law of thermodynamics may be

written

dq = cpdT −
dp

ρ
+ Ldqs, (1.39)

where qs is the saturation specific humidity. Dividing by cpdz, and rearrang-

ing, we find

dT

dz
= −L

cp

dqs
dT

dT

dz
− Γd. (1.40)
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From this, we find the saturated adiabatic lapse rate, Γs,

Γs = Γd

(
1 +

L

cp

dqs
dT

)−1

. (1.41)

The release of latent heat in the rising parcel reduces the rate at which it

cools, thus, Γs is always less than Γ. These two lapse rates allow us to consider

more general criteria for atmospheric stability:

Γ < Γs Absolutely stable

Γs < Γ < Γd Conditionally unstable

Γd < Γ Absolutely unstable

In the conditionally unstable case, a parcel undergoing dry adiabatic ascent

will be cooler than the ambient air, and thus stable, while a parcel undergo-

ing saturated adiabatic ascent will be warmer than the ambient air, and thus

unstable.

Stratiform clouds, such as stratus, nimbostratus, and stratocumulus, are typ-

ically layered, with a significant horizontal extent (Lohmann et al., 2016). They

may produce drizzle in clean air masses with low aerosol concentrations, such

as over the oceans, and often have lifetimes of several hours (Lohmann et al.,

2016; Cotton et al., 2011). Stratus clouds are typically formed in statically sta-

ble air by large-scale vertical air motions (Yau & Rogers, 1996). In contrast,

the dynamics of stratocumuli are driven by convective instability resulting from

radiative cooling at the cloud top, where they are typically capped by a strong

temperature inversion (Wood, 2012). Stratocumuli cover large portions of the

atmosphere, commonly forming extensive decks over subtropical oceans (Wood,

2012). This, coupled with their reflection of incoming shortwave radiation, leads

them to have a significant net negative radiative effect (Hartmann et al., 1992;

Chen et al., 2000; Wood, 2012).
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Convective clouds, such as cumulus and cumulonimbus, are characterised by

their morphology; with vertical development in the form of towers or mounds,

and bouyancy-driven vertical motion. They form in unstable air, when a buoyant

air parcel rises through air sufficiently moist for droplet activation and condensa-

tion to occur (Lohmann et al., 2016). This activation and condensational growth

releases latent heat, leading to additional buoyancy of the parcel and allowing

the convection to develop. Shallow convective clouds are typically limited to this

warm phase regime, and develop in conditionally unstable air. As the focus of

this thesis, they are discussed in more detail in section 1.2.1. If the rising air

parcel is buoyant enough to reach the freezing level, however, then additional la-

tent heat release from the freezing of cloud droplets can further enhance vertical

motion, leading to the development of deep cumulonimbus clouds. Deep convec-

tive clouds are an important component of the hydrological cycle, both through

vertical transport of moisture to the troposphere, and through their significant

contribution to regional precipitation. They are also strongly associated with

large-scale circulations such as the Hadley cell (Cotton et al., 2011).

Cirrus clouds are an example of high clouds, composed almost entirely of ice

crystals. They are often characterised by a wispy, fibrous appearance, particu-

larly in the latter stages of their development (Houze, 2014). Cirrus anvils are

also associated with deep convective clouds and mesoscale convective systems

(Sassen et al., 2009). High clouds typically exert a net positive radiative effect,

due to their cold temperature and low albedo, though thicker anvil cirrus may

have a negative effect due to their greater optical thickness (Cotton et al., 2011).

1.2.1 Shallow convective clouds

Shallow cumuli are the most prevalent cloud type on Earth by number (Rossow

& Schiffer, 1999; Sassen & Wang, 2008); ubiquitous throughout the trade winds,
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the easterly ocean surface winds so named for their historical importance in mar-

itime navigation and commerce. Cumulus clouds can be further sub-categorised

into humulis, mediocris, and congestus, according to their vertical development,

though cumulus humilis and mediocris are often referred to together simply as

cumulus. Warm cumuli may have vertical extents of less than 1km for the shal-

lowest clouds, up to around 6km for congestus (Cotton et al., 2011). The life-

times of cumulus clouds can vary from as short as 10 minutes to longer than

an hour, typically increasing for clouds with greater vertical development. Ver-

tical velocities can range from a few m s−1 in the convectively weakest clouds,

up to 10m s−1 in congestus clouds, and liquid water contents are typically in the

range of 0.3 - 2.5g m−3. Despite having often been idealised as non-precipitating

(Stevens, 2005), many studies have found that warm precipitation from shallow

clouds is, in fact, extremely common, and forms a significant component of rain-

fall over tropical and subtropical oceans (Short & Nakamura, 2000; Lau & Wu,

2003; Schumacher & Houze, 2003; Masunaga & Kummerow, 2006; Nuijens et al.,

2009).

The atmospheric structure typical of the trades is characterised by the pres-

ence of large-scale subsidence, and of a temperature inversion, which may cap

smaller cumuli (Lohmann et al., 2016; Stevens, 2005). Shallow cumuli inter-

act with their thermodynamic environment by warming the cloud layer through

condensation, transporting moisture to the inversion layer above, and cooling

both the inversion and the sub-cloud layer through the evaporation of detrain-

ing cloud droplets and precipitation (Hartmann et al., 1992; Zhu & Bretherton,

2004; Neggers et al., 2007). Sufficiently high buoyancy may allow cumuli to de-

velop further and penetrate the trade inversion, where the vertical transport of

moisture and cloud-top cooling contributes to conditioning the atmosphere for

the development of deeper convection further into the tropics (Stevens, 2005).
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Figure 1.4: A schematic of clouds along a classic trade wind trajectory. From

Stevens (2005).

A schematic cartoon in fig. 1.4 illustrates the structure of clouds in the trade

winds.

While shallow cumuli are individually small in size, their existence in large

fields of clouds lends an additional component to their dynamical behaviour.

Shallow cloud fields have been found to exhibit a number of regimes of organi-

sation, including streets, arcs, and clusters (Malkus & Riehl, 1964; Nair et al.,

1998; Seifert & Heus, 2013). Recently, machine learning approaches to pattern

recognition and image classification have suggested the existence of more complex

patterns of organisation of shallow cloud fields (Rasp et al., 2020; Denby, 2020).

The factors influencing this mesoscale organisation are an area of active research,

but may include cold pools, gravity waves, radiative cooling, and cycles of de-

veloping and consuming instability (Zuidema et al., 2012; Seifert & Heus, 2013;

Naumann et al., 2017; Dagan et al., 2018b). Convective cold pools form due to

the evaporation of precipitation in downdraughts, with the evaporatively-cooled

air spreading out at the surface as a density current (Simpson, 1969; Charba,

1974). The expanding gust fronts of such cold pools can create favourable con-

ditions for the development of new clouds (Li et al., 2014; Vogel et al., 2021). In
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cycles of developing and consuming instability, clouds develop due to instabil-

ity driven by surface fluxes, but subsequently produce precipitation which acts

to stabilise the atmosphere and reduce cloudiness, before surface fluxes begin

to again drive the development of instability (Dagan et al., 2018b). Organised

cloud fields may differ markedly in their cloud amount, as well as in their radia-

tive properties (Vogel et al., 2020; Denby, 2020). Bony et al. (2020) find that

certain patterns of organisation can have net cloud radiative effects that differ

by a factor of 2, driven by differences in cloud amount. Further, they find that

variability in the occurrence of such patterns may depend on the estimated in-

version strength, which has been predicted to increase over the tropical Atlantic

in a warmer climate (Qu et al., 2015). Patterns of spatial organisation of shal-

low convective clouds may therefore be extremely significant in influencing the

low-cloud feedback.

The coupling between shallow clouds and large-scale circulations is of great

interest due to its importance for climate sensitivity. Indeed, feedbacks associated

with these clouds are responsible for most of the uncertainty in climate sensitivity

in climate models (Bony et al., 2004; Bony & Dufresne, 2005; Medeiros et al.,

2008; Vial et al., 2013; Boucher et al., 2013a; Medeiros et al., 2015; Bony et

al., 2015). Shallow convective mixing of the lower troposphere by boundary

layer clouds over the ocean is a key component of this uncertainty (Bony et al.,

2015). This mixing may act to dry the marine boundary layer, reducing low-

cloud amount, and leading to a positive low-cloud feedback (Sherwood et al.,

2014). Another significant component of the uncertainty in understanding the

behaviour of shallow clouds is how they are affected by changing atmospheric

aerosol, which will be discussed in detail in section 1.3.
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1.2.2 Representation of shallow clouds in numerical mod-

els

Representing clouds in general circulation models (GCMs) is a great challenge,

due to the limitations imposed by the need for coarse resolutions, with hor-

izontal grid lengths of tens to hundreds of km. In such models, all convective

clouds must be parameterised, commonly using mass flux models (Tiedtke, 1989;

Gregory & Rowntree, 1990). These models are limited in their applicability to

precipitating shallow clouds, as well as in their representation of cloud amount,

with no representation of cloud organisation (Cotton et al., 2011). They are fur-

ther limited in their ability to represent the highly non-linear effects of aerosol.

Convection parameterisations may also be used alongside cloud cover param-

eterisations based on, for example, relative humidity (Sundqvist et al., 1989;

Smith, 1990). Alternative approaches to parameterise clouds include higher-

order closure schemes (Golaz et al., 2002; Larson & Golaz, 2005), as well as

so-called super-parameterisations. Under this approach, 2D cloud-resolving mod-

els are embedded in each column of a GCM (Khairoutdinov & Randall, 2001;

Grabowski, 2001). However, the embedded models are still too coarse to resolve

shallow cumulus or stratocumulus clouds.

Convection-permitting or cloud-resolving models (CRMs) with grid spacings

on the order of a few km are so named since they are able to explicitly resolve fea-

tures of deep convective systems (Langhans et al., 2012). These are also referred

to as storm-resolving models (SRMs). Global CRMs or SRMs are beginning

to be employed (Satoh et al., 2017; Satoh et al., 2019; Stevens et al., 2019b),

and aim to represent convective processes far more realistically than the current

generation of climate models. However, these are still too coarse to explicitly

represent shallow convection or boundary layer clouds; a goal that is still out of

reach for global simulations (Schneider et al., 2017).
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Large eddy simulations (LES), with resolutions on the order of tens to hun-

dreds of metres, are able to resolve the largest turbulent eddies, containing most

of the energy and scalar flux of a flow. These models are able to explicitly rep-

resent most of the structure of shallow convective clouds and their dynamics

(Khairoutdinov et al., 2009; Bryan et al., 2003; McGee & van den Heever, 2014).

However, sub-grid turbulence must still be parameterised, along with a number

of other important processes, notably the cloud microphysics (vanZanten et al.,

2011; Guichard & Couvreux, 2017). Furthermore, they typically do not include a

radiation scheme (Guichard & Couvreux, 2017), though, recently, some studies

have done so (Seifert et al., 2015). LES are limited-area models, and, due to

computational limitations, have commonly been performed with small domain

sizes of tens of km. Recently, however, advancements in computing capabilities

have allowed LES in much larger domains (Schalkwijk et al., 2015; Heinze et al.,

2017). Limited-area models require a decision to be made regarding the bound-

aries of the domain, with LES often employing doubly-periodic lateral boundary

conditions. However, this choice may not allow for large-scale behaviour to be

fully represented (Guichard & Couvreux, 2017), and further suggests an underly-

ing assumption that cloud fields or atmospheric conditions are similar over large

scales, such that the cycling of clouds through a domain can be considered rep-

resentative of new clouds entering the domain. Additionally, large-scale forcing

must be imposed through prescribed tendencies of temperature, moisture, and

surface fluxes, all of which are typically constant. These potential limitations of

periodic limited-area models will be one of the topics of investigation in Chapter

3.

The modelling approaches employed in this thesis will be discussed in more

detail in section 1.5.

27



1.2.3 Cloud microphysical processes and their represen-

tation in numerical models

Microphysical processes are those processes that affect the droplet size distribu-

tion, and thus the formation and evolution of cloud and precipitation particles.

These include condensational growth, collision and coalescence, freezing, melt-

ing, and evaporation, amongst many others. Microphysics is also closely tied

to the dynamical and thermodynamic behaviour of clouds, in particular due to

the exchange of latent heat from phase changes of cloud water (Morrison et al.,

2020). Furthermore, microphysical properties such as particle shape, size, and

number, are important determinants of cloud radiative properties. The large

number of processes through which hydrometeors interact is key to the com-

plexity that characterises cloud microphysics. Modelling microphysics is further

complicated by the number of hydrometeors, which can typically be on the order

of 108 m−3 in a cloudy air volume (Morrison et al., 2020). Directly simulating

each hydrometeor is therefore impractical due to the computational cost, and

cloud microphysics must be parameterised in almost all atmospheric models.

There are two main approaches to microphysics parameterisations: bulk

schemes, and bin schemes (Khain et al., 2015).

Bulk microphysics schemes make use of prescribed, semi-empirical particle

size distributions (PSDs) for different classes of hydrometeors such as cloud

droplets, rain, ice, graupel, and snow. Typically, these PSDs are gamma func-

tions of the particle radius, with prescribed intercept, slope, shape parameters

(Khain et al., 2015). Bulk schemes are able to be computationally efficient due to

their consideration of the moments of the PSDs, which describe various properties

of the hydrometeor class. For a given hydrometeor class, single- or one-moment

schemes consider the first moment of the PSD, the mass mixing ratio. Double-

or two-moment schemes will additionally include the zeroth moment of the PSD,
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the number concentration. Additional moments may also be considered to give

more information about the hydrometeor properties, such as radar reflectivity,

given by the third moment. Schemes including the hydrometeor number concen-

tration have the notable advantage of being able to model the effect of aerosols

on cloud droplets (Khain et al., 2015; Morrison et al., 2020).

In bin microphysics schemes no a priori information about PSDs is required.

Instead, these schemes explicitly calculate the PSDs from microphysical equa-

tions for some number of mass bins. Though they allow a detailed treatment of

individual processes, this, along with the often large number of mass bins, means

that bin schemes are much more computationally expensive compared to bulk

schemes - typically by at least an order of magnitude, or more (Khain et al.,

2015; Morrison et al., 2020).

Alternative methods have been developed to attempt to bridge the gap be-

tween the efficiency of bulk schemes and the detail of bin schemes. One method

has been to employ a bin approach for warm-phase processes, and a bulk ap-

proach for the ice-phase (Onishi & Takahashi, 2012). Another approach, known

as bin-emulating, employs process rates calculated offline by a bin scheme, which

are then incorporated into a bulk scheme via lookup tables (Saleeby & Cotton,

2008). Super-droplet schemes employ a particle-based, probabilistic approach

to cloud microphysics. In this method, super-droplets are defined to represent

many individual droplets with the same attributes (Shima et al., 2009). These

super-droplets are then considered to behave just as an individual droplet might,

with the exception of the coalescence process, for which a stochastic treatment

is employed (Shima et al., 2009; Shima et al., 2020). This approach allows

for detailed treatment of microphysical processes, while potentially reducing the

computational demand and numerical diffusion compared to multi-dimensional

bin schemes (Shima et al., 2009; Grabowski et al., 2018; Shima et al., 2020).
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In this thesis, the focus is on shallow, warm clouds, and therefore the im-

portant microphysical processes are in the warm phase. Once a droplet has

been activated, it will continue to undergo condensational growth. However, this

growth rate is inversely proportional to the droplet radius, and thus slows as the

droplet grows (Lohmann et al., 2016), making it insufficient for the formation

of precipitation. Droplets also grow by collision-coalescence, whereby colliding

droplets may coalesce to form a larger droplet. Differential settling of droplets of

different sizes allows collisions to take place. A number of possible outcomes are

possible when droplets collide: they can coalesce to form a single droplet, they

can rebound from the collision, or they can coalesce before splitting into a larger

number of smaller droplets. The geometry of droplet collisions can be under-

stood by considering a collision occurring between a larger and a smaller droplet

in calm air. When separated by a small distance, the trajectory of the smaller

droplet will be altered due to the airflow around the larger droplet, tending to

avoid a collision. Thus, the effective collision cross-section is smaller than the

geometric cross-section of the two droplets, and the ratio of these cross-sections

may define a collision efficiency. For relatively larger small droplets, their in-

creased inertia will result in a tendency to deviate from the airflow around the

large droplet, increasing the collision efficiency. However, as the relative speed

of the droplets decreases as their sizes become more similar, the increased time

for a collision to occur can slightly decrease the collision efficiency (Lohmann

et al., 2016). In order for collisions to occur, the droplet size spectrum must be

wide enough for droplets to have sufficiently varying fall speeds. Condensation

causes a narrowing of the size spectrum (Howell, 1949), however. A number

of mechanisms to enable collision-coalescence have been proposed, including the

influence of giant CCN (GCCN) (Johnson, 1982a; Feingold et al., 1999) and of

turbulence. Very large soluble aerosol particles, GCCN, may broaden the droplet

size distribution, forming droplets large enough for collision-coalescence to occur.
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Turbulence, meanwhile, may enhance collision efficiencies and collection kernels

due to changes in fall speeds and horizontal motion (Pinsky & Khain, 1997;

Khain & Pinsky, 1997). A falling droplet may also capture other droplets via

wake capture, whereby reduced aerodynamic resistance in the wake of the falling

droplet may be sufficient for a droplet in the wake to reach higher a fall speed

and lead to a collision (Hu et al., 1998; Lohmann et al., 2016).

Collision-coalescence is the dominant pathway by which drizzle and rain

droplets develop in warm clouds (Lohmann et al., 2016; Lau & Wu, 2003). The

initial stage, during which cloud droplets grow into drizzle droplets, is known as

autoconversion. The further growth of these larger droplets by collisions with

cloud droplets is known as accretion. An additional component, self-collection,

refers to the collision-coalescence of droplets of a similar size.

A number of approaches are employed to represent these processes in micro-

physics schemes. Bulk schemes often make use of a saturation adjustment for

condensation and evaporation, in contrast to the explicit calculation of diffusional

growth and supersaturation in bin schemes. Under the saturation adjustment

approach, the supersaturation is adjusted to zero at the end of each time-step,

with excess water vapour relative to the saturation mixing ratio condensed to

cloud water (Lebo et al., 2012; Khain et al., 2015). This approach assumes

that the model time-step is sufficiently longer than the condensation/evaporation

timescale. However, in convective updraughts, supersaturations rarely fall to zero

due to increased vertical velocity and a decrease in droplet concentration due to

collision-coalescence processes (Lebo et al., 2012; Khain et al., 2015). Employing

saturation adjustment under such conditions can lead to enhanced condensation

and latent heating at lower levels, potentially overestimating vertical velocities

and convective precipitation, and thus limiting the ability of aerosol to impact

buoyancy at higher levels (Lebo et al., 2012; Khain et al., 2015). Thus, the use

of saturation adjustment may reduce the sensitivity of bulk schemes to changes
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in aerosol. Many of the processes that may be affected by aerosol, discussed in

section 1.3, are associated with droplet and precipitation formation, and the re-

sulting thermodynamic changes. The use of saturation adjustments is therefore

one of the most important limitations of bulk schemes in their application to

studying aerosol cloud interactions.

Bin microphysics schemes describe the evolution of the droplet size distribu-

tion (DSD) due to collision-coalescence by solving the stochastic collection equa-

tion (Pruppacher & Klett, 2012; Khain et al., 2015). Bulk schemes, however,

typically consider autoconversion and accretion separately, due to the separation

of cloud and drizzle droplets into distinct hydrometeor classes. Self-collection,

meanwhile, is often not included. It is common for bulk parameterisations of

autoconversion and accretion to be formulated empirically from results from ex-

plicit calculations in bin schemes (Khairoutdinov & Kogan, 2000; Khain et al.,

2015). They can therefore be limited in the scope of their applicability, since the

explicit solutions upon which they are based are often calculated for a relatively

small number of simulations. These differing representations of autoconversion

are a significant source of uncertainty in comparing bulk schemes (Gilmore &

Straka, 2008; White et al., 2017). However, it is also important to note that the

use of similar schemes may provide a false sense of agreement.

1.3 Aerosol effects on clouds and precipitation

Clouds play an extensive role in the atmosphere, and aerosols play a fundamen-

tal role as CCN in the formation of clouds. In doing so, aerosols may modify

cloud properties in a number of ways, affecting both the micro- and macrostruc-

ture. Changes in cloud radiative properties or cloudiness due to aerosol, often

referred to as aerosol indirect effects, are highly relevant to anthropogenic forcing

of the climate system (Boucher et al., 2013a; Seinfeld et al., 2016; Lohmann &
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Feichter, 2005). Furthermore, the IPCC note in their 5th Assessment Report

(AR5) that aerosol-cloud interactions are the largest source of uncertainty in

anthropogenic radiative forcing (Boucher et al., 2013a; Myhre et al., 2013). Un-

derstanding aerosol-cloud interactions, then, is of great significance in furthering

our understanding of our climate system.

Reutter et al. (2009) describe the differences between aerosol-limited and

updraught-limited clouds. In aerosol-limited clouds, supersaturations and acti-

vated CCN fractions are high. In contrast, updraught-limited clouds have low

supersaturations, and low fractions of activated CCN. These regimes represent

the extremes of a likely range of conditions (Reutter et al., 2009; Sheffield et al.,

2015). An increase in aerosol in an aerosol-limited cloud will, for a given cloud

liquid water content, lead to an increase in droplet number, and a decrease in

droplet radius, and vice versa for a decrease in aerosol (Twomey, 1977). The

increase in cloud albedo that results from an increase in aerosol concentration is

known as the Twomey effect, and is responsible for the radiative forcing due to

aerosol cloud interactions (RFaci) introduced in section 1.1. Albrecht (1989) ar-

gued that smaller droplets resulting from increased aerosol reduces precipitation

efficiency, thus leading to an increase in the cloud lifetime, known as the lifetime

effect. However, this simple argument is linked with a number of important mi-

crophysical and dynamical behaviours of clouds. Stevens and Feingold (2009)

note that it has led to a number of distinct hypotheses regarding so-called life-

time effects, many of which may bear little relation to cloud lifetime as such, and

furthermore may be regime- or time-dependent (Saleeby et al., 2015; Lee et al.,

2012). The extent of these hypotheses will be discussed in more detail in section

1.3.1. The complex interdependence between different aerosol-cloud interactions

makes it difficult for them to be considered entirely separately. These interac-

tions and their impact on clouds and aerosols constitute the rapid adjustments of

clouds to changes in aerosol. The effective radiative forcing due to aerosol-cloud
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interactions (ERFaci) introduced by the IPCC AR5 is then the combination of

the Twomey effect, and rapid adjustments (Boucher et al., 2013a).

While this introduction has centred around warm clouds, as the focus of this

thesis, it should also be noted that similar principles underscoring aerosol-cloud

interactions are also relevant for mixed- and ice-phase clouds, where hydrometeor

properties may be affected by aerosol acting as as either CCN or IN (Ekman et

al., 2007; Seinfeld et al., 2016). The greater number of microphysical processes in

mixed- and ice-phase clouds adds a large amount of complexity to understanding

the aerosol-cloud interactions, and indeed, many of the processes themselves are

poorly understood (Seinfeld et al., 2016).

Aerosols may further affect clouds through their interactions with radiation;

heating due to absorbing aerosol, such as black carbon, can affect the environ-

ment in which clouds develop, and therefore the evolution of the clouds them-

selves (Ackerman et al., 2000; Koren et al., 2004). This is known as the semi-

direct effect (Hansen et al., 1997). Observations have shown that increases in

smoke can reduce cloudiness and inhibit cumulus convection (Koren et al., 2004),

but can also lead to thickening of stratocumulus (Wilcox, 2010). However, it has

also been found that the sign of the semi-direct effect for low clouds may de-

pend on the location of the absorbing aerosol relative to the cloud layer. When

absorbing aerosol is located at low levels within the cloud layer, the enhanced

diabatic heating leads to reductions in relative humidity that reduce cloudiness

(Ackerman et al., 2000). In contrast, when the absorbing aerosol is located above

the cloud layer, cloudiness can be enhanced (Johnson, 1982a; Perlwitz & Miller,

2010; Stjern et al., 2017). Model diversity and uncertainty is large, however, and

observational constraints of atmospheric heating profiles have suggested signifi-

cant decreases in low cloud cover, leading to a positive semi-direct effect (Allen

et al., 2019). Furthermore, semi-direct effects on different cloud types, such as

stratocumulus or cirrus, can have both positive and negative contributions to
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the total effect due to the clouds’ differing radiative properties (Fan et al., 2016).

Aerosol-cloud-radiation interactions are thus extremely complex and important

to explore. The focus of this thesis, however, is on the effect of aerosols in their

role as condensation nuclei.

Aerosol-cloud interactions are bidirectional; processes and pathways exist

such that each may affect the other. Clouds may remove aerosol through a num-

ber of processes known collectively as wet scavenging, or wet deposition (Seinfeld

& Pandis, 2016). Nucleation scavenging removes interstitial aerosol through the

activation of CCN to cloud droplets, which may then be removed from the at-

mosphere via precipitation. Cloud and rain droplets can further collect aerosol

both in and below the cloud. Additionally, aerosol particles may be resuspended

if the associated hydrometeor evaporates. The importance of aerosol chemistry

and size for droplet activation, as well as the facilitation of aerosol formation in

aqueous reactions in droplets, therefore means that cloud processing of aerosols

can significantly influence the characteristics of the aerosol population (Seinfeld

& Pandis, 2016).

1.3.1 Aerosol effects on shallow convective clouds

Aerosol-cloud interactions are highly regime-dependent; varying between cloud

type, and subject to confounding by meteorological variability (Khain et al.,

2008; Stevens & Feingold, 2009; van den Heever et al., 2011). This section

explores the state of research on the effects of aerosol on shallow convective

clouds, which are the subject of this thesis. The interactions of cumulus clouds

with aerosol have been the subject of both intense investigation and debate for

many years, and remain poorly understood (Tao et al., 2012).

Observational studies of shallow convection have often focused on the trade

wind region of the Atlantic near Barbados, with the area having been the sub-
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ject of several field campaigns: the Barbados Oceanographic and Meteorological

Experiment (BOMEX) (Davidson, 1968), the Rain in Shallow Cumulus over the

Ocean (RICO) campaign (Rauber et al., 2007), the Barbados Aerosol Cloud

Experiment (BACEX) (Jung et al., 2013), the Next-generation Aircraft Remote-

sensing for Validation studies (NARVAL) expeditions (Stevens et al., 2019a), and

the Elucidating the Role of Cloud-Circulation Coupling in Climate (EUREC4A)

field study (Stevens et al., 2021). The establishment of the Barbados Cloud Ob-

servatory (Stevens et al., 2016) has also contributed to the wealth of data avail-

able for study in the area. The popularity of the region for such investigation

is largely due to the prevalence of undisturbed trade wind cumuli. Furthermore,

Medeiros and Nuijens (2016) find that the clouds in the region may be repre-

sentative of clouds in other trade wind regions. Measurement campaigns have,

however, also explored other trade wind regions, such as the Sulu sea (Reid et al.,

2016).

Field campaigns have also served as the foundation for many modelling stud-

ies of trade wind cumuli, including model intercomparisons (Abel & Shipway,

2007; Jiang et al., 2006; Xue et al., 2008; Jiang et al., 2009; vanZanten et al.,

2011; Seifert & Heus, 2013; Saleeby et al., 2015; Seifert et al., 2015; Heiblum et

al., 2016; Dagan & Chemke, 2016; Dagan et al., 2018b; Yamaguchi et al., 2019).

Measurements taken during the campaigns provide information for models, typ-

ically large eddy simulations, to be initialised and forced, while also allowing

them to be validated.

Central to the uncertainty in aerosol-cloud interactions in warm clouds is

the coupling between microphysical impacts of increased aerosol, and resulting

changes in macrophysical cloud characteristics. Increased aerosol may, for a

given liquid water content, reduce droplet size and thus reduce the precipitation

efficiency (Albrecht, 1989). However, this may not be the case if the aerosol

size distribution is altered. An increase of GCCN, such as sea salt particles,

36



may suppress the activation of smaller condensation nuclei via competition for

water vapour (O’Dowd et al., 1999), and furthermore may facilitate the initiation

of warm rain processes by being activated directly to drizzle or rain droplets

(Johnson, 1982b).

Stevens and Feingold (2009) hypothesised that systems of shallow clouds may

be ‘buffered’. That is, that such complex systems may compensate for the impact

by a perturbation, such as aerosol, on one process via other pathways. One such

buffering pathway they describe is that of convective invigoration and deepening;

that is, an increase in vertical development and stronger updraught speeds. They

describe a mechanism for the invigoration of shallow cumuli by increasing aerosol,

whereby higher droplet numbers delay the onset of precipitation, allowing more

moisture to be lofted to the cloud top. The increased evaporation at the cloud top

destabilises the cloud layer, enabling greater vertical development of the cloud.

Deeper clouds are more able to produce heavier rain, potentially compensating

for the initial reduction in precipitation.

Koren et al. (2014) describe the warm-phase invigoration of convection by

aerosol as an extension of the aerosol-limited regime. In this regime, the droplet

number and surface area available for condensation are small, limiting the mass

of condensed water. Compared to this regime, an increase in aerosol reduces

droplet size, but allows more water to be condensed, enhancing latent heating

and leading to greater vertical development (Lebo & Seinfeld, 2011; Koren et al.,

2014; Sheffield et al., 2015).

There have been a number of observational studies employing satellite data

showing an invigoration effect on shallow clouds; with greater cloud top heights,

as well as cloud fraction, with increased aerosol (Kaufman et al., 2005; Yuan

et al., 2011; Koren et al., 2014; Mace & Abernathy, 2016). Gryspeerdt et al.

(2016), however, suggest that much of the relationship between aerosol optical

depth and cloud fraction may be explained by meteorological covariability. Jung
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et al. (2016), meanwhile, use aircraft data from a number of measurement cam-

paigns to explore the precipitation susceptibility of shallow clouds. Precipitation

susceptibility, S0, is defined as S0 = − dlnR
dlnNd

, where R is the precipitation rate and

Nd is the droplet number, and it is typically evaluated for a fixed or limited range

of liquid water path. Jung et al. (2016) find that the precipitation susceptibil-

ity is small for both shallow, non-precipitating cumuli, and deeper precipitating

cumuli, while it is greater for intermediate-depth clouds.

Modelling studies have suggested a range of possible aerosol effects on cu-

mulus convection; sometimes consistent, but often conflicting. Xue et al. (2008)

and Jiang et al. (2006) both find that, while increased aerosol has little impact

on cloud lifetime or top height, it does lead to a decrease in precipitation, and

suggest an enhancement of evaporation and entrainment feedbacks. Xue et al.

(2008) further note that such feedbacks may lead to a non-monotonic relation-

ship between cloud fraction and aerosol, such that cloud fraction increases with

aerosol up to a threshold, beyond which enhanced evaporation reverses the trend.

A similar non-monotonic relationship between aerosol loading and invigora-

tion is found by Dagan et al. (2017) and Liu et al. (2019). Convective invigoration

and deepening of cumuli has been found in a number of modelling studies (Lee et

al., 2012; Seifert et al., 2015; Saleeby et al., 2015; Dagan et al., 2017; Yamaguchi

et al., 2019), though often with conflicting details. Lee et al. (2012) find that

increased aerosol initially causes clouds to be deeper, but over time this reverses,

with unperturbed clouds becoming relatively deeper, and eventually the cloud

fields become statistically similar, albeit with lower precipitation with increased

aerosol. Seifert et al. (2015) argue that systems of trade wind cumuli tend to-

wards a quasi-equilibrium state, similar to radiative convective equilibrium, but

modified by advective forcing of temperature and moisture, and large-scale sub-

sidence. In such a system, a transient stage exists during which aerosol-induced
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deepening buffers the initial reduction in precipitation by modifying the thermo-

dynamic environment. This allows deeper clouds to develop and produce higher

peak precipitation rates, ultimately leading to similar precipitation rates in the

quasi-equilibrium stage. However, Dagan et al. (2018a) argue that such a regime

is not realistic, with lifetimes of shallow cloud fields typically much shorter than

the time required for simulations to reach equilibrium. Large eddy simulations

typically require more than 24 hours to reach a quasi-equilibrium (Dagan et al.,

2018a; Seifert et al., 2015; Yamaguchi et al., 2019). However, using satellite and

reanalysis data, Dagan et al. (2018a) find that the characteristic timescale for

shallow convective cloud field lifetime is less than 12 hours. From observations of

trade wind clouds at the Barbados Cloud Observatory, Nuijens et al. (2014) con-

clude that only a few hours are required for fields of cumuli to appear markedly

different. Notably differing characteristics of the fields are number, depth, and

size of clouds, as well as whether they are precipitating, and whether cumuli

exist alongside stratiform-type clouds. Vial et al. (2019), too, note the diversity

present in large-scale trade wind cloud fields, as well as the importance of di-

urnal variations in small non-precipitating cumuli, deeper precipitating cumuli,

and accompanying stratiform clouds.

van den Heever et al. (2011) use simulations of radiative-convective equi-

librium, and find that increased aerosol leads to fewer shallower cumuli, but

invigoration of the congestus mode of convection, with stronger updraughts, and

increased liquid water path and precipitation. The combined result is a weak

domain-mean response, with little change in cloud fraction, due to the oppo-

site effects on different clouds. This effect on smaller clouds is also found by

Seifert et al. (2015), while Sheffield et al. (2015) note the invigoration of con-

gestus. Saleeby et al. (2015) explore the aerosol-cloud dynamic-thermodynamic

feedback by employing LES without imposing large-scale forcing, and simulating

a case with cumuli, stratocumuli, and deeper convective clouds. They, too, find
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that increased aerosol reduces the number of shallower cumuli, and that cumuli

able to penetrate the inversion precipitate more heavily, though not sufficiently to

overcome the reduction in domain-mean precipitation, due in part to the erosion

of the stratiform layer present in their simulations.

Several studies have also noted the impact of aerosol-driven changes in pre-

cipitation on the organisation of shallow cloud fields. Precipitation may lead to

cold pool outflows, which can drive the formation of new convective cells and

contribute to mesoscale organisation (Xue et al., 2008; Zuidema et al., 2012;

Seifert & Heus, 2013). The effect of increased aerosol on reducing precipitation

may disrupt this process, however (Xue et al., 2008; Seifert et al., 2015; Dagan

et al., 2018b). Yamaguchi et al. (2019) also investigated the role of wind shear on

clean and perturbed simulations of trade wind cumuli. Regardless of shear, they

find that increased aerosol leads to deeper clouds and a reduced cloud fraction.

However, shear mutes the deepening such that precipitation is reduced, while in

its absence, deepening leads to an increase in precipitation with aerosol.

1.4 Aims and purpose

The result of the diverse range of outcomes found in simulations of aerosol-cloud

interactions in the trade winds is that these interactions are still poorly under-

stood. It is clear that the large-scale behaviour of cloud fields is an important

aspect, both in terms of mesoscale organisation (Seifert et al., 2015; Dagan et al.,

2018b), and in terms of the diversity of cloud types that may occur in such fields,

and their potentially differing response to aerosol. This may include shallow and

congestus modes of cumulus convection, as well as stratiform clouds (Nuijens

et al., 2014; van den Heever et al., 2011; Saleeby et al., 2015). Furthermore,

meteorological conditions and large-scale forcing are highly relevant, as they un-

derscore the dynamic and thermodynamic environment in which clouds develop
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and aerosol-cloud interactions occur (Kaufman et al., 2005; Gryspeerdt et al.,

2016; Dagan et al., 2016).

The vast majority of the modelling studies of trade wind cumuli discussed

in the previous section employed highly idealised large eddy simulations. Typ-

ically, such an approach uses a high horizontal resolution of tens of metres, at

the cost of requiring the domain size to be limited to tens of km, limiting the

representation of the mesoscale structure of the cloud field. The common ap-

proach of applying doubly-periodic boundary conditions may present additional

disadvantages in representing the large-scale behaviour, as discussed in section

1.2.2. Furthermore, the imposition of constant large-scale forcing of subsidence,

temperature, and moisture over relatively long simulations of a few days (Seifert

et al., 2015; Yamaguchi et al., 2019), limits the expression of transient large-scale

behaviour that is indicated by observations (Dagan et al., 2018a). The signifi-

cance of diurnal variations found by Vial et al. (2019) suggests another possible

limitation of LES in representing shallow cloud fields, in that they do not typi-

cally include a radiation scheme, but rather account for radiative influences on

heating or cooling by directly applying temperature tendencies.

This thesis aims to advance the existing understanding of aerosol effects on

shallow convective clouds by exploring these limitations using large-domain, re-

alistic simulations, and aims to answer the following questions:

• How do aerosol perturbations affect trade wind cloud fields in large do-

mains?

• How do aerosol effects on shallow convective clouds differ in simulations

with idealised and realistic representations of domain boundaries and large-

scale forcing?

• How are the different components of shallow cloud fields affected by aerosol

perturbations?
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1.5 Methods

In this thesis, interactions between aerosol and shallow convective clouds are

investigated using numerical models; specifically, the effects on these clouds of

changes in aerosol concentration. While the specific simulation setups are de-

scribed in detail in each chapter, the framework is similar, and it is useful to

discuss it here in general.

The simulations presented herein are based on case studies from the RICO

field campaign, and are supplemented by observational data from the campaign.

The model (discussed in more detail in section 1.5.1) is run to produce a baseline

simulation for the case in question. In order to investigate the effect of changes in

aerosol concentrations, further simulations with perturbed aerosol are performed.

These perturbations to the aerosol concentration are idealised; simply multiply-

ing the baseline conditions by some factor of 10. This approach is taken in order

to avoid introducing complications that may result from changes in factors such

as the vertical distribution of aerosol, or aerosol properties. Thus, the approach

allows the focus to be on the effect of changes in aerosol concentration.

1.5.1 Model

Throughout this thesis, simulations are performed using the Met Office Unified

Model (UM). A central feature of the UM is that it is ‘seamless’; the same

model may be used, in different configurations, across a wide range of spatial

and temporal scales, with a great deal of flexibility in how the model may be

configured. Of particular concern are the representations of clouds, convection,

microphysics, and sub-grid turbulence.

The majority of simulations presented in this thesis were performed with hor-

izontal resolutions of approximately 500m, with some simulations at 100m. This
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is more coarse than the highest resolutions currently employed by LES, but al-

lows for large simulation domains. While core cloud updraughts will be resolved,

finer-scale processes such as entrainment of air into clouds at their boundaries

may be poorly represented. At this resolution, the UM is configured without em-

ploying a cloud or convection scheme. Representation of clouds and convection is

then a result of resolved processes, in addition to a sub-grid turbulence scheme,

and a microphysics scheme. Turbulence is represented using a 3D Smagorinsky-

type scheme, originally developed for the Met Office Large Eddy Model (LEM)

and implemented in the UM to improve the representation of sub-grid mixing for

resolutions finer than approximately 1km (Boutle et al., 2014). The vertical co-

ordinate is stretched, such that the resolution is higher in the boundary layer and

becomes more coarse with increasing height. The simulations presented herein

use a vertical coordinate with 70 levels below a model top of 40km, 30 of which

are below 3km.

The UM can be configured to use the Cloud-Aerosol Interactive Microphysics

(CASIM) scheme. CASIM is a multi-moment bulk microphysics scheme, allowing

vertical profiles of aerosol concentrations to be prescribed, and further allowing

explicit treatment of aerosol-cloud interactions. Hydrometeor size distributions

are given by gamma distributions with prescribed shape parameters, and have

two prognostic moments; the mass mixing ratio and number concentration. The

autoconversion of cloud droplets to rain, and droplet accretion, follow Khairout-

dinov and Kogan 2000. It is important to note that, as a bulk scheme, CASIM

may be limited in representing the effect of aerosol due to the use of a saturation

adjustment. However, the short time steps of only 2-3s required for prognostic

treatment of supersaturation (Morrison & Grabowski, 2008) present significant

computational challenges for large simulations, while the longer time steps of 15s

used herein improve the suitability of the saturation adjustment approximation.
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Two possible schemes for droplet activation were considered: from Abdul-

Razzak and Ghan (2000) (ARG) and from Shipway (2015). Typically, schemes

aim to find an expression for the peak supersaturation, since no more droplets

will be activated at cloud base above this. Secondary activat5ion above cloud

base is also possible, however, due to either increasing updraught strength or en-

trainment (Warner, 1969a, 1969b; Lasher-Trapp et al., 2005). The ARG scheme

approximates the maximum supersaturation by setting the rate of change of the

supersaturation to zero, and then neglecting effects of curvature, gas kinetics,

and solute in the droplet growth rate. Two separate expressions for maximum

supersaturation, for ‘low’ and ‘high’ critical supersaturations, are then combined,

with coefficients determined by fitting to numerical simulations (Abdul-Razzak

& Ghan, 2000). In contrast, the Shipway scheme applies an updated version of

Twomey’s approximation for the integral of the supersaturation, which is then

used along with the application of lookup tables to find the maximum supersat-

uration (Shipway, 2015).

A number of studies have found that the ARG scheme consistently underesti-

mates the number of activated droplets, and has too much competition for water

vapour (Simpson et al., 2014; Connolly et al., 2014; Shipway, 2015). Shipway

(2015) shows that this is particularly apparent for typical marine aerosol scenar-

ios, and is worsened at higher updraught velocities. These limitations are also

apparent when compared with other schemes, including the Shipway scheme, as

well as in comparison with the full numerical solution of the supersaturation time

evolution. Given the focus of this thesis on clouds in a marine environment, the

Shipway scheme was chosen.

Aerosols in CASIM are described by a log-normal distribution for each of

the soluble and insoluble fine, accumulation, and coarse modes. The mass and

number mixing ratios are also carried as prognostic variables. Aerosol fields are

44



advected by the model, with initial and lateral boundary conditions being set by

the prescribed profiles.

CASIM provides two possible treatments of aerosol-cloud interactions. The

first, and the method used for this work, is the passive coupling. In this mode,

processes such as droplet activation depend upon the aerosol fields, but these

fields are not affected by cloud processes. The second option offered by CASIM

is the processing mode, in which the aerosol fields are modified by in-cloud mi-

crophysical processes including droplet activation and ice nucleation, as well as

evaporation and sublimation.

It should be noted again that the effects of aerosol perturbations on clouds

have been shown to be sensitive to the details of microphysics schemes (White

et al., 2017). In this thesis, however, simulations are performed using only one

microphysics scheme, and therefore uncertainty relating to such sensitivities is

not investigated in detail.

Simulation domains may also be flexibly configured in the UM. The primary

configuration employed in this thesis features a limited-area domain nested inside

a global driving model. The global configuration is initialised using operational

analysis or reanalysis data, and provides boundary conditions for the nested do-

main. This allows the nested domain to have open boundaries, in addition to

time-varying, realistic forcing of the large-scale properties of the domain. While

this approach allows a great deal more realism to be introduced to the simula-

tions, it does create a potential limitation in that many distinct simulations may

be required to fully explore the range of possible atmospheric conditions and

resulting behaviour of clouds and aerosols.

An additional configuration is employed in Chapter 3. The UM can be con-

figured in an idealised setup, akin to those used for LES. In this case, the domain

features doubly-periodic lateral boundaries, with large-scale forcing given by con-

stant prescribed tendencies of temperature and moisture. The concurrent use of
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these two configurations will allow the second research question noted previously

to be explored effectively, by directly comparing approaches using a single model.
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Chapter 2

Effects of aerosol in simulations

of realistic shallow cumulus cloud

fields in a large domain

This chapter is based on an article published in Atmospheric Chemistry and

Physics, with some minor changes:

Spill, G., Stier, P., Field, P. R., and Dagan, G. (2019). Effects of aerosol

in simulations of realistic shallow cumulus cloud fields in a large domain. At-

mospheric Chemistry and Physics, 19(21), 13507–13517. doi: 10.5194/acp-19-

13507-2019.

I designed the study together with the co-authors. I carried out the sim-

ulations and analyses presented, with input from the co-authors. I wrote the

manuscript, and underwent the peer-review process, with contributions and ap-

proval from the co-authors.
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Abstract

Previous study of shallow convection has generally suffered from having to bal-

ance domain size with resolution, resulting in high-resolution studies which do

not capture large scale behaviour of the cloud fields. In this work we hope to go

some way towards addressing this by carrying out cloud-resolving simulations on

large domains. Simulations of trade wind cumulus are carried out using the Met

Office Unified Model (UM), based on a case study from the Rain In Cumulus over

the Ocean (RICO) field campaign. The UM is run with a nested domain of 500km

with 500m resolution, in order to capture the large-scale behaviour of the cloud

field, and with a double-moment interactive microphysics scheme. Simulations

are run using baseline aerosol profiles based on observations from RICO, which

are then perturbed. We find that the aerosol perturbations result in changes

to the convective behaviour of the cloud field, with higher aerosol leading to an

increase (decrease) in the number of deeper (shallower) clouds. However, despite

this deepening, there is little increase in the frequency of higher rain rates. This

is in contrast to the findings of previous work making use of idealised simulation

setups. In further contrast, we find that increasing aerosol results in a persistent

increase in domain mean liquid water path and decrease in precipitation, with

little impact on cloud fraction.

2.1 Introduction

Shallow cumuli are the most common cloud type on Earth (Rossow & Schiffer,

1999; Sassen & Wang, 2008); they are ubiquitous throughout the trade winds,

yet their behaviour is still poorly understood. These small, warm, shallow con-

vective clouds have an important part in regulating the thermodynamics and

dynamics of their environment; warming the cloud layer through condensation,
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transporting moisture to the inversion layer above, and cooling both the inversion

and the sub-cloud layer through the evaporation of detraining cloud droplets and

precipitation (Hartmann et al., 1992; Zhu & Bretherton, 2004; Neggers et al.,

2007).

Trade wind shallow cumuli are of great interest in the context of a changing

climate. In particular due to their coupling to circulation, as well as their radia-

tive properties; reflecting shortwave radiation whilst emitting longwave radiation

at a similar temperature to the surface due to their low, warm cloud tops. The

myriad of ways in which they interact with their environment means there is still

much uncertainty in how they may respond to perturbations to the climate. In-

deed, low-cloud feedbacks are responsible for most of the uncertainty in climate

sensitivity (Bony et al., 2004; Bony & Dufresne, 2005; Medeiros et al., 2008; Vial

et al., 2013; Boucher et al., 2013b; Medeiros et al., 2015).

Aerosol particles in the atmosphere can act as cloud condensation nuclei

(CCN) allowing the formation of cloud droplets (Köhler, 1936). Changes in

aerosol concentration can therefore have significant impacts on the properties of

clouds. For example, for a given liquid water content, an increase in CCN will

lead to a greater number of smaller droplets. Smaller, more numerous droplets

scatter more shortwave radiation back to space, and thus this results in an in-

crease in the cloud albedo (Twomey, 1977). Additionally, the shift in the droplet

size distribution may affect the formation of precipitation in shallow clouds by

inhibiting the development of larger droplets (Albrecht, 1989).

Aerosol-induced changes in the precipitation efficiency of clouds can also lead

to impacts on convection. Suppressed precipitation can result in increased con-

densation warming the lower part of the cloud layer, and increased evaporation

of detraining droplets cooling the upper part. This destabilisation of the cloud

layer can lead to an invigoration and deepening of the convection (Albrecht,

1993; Stevens & Feingold, 2009; Dagan et al., 2016; Sheffield et al., 2015).
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Cloud fields may be affected in other ways; changing precipitation charac-

teristics may affect the formation of cold pools, for example, which can have an

impact on the development of new convection, and contribute to the mesoscale

organisation of the field of shallow clouds (Seifert & Heus, 2013; Seigel, 2014;

Seifert et al., 2015).

A number of studies (Xue et al., 2008; Jiang et al., 2010) have seen sig-

nificant aerosol effects such as those described above. However, several others

(van den Heever et al., 2011; Seifert et al., 2015) have also shown effects where

parts of the system respond to perturbations in such a way as to offset the initial

aerosol effect. Stevens and Feingold (2009) described these as buffering effects,

and proposed possible buffers that may be relevant for cloud-aerosol interactions,

including, for example, convective deepening and invigoration. They describe a

mechanism for the deepening of shallow cumuli by increasing aerosol, whereby

higher droplet numbers delay the onset of precipitation and increase evapora-

tion at the cloud top. This destabilises the cloud layer, enabling greater vertical

development of the cloud, which can then produce heavier rain, potentially com-

pensating for the initial reduction in precipitation.

There have been a number of observational studies showing an invigoration

effect on shallow clouds (Kaufman et al., 2005; Yuan et al., 2011; Koren et al.,

2014), while modelling studies have shown seemingly conflicting results. Jiang

and Feingold (2005) and Xue et al. (2008) both find that increasing aerosol actu-

ally suppresses convection in warm, shallow clouds, while Dagan et al. (2017) and

Altaratz et al. (2014) argue for a ‘turning point’ between suppression and invigo-

ration of convection, depending on local conditions and specific cloud properties.

van den Heever et al. (2011) find that even within a cloud field the response

varies: with shallower clouds being suppressed, and deeper clouds penetrating

the trade inversion experiencing invigoration. A similar result is obtained by

Seifert et al. (2015), who find a reduction in the number of small clouds due
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to an evaporative feedback from aerosol-suppression of precipitation. Both van

den Heever et al. (2011) and Seifert et al. (2015) find that, though there are

aerosol effects on cloud populations and properties such as rain rate, over a large

area and after a long time these effects are minor. In contrast, Saleeby et al.

(2015) find that a reduction in shallower cumuli and stratocumulus, along with

an increase in deeper cumuli, leads to a reduction in domain accumulated pre-

cipitation with increased aerosol.

Much of the behaviour of convective clouds is constrained or driven by local

conditions — heating, water budgets, or large scale subsidence for example —

many of which may contribute to so-called buffering effects (Seifert et al., 2012),

raising the possibility that cloud responses to aerosol are regime dependent or

regionally dependent.

Despite much work on the subject, there is still a great deal of uncertainty and

debate over the response of shallow convection to perturbations such as changes

in aerosol (Tao et al., 2012). Typical modelling studies of shallow convection

make use of high-resolution large eddy simulations (LES), or cloud resolving

models (CRM). These models explicitly resolve convection, but until recently

have only been run on limited area domains, of the order of tens of kilometres,

due to computational limitations.

In this work we begin to extend the investigation of shallow convection by

making use of the Met Office Unified Model’s capabilities to run high resolution

simulations on large domains in order to study the effect of aerosol perturbations

over entire cloud fields on spatial scales on the order of hundreds of kilometres.

Additionally, the use of a double moment cloud microphysics scheme, described

below, allows aerosol concentration to be perturbed directly since activation pro-

cesses are included, rather than using cloud droplet number as a proxy. We aim

to investigate the character of the response of shallow convection to aerosol per-

turbations in simulations of realistic weather systems, and whether and why this
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may differ from that seen in idealised simulations.

2.2 Model and case description

The Rain in Cumulus over the Ocean (Rauber et al., 2007) campaign was car-

ried out over a period of November 2004 - January 2005, in a region of the trade

winds in the western Atlantic off the Caribbean. This has been, and is, an ideal

region for studies of shallow cumuli due to their prevalence, as well as the absence

of upstream islands meaning that clouds observed here are likely to be highly

representative examples of shallow cumuli.

Aircraft and shipborne measurements across the campaign region were sup-

ported by ground-based systems as well as radiosondes. The aerosol profiles used

in this work were based on measurements from one of the NSF/NCAR C-130Q

campaign aircraft flights from 19/01/2005 (Stossmeister, 2008). Vertical profiles,

shown in Fig. 2.1, of Aitken and accumulation mode aerosol number concentra-

tion were derived from a fit to this data, and allowed to decay exponentially with

height (e-folding height = 1km) above 5km.

A global configuration of the Unified Model (UM) UM vn10.8 (Walters et al.,

2017), GA6.1, at resolution N768 (∼25km x ∼17km at midlatitudes) is run from

operational analysis initial conditions, and used as a driving model to provide

the lateral boundary conditions for a ∼500km x ∼500km nested region, centred

on 17.5◦N, 61.8◦W. The nested region has a horizontal resolution of ∼500m x

∼500m and a stretched vertical coordinate system with 70 levels below 40km.

This nested configuration allows for the simulations to capture the transient fea-

tures and forcing for the specific case, due to the open boundaries and driving

global model. The resolution in the nested region is expected to resolve most

of the relevant convection, since the case in question was characterised by the

presence of towering cumulus and congestus (Abel & Shipway, 2007), and in-
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Figure 2.1: Vertical profiles of accumulation and Aitken mode aerosol concen-

tration used in the baseline simulation.

spection of the simulations shows that this is indeed the case. A model time

step of 15s is used, with prognostic and diagnostic radiation time steps of 900s

and 300s. The simulations are initialised for 00:00 UTC 19 January 2005, and

are run for 48h. The nested simulations are run without a parameterised con-

vection scheme, and the operational microphysics scheme is replaced in favour

of the double-moment Cloud AeroSol Interactive Microphysics (CASIM) scheme

(Shipway & Hill, 2012; Grosvenor et al., 2017; Miltenberger et al., 2018a). A

number of size modes for insoluble and soluble aerosol are available; however we

use only the soluble Aitken and accumulation modes, with the profiles shown in

Fig. 2.1. These profiles are used to initialise the domain, and as lateral bound-

ary conditions. Aerosol may be advected through the domain, but the coupling

to cloud processes is one-way. That is, aerosols affect droplet activation, but

we do not include cloud processing and removal of aerosol, such as activation

scavenging or precipitation washout. Here, CASIM is run with a sub-grid cloud

fraction scheme based on that of Smith (1990), which parameterises the sub-grid

variability in relative humidity. Its implementation in CASIM is described in

Grosvenor et al. (2017). Additionally, we choose to apply the droplet activation
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scheme from Shipway (2015), rather than CASIM’s default scheme from Abdul-

Razzak and Ghan (2000). This decision was based on the findings of a number

of studies that the latter consistently underestimates the number of activated

droplets for very high aerosol concentrations, and has too much competition for

water vapour (Simpson et al., 2014; Connolly et al., 2014; Shipway, 2015). Ship-

way (2015) shows that this is particularly apparent for typical marine aerosol

scenarios.

Four simulations with different aerosol number concentrations were carried

out: a baseline case UM CASIM, and three with the aerosol profiles perturbed

by factors of 0.1, 10, and 100, labelled as UM CASIM 0.1, UM CASIM 10, and

UM CASIM 100, respectively.

2.3 Results and discussion

2.3.1 Structure and evolution of simulation

Figure 2.2 shows the evolution of a number of domain-averaged quantities over

the simulation period for the baseline case, not including a 6h spin-up. Average

profiles of liquid water potential temperature and specific humidity are shown in

Fig. 2.3, which compare well to those used as initial profiles used in the GEWEX

Cloud System Study (GCSS) RICO model intercomparison study (vanZanten et

al., 2011), as well as those shown in Nuijens et al. (2009) and those obtained from

simulations such as in Seifert and Heus (2013). Qualitative visual inspection

reveals the transient meteorological features and characteristics of the cloud field

over the simulated period. Some example snapshots are shown in Fig. 2.4.
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Figure 2.2: Time series of domain-averaged (a) cloud liquid water content (in-

cloud only), (b) liquid water path, (c) rain rate, and (d) cloud fraction, all for

the baseline case UM CASIM. A liquid water content threshold of 0.01 g m-3 is

used to define a cloudy gridbox.

2.3.2 Aerosol perturbations

In Fig. 2.5, time series of a number of domain-averaged quantities, excluding an

initial 6h spin-up period, show that even when considered across a large domain

there is a marked response to the aerosol perturbations.

Figure 2.5a shows the domain average of in-cloud liquid water, with a liquid

water threshold of 0.01 g m-3 used to define a cloud. The cloud liquid water con-

tent (LWC) and domain liquid water path (LWP) both increase monotonically

as the aerosol concentration is increased, while the rain rate decreases. Despite

significant effects on other domain-wide parameters, there seems to be only a

modest reduction of the domain-wide cloud fraction from aerosol perturbations.

Concurrently with the responses in average cloud LWC, we see similar trends

in the domain average vertical profiles of liquid water mixing ratio in Fig. 2.6.

The peak in liquid water is increased and is shifted to a higher altitude. Ad-

ditionally, the liquid water mixing ratio becomes significantly greater at higher
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Figure 2.3: Domain-averaged vertical profiles of liquid water potential temper-

ature and specific humidity for the baseline case, compared to the RICO initial

setup, with the standard deviation of the baseline shaded.

Figure 2.4: Snapshots of outgoing shortwave radiation showing the structure of

the cloud field in the afternoon of the first day of the UM CASIM simulation.

altitudes. The changes in these profiles indicate a deepening response to increas-

ing aerosol. This may also be inferred from the profiles of cloud fraction (Fig.

2.6). As aerosol is increased, the cloud fraction is reduced at lower altitudes but

56



Figure 2.5: Time series of domain-averaged (a) cloud liquid water content (in-

cloud only), (b) liquid water path (LWP), (c) rain rate, and (d) cloud fraction.

A liquid water content threshold of 0.01 g m-3 is used to define a cloudy gridbox.

increases at higher altitudes. Additionally, the lowest aerosol case, UM CASIM -

0.1, produces a cloud fraction profile which does not have the same pronounced

double peaks seen in the other cases. An invigoration response is also evident

in the profiles of updraught speed in Fig. 2.6. The updraught speeds show little

change below 1.5km; however, there are marked responses above 1.5km with up-

draughts increasing in strength with aerosol. This increase, along with smaller

droplets under the higher aerosol conditions having smaller fall velocities, leads

to more water being lifted higher in the atmosphere (Koren et al., 2015), as can

be seen in the vertical profiles of liquid water. It is important to note that an

in-cloud mean in used for the updraught profiles, and therefore at the highest

altitudes they are due to only a small number of clouds.

An increase in aerosol loading will generally lead to an increase in the cloud

droplet number concentration. Under such an increase, combined with the in-

crease in liquid water path, we would expect the cloud albedo to also increase.

In Fig. 2.7 we show the synthetic cloud albedo, calculated following Seifert and
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Figure 2.6: Vertical profiles of domain-average liquid water mixing ratio (top

left) and cloud fraction (top right), calculated for all columns, and updraught

speed (bottom), calculated for cloudy columns only.

Heus (2013), as

A =
τ

6.8 + τ
(2.1)

where τ is an estimate of optical depth given by 0.19LWP 5/6N1/3, depending

on the cloud liquid water path, LWP, and cloud droplet number concentration,

N (Zhang et al., 2005). This shows that there is indeed a significant increase in

the cloud albedo with higher aerosol loads. This change is sufficient to lead to

an increase in the domain-wide scene albedo, in spite of the slight reduction in

cloud fraction with higher aerosol. This is shown in Fig. 2.8, where the scene
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Figure 2.7: Time series of mean synthetic cloud albedo. This is calculated for

cloudy columns only using an estimate of the cloud optical depth, as shown in

equation 1.

Figure 2.8: Percentage change in scene albedo for each of the perturbed aerosol

simulations, relative to the baseline UM CASIM case, calculated using time and

domain mean synthetic cloud albedo and cloud fraction, as shown in equation 2.
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Figure 2.9: Histograms of cloud top height (left), calculated as the highest cloudy

grid box in a cloudy column, and of total column liquid water path (right),

calculated using only columns containing cloud.

albedo is calculated as

Ascene = CA+ (1− C)Ab (2.2)

where C is the cloud fraction, and Ab is the background albedo. Following Seifert

et al. (2015), we assume this to be the albedo of the sea surface at high zenith

angles and set it to be 0.05.

The distributions of cloud top height (CTH) shown in Fig. 2.9 also indicate

a shift in the convective behaviour with aerosol perturbations: with increasing

aerosol resulting in a suppression of the frequency of occurrence of clouds with

lower CTHs and an increase in the prevalence of higher CTHs.

The distributions of LWP in Fig. 2.9 also indicate a deepening response to

aerosol: as the aerosol is increased, low LWPs become less frequent, while the

tail of the distribution grows and extends to higher values.

The joint histograms of cloud top-height and liquid water path also shown in
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Figure 2.10: Joint histograms showing frequency of occurrence of liquid water

path and cloud top height for each simulation, with aerosol increasing from left

to right along the figure.

Fig. 2.10 give a clearer view of the effect: with higher aerosol concentrations come

higher peak LWPs, indicating deeper clouds, as well as larger numbers of higher

LWP clouds. However, it is also clear from these histograms that throughout

all the simulations, the cloud fields are dominated in terms of occurrence by the

shallowest clouds with lower CTHs.

With the change in the convective behaviour of these clouds comes an effect

on the precipitation. As shown in Fig. 2.11, lower aerosol concentrations result

in higher frequencies of drizzle and lower rain rates, while these are suppressed

for higher aerosol concentrations, as is the onset of precipitation. This effect is

responsible for the reduction in the domain-averaged precipitation in Fig. 2.2.

There does not appear to be a consistent response in the frequency of the highest

rain rates; however, due to the rarity of these events it is difficult to draw firm

conclusions.

We can attempt to gain a greater insight into the change in convection by

inspecting the thermodynamic environment in which the clouds are developing.
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Figure 2.11: Histograms of rain rate, taken for all columns containing clouds.

In Fig. 2.12 we see that the variation in the mean specific humidity and liquid

water potential temperature is far less across the aerosol perturbations than

the standard deviation in the baseline case. We can visualise the change in

thermodynamic structure through the simulation in more detail using the plots

shown in Fig. 2.13. Here we show the difference between the domain average

temperature or specific humidity at a given time and that at the beginning of

the analysis period. We can see that though there are some differences between

the simulations they are not very large. The minor changes reflect the deepening

of convection but also demonstrate that the deepening and invigoration is not

sufficient to significantly affect the thermodynamic structure in such a way as to

promote further deepening.

2.4 Conclusions

We have presented results from a set of large-domain simulations with perturbed

aerosol loadings. Simulations based on particular, realistic days of the RICO

field campaign were run using the Met Office Unified Model, in a 500km ×

500km domain with 500m resolution, nested in a global driving model. Our
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Figure 2.12: Average vertical profiles of liquid water potential temperature and

specific humidity for each aerosol concentration, compared to the RICO initial

setup as in Fig. 2.2, with the standard deviation of the baseline case shaded.

findings show that for a large domain without periodic boundary conditions,

with realistic synoptic weather subject to large-scale forcing and energy and wa-

ter budgets, changes in aerosol concentration can have significant effects. The

impacts of aerosols on cloud microphysics are sufficient to result in persistent

changes in the behaviour of the cloud field. We find that increasing aerosol

suppresses the onset of precipitation, and leads to deepening and invigoration

of convection. Increased aerosol loading results in a suppression of the shallow

mode of convection, and invigoration of mid-level and deeper clouds. There is lit-

tle change however in the updraught strength at low altitudes, in contrast to the

substantially increased updraught speeds higher in the atmosphere. In spite of

the convective deepening and invigoration, domain-averaged precipitation is still

reduced throughout the simulations with increased aerosol, with little discernible

change to the frequency of high rain rates. Examination of the thermodynamic

structure of the simulations reveals that it is in fact highly resilient and is not

significantly affected by the changes to the cloud field.

Previous studies of the effects of aerosols on convection which have made
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Figure 2.13: Hovmöller plots showing the temporal evolution of domain mean

temperature (left) and specific humidity (right). These show the difference be-

tween the mean temperature or specific humidity at each time in the simulation

and the first time point after the 6h spin-up. Each row is for a different simula-

tion, with aerosol increasing from top to bottom down the figure.

use of more idealised modelling setups, making use of prescribed forcings and

periodic boundaries, have also found invigoration and deepening as a result of

increasing aerosol, as well as suppression of the shallowest clouds. However, our

results differ from these in several ways. van den Heever et al. (2011) and Seifert

et al. (2015) both find similar suppression and invigoration effects on different

parts of the cloud population, as well as on characteristics of the precipitation

rate distribution. However they conclude that the domain-wide effect is mini-

mal, with small impacts on domain average or equilibrium properties. This is

in agreement with our own findings for cloud cover but is in contrast to those

for precipitation, where we find a persistent decrease in rain rates with higher
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aerosol. Further, while Seifert et al. (2015) find that reduced cloud cover with

higher aerosol compensates for the Twomey effect to produce only a minor change

in scene albedo in equilibrium conditions, we find that there is a clear increase

in scene albedo with increasing aerosol. Lee et al. (2012) argue that differences

in aerosol have significant effects on the thermodynamic environment and devel-

opment of instability, which in turn affects development of the cloud field. Our

findings, however, are of thermodynamic conditions which are not significantly

affected by aerosol.

Additionally, Dagan et al. (2017) find that there exists an optimum aerosol

loading for convective invigoration and deepening, above which the trend reverses

and increasing aerosol leads to suppression. In contrast, we find monotonic deep-

ening and invigoration. Our results here do not preclude the possibility of an

optimum loading or turning point, although in this case it is likely that such a

point would be far above realistic aerosol concentrations, given the perturbations

we applied.

It is important to note that the standard picture of buffering of aerosol effects

on shallow convection appears to require some equilibrium state of the cloud field.

In idealised simulations this state is reached under different aerosol loadings by

affecting the convective development and precipitation characteristics to varying

degrees. However, in the real atmosphere with constantly varying cloud fields

subject to large scale advection, no such equilibrium exists. Dagan et al. (2018a)

show that the characteristic timescale of shallow convective cloud fields is less

than 12h, much less than the time required to reach an equilibrium state (Seifert

et al., 2015). Here we have presented simulations of such a transient case, which

suggest a quite different response: one in which cloud fields do not respond dra-

matically to restore an equilibrium but instead are altered persistently within

the constraints of the transient thermodynamic conditions.

Given the apparent differences between idealised, limited-area large eddy sim-
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ulations, and those presented here, it seems clear that work is required to elu-

cidate the sources of these differences. LES studies performed on large domains

will be necessary, as well as direct comparison of idealised and realistic model

setups. It will be important to discern which differences are due to the choice of

model, and which are due to the idealised or realistic nature of the simulations.

In future work we aim to make such a comparison through the use of idealised

and realistic configurations of the same model. We hope that the simulations

and results we have discussed here will provide a starting point for this direction

of investigating anthropogenic perturbations to shallow cumuli, and ultimately

the climate.
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Chapter 3

Contrasting responses of

idealised and realistic simulations

of shallow cumuli to aerosol

perturbations

This chapter is based on an article published in Geophysical Research Letters,

with some minor changes:

Spill, G., Stier, P., Field, P. R., and Dagan, G. (2020). Contrasting responses

of idealised and realistic simulations of shallow cumuli to aerosol perturbations.

Geophysical Research Letters, 48(13), e2021GL094137. doi: 10.1029/2021GL094137.

I designed the study together with the co-authors. I carried out the sim-

ulations and analyses presented, with input from the co-authors. I wrote the

manuscript, and underwent the peer-review process, with contributions and ap-

proval from the co-authors.
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Abstract

Shallow clouds remain greatly significant in improving our understanding of the

atmosphere. Using the Met Office Unified Model, we compare highly idealised

simulations of shallow cumuli with those using more realistic domains, with open

lateral boundaries and varying large-scale forcing. We find that the realistic sim-

ulations are more capable of representing the cloud field on large spatial scales,

and appear to limit the aerosol perturbations leading to impacts on the thermo-

dynamic conditions. Aerosol perturbations lead to changes in the cloud vertical

structure, and thermodynamic evolution of the idealised simulations; a central

feature of behaviour seen previously in idealised simulations. Modelling ap-

proaches with open boundaries and time-varying forcing may allow for improved

representation of shallow clouds in the atmosphere, and greater understanding

of how they may respond to perturbations.

Plain Language Summary

Clouds, and shallow clouds in particular, are responsible for much uncertainty

in our understanding of the atmosphere, and the response of the climate system

to anthropogenic perturbations. The representation of shallow clouds in models

has long been a challenge due to the myriad processes and scales involved; from

micrometre cloud droplets, to cloud fields of tens or hundreds of km, leading

to many computational difficulties. Here we present and compare a number of

simulations using different approaches. We show that certain modelling choices

allow for an improved representation of shallow cloud fields on large scales, and

also show a different response to aerosol perturbations, with implications for

future development of estimations of the effects of aerosol on shallow clouds.
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3.1 Introduction

Shallow cumuli play a number of important roles in trade wind regions, affecting

both their local environment, and the climate as a whole. Low cloud feedbacks

are responsible for much of the uncertainty in estimates of climate sensitivity

(Bony et al., 2004; Bony & Dufresne, 2005; Medeiros et al., 2008; Vial et al.,

2013; Boucher et al., 2013b; Medeiros et al., 2015). One intensely studied aspect

of shallow cumuli is how they are affected by changes in atmospheric aerosol,

which facilitate the formation of cloud droplets by acting as cloud condensation

nuclei (CCN) (Köhler, 1936). While certain aerosol effects on clouds are well

understood, many questions, on scales varying from microphysical to entire cloud

fields, remain open.

Higher concentrations of CCN lead to a greater number of smaller droplets,

for a given liquid water content (Twomey, 1977). The greater droplet surface

area increases scattered shortwave radiation, and thus cloud albedo. Smaller

droplets due to increased aerosol may inhibit precipitation (Albrecht, 1989), and

lead to longer cloud lifetimes. However, mechanisms have also been proposed for

aerosol causing shorter lifetimes due to evaporation and entrainment feedbacks

(Small et al., 2009).

Stevens and Feingold (2009) discuss ‘buffering’ effects in the response of

clouds to aerosol perturbations, where systems respond to offset the effect of

the perturbation. For example, increased aerosol may suppress precipitation, al-

lowing more moisture to be lifted to the cloud top, enhancing evaporative cooling

and destabilising the cloud layer, causing clouds to deepen and produce more pre-

cipitation. Convective invigoration and deepening due to aerosol are supported

by both observations and modelling (Albrecht, 1993; Yuan et al., 2011; Koren

et al., 2014; Sheffield et al., 2015; Dagan et al., 2016; Kaufman et al., 2005),

however some find suppression of convection (Jiang & Feingold, 2005; Xue et al.,
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2008). van den Heever et al. (2011) find that deeper cumulus modes, such as

congestus, may be invigorated while the shallowest clouds are suppressed. Da-

gan et al. (2017) and Altaratz et al. (2014) suggest invigoration or suppression

may depend on the magnitude of the aerosol perturbation, as well as local con-

ditions. Seifert et al. (2015) discuss the deepening response of trade wind cumuli

to aerosol perturbations as a transient effect, altering the thermodynamic envi-

ronment, and eventually leading to a similar quasi-equilibrium cloud field. This

quasi-equilibrium is considered as a regime of subsiding radiative-convective equi-

librium (RCE), where prescribed large-scale forcings alter the state compared to

traditional RCE. However, Dagan et al. (2018a) find that typical cloud field life-

times are much less than the time required to reach equilibrium, suggesting that

such quasi-equilibrium behaviour is unrealistic.

Much modelling work on shallow cumuli has used large eddy simulations

(LES), typically with small domains on the order of tens of km, periodic lateral

boundaries, and constant prescribed tendencies of winds, moisture, and thermo-

dynamics. An alternative approach may be employed, whereby a global driving

model supplies the forcing for a nested high resolution domain (Klocke et al.,

2017; Miltenberger et al., 2018b; Spill et al., 2019). Spill et al. (2019) find a

similar form of cloud response to aerosol perturbations, however the convective

deepening does not impact the thermodynamic state of the domain significantly,

and no equilibrium cloud field is produced, in contrast to findings such as those

of Seifert et al. (2015).

Here we build on Spill et al. (2019) by directly comparing this approach with

one that is more idealised, similar to LES, using different configurations of the

Met Office Unified Model (UM) to account for model uncertainty. We investigate

the approaches’ representation of the cloud field, and their response to aerosol

perturbations, on large scales.
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3.2 Methods

Our simulations are based on the Rain in Cumulus over the Ocean (Rauber et

al., 2007) (RICO) campaign. RICO has long been a popular choice for studying

shallow convection due to the prevalence of trade wind cumuli in the region,

and the availability of data for model initialisation and evaluation. Our case is

initialised for 00:00UTC 19 January 2005, following Abel and Shipway (2007),

with domains centred on 17.5◦N, 57◦W. All simulations are run for 96h, including

a 12h spin-up.

Several configurations of the Met Office Unified Model are applied, with large

domains of ∼500km × ∼500km, a horizontal resolution of ∼500m × ∼500m, and

a stretched vertical coordinate system with 70 levels below 40km, and 30 levels

below 3km. The UM uses a 3D Smagorinsky-type turbulence scheme (Boutle

et al., 2014), and no convection scheme is enabled. The ‘realistic’ setup uses a

nested domain with open lateral boundaries, with boundary conditions supplied

hourly by an external global driving configuration of the UM (vn11.1, GA6.1),

run from ERA Interim (Dee et al., 2011) initial conditions. The ‘idealised’ setup

has periodic lateral boundaries, and constant large-scale tendencies of temper-

ature and moisture are applied, as in most LES studies. Domain mean profiles

of temperature, moisture, and winds from the realistic simulations are used to

initialise the idealised simulations. Constant surface sensible and latent heat

fluxes of 10.58 W m-2 and 93.17 W m-2 are prescribed, based on mean values

of the time-varying fluxes in the realistic simulations. Horizontal advection of

moisture, and large-scale subsidence are applied below 10km following Abel and

Shipway (2007), along with a cooling rate, a significant component of which is to

account for radiative cooling (vanZanten et al., 2011). Idealised simulations are

therefore performed both with and without a radiation scheme, to provide an ex-

tra point of comparison between idealised and realistic configurations. However,
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Figure 3.1: Profiles of prescribed aerosol and idealised initial conditions and

tendencies: (a,b) baseline accumulation and Aitken mode aerosol concentrations,

(c, d, e) initial specific humidity, temperature, and winds (f, g) tendencies of

specific humidity and temperature (for idealised simulations with and without

radiation schemes), (h) applied large-scale subsidence.

the scheme does not have a diurnal cycle, differing from the realistic simulations.

Following Seifert et al. (2015), an advective cooling rate is applied in simulations

including a radiation scheme. Profiles of idealised initial conditions and applied

tendencies are shown in Figure 3.1.

Small domain idealised simulations are also performed, to more closely re-

late this comparison to existing LES studies. These have a domain of ∼50km

× ∼50km, a horizontal resolution of ∼100m × ∼100m, and include the radiation

scheme. At this higher spatial resolution it is likely that more convection and tur-

bulence will be resolved, which may affect the response to aerosol perturbations

due to improved resolution of updraughts and entrainment.

We use the double-moment microphysics scheme CASIM (Shipway & Hill,

2012; Grosvenor et al., 2017; Miltenberger et al., 2018b), with a droplet activa-
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Simulation Domain size
Horizontal

resolution

Lateral

boundaries

Radiation

scheme
Aerosol

∼500km

×∼500km

∼50km

×∼50km

∼500m

×∼500m

∼100m

×∼100m
Open Periodic Baseline

Perturbed

(×10)

nested Y Y Y Y Y

nested x10 Y Y Y Y Y

id 500km norad Y Y Y Y

id 500km norad x10 Y Y Y Y

id 500km rad Y Y Y Y Y

id 500km rad x10 Y Y Y Y Y

id 50km rad Y Y Y Y Y

id 50km rad x10 Y Y Y Y Y

Table 3.1: Summary of simulation names and configurations.

tion scheme from Shipway (2015). The configuration of CASIM has a one-way

coupling between cloud and aerosol, in which aerosol fields affect droplet activa-

tion and may be advected, but are not affected by cloud microphysical processes.

Aerosol profiles based on measurements during RICO, as described in Spill et

al. (2019) and shown in Figure 3.1, are used for initial and lateral boundary

conditions. Simulations are run with baseline aerosol profiles, and profiles per-

turbed by a factor of 10. The simulation names, along with key aspects of their

configurations, are summarised in table 1.

3.3 Results

Satellite snapshots from the days of the simulations (Figure 3.2) show a great

deal of structure and variability in the cloud field on large scales, including large

features, even in this region that typifies trade wind cumuli. Comparing these

with snapshots of the cloud fields from the realistic and idealised simulations in
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Figure 3.2: Satellite snapshots (Terra, MODIS, Corrected Reflectance,

True Color, Bands 1-4-3) for the simulation days, showing the same

domain as the nested simulations, from NASA Worldview Snapshots

(https://worldview.earthdata.nasa.gov/).

Figure 3.3, the large domain idealised simulations (Figures 3.3c-3.3f) produce a

much more uniform cloud field than the realistic case (Figures 3.3a and 3.3b)

and the satellite snapshots. While a relatively uniform cloud field may be ex-

pected over scales of tens of km, such uniformity over hundreds of km as seen in

the large idealised domain is unlikely to be representative of the real atmosphere.

The small domain simulations (Figures 3.3g and 3.3h) exhibit uniformity in some

scenes, and more varied cloud fields in others. However, their smaller size makes

this a more limited representation of the varied cloud fields. The idealised cloud

fields appear to develop more structure later in the simulations, also shown by

Seifert et al. (2015), though still to a lesser extent than the realistic simulations.

The cloud fraction in the satellite snapshots is also relatively large; a characteris-

tic shared by the realistic simulations which tend to have a larger cloud fraction

than the large domain idealised simulations.
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Figure 3.3: Snapshots of liquid water path at several times during each simula-

tion: (a), (b) nested simulations, (c), (d) idealised simulations with no radiation

scheme, (e), (f) with radiation, and (g), (h) small domain idealised simulations.

Note that (g), (h) use a different spatial scale due to the smaller domain size of

∼50km × ∼50km, outlined in the first panel of (f).
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Figure 3.4: Timeseries of 6-hourly domain mean (a) liquid water path, (b) rain

rate, (c) cloud fraction, for each simulation, starting after an initial 12h spin-up.

The simulations differ in their domain mean properties, and in these prop-

erties’ response to the aerosol perturbations (Figure 3.4). Liquid water path

increases with aerosol in all of the large domain simulations, particularly id -

500km norad x10, while id 50km rad x10 shows an increase beginning in the

second day. Precipitation is reduced with increased aerosol in the large domain

idealised simulations, and through much of the first half of id 50km rad x10.

This effect is smaller in the realistic simulations.

Notably, the cloud fraction in the realistic simulations is completely agnostic

to the aerosol perturbation, while each idealised setup shows an increase in cloud

fraction with increased aerosol (Figure 3.4c).

Vertical profiles of cloud fraction, domain mean and in-cloud liquid water,

and updraught speeds show clearly the simulations’ differing structure and re-

sponse to aerosol (Figure 3.5). The in-cloud profiles are, at their highest and

lowest altitudes, dominated by relatively few instances in the simulations, but
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nonetheless provide insight into the in-cloud response. In the realistic simula-

tions, these are a result of a number of large-scale, deeper, features. Applying

a rolling filter, with a cloud-fraction threshold of 0.2, allows us to consider only

a subset of smaller clouds, comparable to the idealised cloud fields. Under this

approach, a moving average of cloud-fraction is calculated at each grid cell using

a 50km window, and the cloud-fraction threshold is then applied. An alternative

filter is applied to exclude clouds in the realistic simulations whose top heights

exceed the maximum in the idealised simulations.

The idealised setups have larger mean in-cloud liquid water content (LWC)

and updraught speeds, and display significant convective deepening and invigora-

tion in response to increased aerosol, apparent in both domain mean and in-cloud

profiles of LWC. While this effect is present in the realistic setup, it is muted in

comparison. Applying the cloud-fraction threshold to the realistic simulations

produces in-cloud profiles with a form similar to those in the idealised simula-

tions, with more significant deepening than the unfiltered profile, though still

less than the idealised simulations in the domain-mean. The cloud top height

filter does little to affect the form of the profile, though produces slightly larger

updraught speeds than the unfiltered profile.

Histograms of cloud top height (Figures 3.5e-3.5h) further highlight the differ-

ences in the cloud populations produced, and the response to increased aerosol.

The occurrence of lower cloud top heights is suppressed in all perturbed simu-

lations, though to a greater extent in nested x10. All simulations also show an

increase in the number of higher cloud top heights.

Figure 3.6 shows the evolution of temperature and humidity profiles in each

simulation. The stark contrast between the realistic and idealised setups, and

their responses to the aerosol perturbation, is evident. The perturbed idealised

simulations have increased cooling towards the top of and above the cloud layer,

and increases in moisture at the top of the cloud layer. This is what one might
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Figure 3.5: Vertical profiles of (a) cloud fraction, (b) domain mean cloud liquid

water mixing ratio, (c) in-cloud mean liquid water mixing ratio, (d) updraught

speed, and (e)-(h) histograms of cloud top height. A liquid water mixing ratio

threshold of 0.01 g kg-1 is used to define a cloudy grid box. A rolling cloud

fraction filter of 0.2, and a filter excluding clouds with top heights greater than

maximum in the idealised simulations, are applied to the nested simulations, to

produce additional profiles in (b)-(d), labelled with the suffixes ‘- cf filter’ and ‘-

top height filter’.
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Figure 3.6: Hovmöller plots showing the temporal evolution of profiles of domain

mean temperature and specific humidity. These show the difference between the

mean temperature or specific humidity at each time in the simulation and the

first time point after the 12h spin-up. The nested and nested x10 simulations

are in the top left quadrant, id 500km norad and id 500km norad x10 in the top

right, id 500km rad and id 500km rad x10 in the bottom left, and id 50km rad

and id 50km rad x10 in the bottom right.

expect to see from buffering effects; with greater cooling allowing the deepening

of the cloud layer, and more moisture being lofted higher in the atmosphere (Al-

brecht, 1993; Seifert et al., 2015; Dagan et al., 2016). The realistic simulations,

however, show almost no thermodynamic response to the aerosol perturbation,

consistent with the muted deepening and invigoration response.
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3.4 Discussion

We have presented simulations of trade wind cumuli using different configurations

of the Unified Model, highlighting the differences between idealised simulations,

with fixed forcing and periodic boundaries, and more realistic simulations with

open boundaries and varying large sale forcing. These configurations are chosen

to eliminate as much model uncertainty as possible, and focus on examining the

difference in aerosol-cloud interactions between the periodic domains with fixed

forcing, and nested domains with varying forcing.

Snapshots of liquid water path show that the idealised and realistic simula-

tions produce dramatically different cloud fields over large scales. The realistic

simulations produce cloud fields with more evident structure, while the idealised

simulations produce notably more uniform cloud fields. Domain mean liquid

water path, precipitation, and cloud fraction further highlight the differences

between the response to aerosol perturbations. The realistic simulations show

no change in cloud fraction in response to increased aerosol, in contrast to the

increase in the idealised simulations.

Vertical profiles of cloud liquid water indicate that the idealised simulations

experience significantly more convective deepening with increased aerosol. While

realistic and idealised may produce clouds with similar structures, the response

to the aerosol perturbation of those in the realistic simulations is much weaker.

The thermodynamic evolution of the domain is driven by the applied large-

scale forcing, and processes including interactions between the clouds and their

environment, which are closely coupled to the cloud vertical structure. In the

idealised simulations, increased aerosol leads to marked changes in the thermody-

namic evolution, as would be expected from the buffering mechanism discussed

by Stevens and Feingold (2009). No significant changes are seen in the ther-

modynamic evolution of the realistic simulations. This suggests that the ther-
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modynamic environment is determined predominately by the varying large-scale

forcing, which, along with the open boundaries, does not allow the cloud field to

exert such a strong effect. However, it should be noted that the large-scale forc-

ing and boundary conditions supplied by the driving model are not affected by

the aerosol perturbation. Aerosol effects are thus only realised inside the nested

domain, while in the real atmosphere this may not be the case. Nonetheless,

observational studies have reached similar conclusions regarding the significance

of transient large-scale forcing in determining the state of the cloud field. Da-

gan et al. (2018a) show that cloud field properties and environmental conditions

vary significantly over periods shorter than those required to reach an idealised

equilibrium state.

Limited area idealised models are undoubtedly useful in studying atmospheric

processes. However, our findings suggest that their ability to represent the tran-

sient behaviour of the real atmosphere may be limited in comparison to more

realistic approaches.

Aerosol perturbations may have a number of effects on cumulus cloud fields,

including minor convective deepening and invigoration, and increases in liquid

water path. However, due to the importance of the large-scale forcing, these are

limited, perhaps explaining the unchanged cloud fraction.

Understanding the role of shallow clouds in the atmosphere is of critical im-

portance, and with ever improving capabilities and methods, so too is under-

standing the differences, shortcomings, and advantages of modelling approaches.
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Chapter 4

Aerosol-cloud interactions in a

trade wind cloud field: differing

responses of different cloud types

This chapter is based on a manuscript in preparation for submission to a peer-

reviewed journal as:

Spill, G., Stier, P., Field, P. R., and Dagan, G. Aerosol-cloud interactions in

a trade wind cloud field: differing responses of different cloud types.

I designed the study together with the co-authors. I carried out the simula-

tions, which are extensions of those described in Chapter 2, with input from the

co-authors. I designed the analysis, and wrote the manuscript, with input from

the co-authors.

Abstract

The effects of aerosol on trade wind clouds remain poorly understood. Here

we apply a cloud tracking algorithm to analyse large-domain, high resolution

simulations based on a RICO case study, performed with the Met Office Unified

82



Model. Using this approach, we are able to explore aerosol effects on clouds

with different characteristics. Tracked clouds are classified according to depth,

updraught speed, and size. We find that increasing aerosol leads to a reduction

in the number of the shallowest clouds, which dominate the cloud field, and an

increase in the occurrence of higher liquid water paths. For shallow cumuli, cloud

depths are relatively unaffected by increasing aerosol, whereas cumuli congestus

become deeper, with higher cloud top heights. Though the onset of precipitation

is delayed for all types of cloud with increased aerosol, shallow cumuli with

stronger updraughts and cumuli congestus remain likely to produce precipitation

during their lifetime. In contrast, shallow cumuli with weak updraughts are

far less likely to produce precipitation under increased aerosol. This analysis

highlights the differing responses to aerosol that may be found in trade wind

cloud fields, that are often composed of clouds with a range of characteristics.

4.1 Introduction

Clouds are a central feature of the atmosphere, influencing both water budgets

and energy balance, and yet are a significant source of uncertainty in our under-

standing of the climate system. This is particularly true of the shallow cumulus

clouds that are ubiquitous in trade wind regions of the oceans. The myriad

scales over which cloud processes occur lead to rich behaviours that challenge

both observational and modelling approaches to their study.

The trade wind region of the Atlantic has long been a focal point for the study

of shallow convective clouds, due to the pristine environment and prevalence of

shallow cumuli. A number of studies have, however, noted the multi-modal

nature of tropical and trade wind convection (Johnson et al., 1999; Hohenegger

& Stevens, 2013; van den Heever et al., 2011; Li et al., 2013; Sheffield et al., 2015;

Saleeby et al., 2015). Johnson et al. (1999) describes the abundance of cumuli
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congestus, in addition to shallow cumuli and cumulonimbus, in the Tropical

Ocean Global Atmosphere Coupled Ocean–Atmosphere Response Experiment

(Webster & Lukas, 1992). Nuijens et al. (2014) and Vial et al. (2019), too, both

discuss the diversity present in trade wind cloud fields.

Aerosol particles play an important role as cloud condensation nuclei (CCN),

facilitating the formation of cloud droplets, and affecting the microphysical pro-

cesses via which cloud hydrometeors interact with one another and their environ-

ment. For a given liquid water content in an aerosol-limited cloud, an increase in

aerosol acting as CCN will lead to a larger number of smaller droplets (Twomey,

1977), which also results in an increase in cloud albedo due to enhanced reflection

of shortwave radiation. Smaller droplets may also inhibit the formation of pre-

cipitation, which Albrecht (1989) argued could lead to increased cloud lifetime.

In contrast, it has also been suggested that enhanced evaporation of smaller

droplets may reduce cloud lifetimes (Small et al., 2009).

Reductions in precipitation resulting from increased aerosol have been fre-

quently reported by modelling studies (Jiang et al., 2006; Xue et al., 2008; van

den Heever et al., 2011; Saleeby et al., 2015). Increases in peak precipitation

rates have, however, also been found (Saleeby et al., 2015; Seifert et al., 2015).

Increases in aerosol, and delayed onset of precipitation, may lead to convective in-

vigoration and deepening (Albrecht, 1993; Koren et al., 2014; Dagan & Chemke,

2016), with deeper warm clouds able to produce stronger precipitation rates.

Enhanced condensational latent heating due to the greater number of droplets

can lead to stronger vertical development (Lebo & Seinfeld, 2011; Koren et al.,

2014). Stevens and Feingold (2009) argue that a delay in the onset of precipita-

tion can allow more moisture to be transported to the cloud top, where increased

evaporation destabilises and supports the deepening of the cloud layer.

van den Heever et al. (2011) find that clouds in the different modes of tropi-

cal convection may respond quite differently to aerosol perturbations. They find
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that liquid water path and precipitation contributions from shallower clouds are

reduced with increased aerosol, while a mixed and opposite responses are found

for intermediate and deeper clouds. Despite significant responses of the differ-

ent modes, changes in domain-mean precipitation and cloud fraction are weak.

Similarly, Saleeby et al. (2015) find that increased aerosol leads to fewer shallow

cumuli and erosion of precipitating stratiform clouds, alongside the enhanced

development of deeper, more heavily-precipitating, cumuli.

Despite extensive research exploring the effects of aerosols on shallow clouds,

the majority of studies have focused on exploring the mean characteristics of

cloud populations. While this approach undoubtedly allows a great deal of insight

into aerosol-cloud interactions, several critical aspects are difficult to study in this

way. Most particularly is exploring how cloud lifetime is affected. Stevens and

Feingold (2009) note that investigation of the lifetime effect has led to many

distinct hypotheses that often have little to do with cloud lifetime as such. The

effects of aerosol on cloud lifetimes are often considered alongside changes in

cloud liquid water and cloudiness, with increases in liquid water and cloudiness

associated with longer lifetimes, and vice versa (Albrecht, 1989; Small et al.,

2009). Cloud lifetimes may be directly quantified, however, through the use

of tracking algorithms. An additional component of cloud responses to aerosol

that is difficult to explore with a domain- or population-mean approach is how

clouds with different characteristics are affected. It is possible to attribute, for

example, changes in vertical profiles of liquid water to low-level or higher-level

clouds, however this approach does not capture the life-cycle of these clouds.

Cloud-tracking algorithms allow individual clouds to be identified and tracked

over their lifetime, capturing their characteristics throughout their evolution.

Recently, increasing computational capabilities have facilitated the use of such

algorithms for larger populations of clouds. Cloud tracking has been used in a

number of studies (Heus & Seifert, 2013; Seifert et al., 2015; Heiblum et al., 2016;
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Heiblum et al., 2019; Sakradzija & Hohenegger, 2017; Igel, 2018) to investigate

properties of cloud fields such as cloud lifetimes and morphology, as well as the

evolution of processes such as precipitation.

Here, a cloud-tracking algorithm is applied to simulations of trade wind con-

vective clouds, to investigate the response of the cloud population to aerosol

perturbations. The simulations are carried out in a large domain, allowing the

analysis of the entire cloud field. Furthermore, the simulated domain is nested

in an external driving model, supplying time-varying boundary conditions and

large-scale forcing.

4.2 Methods

4.2.1 Model setup

The simulation setup presented here is also described in Spill et al. (2021). The

Met Office Unified Model (UM) is run in a nested configuration; the simulation

domain has open lateral boundaries, nested in a global driving configuration

of the UM (vn11.1, GA6.1), which supplies hourly boundary conditions and

is initialised from ERA Interim reanalysis (Dee et al., 2011). The simulation

domain is ∼500km × ∼500km, with a horizontal resolution of ∼500m × ∼500m,

and a stretched vertical coordinate system with 70 levels below 40km, 30 of which

are below 3km. A 3D Smagorinsky sub-grid turbulence scheme is employed in

the UM (Boutle et al., 2014), but no cloud or convection schemes are used in

these simulations.

The simulations are performed for a case study based on the Rain In Cumu-

lus over the Ocean (Rauber et al., 2007) (RICO) campaign. The simulations are

initialised for 00:00UTC 19 January 2005, and the domain is centred on 17.5◦N,

57◦W. The simulations are run for 96 hours, including a 12-hour spin-up. How-
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ever, due to the high-frequency time output that is required for cloud tracking,

the tracking is performed for just 12 hours (11:00-23:00UTC 22 January 2005),

during which simulation data is output at a frequency of 1 minute.

A double-moment microphysics scheme, CASIM (Shipway & Hill, 2012; Grosvenor

et al., 2017; Miltenberger et al., 2018b), is employed, with a droplet activation

scheme following Shipway (2015). A one-way coupling is used such that aerosols

affect droplet activation and are advected in the domain, but cloud processes

do not modify the aerosol population. Further, aerosols do not interact with

radiation via direct aerosol effects. Observations from RICO are used to provide

vertical profiles of Aitken and accumulation mode aerosol concentration (Spill et

al., 2019) for the baseline simulation, UM CASIM. These profiles are used to ini-

tialise the domain, as well as for lateral boundary conditions. The aerosol profiles

are increased by a factor of 10 for the perturbed simulation, UM CASIM x10.

4.2.2 Tracking

We employ the tobac (Tracking and Object-Based Analysis of Clouds) framework

(Heikenfeld et al., 2019). In this framework, clouds are initially detected by

applying a threshold to a 2D field, and individually labelling contiguous regions

where this threshold is exceeded. Heikenfeld et al. (2019) apply an updraught

speed threshold to identify the deep convective clouds that are their subject of

interest. For trade wind cloud fields, however, we are also interested in clouds

with weak updraughts, or that may be decaying, making updraught speed less

appropriate for identifying the features of interest. Here, then, we apply a liquid

water path (LWP) threshold of 20 g m−2 to detect a cloud, following Jiang et

al. (2010). Following this detection, 3D cloud volumes are determined using a

segmentation approach. 3D watershedding is applied surrounding columns that

meet the 2D LWP threshold to label voxels that exceed a liquid water content
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threshold of 0.01 g kg−1.

In order to produce cloud tracks, features in successive frames must be linked

and associated with one another. Tobac achieves this by projecting a new posi-

tion based on the velocity for previous frames, producing a search area around

this new position, and comparing the similarity of candidate features. Tobac of-

fers a number of options to define and restrict this area; here a maximum radius

of 1500 m is specified.

Tobac thus provides features identified in each frame of the simulation, and

these features are then labelled according to the track to which they belong. This

allows clouds to be analysed both over their tracked life-cycle, and as a snapshot

of the cloud at a given point in time.

This tracking approach has a number of limitations that are important to

note. Perhaps most significantly, it is not able to account for splitting and

merging of clouds, which may occur often (Heiblum et al., 2016). After such

events occur, only one track is continued from before the event, and either a new

track is started, in the case of a split, or one is ended, in the case of a merge.

This is important when considering the analysis of cloud lifetimes, as well as the

timing of processes relative to cloud lifetime. For splitting events, the new track

will not retain the history of the initial cloud, and it will begin with a cloud that

may already be developed. For merging events, however, one of the initial tracks

will end prematurely. In either case, it will not be possible to track the entire life

cycle of all clouds involved. Another limitation lies in the feature detection being

performed in 2D, which does not allow clouds in multiple layers in a column to

be identified. It is also worth noting that thresholds applied to perform tracking

are somewhat arbitrary. While some consensus exists in the literature, which can

aid making comparisons, there are often differences in both the methods, fields,

and the threshold values used to identify clouds that should be borne in mind
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Figure 4.1: Snapshots of liquid water path at different times in each simulation:

(a) UM CASIM, (b) UM CASIM x10.

(Jiang et al., 2010; Heus & Seifert, 2013; Heiblum et al., 2016; Heikenfeld et al.,

2019).

4.3 Results

Figure 4.1 shows snapshots of LWP at a number of times in each simulation,

and gives an impression of the spatial structure of the cloud field. The spatial

variability is clear, with large-scale patterns evident across the domain in both

simulations. Also clear is the diversity in the clouds present, which Spill et al.

(2021) note is a characteristic point of difference between realistic and idealised

simulations of trade wind cloud fields.

Some illustrative examples of tracked clouds are shown in figure 4.2. Figure

4.2 (a) shows 5000 tracks from the UM CASIM simulation, while 4.2 (b) shows

the features identified in a single frame. The variation in the tracks across the
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Figure 4.2: Illustrative examples of tracks and tracked clouds in the UM CASIM

simulation. (a) shows 5000 tracks from the UM CASIM simulation. (b) shows

examples of identified features in a single frame. Colours are arbitrary.

domain (figure 4.2 (a)) is indicative of the influence and spacing variability of

the large-scale forcing. Comparing figure 4.2 (b) and figure 4.1, it is clear that

the tracking algorithm does not identify all potential cloud features, due to the

applied thresholds discussed in the previous section. Nevertheless, the algorithm

does detect features that appear to have a range of different sizes and morpholo-

gies. In the UM CASIM simulation, a total of 322,365 individual features are

identified across all frames, with these features corresponding to 26,911 tracked

clouds. The UM CASIM x10 simulation has 269,539 features, with 24,422 tracks.

Histograms in figure 4.3 show the statistics of a number of cloud proper-

ties. Cloud lifetime is defined as the duration for which a cloud is identified

and tracked, and is dominated by short-lived clouds. Similarly, examining the

baseline simulation, UM CASIM, shows that low liquid water paths and small-

area clouds are also the most common. Cloud tops between around 1.5km and

3km are the most frequently occurring, but a significant number have higher top

heights reaching to around 6km in UM CASIM. Figure 4.3 shows that clouds in
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the perturbed and unperturbed simulations are largely quite similar. However,

there are several noteworthy differences. While for both simulations the cloud

population is dominated by low-LWP clouds, UM CASIM x10 shows a relative

increase in the number of high-LWP clouds (figure 4.3 (b)). Additionally, there

are increases in the number of clouds with greater top heights (figure 4.3 (d)),

and greater depths (figure 4.3 (e)). It is also interesting to note that there is also

an increase in the number of clouds with higher base heights in the perturbed

simulation (figure 4.3 (f)), which may be remnants of deeper clouds. Figure 4.3

(a) shows that many tracked clouds have lifetimes that are much longer than

might typically be expected for shallow cumuli. As the tracking and feature

identification is performed using liquid water, some of these longer-lived tracks

may be following the entire cloud life-cycle, during which they are not likely to

be continuously convectively active. Merging clouds may also contribute to the

tail of longer lifetimes. It is also likely due in part to the presence of other types

of cloud in the domain, including deeper cumuli and larger stratiform clouds.

Evidence of these stratiform clouds is also clear in figure 4.3, which shows that

large-area clouds are not uncommon, despite smaller clouds dominating by num-

ber. It is particularly interesting to note that figure 4.3 (a) shows very little

change in cloud lifetimes with increased aerosol.

Figure 4.4 shows some of the precipitation characteristics of the cloud pop-

ulation. We focus our analysis of precipitation on cloud-base precipitation rate,

in order to more closely follow the changes to the tracked clouds, by reducing

the influence of evaporation of rain below the cloud base on the analysis. Unless

otherwise specified, precipitation rate herein refers to that at the cloud-base.

Figure 4.4 (a) shows that both the perturbed and unperturbed simulations pro-

duce markedly similar precipitation rates, albeit with UM CASIM x10 showing

a slight decrease in the frequency of intermediate intensity precipitation. In

both simulations, weak precipitation rates are by far the most common. Joint
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Figure 4.3: Histograms of (a) lifetime, (b) liquid water path, (c) area, (d) cloud

top height, (e) cloud base height, and (f) cloud depth.

histograms of precipitation rate and cloud depth show, as expected, that precip-

itation rates increase with cloud depth in general. However, the deepest clouds

in UM CASIM x10 do not produce the strongest precipitation.

The most significant difference between the perturbed an unperturbed simu-

lations may be seen in figure 4.4 (d-f). In figure 4.4 (d) histograms are shown of

the time of the onset of precipitation. This is the amount of time after a cloud

is first tracked before it begins to produce a non-zero precipitation rate. The

perturbed simulation has an extremely clear increase in the number of tracks

with delayed onset of precipitation. The joint histograms in figure 4.4 (e-f) of

onset of precipitation and cloud depth at this time show that this is most clear

for shallower clouds. Clouds that are deeper when first detected by the tracking

algorithm, however, tend to produce precipitation very early on. Due to the lim-

itations of the tracking algorithm, for instance in treating splitting and merging
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Figure 4.4: (a) Histograms of precipitation rate. (b, c) Joint histograms of

precipitation rate and cloud depth for each simulation. (d) Histograms of time

along track of the onset of precipitation. (e, f) joint histograms of time of onset of

precipitation and cloud depth at the onset of precipitation. Onset of precipitation

is defined as the first time at which a tracked cloud has a non-zero cloud-base

precipitation rate.
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events, some clouds are already quite developed, and may be precipitating, at

the beginning of the track. For such cases, it is difficult to determine how onset

of precipitation may have been affected by the aerosol perturbation. Given the

large number of clouds and tracks, however, the number of these instances is

relatively small.

Thus far we have considered the tracked cloud population in its entirety.

However, as discussed, trade wind clouds fields are often composed of clouds

with quite different characteristics, such as shallow cumuli, cumuli congestus, and

stratiform clouds. Furthermore, these clouds may respond differently to aerosol

perturbations. It is therefore useful to define a number of clusters, allowing

the separate analysis of different cloud types. Given that our main interest

is in convective clouds, we define a large-area cluster, cluster 0, to separate

larger, stratiform-type clouds. We then define three further clusters: cluster 1 for

shallow clouds with weak updraughts, cluster 2 for shallow clouds with stronger

updraughts, and cluster 3 for deeper congestus clouds. Shallower convective

clouds in clusters 1 and 2 are distinguished by a threshold of 3 m s−1 for the

maximum updraught speed attained over the cloud’s track. We follow a similar

approach to Johnson et al. (1999) and Hohenegger and Stevens (2013) for defining

congestus clouds. Hohenegger and Stevens (2013) define congestus as having top

heights between 4 km and 9 km. However, it is possible for clouds to have varying

base heights, and so we instead define congestus using cloud depth. The majority

of clouds in the simulations have bases around 500 m, and so the cloud depth

threshold applied is 3.5 km. The clusters and thresholds used to define them are

summarised below.

• Cluster 0

– maximum area > 1× 109 m2

• Cluster 1
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Figure 4.5: Timeseries of the total number of tracked clouds, and the number

of tracked clouds in each cluster. Solid lines correspond to UM CASIM, dotted

lines to UM CASIM x10.

– maximum area < 1× 109 m2

– maximum cloud depth < 3500 m

– maximum updraught speed < 3 m s−1

• Cluster 2

– maximum area < 1× 109 m2

– maximum cloud depth < 3500 m

– maximum updraught speed > 3 m s−1

• Cluster 3

– maximum area < 1× 109 m2

– maximum cloud depth > 3500 m

Figure 4.5 shows timeseries of the total number of tracked clouds, and the

number of clouds in each cluster. Of note is the reduction in the number of

clouds with increased aerosol. This change appears to be due to reductions in

the number of clouds in clusters 1 and 2, the shallow cumuli, which are the
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Figure 4.6: Histograms of maximum cloud top height (top row), minimum cloud

base height (middle row), and maximum cloud depth (bottom row) for each

cluster, arranged by column.

most frequently occurring. Cluster 3, the deeper congestus cluster, and cluster

0, the large-area cluster, account for a very small proportion of the total number

of clouds. Further, there is little change in their numbers under the aerosol

perturbation, with only a very small absolute decrease discernible for cluster 3.

Figure 4.6 shows details of the maximum top heights, minimum base heights,

and maximum depths, for clouds in each of the clusters. There are few differences

in the maximum cloud top heights (figure 4.6 top row) in clusters 1 and 2 between

the perturbed and unperturbed simulations. For cluster 3, however, there is an

increase in the number of clouds reaching greater heights, as well as an increase

96



in the maximum height reached. This is also reflected in the maximum depths

achieved (figure 4.6 bottom row). The stronger-updraught clusters, 2 and 3, have

cloud bases that are reasonably well confined to lower heights (figure 4.6 middle

row). In contrast, cluster 1 displays cloud bases varying across a wide range.

Cluster 0, the large-area cluster, has clouds with both low and high maximum

top-heights and depths. In figure 4.7 we also see that high updraught speeds are

reached. It is possible, then, that these clouds have not been tracked correctly,

potentially due to difficulties in separating contiguous cloudy regions that may

be more properly considered separately as congestus and stratiform. Some of

these clouds may be congesutus that are embedded in a wider cloud deck. Close

inspection of the characteristics of these clouds is indicative of this; with mean

characteristics, such as mean precipitation rate, suggesting a stratiform type, and

maxima that more closely resemble congestus. These instances are, however, still

rare, and should not affect the interpretation of the analysis of the other clusters.

The histograms in figure 4.7 show more details of the clusters’ characteristics.

Cluster 0 shows the most pronounced dominance of shorter cloud lifetimes (fig-

ure 4.7 top row). Longer-lived clouds are more common in clusters 2 and 3, with

stronger convection. Little difference in lifetimes can be discerned between the

perturbed and unperturbed simulations. Stronger convection in clusters 2 and 3

is also apparent in the maximum updraught speeds (figure 4.7 middle row), with

greater speeds reached in the deeper clouds of cluster 3 than in cluster 2. Again,

there is relatively little difference between the perturbed and unperturbed simu-

lations for clusters 1, 2, and 3. There is a notable presence of greater updraught

speeds reached in cluster 0 in UM CASIM x10, however. In the bottom row of

figure 4.7, histograms of clouds’ nearest neighbour distance give an indication of

the cloud field dynamics. Close neighbours are the most common for each cluster,

other than cluster 0. Slight increases in the frequency of farther neighbours are
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Figure 4.7: Histograms of cloud lifetime (top row), maximum updraught speed

(middle row), and nearest neighbour distance (bottom row) for each cluster,

arranged by column.

seen with increased aerosol, possibly due to the reduction in the total number of

clouds. These are still, however, dominated by clouds with nearby neighbours.

The precipitation characteristics of the clusters are shown in figure 4.8. The

shallow, weaker-updraught, clouds in cluster 1 produce only weak precipitation.

Higher mean precipitation rates are achieved by the stronger-updraught in clus-

ter 2, and deeper clouds in cluster 3. The middle row of figure 4.8 shows the

maximum column precipitation rate rate reached for a tracked cloud. As might

be expected, the highest precipitation rates are found for clouds in cluster 3.

However, due to their greater prevalence, the precipitating shallow cumuli of
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Figure 4.8: Histograms of sub-cloud precipitation rate (top row), maximum

single-column sub-cloud precipitation rate along track (middle row), and time

of onset of precipitation (bottom row) for each cluster, arranged by column.

cluster 2 produce a greater frequency of intermediate precipitation rates. Clus-

ter 2 also seems to show the greatest response to the increase in aerosol, with

reduced occurrences of stronger mean and maximum precipitation. As before,

the histograms of the time of onset of precipitation in the bottom row of figure

4.8 show the most stark difference between the perturbed and unperturbed sim-

ulations. For all clusters, the increase in aerosol leads to a delay in the onset of

precipitation. Cluster 1 is also most strongly affected in this regard. The deeper

clouds in cluster 3, however, are much less affected.

Precipitation efficiency is a measure of how effectively a cloud converts con-
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Figure 4.9: Histograms of precipitation efficiency for each cluster, arranged by

column.

densed water into precipitation. Specific definitions of precipitation efficiency

vary, depending on the perspective of the study. For example, it may defined

in the large-scale as a ratio of surface precipitation rate and the sum of surface

vapour convergence and evaporation (Tao et al., 2004; Sui et al., 2005). Mi-

crophysical definitions may use the ratio of precipitation to the sum of vapour

condensation and evaporation rates, or even the ratio of hydrometeor masses

(Sui et al., 2005; Sui et al., 2007).

While precipitation efficiency is often defined using surface precipitation, here

we will continue to focus on sub-cloud precipitation, and use this in our calcu-

lation. Further, we employ a similar approach to Jiang et al. (2010), who use

maximum values of liquid water path and precipitation rate in their calculations

of precipitation susceptibility, allowing a greater range of values to be consid-

ered. Condensation is calculated by summing maximum precipitation and the

change in maximum cloud liquid water path. Precipitation efficiency is then the

ratio of accumulated precipitation to accumulated condensation, where both are

accumulated over the cloud’s tracked lifetime.

The histograms of precipitation efficiency for each cluster in figure 4.9 show

that the clouds in clusters 2 and 3 produce relatively more instances of higher

precipitation efficiency. For cluster 1, very low precipitation efficiencies are dom-

inant. Increasing aerosol appears to have the strongest effect on the clouds in
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Figure 4.10: Mean precipitation efficiency calculated for all clouds, and for each

cluster.

cluster 2, with a reduction in the number of clouds with higher efficiencies. Higher

efficiencies also become less common for cluster 1. The deeper clouds in cluster

3 appear less affected by the perturbation. This is also clear from the mean

precipitation efficiencies for the clusters, shown in figure 4.10. The mean value

for cluster 1 is also not significantly reduced, as for both simulations it is dom-

inated by low values. Cluster 2, shallow clouds with stronger updraughts, are

most affected by the increase in aerosol. However, due to the cloud population

itself being dominated by clouds in cluster 1, the impact on mean precipitation

efficiency across all clouds is a relatively small reduction.

The probability of precipitation is a measure of the proportion of clouds

that produce precipitation. It is calculated as the ratio of precipitating clouds

to the total number of clouds. Two sets of probabilities are shown in figure

4.11. In figure 4.11 (a), the probability of precipitation is calculated using all

individual clouds identified by the tracking algorithm, while in figure 4.11 (b)

it is calculated for cloud tracks. Both show that increasing aerosol reduces the

probability of precipitation. For individual clouds at a given time, this is most

pronounced for clusters 1 and 2. However, when calculated over cloud tracks,
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Figure 4.11: Probability of precipitation for (a) all cloud features across all times,

and (b) for all cloud tracks. Probabilities are shown for features and tracks in

each cluster, and in total.

the reduction for cluster 2 is smaller. A similar result is clear for cluster 3,

and also for cluster 0. Increasing aerosol is therefore leading to less frequent

precipitation, but not necessarily preventing clouds from precipitating altogether.

However, as has already been noted for the precipitation efficiency, the behaviour

of cluster 1 dominates the mean response across all clouds and tracks. In this

mean, an increase in aerosol leads to a significant decrease in the probability of

precipitation.

One of the most significant rapid adjustments of clouds to changes in aerosol

is how the cloud droplet number concentration, and thus cloud albedo, is affected.

Cloud albedo and cloud fraction determine the amount of shortwave radiation

that clouds reflect, and are therefore of great importance in understanding the

forcing associated with aerosol-cloud interactions. Seifert and Heus (2013) define

a synthetic cloud albedo, Ac:

Ac =
τ

6.8 + τ
, (4.1)

where τ is an estimate of the cloud optical depth as a function of liquid water

102



Figure 4.12: Histograms of cloud albedo for each cluster, and for all clouds.

path (LWP ) and cloud droplet number concentration (Nd) (Zhang et al., 2005),

given by

τ = 0.19LWP
5
6N

1
3
d . (4.2)

Figure 4.12 shows histograms of the albedos of clouds in each cluster, and

all clouds. Clear decreases in the frequency of lower-albedo clouds are seen

with increased aerosol. In order to understand the impact that this may have

for the domain as a whole, we also need to understand how the mean albedo

changes, and how the cloud areas and cloud fraction change. In figure 4.13 we

show timeseries of the difference in mean cloud albedo, cloud fraction, and scene

albedo, between the perturbed and unperturbed simulations. These are shown

for each cluster, and for all clouds. Cloud fraction is calculated by summing the

areas of individual clouds, and taking the ratio with the domain area. Scene

albedo is calculated using

Ascene =
1

atot

(∑
i

aiAci

)
− (1− C)Ab (4.3)

where atot is the domain area, ai are individual cloud areas, Aci are individ-

ual cloud albedos, C is the domain cloud fraction, and Ab is the background
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albedo. This is set to 0.05, as an estimate of the albedo of the sea surface for

high zenith angles, following Seifert et al. (2015). It is important to note here

that cloud fraction, which is given by the ratio of the total cloud area to the

domain area, depends on the detection of clouds by the tracking algorithm. The

application of the tracking, as discussed, will not detect all clouds in the do-

main. The cloud fraction calculated here will thus be an underestimate of the

true value. We should therefore be cautious in interpreting the findings based

on this. Koren et al. (2008) note the importance of the smallest clouds in de-

termining the total reflectance in satellite observations of shallow cloud fields.

Nevertheless, the algorithm identifies a large number of clouds, and it is inter-

esting to understand the impact that changes to these clouds may have on the

domain scene albedo. In figure 4.13 (a), we see that the mean cloud albedo is

consistently higher in the perturbed simulation. The cloud fraction in figure 4.13

(b) is, on the whole, largely unchanged under the aerosol perturbation, except for

an interval of around 2h in the middle of the analysed period, during which it is

decreased. Changes in individual clusters’ contribution to the cloud fraction are

mostly noisy, however there is a notable decrease for cluster 2, and an increase for

cluster 0 towards the end of the period. Changes in scene albedo (figure 4.13 (c))

appear to be largely driven by changes in cloud fraction. In particular, a decrease

in scene albedo in the middle of the period following the decrease in cluster 2’s

cloud fraction, and an increase towards the end following the increase in cluster

0. The large-area clouds are unsurprisingly extremely important in determin-

ing the albedo characteristics of the domain. However, the small reduction in

cloud fraction during times when the domain is mostly populated by cumuliform

clouds, possibly due to the reduction in the number of clouds, is significant. The

mean change in scene albedo is a decrease of 0.6% with the increase in aerosol.

Small changes in cloud fraction thus appear to offset the increase in albedo due

to increased droplet number. However, without more complete information re-
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Figure 4.13: Timeseries of the relative change ((UM CASIM x10 − UM -

CASIM)/UM CASIM) in (a) cloud albedo, (b) cloud fraction, and (c) scene

albedo. Timeseries are shown for all clouds and for each cluster.

garding the total contribution of clouds to the scene albedo, an estimate of the

forcing due to this change is difficult to make.

It is worth considering figure 4.5 again, in the context of the cloud fraction

shown in figure 4.13 (b). Fewer clouds, but with a relatively similar cloud frac-

tion, suggests a tendency towards clouds with larger areas, which may be linked

to increased vertical development. However, as noted already, the contributions

of individual clusters to changes in the total cloud fraction are quite noisy.

4.4 Discussion

We have presented simulations of trade wind convective clouds under different

aerosol loadings, which are analysed using a cloud tracking algorithm. This al-
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lows the cloud population to be decomposed into several clusters. These clusters

are simply defined, in order to represent cloud types that may be familiar: shallow

cumuli with weak updraughts, shallow cumuli with stronger updraughts, deeper

cumuli congestus, and a cluster of large-area, potentially stratiform clouds. This

approach is taken in order to understand the differing impacts of increased aerosol

on the different cloud types.

Shallow cumuli are by far the most frequently occurring clouds in the simu-

lations, with more weakly-updraught clouds. We find that an increase in aerosol

leads to a decrease in the number of clouds identified by the tracking algorithm.

This decrease is most prominent for the shallow cumuli with stronger updraughts.

This finding is in agreement with Saleeby et al. (2015), who also find a reduction

in the number of low-level cumuli with increased aerosol concentrations.

Increasing aerosol leads to an increase in the occurrence of higher liquid water

paths, as well as cloud depths and cloud top heights. Analysis of the individual

clusters shows that this increase in cloud depth is primarily a result of deepening

congestus clouds, that penetrate the trade inversion base and marine boundary

layer. Similar responses of congestus clouds deepening with increasing aerosol

have been shown previously (van den Heever et al., 2011; Saleeby et al., 2015;

Sheffield et al., 2015).

Cloud lifetimes show very little change with increased aerosol. This contrasts

with the findings of Christensen et al. (2020), who employ a Lagrangian frame-

work to investigate cloud lifetimes along stratus-to-cumulus transitions, finding

that increased aerosol leads to longer lifetimes. Such differing results are indica-

tive of the importance of cloud-type and regime in determining the impact of

changing aerosol on clouds.

All clouds show a notable delay in the onset of precipitation with increased

aerosol, though this is most pronounced for the stronger-updraught shallow cu-

muli. Precipitation efficiency is also most strongly affected for these clouds.
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Analysis of the probability of precipitation reveals interesting differences be-

tween the cloud types. Under an increase in aerosol, shallow cumuli with weak

updraughts, which typically produce weak precipitation, are much less likely to

precipitate, and this behaviour dominates the mean for all cloud types. When

the probability of precipitation is calculated for all detected clouds in a cluster,

a reduction is also clear for the clouds with stronger updraughts. However, when

calculated for clouds over their tracked lifetime, the decrease is smaller for these

clouds, and no decrease is found for congestus clouds. While the onset of pre-

cipitation may be delayed in these clouds, it is not entirely suppressed. There

is no indication that this delay leads to higher peak precipitation rates, as has

been suggested for surface precipitation rates by a number of studies (Stevens &

Feingold, 2009; Seifert et al., 2015; Saleeby et al., 2015).

Previous studies have discussed non-monotonic effects of aerosol on convective

clouds (Dagan et al., 2017; Liu et al., 2019). While this can be considered

as a function of aerosol concentration, it can also be considered in terms of

cloud development. Here, we find that small, shallow clouds are suppressed by

increased aerosol concentrations, while congestus clouds, in contrast, become

deeper. The aerosol effect can then be considered non-monotonic in terms of

cloud characteristics, rather than as a function of the aerosol loading itself.

The impact of higher aerosol concentrations on cloud albedo is of great inter-

est. All clouds show an increase in albedo with increased aerosol, as a result of

both higher cloud droplet number concentration and liquid water path. However,

small changes in cloud fraction lead to a decrease, on average, of the scene albedo

during the analysed period, which would imply a positive radiative forcing. The

impact of changing aerosol on scene albedo is likely to be highly dependent on

the composition and characteristic lifetime of the cloud field, due to the differing

responses of different cloud types. Thus, a robust estimate of forcing is difficult
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to make due to limitations of the tracking algorithm, and the short time period

analysed.

Spill et al. (2021) argue that realistic and idealised simulations of trade wind

clouds produce significantly different cloud fields, as well as different responses

to increased aerosol concentration. A notable aspect of the differing cloud fields

is the variability and diversity of the cloud population. Here, tracking individual

clouds allows detailed investigation of the different components of the cloud field.

We have shown that, within trade wind cloud fields that consist predominantly

of shallow cumuli, the varied cloud population responds differently to aerosol

perturbations. The shallowest clouds become less common, and are less likely to

produce precipitation. In contrast, there is an increase in the number of deeper

precipitating cumuli congestus, though these clouds do experience a delay in

the onset of precipitation. As noted by Dagan et al. (2018a), the characteristic

lifetime of these cloud fields is less than 12 hours, and their composition can

be highly diverse (Nuijens et al., 2014; Vial et al., 2019). It is thus extremely

important to consider the variability in the composition of trade wind cloud fields

when considering the impact of aerosol perturbations.
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Chapter 5

Conclusions

Clouds are self-evidently significant components of the Earth’s atmosphere and

climate system. Their interactions with aerosols, which are themselves another

key component of the atmosphere, have been the subject of intense study for

many years, with early work still serving as the foundation for modern research

(Twomey, 1977; Albrecht, 1989). Yet, aerosol-cloud interactions are still one

of the most significant sources of uncertainty in anthropogenic radiative forcing

(Boucher et al., 2013a; Myhre et al., 2013). Shallow convective clouds in trade

wind regions over the Earth’s oceans are the most commonly occurring clouds in

the atmosphere, and as such play key roles in the climate system; transporting

heat and moisture, and reflecting short wave radiation. Furthermore, they are a

key element of improving our understanding of the atmosphere and climate due

to the high uncertainties in their behaviour, and their large contribution to the

uncertainty associated with aerosol-cloud interactions. These large uncertainties

reflect the complexity and variety of the processes via which clouds and aerosols

may affect one another, and the range of scales on which such processes occur.

With the intense study of clouds and aerosols have come many different, and

often conflicting, hypotheses regarding the effects of aerosol on shallow clouds

(Albrecht, 1989; Small et al., 2009; Stevens & Feingold, 2009; Koren et al., 2014;
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Seifert et al., 2015; Dagan et al., 2018a). The interactions between aerosol and

shallow clouds thus remain poorly understood, and it is these interactions that

are the subject of this thesis.

In this concluding chapter the findings of the previous chapters will be sum-

marised, and their collective implications will be explored. Questions arising

from the work in this thesis will also be discussed, along with potential avenues

for further research.

In Chapter 2, simulations of shallow cumuli were performed using a large

domain and high spatial resolution, in order to explore the effects of aerosol on

an entire shallow convective cloud field. Previously, modelling studies of shallow

convection and aerosol have been limited due to computational constraints; ei-

ther resolving shallow convection with high spatial resolution and being limited

to small domains of tens of km, or relying upon parameterisations of convection

for large, even global, domains. However, the importance of the large-scale be-

haviour of shallow cloud fields has also become clear (Wood & Hartmann, 2006;

Seifert et al., 2015; Bretherton & Blossey, 2017; Dagan et al., 2018a). The sim-

ulations in Chapter 2 were performed using the Met Office Unified Model, along

with a 500km domain, 500m horizontal resolution, and were based on a case study

from the RICO field campaign. A two-moment microphysics scheme, CASIM,

was used, and simulations were run with perturbed aerosol concentrations. The

analysis found several elements of the response to increasing aerosol that were

consistent with existing research. Namely, with increased aerosol there were in-

creases in cloud liquid water path, maximum updraught speeds, and cloud top

heights. Convective invigoration and deepening in response to increased aerosol

has been demonstrated a number of times (Kaufman et al., 2005; Koren et al.,

2014; Seifert et al., 2015; Saleeby et al., 2015; Dagan et al., 2017). However, the

analysis in Chapter 2 did not find that this led to a significant increase in the

occurrence of higher precipitation rates, as has been found previously (Seifert et
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al., 2015; Saleeby et al., 2015). Furthermore, the analysis showed that increased

aerosol led to persistent changes in domain-mean precipitation and liquid water

path, in contrast to the very small domain-mean effects found by others (van

den Heever et al., 2011; Seifert et al., 2015; Yamaguchi et al., 2019). Some have

argued that increased aerosol may also lead to significant effects on the thermo-

dynamic evolution of the clouds’ environment (Stevens & Feingold, 2009; Lee

et al., 2012; Seifert et al., 2015). The simulations in Chapter 2, however, found

no such change, with similar domain-mean thermodynamic evolution under all

aerosol concentrations. The quasi-equilibrium cloud fields found by several stud-

ies (Lee et al., 2012; Seifert et al., 2015; Yamaguchi et al., 2019) are also not

seen.

A significant difference between the simulations presented in Chapter 2 and

those in most existing research lies in the approach to domain boundary condi-

tions and large-scale forcing. Large-eddy simulations typically employ doubly-

periodic lateral boundary conditions, with large-scale forcing given by constant

tendencies of temperature and moisture, and imposed subsidence. The nested

UM domain, in contrast, has open boundaries, and has time-varying large-scale

forcing due to the external driving model. Based on the findings in Chapter 2, it

was hypothesised that these differences in simulation approaches are responsible

for the different responses to aerosol perturbations. This hypothesis served as

the motivation for Chapter 3.

Chapter 3 investigates the effects of aerosol on trade wind convective clouds

in simulations with differing approaches to boundary conditions and large-scale

forcing, and explores the significance of these differences in influencing the effects.

The RICO campaign was again used as a basis for a case study, with baseline and

perturbed aerosol concentrations. In order to test the hypothesis that different

simulation approaches lead to different responses to aerosol perturbations, the

same model, the UM, was used in different configurations. One configuration
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used the open lateral boundaries, and external driving model, as employed in

Chapter 2. The other main configuration used the approach that has typically

been employed in large eddy simulations of shallow convection. That is, the

lateral boundaries were doubly-periodic, and constant tendencies of temperature

and moisture were prescribed to represent the large-scale forcing. These setups

are referred to as ‘realistic’ and ‘idealised’, respectively, due to these distinctions.

Again, large domains of 500km with 500m resolution were used for the realistic

simulations, and for two of the three idealised configurations. Three idealised

configurations were used: one did not use a radiation scheme, relying only on

prescribed tendencies to represent radiative cooling, while a radiation scheme

was included in the two others. The third used a smaller domain of 100km, and

a higher horizontal resolution of 100m, compared to 500m in the 500km domain.

These configurations were designed to provide different degrees of realism, and

to reflect those that have been used in existing studies. Radiation schemes are

often not employed in LES, though radiative cooling is an important component

of the thermodynamic evolution of a domain (Guichard & Couvreux, 2017). A

smaller domain simulation with higher resolution allowed an additional point of

comparison with existing LES studies using finer horizontal grids.

The differences between the cloud fields and response to aerosol perturba-

tions for the simulation approaches are striking. On large scales, the idealised

and realistic simulations produce very different cloud fields, with far more struc-

ture and large-scale features evident in the realistic simulations, in contrast to

the more uniform cloud fields in the idealised simulations. The behaviour of the

idealised cloud fields in this respect is consistent with findings of existing stud-

ies, with some large-scale structure emerging later in the simulations (Seifert

et al., 2015). The realistic and idealised simulations also exhibited markedly

different responses to increased aerosol concentrations. In the domain-mean, of

particular note is the resiliency of the cloud fraction in the realistic simulations,
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in contrast to the increases seen in the idealised simulations. Analysis of the

vertical structure of liquid water and updraught speeds further highlighted the

differences between the approaches. Stronger deepening and invigoration with

increased aerosol were both clear in all of the idealised simulations, compared to

the realistic simulations. The analysis also showed that low cloud-fraction parts

of the cloud field in the realistic simulation responded similarly, though still more

weakly, to the increase in aerosol, compared to the idealised cloud fields.

One of the most dramatic differences between the realistic and idealised sim-

ulations lies in their thermodynamic evolution. Under the increase in aerosol,

the idealised simulations show increases in cooling and moisture at the top of the

cloud layer. In contrast, the thermodynamic evolution of the realistic simulations

is almost entirely unchanged by the aerosol perturbation. Under the mechanism

of buffering by convective deepening and invigoration described by Stevens and

Feingold (2009), a delay in the onset of precipitation may allow more moisture

to be lofted to the cloud top, leading to increased cooling due to evaporation,

and enhanced vertical development. Additionally, increased aerosol may allow

more water to be condensed, also enhancing vertical development (Lebo & Sein-

feld, 2011; Koren et al., 2014). Thus, the differing thermodynamic responses are

as may be expected given the degree of convective deepening and invigoration

seen for the two approaches. In the idealised simulations, the enhanced cooling

and lofting of moisture to the cloud top, and strong convective deepening and

invigoration, is in keeping with the buffering mechanism described by Stevens

and Feingold (2009), whereas a weaker thermodynamic response is seen in the

realistic simulations along with weaker deepening.

The findings of Chapter 3 show that the time-varying large-scale forcing, and

open lateral boundaries, in the more realistic simulations lead to a significantly

different response to aerosol perturbations, compared to the fixed forcing and
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periodic boundaries of the idealised simulations. This supports the finding of Da-

gan et al. (2018a), who show that the characteristic lifetime of shallow convective

cloud fields is much shorter than the time taken to reach the quasi-equilibrium

state described by a number of other studies (Lee et al., 2012; Seifert et al.,

2015; Yamaguchi et al., 2019). Future research must therefore consider carefully

the representation of large-scale forcing when interpreting model simulations of

aerosol effects on shallow convective cloud fields. That some components of the

realistic cloud field showed a similar structure of response to the aerosol pertur-

bation compared to the idealised cloud fields, suggests that understanding the

variability in the cloud population is also of great importance to understand the

effects of changes in aerosol. Indeed, the diversity of trade wind cloud fields has

been noted previously (Nuijens et al., 2014; Vial et al., 2019), and several stud-

ies have found that different modes of trade wind convection, including shallow

cumulus and cumulus congestus, may respond differently to aerosol (van den

Heever et al., 2011; Saleeby et al., 2015; Seifert et al., 2015).

Chapter 4 explores in detail the properties and life-cycle of individual clouds

in trade wind cloud fields, investigating how different components of the cloud

population respond to changes in aerosol. The application of a cloud tracking

algorithm allows such a detailed analysis of a short period of the realistic simu-

lations first presented in Chapter 3. The cloud tracking allows the analysis to be

carried out using properties of individual clouds, rather than of the cloud field as

a whole. The analysis reveals that many aspects of the clouds’ characteristics are

similar under increased aerosol, though there are increases in the occurrence of

higher liquid water paths, cloud top heights, and cloud depths. The most strik-

ing difference is the significant delay in the onset of precipitation. Clustering

the cloud population with simple thresholds on cloud depth, updraught speed,

and area, allows separate investigation of different components of the cloud field,
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such as weakly-convective shallow cumuli, more strongly-convective shallow cu-

muli, deeper cumuli congestus, and large-area stratiform clouds. Shallow cumuli

are by far the most dominant by number, with more weakly-convective clouds

identified. The tracking also finds that the number of clouds is notably reduced

with increased aerosol, with most of this reduction from shallow cumuli, partic-

ularly the more strongly-convective shallow cumuli. This is in agreement with

previous findings (van den Heever et al., 2011; Saleeby et al., 2015). Analysis of

the individual clusters also supports existing suggestions that congestus clouds

are the most likely to deepen in response to increased aerosol, but does not show

an increase in the occurrence of higher peak precipitation rates for these clouds

(van den Heever et al., 2011; Saleeby et al., 2015; Seifert et al., 2015). The delay

in the onset of precipitation with increased aerosol is clear for all clouds, most

notably the more strongly-convective shallow cumuli. An interesting difference

in the behaviour between clouds can be seen in the probability of precipitation.

Weakly-convective clouds are less likely to produce precipitation under higher

aerosol conditions, while the more strongly convective clouds, especially conges-

tus, remain likely to precipitate at some point during their lifetime, even if it is

delayed. Analysis of the changes in cloud and scene albedo shows that, while

aerosol may lead to increases in cloud albedo, small changes in cloud fraction are

hugely important in determining the change in scene albedo.

This thesis has investigated several questions surrounding the effects of aerosol

on shallow convective cloud fields. A number of key themes have emerged from

the analyses that have been presented, with interesting comparisons with ex-

isting research. Chapters 2 and 3 demonstrated that large-domain simulations

of trade wind cloud fields exhibit a response to aerosol that differs from many

existing studies making use of smaller domains. Chapter 3 extends this, pos-

tulating that these differing responses to aerosol perturbations are a result of
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differing approaches in idealised and realistic model setups. Large-domain simu-

lations with a realistic setup also produce cloud fields with greater structure and

diversity in the cloud population. The significance of this diverse cloud popu-

lation is emphasised in Chapter 4. Detailed analysis using a tracking algorithm

demonstrates that clouds with different characteristics respond differently to in-

creases in aerosol; the weakest convective clouds are reduced in number with

increased aerosol concentrations, while cumuli congestus may become deeper.

Furthermore, in order to make robust estimates of the radiative forcing due to

aerosol perturbations, it is necessary to combine information about the cloud

field composition with an understanding of how each component is affected.

The analyses in this thesis give rise to a number of further questions. One

avenue stems from the findings of Chapter 3; that different representations of

boundary conditions and large-scale forcing can lead to dramatically different

responses of the cloud field. This naturally leads to the question of how this

behaviour may vary under different large-scale forcing. Dagan and Stier (2020)

begin to explore this with an ensemble of simulations based on the NARVAL cam-

paign, though with perturbations of cloud droplet number concentration rather

than aerosol, and with a relatively coarse resolution of 1200m. The NARVAL and

EUREC4A campaigns offer a wealth of possibilities for extending the case-study

analysis presented in this thesis; exploring not only different large-scale forcings,

but also a wider range of examples of trade wind cloud fields.

The effects of atmospheric aerosol on clouds due their role as CCN are me-

diated by a range of microphysical processes, through which aerosols and clouds

may each affect one another. In this thesis, the representation of microphysics has

focused on a one-way coupling between aerosols and clouds; that is, changes in

the aerosol population affect clouds, but cloud processes do not affect the aerosol

population. This is evidently a limited representation, and a more detailed treat-

ment that includes, for example, the removal of aerosol by precipitation, would
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undoubtedly be of value. Further, the mechanisms through which increases in

aerosol may drive convective deepening and invigoration depend on enhanced

condensation, cloud-top evaporation, and changes in precipitation. A detailed

analysis of microphysical process rates in clouds subject to different large-scale

forcings may shed further light on how processes across scales are coupled. It

could also explore how changes in process rates under aerosol perturbations dif-

fer for different components of the cloud population. This analysis could be

supported through the use of the tracking algorithm employed in Chapter 4.

The tracking algorithm also opens a number of exciting possibilities to in-

vestigate changes in the cloud field dynamics. Mesoscale organisation of shallow

cloud fields has been shown to be an important characteristic (Dagan et al.,

2018b; Rasp et al., 2020; Stevens et al., 2020; Denby, 2020), and may be affected

by changes in the number, size, and spacing of clouds. Improving tracking algo-

rithms, and developing understanding of how choices in identification thresholds

affect tracking analyses would allow even more comprehensive study of cloud

field dynamics. Further, changes in the timing of precipitation processes could

impact cold pool dynamics, that are also a central component in determining

the organisation of cloud fields. Applying the algorithm to both clouds and cold

pools would allow a detailed analysis of how their dynamics may be affected by

perturbations such as aerosol.

Increasing computational capabilities are leading to the development of global

cloud-resolving models (GCRMs) (Stevens et al., 2019b; Satoh et al., 2019). Such

models promise exciting developments in advancing our understanding of clouds,

through their representation of the multi-scale interactions between clouds and

large-scale circulations, with the questions of horizontal boundary conditions

and large-scale forcing dealt with implicitly in global simulations. However,

GCRMs typically have grid sizes of up to 5km, and are thus still unable to

resolve shallow convection. While sub-kilometre global simulations have been
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carried out (Miyamoto et al., 2013; Miyamoto et al., 2015; Kajikawa et al.,

2016), their application to studying shallow clouds remains some way off. High

resolution simulations of shallow clouds in large domains will thus continue to

be an essential component of studying these clouds.

This thesis has explored the effects of aerosol on shallow convective clouds.

The use of high-resolution, large-domain simulations, with realistic modelling

configurations, has allowed a central theme to emerge; that realistic represen-

tation of the transient large-scale forcing, and of the diversity found in shallow

fields on large scales, is key in influencing the response of shallow cloud fields to

aerosol perturbations.
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