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”I wanna show the nation my appreciation.”
- Shaggy

This thesis is dedicated to the people of my country, Malaysia,
and to my family.
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“ I willingly boast of my weaknesses,

so that the power of Christ may rest upon me.

Therefore I am content with weakness,

with mistreatment, with distress,

with persecutions and difficulties for the sake of Christ;

for when I am powerless, it is then that I am strong.

Do you know how clouds float in the sky,

the work of God’s amazing skill?

Can you shout orders to the clouds

and make them drench you with rain?

At God’s command, amazing things happen,

wonderful things that we can’t understand. ”

— 2 Corinthians 12:9-10, Job 37:5,16; 38:34
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Abstract

Deep convective clouds play a key role in regulating the Earth’s water and energy

cycles and are therefore an important component of the Earth’s climate system.

Much work has been done on investigating factors such as how aerosols affect these

clouds but much less emphasis has been on how the future changes in thermody-

namic structure of the atmosphere will affect these clouds. It is vitally important to

know how clouds will respond to these changed thermodynamic conditions.

This study explores how modelled deep convective clouds respond to the projected

future warmer climate and compares it with past (current) climate. Atmospheric

thermodynamic profiles are taken from NCAR CCSM3 global climate model and

the modelling study was based on simulations of idealised deep convective clouds

using the Weather Research Forecast (WRF) model with a double-moment cloud

microphysics scheme.

The modelling study showed that the future thermodynamic environment pro-

duced deep convective clouds that are on average 32% lower in cloud base height,

8.5% higher in freezing level and 9% lower in cloud-top height compared to the

past climate results. This results in the future clouds having an average of 15%

deeper warm-phase cloud layer and 18% shallower cold-phase cloud layer than

in the past climate, signifying a strong warm rain process and reduced cold rain

process, where the cold rain process is traditionally known to be the dominant

precipitation-forming process in the current climate. The strong warm rain pro-

cess leads to intense heavy rainfall, which reduces the availability of water in the

updraught reaching the ice phase, thus reducing the clouds’ vertical and horizontal

extent.

An in-depth investigation was performed to assess the factors associated with the

changes of the future thermodynamic environment influencing the cloud develop-

ment. Such factors include assessment of the significance of temperature struc-

ture, relative humidity structure, both structural changes, and increased moisture

due to the warmer mean temperature. It was found that the structural effects of

temperature and relative humidity have greater impact on the cloud development

compared to the increase in the mean temperature. The temperature structure

factor significantly reduces the average total water content and cloud vertical ex-

tent by 75% and 8 km, respectively. On the other hand, the relative humidity
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structure significantly increases the average total water content and cloud vertical

extent by 80% and 1.8 km, respectively. Separately assessing these two factors

gives significant opposing effects on the cloud’s total water content and vertical

height. When combined, these two effects cancels out to some extent, but they still

produce weaker and smaller deep convective clouds than the effects that arise from

the mean temperature increase.

Following from the differences in the cloud development between the past and

future environments, the strong warm rain process and weak cold rain process

results in the cloud fraction in the future reduced by half of that in the past

environment. This reduced cloud horizontal extent results in cloud radiative forcing

at the top of the atmosphere that is positive, indicating an increased warming in

the future environment. The average local cloud radiative forcing was evaluated

to be 43.7 and 54.7 W m−2 for the whole cloud and anvil cloud, respectively. If

this is extended to midlatitude deep convective region over land with a coverage

of 3% or global coverage of deep convective clouds of less than 1%, a simplistic

approximation of the cloud radiative forcing is evaluated to be +1.31 and +0.44

W m−2, respectively. This is opposite to the radiative forcing exerted by aerosol-

cloud interaction reported in the Intergovernmental Panel on Climate Change Fifth

Assessment Report (IPCC AR5), which was estimated at -0.55 W m−2.

The results from this study highlight that the changes in the vertical thermody-

namic structure affect the cloud development significantly. This study was based

on the output of one global climate model, however, it does suggest that it is im-

portant that climate modelling groups pay particular attention to the way their

models forecast the thermodynamic structure in both temperature and moisture of

the future climate.
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Chapter 1

Introduction

1.1 Background and motivation

Most of us have had a fascination with the elusive nature of clouds at some point of

time in our lives. Leonardo da Vincci described clouds as ‘bodies without surface’

– they are ghostlike, ephemeral, nebulous; you can see their shapes, yet it’s hard

to say where their forms begin and end (Pretor-Pinney, 2007). In general, clouds

form from the condensation of water vapour in the atmosphere. The atmosphere

contains about 0.001% of the total water content on earth (Schneider et al., 2017).

If all the condensed water in clouds were spread as a liquid layer on the earth’s

surface, it would correspond to the thickness of a human hair of 0.1 mm thin

(Schneider et al., 2017).

The formation of clouds is associated with the development of atmospheric circu-

lations. The thermodynamic and dynamic components of the atmospheric circu-

lations redistribute heat and moisture throughout the Earth-atmosphere system,

leading to the formation of clouds within space and time scales of a few tens of

metres to a few hundreds of kilometres and from a few minutes to several hours,

respectively (Emanuel, 1994). The formation of clouds involves complex thermody-

namic and microphysical processes that are crucial in regulating the earth’s water

and energy cycle (Allen and Ingram, 2002). For example, the low decks of stra-

tocumulus clouds do not produce precipitation, however their extensive coverage

effectively reflects a large proportion of the incoming shortwave radiation from

1
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the sun, thereby cools the earth (Chen et al., 2000). In contrast, deep convective

clouds transport moisture from the surface to the far reaches of the troposphere and

manifest as thunderstorms that produce rain that are essential for life on earth. In

addition, the generation of extensive anvil outflows at the top of the deep convect-

ive cloud traps outgoing longwave radiation, thus warms the earth (Ramanathan

and Collins, 1991).

The IPCC AR5 (Boucher et al., 2013) reported an unprecedented warming of the

earth since the pre-industrial times and projected an increased warming in the

future climate. The global temperatures have increased 1 ◦C from pre-industrial

times and the concentration of carbon dioxide is 120 ppmv higher since then (Morice

et al., 2012). In the 2015 Paris Agreement (UNFCCC, 2015), 193 countries have

agreed to keep global temperature increases below 2 ◦C in order to reduce the

risks of climate change that can come about from anthropogenic advances. Just

recently, the 2018 Nobel Prize in Economics was awarded to Nordhaus and Romer,

who integrated technological innovations and climate change with economic growth

in their Dynamic Integrated Climate-Economy (DICE) model. This allows us to

examine the consequences of climate policy interventions, which was not included

in the ’SRES A1B’ future climate scenario (which assumes a globalised future with

rapid economic and technological growth with moderate consumption of fossil fuel)

used in this study.

Given the profound influence of clouds and precipitation on Earth’s water and

energy budgets, it raises concern and interests to the scientific community and

policy makers as to how clouds would respond to warming. An increase in carbon

dioxide concentration results in atmospheric warming which usually accompanies

an increase in atmospheric moisture, which not only increase the total amount

of precipitation (Trenberth et al., 2003; Del Genio and Kovari, 2002; Pall et al.,

2007; Kendon et al., 2012; Kendon et al., 2014; Prein et al., 2016) but can change

the flow field of other meteorological phenomena, e.g. intensification of tropical

cyclones (Takayabu et al., 2015), and also influence the distribution of radiative

heating within the atmosphere (Stevens et al., 2017). Despite the numerous studies

undertaken to study the future changes in clouds and precipitation in response to

warming, the variability in cloud responses remains a prominent source of uncer-
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tainty in climate projections (e.g. Stephens, 2005; Held and Soden, 2006; Webb et

al., 2006; Dufresne and Bony, 2008; Gettelman et al., 2012; Schneider et al., 2017)

as is further discussed in Section 1.2.

1.2 Challenges

Most studies have used coarse resolution models that do not adequately represent

the fine-scale cloud and precipitation processes critical for understanding the phys-

ical mechanisms that may result in changes in convective activities in response to

warming (Volosciuk et al., 2015; Rasmussen et al., 2017). Unlike cloud-resolving

models, the fine-scale grid size in cloud-resolving models allows numerous couplings

to occur between convective motions and physical processes to be resolved (Prein

et al., 2015; Guichard and Couvreux, 2017). However, the accuracy of the models

are often questioned due to the different physical processes employed in various

models which are often poorly defined by theory or experiment (Lee et al., 2016).

The models are usually evaluated against measurements so that the model state

matches the observed state as closely as possible, however, Lee et al. (2016) demon-

strated that observational constraints do not necessarily reduce the uncertainty in

predicted simulations.

For example, many statistical studies (e.g. Kharin et al., 2013; Ban et al., 2015;

Mizuta et al., 2017) found that the increase in the amount of extreme precipitation

reported in the IPCC AR5 (Boucher et al., 2013) is consistent with the deduction

that more moisture is converted into precipitation in a warmer atmosphere accord-

ing to the Clausius-Clapeyron relationship, that is, an increase of approximately 7%

per degree warming. With this increased temperature and moisture, it is generally

expected that there will be an increase in cyclogenesis that accompanies it (Laun-

der, 2017). However, there are studies that found non-conformity of precipitation

amount to the Clausius-Clapeyron relationship (e.g. Berg et al., 2013; Prein et al.,

2017) because it may be affected by other factors such as local thermodynamic and

weather systems and moisture availability, as well as regional circulation patterns

(Hibino et al., 2018). The IPCC AR5 (Boucher et al., 2013) does not include the

relative contributions of different weather systems to future changes in clouds and

precipitation (Utsumi et al., 2016), which led to studies being undertaken based
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on individual meteorological phenomena (e.g. Xu, 2013; Sohn et al., 2013; Shio-

gama et al., 2014; Hamada et al., 2015; Takayabu et al., 2015; Pall et al., 2017;

Song et al., 2017). Different weather systems exhibit different vertical thermody-

namic structures, hence understanding how the vertical thermodynamic structure

influence cloud development is central to improving the representation of deep

convective clouds in climate models. This would be one aspect of many possible

improvements needed for models to accurately model future climate change and

variability. It is crucial to understand how thermodynamic structure affects cloud

development because climate change not only bring about an increased warming,

but also changes to the vertical thermodynamic structure as well as in the distribu-

tion of water vapour in the atmosphere (e.g. Emori and Brown, 2005; Sherwood et

al., 2010). Furthermore, much work has been done on investigating factors such as

how aerosols affect these clouds but much less emphasis has been on how the future

changes in thermodynamic structure of the atmosphere will affect these clouds. It

is vitally important to know how clouds will respond to changes in thermodynamic

conditions that arise from climate change, and this thesis sets out to address this

concern.
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1.3 Aims of the thesis

For the challenges stated in Section 1.2, this thesis aims to assess the responses

of deep convective clouds to changing thermodynamic environment predicted by

climate change. In particular, the thesis aims to answer the question, “How do deep

convective clouds behave in a warmer climate?” Following that, a further invest-

igation is aimed at understanding how clouds respond to changes in the vertical

structure of temperature and moisture. Finally, the thesis aims to assess the con-

sequential impact on the radiative properties following the changes in the cloud

responses to warming. The aims are summarised and detailed as follows:

Aims:

1. To understand the way in which future climate will change the thermody-

namic structure of the atmosphere.

2. To understand the way in which future climate will affect the macroscopic

features of deep convective clouds relative to our current climate. The macro-

scopic features include cloud base height, cloud top height, cloud cover, and

anvil extent.

3. To understand the microphysical changes in the clouds that give rise to the

macroscopic changes. These will include especially heat and moisture changes

that give rise to changes in buoyancy, updraft speeds, rates of nucleation, etc.

4. To understand the way in which the macroscopic changes in the cloud affect

the cloud radiative properties. Will the clouds have a change in their net

radiative forcing in the future?
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1.4 Thesis outline

The thesis is organised as follows.

Chapter 2 provides a review of the literature prior to this study.

Chapter 3 describes the methodology applied in this study, including the atmo-

spheric profiles utilised in this study.

Chapter 4 presents the findings of simulated, idealised deep convective clouds’

responses to a changing thermodynamic environment. The emphasis is on compar-

ing the responses of clouds between the past and future, warmer climates.

Chapter 5 explores the role of temperature and moisture in contributing to the

changes in the responses of deep convective clouds. This approach advances the

understanding on how the thermodynamic environments’ influences on convection

may vary with changes in temperature and moisture.

Chapter 6 assesses the radiative properties of deep convective clouds in response

to changing thermodynamic environments.

Chapter 7 summarises the overall discussion and conclusion of the thesis. The

study limitations of this thesis are also addressed and recommendations for future

work are suggested.



Chapter 2

Literature review

2.1 Introduction

Clouds are ubiquitous over the entire earth, covering two thirds of the earth’s

surface. They determine a large proportion of the water and energy budgets on

Earth and are thus a critical component of the climate system (Allen and Ingram,

2002). For example, clouds transport heat and moisture from the surface to the

atmosphere and produce precipitation essential for life on earth. In addition, the

globally-averaged cloud radiative effect is - 20 W m−2 (Allan, 2011), which gives

a cooling effect to the earth. However, in recent years, the globally-averaged tem-

peratures have increased unprecedentedly (Boucher et al., 2013) and it is expected

to continue to increase in the future climate (Morice et al., 2012). Changes in tem-

perature can bring about many changes to the climate system, including clouds,

at global, regional and local scales (Bony et al., 2016). To first order, cloud char-

acteristics are determined by the state of the thermodynamic environment. As the

climate changes, the environment that clouds form in will also change. This, in

turn, can affect the environment. Therefore, a natural, and perhaps one of the most

frequently asked questions regarding climate change arise, “how will clouds evolve

with climate change?” In other words, “how would a thermodynamically-changed

environment affect the way clouds would form and evolve?”

The remainder of this chapter is sequenced as follows. To provide a background

knowledge to the innate characteristics of deep convective clouds, Section 2.2

7
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presents a brief description on the nature of convection that generate deep con-

vective clouds, and the microphysical processes that occur throughout the lifetime

of the deep convective clouds. Section 2.3 presents the cloud radiative properties

and Section 2.4 discusses the observational and numerical modelling studies that

have been carried out to examine cloud response to warming, including the various

hypotheses put forth by different researchers. Finally, Section 2.5 concludes the

chapter by identifying the limitation of existing hypotheses and studies.

2.2 Convection and deep convective clouds

Convective clouds are an integral part of the earth’s climate system. They re-

distribute water, heat and momentum from the surface to the atmosphere. They

begin as shallow cumulus clouds and develop into deep convective clouds if there is

sufficient updraught and water vapour for vertical development. Deep convective

clouds are traditionally divided into two portions (Houze, 1993; Emanuel, 1994;

Feng et al., 2011; Feng et al., 2012), that is the deep convective precipitating tower

and the non-precipitating anvil canopy. Therefore, they are important to the atmo-

spheric hydrological cycle due to the heavy rainfall they produce, as well as to the

earth’s energy budget due to their phase changes and radiative properties.

The formation of deep convective clouds typically begin within the boundary layer

(e.g. Bennett et al., 2006). For example, unequal surface heating in the boundary

layer can cause localised air parcels to be warmer than the surrounding. As such,

they rise from the surface up into the overlying boundary layer. These rising air

parcels are known as thermals or plumes and they usually lose their buoyancy in

the upper part of the boundary layer (Lenschow and Stephens, 1980). However,

stronger thermals that have sufficient momentum may penetrate into the capping

inversion above the boundary layer, thereby initiating convection (e.g. Browning

et al., 2007). On the other hand, convection can also occur above the boundary

layer, known as elevated convection (e.g. Corfidi et al., 2008; White, 2012). The

mechanisms that trigger elevated convection are (i) orographic lifting, when air is

forced to rise over a mountainous barrier; (ii) frontal wedging, where warmer, less

dense air is forced over colder, denser air along a front.
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In addition, the triggering of deep convection varies with latitudes due to the action

of the Coriolis force on the large-scale meridional temperature and pressure gradient

between air masses. The weaker (stronger) Coriolis force in the tropics (mid-

latitudes) flattens out (enhances) the temperature and pressure gradient between

air masses. As a result, convection in the tropics is usually triggered by local

differential heating from the sun, while in the mid-latitudes, convection is often

triggered by large-scale forcing (e.g. large-scale lifting of air along cold fronts).

In the summertime mid-latitudes, however, the large-scale forcing is weak and

the characteristics of temperature and pressure gradients are similar to that of

the tropics and so convection is often triggered from a response towards localised

differential heating.

In this thesis, the work undertaken focuses on deep convection arising from the

boundary layer. From the viewpoint of atmospheric thermodynamics, convection

results as a consequence of unstable atmosphere and can be further sustained by

the release of latent heat through phase changes as the convective clouds develop.

Convection from unstable air is referred to as originating from convective instability

(further discussed in Section 2.2.1), whereas the enhancing of convection of dia-

batic latent processes is related to cloud microphysical processes (further discussed

in Section 2.2.2).

2.2.1 Atmospheric instability

Atmospheric instability is a measure of the atmosphere’s tendency to allow or

deter vertical motion. This can be largely influenced by large-scale circulation,

but can also be influenced by local processes such as turbulence and differential

heating in the planetary boundary layer. A thermodynamic parameter known as

the convective available potential energy (CAPE, Emanuel, 1994) is often used as

an indicator of atmospheric instability. Meteorologists use CAPE as an indicator

for the potential of thunderstorms. CAPE gives an idea of ‘how much’ a convective

cell is able to grow and develop on its own, but only in the case that the capping

inversion of the boundary layer is overcome. The energy required to overcome the

negatively-buoyant energy exerted by the capping inversion on the parcel is known

as the convective inhibition (CIN). The two convective energy, CIN and CAPE are
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differentiated by the negative and positive signs in their values. Values below 0 J

kg−1 indicate CIN, while values above 0 J kg−1 indicate CAPE. The more negative

the values of CIN are, the more stable the atmosphere is and thus more energy is

needed to initiate convection. On the other hand, the more positive the values of

CAPE are, the more unstable the atmosphere is, thus increases the possibility for

convection.

One of the causes of atmospheric instability is the differential heating on the sur-

face. Instability can increase through daytime heating of the surface. This surface

heating results in some parcels of air being warmer relative to the surrounding air,

consequentially inducing instability. As the parcel of air gets warmer, it expands,

gains in density and thus rises. In expanding, the air parcel pushes surrounding air

and expends energy in doing so. As a result, the temperature of the parcel drops.

This process of expansion and cooling without exchange of heat with the surround-

ing is known as the adiabatic cooling. The rate of adiabatic cooling is known as

the adiabatic lapse rate. There are two adiabatic lapse rates: dry adiabatic lapse

rate (DALR) and saturated adiabatic lapse rates (SALR) that cools at a rate of

approximately 10 ◦C km-1 and 5.5 ◦C km-1, respectively. On the other hand, the

decreasing pressure with height results in the decrease in environmental temperat-

ure due to slower molecular motions with decreasing pressure. This gives rise to the

environmental lapse rate, that is the rate of cooling of environmental temperature

with height. The environmental lapse rate (ELR) varies between regions, but is

typically an average of 6.5 ◦C km-1.

These three lapse rates determine the stability of air. The stability of air is asso-

ciated with the difference in density between the rising air parcel and the environ-

ment. Air is stable when the ELR is less than both the DALR and SALR. This

is because the environment will cool at a slower rate, whereas the rising air parcel

cools at a faster rate, causing it to lose buoyancy thus restricting further vertical

displacement. On the other hand, air can be unstable in two conditions. The first

condition is known as absolute instability, and happens when the ELR is greater

than both the DALR and SALR. Due to the slower cooling of the rising air parcel

and faster cooling of the environmental air, the rising air parcel stays warmer than

environment and therefore can continue to rise. The second condition is known as
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conditional stability, and happens when the ELR is less than the DALR but greater

than the SALR. In this case, the air is stable for unsaturated air parcel unless the

air is forced to rise (e.g. orographic lifting) to an altitude where it is cool enough

for condensation to occur. At this altitude, the rising air parcel is now saturated

and cools at a rate less than that at which the environmental temperature cools

with height. The rising air parcel is therefore warmer than the environment and

continues to rise.

Deep convection generally results from an absolutely unstable atmosphere. When

an unsaturated air parcel rises and reaches its dew-point temperature, condensation

ensues. The dew-point temperature is the temperature at which the water vapour

within the rising air parcel begin to condense into liquid droplets, which results in

cloud formation. The height at which the parcel reaches its dew-point temperature

is called the lifted condensation level (LCL) and this identifies the cloud base. The

microphysical processes associated with the evolution of cloud development will be

described in Section 2.2.2.

2.2.2 Cloud microphysical processes

The microphysical processes inside deep convective clouds are closely linked to

cloud dynamics (Cotton et al., 1986; Johnson et al., 2015) and largely determine

the macrophysical structure of the clouds. For example, the release of latent heat

during condensation, freezing and sublimation enhances buoyancy that drives the

updraughts, while hydrometeor mass loading reduces the cloud buoyancy. In turn,

the convective strength determines the vertical and horizontal extent over which

cloud hydrometeors are distributed (e.g. Machado and Rossow, 1993; Igel et al.,

2014; Masunaga and Luo, 2016; Protopapadaki et al., 2017), and this can have an

impact on the earth’s radiation budget (e.g. Phillips and Donner, 2006; Cotton

et al., 2010; Fan et al., 2013; Bouniol et al., 2016; Chen et al., 2017). Thus, the

interplay between the cloud macro- and microphysical processes as well as cloud

dynamics play an important role in the climate system.

In deep convective clouds, the microphysical processes can be categorised accord-

ing to the precipitation-forming mechanisms – warm rain process and cold rain
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process. The warm rain process refers to the warm phase microphysical processes

that involve only liquid hydrometeors, and can take place up to -12 ◦C as long

as liquid particles are in supercooled liquid form. On the other hand, cold rain

process takes place at temperature below 0 ◦C and includes mixed- and ice phase,

thus involving both liquid and ice hydrometeors. The rate of ascent influences the

balance between warm and cold rain processes by determining the rates of nucle-

ation of cloud water (Phillips and Donner, 2006), and whether there is enough time

for collision-coalescence between cloud water and rain to occur (e.g. Tao and Li,

2016), as well as whether supercooled cloud liquid can survive in the presence of

ice (e.g. Heymsfield et al., 2005; Phillips and Donner, 2006) and thereafter sustain

ice processes (Rangno and Hobbs, 2005; Lawson et al., 2015; Field et al., 2017). In

deep convective clouds, the cold rain process is widely known to be the dominant

precipitation-forming mechanism.

Warm rain process

The cloud microphysical processes begin with the nucleation of cloud droplets

through the transition of water molecules from the gas phase into the liquid phase.

This phase transition can proceed either homogeneously or heterogeneously. Ho-

mogeneous nucleation is the formation of cloud droplets and ice from water vapour

in the absence of external foreign substance. Homogeneous nucleation of cloud

droplets is very unlikely to happen in nature as it requires levels of supersatura-

tion up to 120%, which rarely occurs in the troposphere (e.g. Miller et al., 1983;

Viisanen et al., 1993; Andreae and Rosenfeld, 2008; Murray et al., 2012). Therefore,

the most plausible way cloud droplets form in the troposphere is via heterogeneous

nucleation. In contrast, ice nucleation can be achieved through both homogen-

eous and heterogeneous nucleation. Heterogeneous nucleation is the formation of

cloud droplets and cloud ice with the aid of hygroscopic aerosol particles acting as

the cloud condensation nuclei (CCN) or ice nuclei (IN), respectively (Pruppacher

and Klett, 1997). These aerosol particles are ubiquitous in the atmosphere and

their concentrations vary depending on location and season. In general, the aer-

osol concentration is lower in marine or pristine environment than in continental

or polluted environment. They range from < 102 cm-3 in pristine environment to
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103 – 104 cm-3 in polluted environment, and 102 – 103 cm-3 in the free troposphere

(Spracklen et al., 2010; Murray et al., 2012).

Aerosol particles that can act as CCN and IN are determined by their size and

chemical composition (McFiggans et al., 2006; Farmer et al., 2015; Seinfeld et

al., 2016). CCN are generally soluble, while IN are usually insoluble (Pruppacher

and Klett, 1997). They can be in the form of dust, sea salt, haze particles and

even biological matters (Murray et al., 2012). The activation of CCN into cloud

drops can be explained from the Köhler curve (Köhler, 1936), which describes the

relationship between equilibrium saturation ratio (Seq) and the size of a solution

droplet. The Köhler curve is a combination of two effects: the solute (Raoult’s

law) effect and the curvature (Kelvin) effect. For instance, for each droplet in a sea

salt solution, the presence of solute (i.e. Na and Cl; solute effect) acts as a barrier

and decreases the evaporation rate of water molecules out of the solution. This

reduces the saturation vapour pressure, which reduces the ambient supersaturation

needed for aerosol activation. On the other hand, the curvature effect describes

the enhancement of the saturation vapour pressure over a curved surface of droplet

compared to a flat liquid surface, and is most pronounced for nanometre-sized

droplets. In a smaller droplet, the water molecules are more exposed to the surface

of the droplet than larger droplet or flat liquid surface. Hence, the water molecules

are more likely to evaporate. As a result, more water molecules enter into the

solution via condensation in order to maintain the equilibrium in the solution.

Subsequently, saturation vapour pressure is greater over a curved surface than that

over a flat liquid surface, and thus requiring greater ambient supersaturation for

aerosol activation.

The solute and curvature effects determine the activation of aerosol particles. For

an aerosol particle to activate, it has to grow to a critical radius and/or the am-

bient saturation ratio has to exceed the saturation ratio of the aerosol particle.

Therefore, aerosol particles with larger sizes and/or with greater solute content

have the advantage for easier activation into cloud droplet. Once activated, the

smaller droplets evaporate and the larger droplets will continue to grow as long

as the ambient supersaturation can sustain the droplet growth. Cloud droplets

initially grow via condensation until they achieve diameter of about 20 µm (e.g.
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Straka, 2009; Witte et al., 2017) whereafter they grow via other mechanisms, i.e.

collision-coalescence. Usually, it takes several hours for a cloud droplet of radius

10 µm to grow into drizzle particles of about 200 µm in diameter by condensa-

tion (Pruppacher and Klett, 1997). When the cloud droplet spectrum broadens to

include small and large sizes drops, collision-coalescence processes between cloud

droplets (represented by self-collection and autoconversion processes in cloud mi-

crophysics scheme as detailed in the following paragraph) can occur, which aids

in a relatively faster growth of cloud droplets into raindrops of 2 mm in diameter.

Besides that, earlier studies (e.g. Ghosh and Jonas, 2001) also suggested the effect

of turbulence (i.e. turbulent vortices around a falling droplets) promotes droplet

growth.

In cloud microphysical schemes, the liquid drops in clouds are commonly divided

into two categories: cloud droplets and raindrops (e.g. Berry, 1968; Kessler, 1969;

Beheng, 1994). According to the classification, collision between drops in clouds is

divided into (i) collision between cloud droplets, (ii) collision between cloud droplets

and raindrops, and (iii) collision between raindrops. The last two classification is

known as the accretion processes, while the first classification is further divided into

self-collection and autoconversion. Self-collection is the collisional growth of cloud

droplets into larger sizes, whereas autoconversion is the collisional growth of cloud

droplets into embryonic raindrops (e.g. Berry, 1968; Kessler, 1969; Baker, 1993;

Cheng et al., 2007; Tao et al., 2012). Autoconversion does not happen in nature but

are instead parameterised in cloud microphysics schemes. The parameterisation of

autoconversion represents the transfer of mass and number concentration from the

cloud droplet category to raindrop category. Several parameterisations for autocon-

version exist as summarised by (Lee and Baik, 2017). They are classified into four

categories: (i) parameterisations using the Heaviside function (e.g. Kessler, 1969;

Liu and Daum, 2004), (ii) parameterisations using the time scale that is obtained

by employing bin microphysics schemes (e.g. Berry and Reinhardt, 1974), (iii)

parameterisations using the power-law fitting function (Khairoutdinov and Kogan,

2000; Kogan, 2013), and (iv) parameterisations obtained by solving the stochastic

collection equation (e.g. Beheng, 1994; Seifert and Beheng, 2001). In this thesis,

the autoconversion scheme used in the chosen cloud microphysics scheme is that of

Kogan (2013) and is further described in Chapter 3.
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Once cloud droplets and raindrops form and co-exist, accretion process becomes im-

portant. Accretion refers to the collision-coalescence process between cloud droplets

and raindrops, and between raindrops. It is when larger raindrops collide and col-

lect smaller cloud droplets and raindrops. As the cloud updraught pushes air aloft,

if the cloud droplets and raindrops in the updraught rises above the freezing level,

they enter into the mixed and/or ice phase.

Cold rain process

In the mixed- and ice phase, ice nucleation occur via both homogeneous and hetero-

geneous nucleation. In homogeneous nucleation, ice crystals can form directly from

liquid drops at temperatures below -35 ◦C (e.g. Sassen and Dodd, 1988; Heymsfield

and Sabin, 1989; Pruppacher and Klett, 1997; Koop et al., 2000; Rosenfeld and

Woodley, 2000; Peter et al., 2006; Kraemer et al., 2016). In heterogeneous nucle-

ation, ice nucleation involves IN, which are typically aerosol particles in the form

of mineral dusts, volcanic ash and biological species such as pollen and bacteria.

According to Murray et al. (2012), ice nucleation below -15 ◦C is dominated by

soot and mineral dusts, and by biological aerosol species at temperatures above -

15 ◦C. Heterogeneous ice nucleation can occur in several forms: deposition, contact

freezing (Young, 1974), immersion freezing (Bigg, 1953), and condensation followed

by freezing (Rogers and Yau, 1989). Primary ice nucleation form via heterogen-

eous nucleation of aerosol and condensation of supercooled liquid droplets. The ice

crystal theory was pioneered by the works of Wegener (1911), Bergeron (1935) and

Findeisen (1938) and is known as the Wegener-Bergeron-Findeisen (WBF) process,

or simply the Bergeron process. In this process, ice crystals grow at the expense

of liquid drops. This is because the equilibrium vapour pressure of water vapour

with respect to ice is less than that with respect to liquid water at the same given

temperature. Therefore, liquid water loses mass via evaporation and the mass is

gained by ice crystals via vapour deposition.

Cloud microphysics schemes typically assume three classes of solid hydrometeors:

cloud ice, snow and graupel and/or hail. The graupel and/or hail category is dis-

tinguished by their density and intercept parameter (i.e. number concentration).

Graupel has a lower density and a higher intercept parameter, whereas hail has a
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higher density and small intercept parameter. In general, graupel is representative

of tropical storms and hail of midlatitude storms (Tao and Moncrieff, 2014). Once

ice crystals are formed, they continue to grow via diffusion to many tens of micro-

meters in a span of a few minutes (e.g. Lohmann et al., 2016). Ice crystals that

collide or clump together with other ice crystals form aggregated snowflakes (e.g.

Lin et al., 1983; Cotton et al., 1986; Murakami, 1990; Reisner et al., 1998). This

process is known as aggregation, which is analogous to the collision-coalescence

processes in liquid hydrometeors. As ice crystals and snowflakes begin to fall into

warmer temperatures than the temperatures where they are initially formed, they

undergo interactions with supercooled liquid drops via accretion processes, thus

forming graupel or hail particles.

Secondary ice formation (also known as ice multiplication) soon follows as these

solid hydrometeors rise or fall within the clouds, melt and evaporate. Secondary

ice formation is a mechanism or process in which new ice crystals are produced in

the presence of pre-existing ice without requiring an IN. It can occur via fracturing

of ice particles due to ice-ice or graupel-graupel collisions, especially when graupel

encounters dendritic crystals in which the dendritic crystals can break and leave a

multitude of small ice particles behind (e.g. Takahashi et al., 1995; Lohmann et al.,

2016). In addition, it can also occur via rime-splintering process, commonly known

as the Hallett-Mossop process (Hallett and Mossop, 1974). This process involves

the capturing of supercooled liquid drops with diameters smaller than 13 µm and

larger than 25 µm by large ice particles (rimed aggregates, graupel or large frozen

drops) in temperatures no colder than -10 ◦C; it is most favourable between -3 and

-5 ◦C, with maximum production at -8 ◦C (Hallett and Mossop, 1974; Field et al.,

2017; Huang et al., 2017).

2.3 Cloud radiative properties

Clouds influence the radiative transfer of energy in the earth’s atmosphere by re-

flecting incoming solar radiation, and by absorbing or emitting longwave radiation

(e.g. Kiehl and Ramanathan, 1990; Zhou et al., 2017). These are known as the

cloud albedo effect and cloud greenhouse effect, respectively (Coley and Jonas,

1999). They are also known as the shortwave and longwave cloud radiative effects
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(CRE), respectively. The magnitude of these two effects vary depending on the

optical depth and cloud cover (e.g. Zelinka et al., 2013; Khain et al., 2015, as well

as on size and number concentration of cloud particles, cloud phase and height (e.g.

King et al., 2013; Read et al., 2016; Krisna et al., 2018). For example, optically

thin cirrus clouds pose weaker albedo effect but stronger greenhouse effect, thus

exerting a warming effect in contrast to optically thick cirrus clouds which exert

a cooling effect (Liou, 1986; Voigt et al., 2017). In addition, the areal coverage of

the clouds can amplify either of the two cloud radiative effects.

For deep convective clouds, the deep convective tower generally exerts a cooling

effect at the surface given its high optical depth that reflects more of the incom-

ing shortwave radiation at the top of the cloud. On the other hand, the anvil

canopy generally exerts a warming effect that heats the atmosphere due to the ab-

sorption of longwave terrestrial radiation and re-emission at a lower temperature

(Hartmann et al., 1992; Chen et al., 2000; Tian and Ramanathan, 2002). Although

these two radiative effects are both large in deep convective clouds (Ramanathan et

al., 1989; Harrison et al., 1990), they tend to cancel out thus giving a net radiation

that is similar to nearby non-convective regions (Hartmann and Berry, 2017). Fur-

thermore, the changes in the local and regional cloud radiative effects still present

some uncertainties (Norris and Slingo, 2009) despite significant research focus from

projects such as the Earth Radiation Budget Experiment and the Clouds and the

Earth’s Radiant Energy System (CERES) (e.g. Stephens and Webster, 1981; Ark-

ing, 1991; Wielicki et al., 1996; Boucher et al., 2013) and utilization of satellite data

such as the A-Train Constellation (e.g. Kato et al., 2011). In addition, climate

models predict different low- and high-level cloud responses to a warming climate,

which results in a large dispersion in model-based estimated climate sensitivity (e.g.

Bony and Dufresne, 2005; Webb et al., 2006; Satoh et al., 2012). It is therefore

highly uncertain how clouds will develop in a warmer climate; weaker (stronger)

development may result in greater cooling (warming) (Randall et al., 2007; Norris

and Slingo, 2009; Boucher et al., 2013; Zelinka et al., 2013).

Using satellite measurements and numerical forecast model reanalysis data, Allan

(2011) computed the global cloud radiative effect on the earth’s energy budget

and reported that the cloud albedo effect dominates over the cloud greenhouse
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effect, resulting in a net cooling of -21 W m-2 in the climate system. Therefore, a

reduction in optically thick clouds and/or cloud cover may result in a net warming

effect. Cess and Udelhofen (2003) noted a significant increase in the absorbed

solar radiation at the surface and outgoing longwave radiation at the top of the

atmosphere; they attributed this increase to reduction in the observed cloud cover.

Ohmura (2009) reported that a 4% reduction in global total cloud cover led to an

increase of 2.5 W m-2 in surface solar radiation (SSR) for the period between 1990

and 2005. Similarly, Longman et al. (2014) found that per decade reduction of 5

– 11% cloud cover led to a 9 – 18 W m-2 increase in SSR in Hawaii between the

period 1983 and 2010.

Kirchhoff’s law states that the amount of radiation that objects emit is a function

of their temperature, with radiative emission being proportional to T4 where T is

the absolute temperature, according to Stefan-Boltzmann law. The increase in ab-

sorbed solar radiation at the surface due to the reduction in cloud cover, therefore

means that the longwave radiation emitted will be of warmer temperature. The

amplified warming will inevitably alter the atmospheric thermodynamic environ-

ment in which clouds form, thereby influencing changes in cloud properties (e.g.

Bony et al., 2004). Therefore, it is important to know how clouds would respond

under perturbed thermodynamic environments (Bourgeois et al., 2016).

2.4 Cloud responses to a warming climate

Throughout this thesis, the past climate is labelled as ‘cold’ to indicate that it is

colder than the projected globally-averaged warmer temperature in the future cli-

mate which is labelled as ‘warm’. Several studies (e.g. Sohn et al., 2013; Villanueva-

Birriel, 2014; Rasmussen et al., 2017; Hibino et al., 2018) compared the simulated

cloud processes associated with past (cold) and future (warm) climate changes and

reported that clouds behave differently in cold and warm climates, therein also

acknowledged that the cloud response is more complex than previously expected.

This section provides existing literature on cloud responses to warming, which in-

cludes changes in macro- and microstructure of clouds that influence the overall

structure and extent of the cloud as well as their surface precipitation and radiative

properties.
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2.4.1 Precipitation changes according to Clausius-Clapeyron

relationship

Precipitation is expected to be more intense and longer-lasting in a warmer environ-

ment due to higher temperatures that lead to increased atmospheric water vapour,

i.e. increased specific humidity (Trenberth et al., 2003). As a basis for predicting

the effect of climate change on extreme rainfall, the relationship between environ-

mental temperature and precipitation intensity has been extensively investigated

over the years (e.g. Lepore et al., 2015). Observational studies reported increased

heavy and extreme precipitation events associated with a warming climate (e.g.

Allan and Soden, 2008; Lau and Wu, 2007; Lau and Wu, 2011) and Berg et al.

(2013) concluded that convective precipitation is more sensitive to increasing tem-

peratures than stratiform precipitation. Allan and Soden (2008) used the natural

climate variability of the atmosphere to find a relationship between heavy precipit-

ation events and a warmer climate. They found an increase in heavy precipitation

events during El Niño periods and a decrease during La Niña periods, which cor-

respond to warm and cold periods, respectively. On the other hand, Lau and Wu

(2007) and Lau and Wu (2011) used space-based and ground-based global rainfall

data to examine the climatology of oceanic rainfall features for the periods of 1979-

2003 and 1998-2009, respectively. They found that extreme precipitation events

associated with deep convection increased substantially over a warmer ocean.

Findings from these studies are usually compared to the Clausius-Clapeyron (CC)

relation. The CC relation shows the increase in the water-holding capacity of the

atmosphere by 7% per degree Celsius increase in temperature. However, other

regional studies have observed super-CC rates over certain ranges of temperature

(e.g. Prein et al., 2017). The observed super-CC rates are attributed to the in-

creased intensity of convection (Lenderink and Van Meijgaard, 2008; Lenderink et

al., 2011; Berg et al., 2013), as well as increased contribution in precipitation from

convective storms than from frontal storms (Haerter and Berg, 2009; Berg et al.,

2013). These studies, however, do not address the details of the exact processes

responsible for the changes in precipitation.
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As mentioned in Section 2.2.2, there are two precipitation-forming mechanisms

in deep convective clouds: warm rain process (liquid phase) and cold rain process

(mixed- and ice phases). In the lifecycle of deep convective clouds, warm rain pro-

cess precedes cold rain process, and the cold rain process is known to contribute to

most of the precipitation in deep convective clouds. However, several recent studies

(e.g. Sohn et al., 2013; Xu, 2013; Song et al., 2017) have shown otherwise and sug-

gested that either process can be dominant in deep convective clouds depending on

the environmental thermodynamics in different regions. Further, Caracena et al.

(1979) detected strong radar reflectivity just below the freezing level in the storm

that caused the Big Thompson flood in Colorado, thereby suggesting enhanced

growth of precipitating particles through the warm rain process.

2.4.2 Changes in precipitation-forming mechanism

Xu and Zipser (2012) used satellite measurement and found that heavy convective

rainfall from monsoon and oceanic rain systems are less dominated by mixed-phase

processes unlike continental-type convection. Further, by analysing TRMM meas-

urements from five distinct regions in East Asia, Xu (2013) reported that deep

convection over high elevation above sea level is weaker than that over low eleva-

tion due to the different local environment (e.g. less CAPE and drier environment).

Deep convective clouds over high elevation are also smaller in horizontal extent and

have higher cloud bases and shallower mixed-phase depths than lowland regions.

Hamada et al. (2015) showed that most extreme rainfall events in the tropics are

characterised by less intense convection that does not extend to extremely high

altitudes. An in-depth study utilising the Tropical Rainfall Measuring Mission

(TRMM) and CloudSat measurements by Sohn et al. (2013) found that heavy rain

systems over the Korean peninsula are more associated with clouds having relat-

ively low echo-top height (which they referred to as “warm-type” heavy rainfall),

contrasting with the traditional cold rain process deep convective clouds. They

suggested that convective clouds with lower ice water content can also produce

heavy rainfall if water vapour is continuously supplied along the western periphery

of the North Pacific high.
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Sohn et al. (2013) proposed a hypothesis for the microphysical formation of warm-

type heavy rainfall. They proposed that ice particles first grow via aggregation

and accretion above the freezing level, followed by rigorous growth of rain drops

via collision and coalescence processes below the freezing level due to the great

reservoir of water vapour below the freezing level. Their study is further extended

by Song et al. (2017) who examined the impact of thermodynamic conditions on

the microphysical evolution of the “warm-type” heavy rainfall and the traditional,

continental deep convective clouds. Their finding showed the different mechanisms

involved in the production of graupel that subsequently melts into rain. For the

warm-type experiment, graupel is formed via riming process between the super-

cooled raindrops and ice particles. On the other hand, the graupel production in

cold-type experiment is formed from snow particles via the aggregation and ac-

cretion processes. In addition, they also found a lower storm height and earlier

onset of precipitation in warm-type experiments than were found for cold-type

experiments.

2.4.3 Hypotheses on cloud behaviour with warming

Various notable studies have tried to hypothesise the behaviour of deep convective

clouds in a warmer climate and its feedbacks upon the climate system. The adaptive

iris hypothesis by Lindzen et al. (2001) argues that higher sea surface temperature

(SST) in the future will enhance deep convection that precipitate very efficiently,

causing less condensate to reach the upper level thus results in reduced high cloud

cover. The reduction in high cloud cover means that the upper atmosphere is not

moistened, resulting in enlargement of drier areas, allowing earth to emit more

longwave radiation, thus cooling the earth. On the other hand, Ramanathan and

Collins (1991) proposed that increased SST enhance deep convection which trans-

ports condensate further up in the atmosphere, leading to more detrainment and

hence thicker and more extensive anvil clouds. These thicker and more extensive

anvils reflect more shortwave radiation back to space and thus cool the earth.

In contrast, other observational studies provide conflicting hypotheses that suggest

strong warming of the earth. For example, Lin et al. (2002) used TRMM data

and found a reduction in cloud cover with increasing SST, but weaker than that
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was found by Lindzen et al. (2001). They argued that high reflectivity of thick

anvil clouds, when reduced, should result in a warming effect because more solar

radiation gets transmitted to the earth’s surface, as opposed to explanation given

by Lindzen et al. (2001). On the other hand, Hartmann and Larson (2002) pro-

posed the Fixed Anvil Temperature (FAT) hypothesis, which was later modified

to proportionately higher anvil temperature (PHAT) hypothesis by Zelinka and

Hartmann (2010), which states that the anvil cloud height may shift upward in a

warmer climate, but the temperature remains nearly unchanged or exhibit only a

slight warming, thus still produce a warming effect on earth due to the absorption

of longwave radiation by anvil clouds.

The recent study by Bony et al. (2016) reported that anvil cloud coverage shrinks

as the climate warms, which is consistent with the reduction in anvil cloud amount

from Lin et al. (2002) and Lindzen et al. (2001). Unlike the microphysical mech-

anism provided by Lindzen et al. (2001), Bony et al. (2016) proposed the convect-

ive ‘self-aggregation’ mechanism to explain the reduction in anvil cloud amount.

The mechanism describes that in a warmer environment, convective clouds self-

aggregate into clusters, reducing the areas covered by clouds (resulting in increasing

dry, non-cloudy areas), thus allowing more infrared radiation to escape to space.

This ‘self-aggregation’ depends on surface temperature and are most pronounced

at higher temperature. In addition, they found that the height of upper level

clouds (anvils) rises, resulting in reduced anvil cloud amount because the clouds

find themselves in a more stable environment due to the dry upper level that res-

ults from convective self-aggregation. They termed this as the ‘stability iris effect’,

which is a combination of Lindzen et al. (2001) and Zelinka and Hartmann (2010)

hypotheses.

To sum up, the application of these hypotheses might not be sufficient or appropri-

ate for other regions with different thermodynamic environments. This is because

these hypotheses are mainly based on studies in the tropics that utilise SST vari-

ations caused by seasonal shifts and El Niño-Southern Oscillation (ENSO), whereas

other regions could have distinctly different thermodynamic and dynamic environ-

ments (Li and Zhou, 2012; Hibino et al., 2018).
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2.5 Summary

This chapter described the characteristics of deep convective clouds and the import-

ant roles that they play in the earth’s climate system. Their role in regulating the

earth’s water and energy budget is highlighted and drawn from their microphysical

and radiative properties. Further, this chapter also discussed the hypotheses and

results from existing observational and modelling studies associated with cloud re-

sponses to warming. These existing studies, however, disregard the details of how

specifically clouds may or may not change due to a warmer environment and/or

changed thermodynamic structure. They also overly simplify important details in

the cloud evolution processes. This thesis, therefore, fills the gap by assessing how

changes in the thermodynamic environment affect the cloud macro- and microphys-

ical properties and its subsequent impact on the cloud radiative properties. The

data and methodology employed in this study are described in Chapter 3.





Chapter 3

Research data and tools

3.1 Introduction

This chapter presents the methodology adopted for the study in this thesis. This

includes the data utilised for the idealised simulations of deep convective clouds

described in Section 3.2, and the cloud-resolving model used for the simulations

described in Section 3.3, as well as the radiative transfer model used in assessing

the cloud radiative properties described in Section 3.4.

3.2 Study location

3.2.1 Background of study location

In this thesis, eight locations in the contiguous United States (CONUS) was chosen

as the study location. Deep convection is ubiquitous across the CONUS albeit

governed by different perturbations. Located in the mid-latitudes and in small

part of the subtropics, the winds over the CONUS are predominantly westerlies,

originating from the high pressure areas in the horse latitudes and tend towards the

poles. The westerlies carry warm waters and winds northward from the equator to

the mid-latitudes. Due to the Coriolis force, the winds are deflected to the east,

resulting in the winds moving from west to east across the continent.

The weather patterns in the CONUS are largely governed by baroclinic instabil-

25



26 3.2. Study location

ity, that is, the temperature difference between the poles and the tropics. This

large-scale baroclinic-driven perturbations transport mass and energy horizontally

and vertically and is most pronounced in the winter, when the temperature and

pressure gradient is the greatest and the westerly winds are strongest, resulting

in deep convection in the winter. In the summer, the baroclinicity weakens and

deep convection is mainly governed by thermodynamic instability in response to

the strong diurnal cycle of solar heating (Wallace, 1975; Yang and Slingo, 2001;

Tian et al., 2004).

Several studies have reported a 10% increase in precipitation occurring in the sum-

mer months in the CONUS throughout the twentieth century (e.g. Allan and

Soden, 2008; Lau and Wu, 2007; Lau and Wu, 2011). Following the findings of

Villanueva-Birriel et al. (2014) (hereinafter denoted as VB14), two regions in the

CONUS – the Midwest and the Southeast - comprising a total of eight states

were investigated. These locations, shown in Figure 3.1 were chosen as they show

substantial changes in the thermodynamic environment leading to an enhanced

warm rain process in the simulated future warmer climate, which is in keeping

with the aims of this thesis of assessing the impact of a changing thermodynamic

environment from the past to future climate on the responses of deep convective

clouds.

The Midwest refers to the north-central states of the United States that spans from

the foothills of the Appalachian Mountains in the east, including the Great Lakes

in the northeast and some parts of the Great Plains in the west. The states in the

Midwest chosen for this study include Minneapolis (MIN), Madison (MAD), Jasper

(JAS) and Dayton (DAY), all of which are in close proximity to the Great Lakes.

The Southeast spans from the Appalachian Mountains to expansive coastal plains.

Most states in the Southeast are along the Gulf of Mexico and the Atlantic Ocean.

The Southeastern locations chosen for this study comprise Anderson (AND), Char-

lotte (CHA), Birmingham (BIR) and Owensboro (OWE). Anderson and Charlotte

lie along the coast of the Atlantic Ocean, while Birmingham is close to the Gulf

of Mexico. Owensboro, however, is further inland. In both of the study regions

collectively, the climate is generally hot and humid in the summer, owing to the

westerly winds picking up warm, humid air masses from tropical origins.
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Figure 3.1: Map of the contiguous United States showing eight study locations in
blue circles. The Midwest: Minneapolis, MN (MIN), Madison, WI (MAD),

Jasper, IN (JAS), Dayton, OH (DAY). The Southeast: Owensboro, KY
(OWE), Birmingham, AL (BIR), Anderson, SC (AND), Charlotte, NC (CHA).

Source: Google Maps

3.2.2 Data: Atmospheric thermodynamic profiles

The past and future atmospheric environments of the eight locations chosen for

this study were obtained from one of the National Center for Atmospheric Research

Community Climate System Model version 3 (NCAR CCSM 3) (Collins et al., 2006)

simulations described in Trapp et al. (2009) for the period from 1970 to 2099, in

the SRES A1B scenario. In the CCSM3 model, the process of deep convection is

treated with a parameterisation scheme from Zhang and McFarlane (1995).

The atmospheric parameters of temperature, pressure, water vapour and winds

were computed as averages over the summer months (June, July, August) at 00

UTC for all simulated soundings with convective available potential energy (CAPE)

values exceeding 1000 J kg−1 over the 30-year period for past (1970-1999) and

future (2070-2099) periods. These environmental conditions were chosen because

they are representative of the summer environment with strong late afternoon

and evening maxima of precipitation observed in most of the U.S. (Trenberth et

al., 2003). In addition, by computing CAPE at the other CCSM3 output times,
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Trapp et al. (2007) confirmed that 00 UTC represents the typical time of maximum

CAPE.

VB14 and Hack et al. (2006) reported that the averaged profiles contained a sig-

nificant dry bias in the lower atmosphere when compared with those created with

the same criteria from the 30-year averages of North American Regional Reana-

lysis (NARR; Mesinger et al., 2006) data and 20-year averages of NCEP-NCAR

Reanalysis Project (NNRP; Kalnay et al., 1996) data. This dry bias prevented con-

vective development in the cloud-resolving model and was thus adjusted by VB14

using the NARR and NCEP reanalysis data in order to allow for convective ini-

tiation. VB14 altered the original CCSM3-derived 1970-1999 profiles by dividing

the sounding into three layers (1000-700 mb, 700-300 mb, 300-100 mb). For each

layer, a regression analysis was run for temperature, water vapour mixing ratio,

and the east-west u and north-south v wind components, and a correction factor

was computed for each variable. These same correction factors were then used to

adjust the original CCSM3-dervied 2070-2099 profiles. These adjusted profiles are

utilised as the initial conditions for the idealised deep convective cloud simulations

in this study using the WRF model described in the Section 3.3.

3.3 Cloud-resolving model

The high-resolution numerical model employed in this study is the Advanced Re-

search Weather Research and Forecasting model (ARW) version 3.7.1 (Skamarock

et al., 2008). The model was developed by the NCAR in the United States. It is

designed as a tool for use in both research and operational forecasting situations

as well as for application in wider field such as in land-use, hydrology and ocean-

ography. In this study, it is used as a cloud-resolving model to perform idealised

simulations of deep convective clouds.

3.3.1 Model description

The ARW is a subset of the WRF modelling system encompassing physics schemes,

numeric/dynamic options and initialisation routines that uses the ARW dynamics

solver to produce a simulation (Skamarock et al., 2008). The ARW solver comprises
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a set of fully compressible, Euler non-hydrostatic equations which are conservative

for scalar variables. The prognostic variables include horizontal velocity compon-

ents u and v in Cartesian coordinates, vertical velocity w, perturbation potential

temperature, perturbation geopotential, perturbation surface pressure of dry air,

and various cloud microphysical variables, i.e. cloud water, rain, ice, snow and

graupel mixing ratios. The governing equations are solved using a time-split integ-

ration with a third-order Runge-Kutta scheme and a smaller time step for acoustic

and gravity wave modes. The horizontal and vertical advection are calculated us-

ing the fifth and third-order discretisation schemes, respectively. The horizontal

and vertical turbulent diffusion are calculated using a 1.5-order turbulent kinetic

energy (TKE) scheme. The upper and lower boundaries are free-slip with zero ver-

tical velocity, and the open lateral boundary conditions (also called gravity-wave

radiating boundary conditions) specified to the west, east, north, south boundary

or any combination thereof, are employed. Skamarock et al. (2008) recommend the

setting the time step to 6*dx, where dx is the horizontal resolution in km. Since

the horizontal resolution in this study is set to 500 m, a time step of three seconds

was therefore used for the model integration period for two hours. Parameterisa-

tions for radiation, boundary layer, surface layer, land surface and cumulus were

not included in the simulations performed in this study.

3.3.2 Model setup

For all the deep convective cloud simulations performed in this study, the cases

were set up similar to the standard 3D idealised supercell cases available in the

WRF modelling package. The model was configured with a domain size of 100

km (west-east) x 60 km (south-north) with a constant 500 m grid spacing in each

direction, and 24 km in the vertical with 70 irregularly-spaced levels (an average

of approximately 340 m between each vertical level but more closely-spaced near

the surface to allow the boundary layer to be better resolved).

In the WRF model, the basic trigger for convection is a single thermal perturbation

bubble (Skamarock et al., 2008). Following previous study by Villanueva-Birriel

(2014) who simulated deep convective clouds in the same study locations as this

thesis, the horizontal and vertical radii of the thermal perturbation bubble is set at
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10 km and 1.5 km, respectively. The maximum thermal perturbation for initiating

deep convection is typically 3 or 4 K and is located at 1.5 km above ground level,

with a Gaussian temperature decrease toward the bubble’s outer edges (e.g. French

and Parker, 2008; Schumacher and Johnson, 2008; Song et al., 2017). In this study,

the magnitude of the thermal perturbation bubble was modified to create typical

summertime midlatitude deep convective clouds. The magnitude of the thermal

perturbation bubble vary depending on the atmospheric stability in each location

and they are set the same for both past and future environments in each location

as shown in Table 3.1. By keeping the thermal perturbation magnitude the same

for the past and future environments, it allows for us to assess the changes on the

cloud development between the two environments.

The parameters employed in the model setup (i.e. in the namelist.input) is as listed

in Table A.1 in Appendix A.

Table 3.1: Thermal bubble perturbation magnitude in Kelvin

Location
Bubble perturbation

temperature (K)

MIN 2.5
DAY 2.5
AND 2.0
JAS 3.5

OWE 3.0
CHA 2.0
BIR 4.0

MAD 2.5
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3.3.3 Morrison two-moment bulk microphysics scheme

The cloud microphysics schemes deal with explicitly-resolved water vapour, cloud

and precipitation processes. Skamarock et al. (2008) recommend that mixed-phase

schemes should be used in convective or icing situations. Mixed-phase schemes in-

clude processes where water and ice particles interact, such as riming that produces

graupel or hail. The Morrison two-moment bulk microphysics scheme (Morrison

et al., 2005; Morrison et al., 2009) which include warm, mixed- and ice phases has

been chosen for use in the idealised cloud-resolving simulations presented in this

thesis. The Morrison scheme was chosen due to its flexibility in representing hydro-

meteor size distributions and its demonstrated capability in representing sub-grid

processes that control cloud and precipitation formation (e.g. Mayor and Mesquita,

2015; Shrestha et al., 2017).

Six species of water are included in the scheme, in the form of vapour, cloud wa-

ter, cloud ice, rain, snow, and graupel or hail (the category can be specified by

the user). For this study, the hail category was selected since it was shown in

Bryan and Morrison (2012) to produce a more realistic reflectivity and thermo-

dynamic structure for a simulated squall line in the mid-latitudes. Additionally,

the storms simulated in this study contain large liquid water contents, a necessary

component for the formation of highly-dense rimed particles. The Morrison scheme

contains a total of nine prognostic variables: the mixing ratios of all hydrometeor

species and the number concentration of all hydrometeor species except cloud wa-

ter droplets. Because the number concentration of cloud water is not predicted,

an external, modified version of the Morrison scheme was obtained from Bethan

White of Oxford University, which is not available in the WRF modelling system

package. The inclusion of an additional prognostic variable, which is the number

concentration of cloud droplet allows for additional degrees of freedom used to

characterise particle size distributions (Milbrandt and Yau, 2005; Morrison et al.,

2009; Lim and Hong, 2010). Including the prognostic number concentration for

liquid water was an important addition to this work since it allows an evaluation

of not only the concentration changes but also effects of the water phase directly

on the radiation (Meyers et al., 1997; Morrison et al., 2005).
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Other modifications made to the standard Morrison scheme is the replacement

of the autoconversion and accretion rates for liquid hydrometeors. The standard

Morrison scheme uses the autoconversion and accretion rates of Khairoutdinov and

Kogan (2000), which is based upon the simulated marine stratocumulus drop spec-

tra by four large-eddy simulation (LES) models. Villanueva-Birriel (2014) found

that the new formulation by Kogan (2013) based on drop spectra predicted from

simulated shallow warm cumuli better represented deep convective cloud and is

therefore used to replace the standard autoconversion and droplet accretion para-

meters. For other microphysical options employed in this thesis, the list of micro-

physical switches can be referred to in Table B.1 in Appendix B.

3.3.3.1 Particle size distribution

Each hydrometeor species is represented by a gamma size distribution of the

form

Nj(D) = N0Du j e−λD (3.1)

where D is the diameter and µ j , N0 and λ are the spectral index, intercept and

slope, respectively. Values for the spectral index for droplets (µc) follows the the-

oretical formulations of Khvorostyanov and Curry (1999) and varies from 2 to 10.

All other hydrometeor species have µ j equal to zero. The intercept and slope para-

meters are derived from the predicted number concentration and mixing ratios as

in Equations 3.2 and 3.3.

λ j = [
c j NjΓ(µ j + d j + 1)

q jΓ(µ j + 1)
]
1
dj (3.2)

N0 =
Njλ

µj+1
j

Γ(µ j + 1)
(3.3)
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In these two equations, Γ is the Euler gamma function with c and d given by the

power-law mass-diameter relationship of each hydrometeor species, m j = c j Ddj . In

the mass-diameter relationship, the parameter d j is equal to 3 for all hydrometeor

species, while c j = ρ jπ/6, where and ρ jπ represents the bulk density for each

hydrometeor species given in Table 3.2.

Table 3.2: Constants for the physical properties of hydrometeor species

Symbol Variable Value Units

ac V-D constant for cloud water 3 x 107 m1−bc s−1

ar V-D constant for rain 842.0 m1−br s−1

ai V-D constant for ice 700.0 m1−bi s−1

as V-D constant for snow 11.72 m1−bs s−1

ag V-D constant for graupel/hail 19.3/114.5 m1−bg s−1

bc V-D constant for cloud water 2.0
br V-D constant for rain 0.8
bi V-D constant for ice 1.0
bs V-D constant for snow 0.41
bg V-D constant for graupel/hail 0.37/0.5
ρc, ρr = ρw Density of water (applicable for cloud water and rain) 997 kg m−3

ρi Bulk density of ice 500 kg m−3

ρs Bulk density of snow 100 kg m−3

ρg Bulk density of graupel/hail 400/900 kg m−3
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3.3.3.2 Microphysical processes

The calculations of the microphysical process rates and evolution of cloud and

precipitation depend strongly on the particle size distributions. The predicted

mixing ratio (q j) and number concentration (Nj) of a given hydrometeor species

depend on space (x, y, z) and time (t) following Equations 3.4 and 3.5.

∂q j

∂t
= −∇ · (vq j) +

∂

∂z
(Vqj ) + ∇Dq j + Sqj (3.4)

∂Nj

∂t
= −∇ · (vNj) +

∂

∂z
(VNj ) + ∇N q j + SNj (3.5)

The first three terms on the right-hand side of these equations represents advection,

sedimentation and turbulent diffusion of q or N. The v in the advection term is

the 3D wind vector. The parameters Vqj and VNj in the sedimentation term are the

mass- and number-weighted terminal fall speed for each hydrometeor as expressed

below.

Vqj =
ηa jΓ(µ j + b j + 4)

λ
bj

j Γ(µ j + 4)
(3.6)

VNj =
ηa jΓ(µ j + b j + 1)

λ
bj

j Γ(µ j + 1)
(3.7)

Here, η is the air density correction factor and is equal to (ρ0/ρ)
0.54, where ρ0 and

ρ are equal to the air density near the surface and aloft, respectively. Equations

3.6 and 3.7 could be updated to include a diffusional correction factor which would

improve the microphysical representation (particularly the warm rain microphys-

ics) more realistically, as demonstrated by Ghosh et al. (2017). The a j and b j

parameters are summarised in Table 3.2.
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The fourth term of Equations 3.4 and 3.5 are the parameterised microphysical

sources and sinks for each hydrometeor (S). The microphysical processes repres-

ented by the Morrison scheme incorporate: primary production terms (droplet

activation or ice nucleation), water vapour and hydrometeor phase changes (con-

densation/evaporation, deposition/sublimation), autoconversion processes (diffu-

sional and collisional growth of rain from cloud water and snow from cloud ice,

respectively), collection/accretion growth, phase changes between solid and liquid

hydrometeors (melting/freezing), and ice multiplication from aggregation of ice

particles and riming processes between precipitating solid hydrometeors and liquid

particles. Equations 3.8-3.12 describe the transfer of mass and number concentra-

tion between hydrometeor species owing to these microphysical processes for each

hydrometeor.

The source and sink terms for the mass mixing ratio and number concentration

for each species are as follows. The description of the source and sink terms are

listed in Table 3.3 and Figure 3.2 illustrates the microphysical processes between

hydrometeors.
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For cloud water:

Sqc = −SPRA + SPCC − SMNUCCC − SPSACWS − SPSACW I − SQMULTS

− SQMULTG − SPSACWG − SPGSACW

(3.8)

For rain water:

Sqr = SPRE + SPRA + SPRC − SPSMLT − SPGMLT − SPRACS − SMNUCCR

− SQMULT R − SQMULT RG − SPI ACR − SPRACG − SPGRACS

(3.9)

For cloud ice:

Sqi = SPRD + SEPRD + SPSACW I + SMNUCCC − SPRCI − SPRAI

+ SQMULTS + SQMULTG + SQMULT R + SQMULT RG

+ SMNUCCD − SPRACI − SPRACIS

(3.10)

For snow:

Sqs = SPSMLT + SEVPMS + SPRAI + SPSACWS + SPRDS + SPRACS

+ SPRCI + SEPRDS − SPSACR + SPI ACRS + SPRACIS

(3.11)

For graupel/hail:

Sqg = SPGMLT + SEVPMG + SPRACG + SPSACWG + SPGSACW + SPGRACS

+ SPRDG + SEPRDG + SMNUCCR + SPI ACR + SPRACI + SPSACR

(3.12)
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Table 3.3: Microphysical sources/sinks for prognostic mixing ratios in kg kg−1 s−1

Notation Description

EPRD Sublimation of cloud ice
EPRDG Sublimation of graupel/hail
EPRDS Sublimation of snow
EVPMG Melting of graupel/hail and evaporation
EVPMS Melting of snow and evaporation
MNUCCC Immersion and contact
MNUCCD Ice nucleation from freezing of aerosol
MNUCCR Immersion freezing of rain
PCC Condensation/ evaporation of droplets
PGMLT Melting of graupel/hail
PGRACS Conversion to graupel/hail due to collection of rain onto snow
PGSACW Conversion to graupel/hail due to collection of droplets onto snow
PIACR Change in rain mixing ratio, ice-rain collection, added to graupel/hail
PIACRS Change in rain mixing ratio, ice-rain collection, added to snow
PRA Droplet accretion by rain
PRACG Collection of rain by graupel/hail
PRACI Change in cloud ice mixing ratio, ice-rain collision, added to graupel/hail
PRACIS Change in cloud ice mixing ratio, ice-rain collision, added to snow
PRACS Collection of rain by snow
PRAI Accretion of cloud ice by snow
PRC Autoconversion of droplets
PRCI Autoconversion of cloud ice
PRD Deposition of cloud ice
PRDG Deposition of graupel/hail
PRDS Deposition of snow
PRE Evaporation of rain
PSACR Conversion to graupel/hail due to collection of snow by rain
PSACWG Collection of droplets by graupel/hail
PSACWI Droplet accretion by cloud ice
PSACWS Droplet accretion by snow
PSMLT Melting of snow
QMULTG Ice multiplication due to riming of droplets by graupel/hail
QMULTR Ice multiplication due to riming of rain by snow
QMULTRG Ice multiplication due to riming of rain by graupel/hail
QMULTS Ice multiplication due to riming of droplets by snow
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Figure 3.2: Box diagram of Morrison double-moment microphysics scheme.
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The cloud microphysical process rates involving droplet activation, warm phase

and ice phase processes are described below.

a. Droplet activation

The droplet activity spectrum follows Twomey (1959), that is, the power-law

relationship. The potential number of droplets activated is given in Equation

3.13 following the formulation from Rogers and Yau (1989).

N′ = min(0.88C2/(k+2)
T (0.07we f

3/2)k/(k+2), Na), (3.13)

where we f is the effective vertical velocity, Na is the total aerosol number

concentration, and CT and k relate to the aerosol size and composition as

given in Equations 3.14 and 3.15.

CT =
102k

k
2Nar µ−1min R(

27ba

4B3
)R (3.14)

k =
µ − 1

1 + β
(3.15)

where ba and β depend on the composition of the aerosol (as discussed in

Khvorostyanov and Curry (1999)), B is the Kelvin parameter, and R is as

given in Equation 3.16 where µ is the slope of the dry aerosol size distribution

following Junge (1952) size distribution.

R =
µ − 1

2(1 + β)
(3.16)

CT is a rearrangement of the Köhler parameterisation (Equation 3.17), where

the supersaturation required for droplet activation S is modulated by the
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curvature effect (second term) and the solute effect (third term). In this

study, the values for CT and k are not derived from these parameterisations

but are instead retrieved from Villanueva-Birriel et al. (2014) as listed in

3.4. However, it is noteworthy to note that, if these parameterisations are

used in future studies that assumes a greater relative humidity with increased

warming, then it is expected that the curvature effect would dominate over

the solute effect. This is because the greater relative humidity would increase

the aerosol size and this would dilute the solute in the aerosol particle, thus

diminishing the solute effect.

S = 1 +
a
r
−

b
r

(3.17)

Table 3.4: Parameters for droplet activity spectrum

Location CT k

MIN 900 1.2
DAY 1800 0.7
AND 800 0.7
JAS 700 0.7

OWE 700 0.7
CHA 1400 0.9
BIR 1200 0.9

MAD 1000 0.7

Upon droplet activation, a series of microphysical processes follows, present-

ing the source and sink terms in Equations 3.8-3.12 as illustrated in Figure 3.2

(refer Table 3.3 for microphysical process terms). In the model, hydrometeors

typically grow via autoconversion, collision-coalescence (due to accretion and

collection of hydrometeors) and vapour diffusion to the liquid, mixed and ice

phases. For mixed and ice phases, additional microphysical processes take

place depending on the temperature, shapes and habits of the ice crystals.

These microphysical processes will be discussed briefly in the following para-

graphs.



3.3. Cloud-resolving model 41

b. Warm (liquid) phase

i. Autoconversion of cloud water to rain

First, autoconversion represents the transfer of N and q from the droplet

class to rain for the liquid phase, and cloud ice to snow for the ice phase,

owing to the growth by vapour diffusion and coalescence. The autocon-

version of cloud droplets to rain is given by formulation from Kogan

(2013) and is defined in Equation 3.18. The droplet radius threshold at

which cloud droplets are converted to raindrops is equal to 40 µm and

occurs when qc is greater than 0.001 g kg−1.

SPRC = 7.98 × 1010q4.22c
Nc

ρ × 106

−3.01

(3.18)

ii. Production of rain hydrometeors

Rain hydrometeors are produced at the expense of cloud water and

from the melting of large solid particles like graupel/hail and snow. The

former includes the autoconversion of cloud water into rain as mentioned

in the previous paragraph, and the accretion of cloud water by rain

drops. The accretion of cloud water by rain occurs when large rain drops

collect small cloud water particles and occurs when both qc and qr exceed

0.00001 g kg−1. This process is also known as the collision-coalescence

process and is parameterised following formulation from Kogan (2013)

as defined in Equation 3.19.

SPRA = 8.53q1.05c q0.98r (3.19)

The melting of graupel (SPGMLT) below the freezing level, along with

shedding due to collection of graupel by rain contributes to rain and are

defined in Equation 3.20 and 3.22, respectively. In these equations, L f ,

Ka, and µ represent the latent heat of freezing, thermal conductivity of

air, and viscosity of air respectively. The Schmidt number Sc represents

the ratio of kinematic viscosity (µ/ρ) to diffusivity of water vapour in
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air. cw is the specific heat of water equal to 4187 J kg−1 K−1.

SPGMLT = 2πKaN0g
(273.15 − T)

L f
{
0.86

λ2g
+0.28(

ηagρ
µ
)
1
2

S
1
3
c Γ(

bg
2 +

5
2 )

λ
bg/2+5/2
g

}+χ

(3.20)

χ =
cw
L f
(273.15 − T)SPRACG (3.21)

SPSMLT = 2πKaN0s
(273.15 − T)

L f
{
0.86

λ2s
+0.28(

ηasρ

µ
)
1
2

S
1
3
c Γ(

bs
2 +

5
2 )

λ
bs/2+5/2
s

}+ χ

(3.22)

χ =
cw
L f
(273.15 − T)SPRACS (3.23)

c. Ice phase

i. Heterogeneous and homogeneous ice nucleation

At temperatures below freezing and warmer than approximately −35 ◦C,

rain and droplets can remain in liquid form (supercooled droplets or rain)

and are also assumed to freeze instantaneously upon collision. This is

known as heterogeneous freezing and is assumed to occur through im-

mersion and contact freezing (e.g. Lohmann et al., 2001). The freezing

of cloud droplets is a function of temperature and droplet size based

on observations of mixed-phase stratus described by Rangno and Hobbs

(2001). The droplet effective radius must be ≥ 12 µm to initiate contact

and immersion freezing of cloud droplets at −10 < T < −4 ◦C. At T ≤

−10 ◦C, contact freezing is allowed for all droplet sizes while droplet ef-

fective radius must be ≥ 10 µm for the initiation of immersion freezing.
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Immersion freezing dominates at T . −25 to −15 ◦C, while contact freez-

ing is more important at warmer temperatures depending on drop size

(freezing rates are a function of volume and drop radius for immersion

and contact freezing, respectively).

The formulation for contact freezing is based on a flux of contact nuclei

(IN) to the droplets due to Brownian motion as given in 3.24, where the

effective diffusion coefficient, DAP given by Young (1974) is presented

in Equation 3.25, and the number of contact nuclei is given by Meyers

curve Meyers et al. (1992) as in 3.27.

SMNUCCC =
π2

3ρ
× DAP × N ACNT×

exp

(
log(

Nc

Γ(µc + 1
))+

log(Γ(µc + 5)) − 4 × log(λc)

)
,

(3.24)

DAP = 4π(
1.38e−23

6πRIN
)T
(1 +

7.37T
(288×10×P)/100

RIN )

µ
, (3.25)

where RIN is the radius of contact nuclei, that is 0.1e−6, µ is the dynamic

viscosity of air given in 3.26.

µ =
1.496e−6T1.5

T + 120
(3.26)

N ACNT = exp(−2.80 + 0.262(273.15 − T)) ∗ 1000 (3.27)
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On the other hand, the formulation for immersion freezing follows from

Bigg (1953) and are given in 3.28 and 3.29 for the freezing of cloud

droplets and rain water, respectively. For the freezing of rain water

in Equation 3.29, A′ and B′ are equal to 0.66 K−1 and 100 m−3 s−1,

respectively.

SMNUCCC = SMNUCCC +
π2

36
100ρw × exp

(
log(

Nc

Γ(µc + 1
)+

log(Γ(7 + µc)) − 6 × log(λc)
)
× exp

(
0.66(273.15 − T) − 1

)
(3.28)

SMNUCCR = 20π2
ρw
ρ

B′N0r exp(A′(273.15−T))λ−7r (3.29)

At cold temperatures below −40 ◦C, homogeneous freezing of aerosol and

cloud water/ain occur instantly to form ice and graupel/hail, respect-

ively, using the formula from Rutledge and Hobbs (1984) and Rasmussen

et al. (2002), respectively.

ii. Autoconversion of cloud ice to snow

Similar to cloud droplet that undergoes autoconversion to rain, cloud

ice undergoes autoconversion into large ice particles, labelled as snow.

The autoconversion of cloud ice to snow is parameterised in terms of

the vapour diffusion growth rate similar to Harrington et al. (1995) due

to small crystals growing primarily by water vapour diffusion in many

conditions (Pruppacher and Klett, 1997). Here, the autoconversion of

cloud ice to snow is assumed to occur only when the ice is growing, i.e.

cloud ice mass mixing ratio greater than 0.00001 g kg−1, size threshold

above 125 µm, and in conditions of ice supersaturation greater than 1%.
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iii. Aggregation of snow particles

When snow mass mixing ratio exceeds 0.00001 g kg−1, snow particles

aggregate to form larger snow particles. The aggregation of snow follows

from Passarelli (1978) and is given in 3.30, with collection efficiency, Eis

of 0.1.

SNSAGG =

1108(Eis)π
(
1−bs
3 )

ρ
(
−2−bs

3 )

s

4(720) ηasρ
(
2+bs
3 )

s q
(
2+bs
3 )

s N
(
4−bs
3 )

s

ρ
(3.30)

iv. Collection of cloud water by cloud ice

Cloud ice start to collect cloud water when the cloud ice mass mixing

ratios ice exceeds 0.00001 g kg−1 and when the ice diameter is greater

than 100 µm. This process assumes that rime from cloud water collected

on cloud ice does not lead to splintering. The formulation is given in

3.31, where the collection efficiency for cloud ice-droplet collisions, Eci

is 0.7.

SPSACW I =
(
Γ(bi+3)π
4Eci

)ηasqsρNoi

λbi+3
i

(3.31)

v. Collection of snow by rain

When both snow and rain mass mixing ratios exceed 0.1 g kg−1, snow

collection by rain is converted into graupel/hail and the process is as in

3.32.

SPSACR = (1 − αrs)π
2Ers

√
(αVqr − βVqs )

2 + γVqrVqs

[
ρs

ρ
N0r N0s(

5

λ6r λs
+

2

λ5r λ
2
s
+

0.5

.
λ4r λ

3
s )]

(3.32)
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vi. Accretion of cloud water onto snow

The accretion of cloud water onto snow occurs when snow mass mixing

ratio exceeds 0.00001 g kg−1. The formulation uses continuous collection

equation with simple gravitational kernel (e.g. Rogers and Yau, 1989;

Pruppacher and Klett, 1997) as given in Equation 3.33. In the equa-

tion, Ecs equals 0.7 and represents the collection efficiency for ice-droplet

collisions.

SPSACWS = Γ(bs + 3)
π

4
Ecsηasqcρ

N0s

λbs+3
s

(3.33)

vii. Accretion of rain water by snow

When both rain and snow mass mixing ratios exceed 0.00001 g kg−1,

rain water is accreted by snow following the formula from Ikawa and

Saito (1991) as given in Equation 3.34, where the collection efficiency

for rain-snow collisions, Ers is 1.

SPRACS = (π
2Ersρw)×(
[(1.2(

Γ(4 + br)/6

λbr
r

) − 0.95(
Γ(4 + bs)/6

λbs
s

))2+

0.08(ηas
Γ(4 + br)/6

λbs
s

Γ(4 + br)/6

λbr
r

)]0.5×

ρN0r
N0s

λ3r
×

5

λ3r λs
+

2

λ2r λ
2
s
+

0.5

λrλ
3
s

)
(3.34)

viii. Collection of cloud water by hail

The collection of cloud water by hail occurs when hail mass mixing ratio

exceed 0.00001 g kg−1, and the formula is given in Equation 3.35.

SPSACWG = Γ(bg + 3)
π

4
Ecsηagqcρ

N0g

λ
bg+3
g

(3.35)
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ix. Collection of rain water by hail

Similar to accretion of rain water by snow, the collection of rain water

by hail follows the formula from Ikawa and Saito (1991) as given in

Equation 3.36, and occurs when both rain and hail mass mixing ratio

exceed 0.00001 g kg−1.

SPRACG = (π
2Ersρw)×(
[(1.2(

Γ(4 + br)/6

λbr
r

) − 0.95(
Γ(4 + bg)/6

λ
bg
g

))2+

0.08(ηas
Γ(4 + bg)/6

λbs
g

Γ(4 + br)/6

λbr
r

)]0.5×

ρN0r
N0g

λ3r
×

5

λ3r λs
+

2

λ2r λ
2
g

+
0.5

λrλ
3
g

)
(3.36)

x. Hallet-Mossop rime-splintering: Ice multiplication

The above four microphyiscal processes, i.e. SPSACWS, SPRACS, SPSACWG,

SPRACG contribute to ice multiplication via the Hallet-Mossop rime-

splintering process. The formulations for these processes are given in

Equations 3.37-3.40, where FMULT is a temperature-dependent para-

meter for the rime-splintering process as listed in Table 3.5

SQMULTS = 35e4(SPSACWS)FMULT(1000)
4

3
πρi(0.000005)3 (3.37)

SQMULT R = 35e4(SPRACS)FMULT(1000)
4

3
πρi(0.000005)3 (3.38)

SQMULTG = 35e4(SPSACWG)FMULT(1000)
4

3
πρi(0.000005)3 (3.39)

SQMULT RG = 35e4(SPRACG)FMULT(1000)
4

3
πρi(0.000005)3 (3.40)
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Table 3.5: Temperature-dependent parameter FMULT for rime-splintering

Temperature (◦C) FMULT

T > −3 0
−5 < T < −3 (−3 − T)/2
−8 < T < −3 [T − (−8)]/3

T < −8 0

xi. Conversion of rimed cloud water and rain onto snow to graupel/

hail

After rime-splintering, a portion of rimed cloud water and rain onto snow

from SPSACWS and SPRACS are converted into graupel/hail via SPGSACW

(Equation 3.41) and SPGRACS (Equation 3.42), respectively. This conver-

sion occurs when snow, cloud water and rain mass mixing ratios exceed

0.1 g kg−1, 0.5 g kg−1 and 0.1 g kg−1, respectively. In Equation 3.41, Ecs

equals 0.7 and represents the collection efficiency of ice-droplet collisions,

while ∆t is the time step in the model.

SPGSACW = η
2
∆t

3ρ0πN0sq2c E2
csa2sΓ(2bs + 2)

8(ρg − ρs)λ
2bs+2
s

(3.41)

SPGRACS =

(
1 −

ρ2s (
4
λs
)3( 4λs
)3

ρ2s (
4
λs
)3( 4λs
)3 + ρ2w(

4
λr
)3( 4λr
)3

)
× (SPRACS) (3.42)

xii. Ice-rain collisions

Ice-rain collisions that produce graupel/hail occur when qr exceeds 0.1

g kg−1 and qi is greater than 0.00001 g kg−1, and occur in two ways:

collection of ice by rain (SPRACI , Equation 3.43) and rain freezing due to

collisions with ice (SPI ACR, Equation 3.44) where the collection efficiency

between rain and cloud ice (Eir) is equal to 1.

SPRACI =
ηπar qiEir N0r

4

Γ(br + 3)

λbr+3
r

(3.43)
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SPI ACR =
ηπ2ρwar Eir NiN0r

24

Γ(br + 6)

λbr+6
r

(3.44)

3.4 Radiative transfer model

The Fu-Liou radiative transfer model (Fu and Liou, 1992; Fu and Liou, 1993) is

used to quantitatively assess the cloud radiative properties through the vertical

structure of clouds.

3.4.1 Basic equation sets

The radiative transfer equation is solved using a discrete-ordinate δ four-stream

solution approach. The δ four-stream solution is a 1D solution, which is applied

to the columns with clouds of interest. This scheme uses six and twelve spectral

bands for solar and thermal infrared regions, respectively. The spectral division

for solar region are 0.2− 0.7 µm, 0.7–1.3 µm, 1.3–1.9 µm, 1.9–2.5 µm, 2.5–3.5 µm,

3.5–4.0 µm, while the spectral division for thermal infrared region are 2200 – 1900

cm-1, 1900 – 1700 cm-1, 1700 – 1400 cm-1, 1400 – 1250 cm-1, 1250 – 1100 cm-1,

1100 – 980 cm-1, 980 – 800 cm-1, 800 – 670 cm-1, 670 – 540 cm-1, 540 – 400 cm-1,

400 – 280 cm-1, 280 – 0 cm-1. The solar albedo at the surface is 0.2 and the infrared

emissivity is 1.0.

The model takes initialisation input of cloud water and ice mixing ratios, as well

as vertical thermodynamic profiles comprising pressure, temperature and water

vapour mixing ratio. The correlated k -distribution method, an approximation

technique to perform accelerated calculation of radiative fluxes with an extreme

reduction of the number of operations, is used to treat the gaseous absorption by

03, CO2, CH4, N2O and H2O. The CO2, CH4 and N2O are assumed to have uniform

mixing ratios throughout the atmosphere, with concentrations of 330, 1.6 and 0.28

ppmv, respectively. The radiative transfer scheme computes the radiation through

the 1D column accounting for scattering and absorption of the cloud particles as

well as the gases in the air (Rayleigh scattering).
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3.5 A brief description on the main assessments

performed in the thesis

A total of three main assessments are performed in this thesis and they are presen-

ted in Chapters 4, 5 and 6 respectively. In this section, a description on the

overall methodology and analysis method are described for Chapter 4. The de-

scription for Chapters 5 and 6 are given in detail in the respective chapters.

Chapter 4 of this thesis aims to assess the responses of clouds to a warming

climate. This is achieved by comparing the cloud responses between the past and

future environments. Here, the past environment is labelled as ‘cold’ to indicate

that it is colder than the projected warmer temperature in the future environment.

The vertical atmospheric thermodynamic profiles for the periods 1970-1999 and

2070-2099 mentioned in Section 3.2.1 were used as an initialisation to simulate

idealised deep convective clouds for the past and future environment, respectively.

The simulations are performed by using the WRF model described in Section 3.3.

A comparison of the cloud responses between the past and the future environments

are then made.

The comparison begins by assessing how the past and future thermodynamic en-

vironments differ. The parameters involved in this assessment are the initial con-

ditions of temperature, specific humidity and relative humidity. From these para-

meters, the convective available potential energy (CAPE) and convective inhibition

(CIN) are evaluated. These parameters are indicators for determining the potential

and intensity of convection. Next, the cloudy regions from the idealised simula-

tions are selected for analysis. The cloudy grid cells are defined with the following

thresholds at each level: total cloud condensates that exceed 0.001 g m−3 with

convective updraught speed of 1 m s−1, following the thresholds adopted in other

studies (e.g. Fan et al., 2013; Villanueva-Birriel, 2014). Furthermore, the cloud

condensate threshold of 0.001 g m−3 is the minimum amount of condensate visible

in the simulation. A threshold value lower than this yields similar results, hence

0.001 g m−3 is deemed valid. From these cloudy grid cells, the cloud properties

are analysed by computing the vertical or horizontal average values of each prop-
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erty, i.e. hydrometeor mixing ratio, microphysical tendency rates at five minutes

interval. The findings from this assessment are presented in Chapter 4.

Chapter 5 delves into understanding which factors of the changed environment are

causing which effect on the cloud development found from the results of Chapter

4. A change in the thermodynamic environment involves a change in the tem-

perature structure and relative humidity structure, as well as in the increase in

temperature. In Chapter 6, the cloud radiative properties from the modelled

clouds in the past and future environments performed in Chapter 4 are assessed.

It compares and assesses the cloud radiative properties between the past and future

environments.

3.6 Summary

This chapter describes the eight locations in the United States chosen as the study

cases (Section 3.2.1) in this thesis. The atmospheric thermodynamic profiles for

these locations were obtained from the NCAR CCSM 3 global climate model, as de-

scribed in Section 3.2.2. These profiles are used to initialise the WRF model that

is used as a cloud-resolving model (Section 3.3) to create idealised simulations of

deep convective clouds for the past and future environments, as well as for further

three different thermodynamic conditions performed in Chapter 5. These simu-

lations are performed in order to understand how different thermodynamic condi-

tions affect cloud development as well as the cloud radiative properties. Finally,

the findings from these assessment are presented in Chapter 4, 5 and 6.





Chapter 4

Comparison between the
responses of deep convective
clouds in the past and future
environments

4.1 Introduction

This chapter presents the results from the simulated deep convective clouds con-

ducted in this study. The study is centred on the comparison between the re-

sponses of deep convective clouds in the past and future environments. Section

4.2 describes the characteristics of the thermodynamic environment of the past

and future climates and their resulting effects on the cloud structure, dynamics

and microphysical evolution. Section 4.3 discusses the implication of different

thermodynamic structures on the cloud development, and Section 4.4 contains

discussion and provides a summary of the Chapter’s findings.

53
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4.2 Results

4.2.1 Vertical profiles of atmospheric temperature and mois-

ture content

Figure 4.1 shows the vertical profiles of temperature for both past and future

environments in all locations studied. All locations in the future environment

exhibit warming throughout the depth of the atmosphere as compared to the past

environment. The vertical profiles of specific humidity in Figure 4.2 shows that

the future environment was moister than that in the past environment. Even

though the future environment was moister than the past environment throughout

the atmosphere, the saturation of air between the two environments was different.

Figure 4.3 depicts the vertical profiles of relative humidity for both past and future

environments for all locations.

The major differences in the relative humidity between the two environments were

seen at the lower levels. From the surface up to 500 m, the air in the future

environment was more saturated than that in the past environment. Above 500 m,

however, the relative humidity in the future environment decreased substantially

and remained lower than that of the past until at approximately 4 - 5 km when

the air of both environments were at similar saturation. Given the important role

moisture plays in convection, it is imperative to assess how the different trends in

saturation of air influence the convective potential.
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Figure 4.1: Vertical profiles of atmospheric temperature at initial condition
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Figure 4.2: Vertical profiles of specific humidity at initial condition
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Figure 4.3: Vertical profiles of relative humidity at initial condition
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4.2.2 Vertical profiles of convective available potential en-

ergy

Convective potential is commonly measured by the convective available potential

energy (CAPE). CAPE is widely known as an indicator for the potential and in-

tensity of convection. It is a measure of how much potential energy is available

for the air parcel once the air parcel breaks through the energy barrier (known

as convective inhibition, CIN) during convective initiation. Table 4.1 presents the

column-integrated values of CAPE at the initial thermodynamic environment from

the surface to the equilibrium level. The column-integrated values of CAPE were

higher in the future than that in the past environment, which is consistent with

previous studies that projected greater CAPE in a future warmer environment (e.g.

Trapp et al., 2009; Diffenbaugh et al., 2013; Seeley and Romps, 2015; Rasmussen

et al., 2017). However, even though the values were higher in the future, the ver-

tical structure of the profiles differed significantly as illustrated in Figure 4.4. In

Figure 4.4, CIN corresponds to the negative values, while CAPE corresponds to

the positive values. Overall, the CAPE in the future was greater than in the past,

with clearly greater values at three levels. These levels are approximately below

500 m, between 4.0 - 5.5 km, and above 7 km.

Beginning from the lowest level, the zoomed-in profiles of CIN/CAPE in Figure

4.5 shows that the future profiles exhibited positive values, that is CAPE, all the

way up from the surface. In contrast, the past profiles exhibited negative values,

that is CIN, and stretched from the surface up to approximately 500 m. At 500 m,

another significant difference was noted between the two profiles. The difference

between the two environments lies in the vertical gradient of CAPE, in particular

the change in CAPE values between the model layers, denoted here as dCAPE. In

the past, the dCAPE was greater than in the future. In other words, we see a sharp

increase in CAPE in the past environment compared to the gradual increase in the

future environment. This trend continued until approximately 4 km, when the

trend switched between the two environments; the future environment exhibited

greater CAPE than in the past, up until 5.5 km. From there, the CAPE values

between the two environments remained similar until approximately 7 km, beyond

which the CAPE was greater again in the future environment.
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The CAPE calculation employed in this study account for the effect of latent pro-

cesses on the buoyancy of the air parcel by using the virtual temperature parameter

instead of the temperature parameter (Markowski and Richardson, 2011). Because

the humidity of planetary boundary layer sets the potential for deep convection

(Donner and Phillips, 2003; Stevens et al., 2017, CAPE is calculated from the

surface up to the equilibrium level. That said, the vertical structures of atmo-

spheric moisture content, both specific and relative humidity, correlates to CAPE,

and largely dictate the cloud vertical structure as presented in Section 4.2.3. In

addition, Weisman and Klemp (1982) demonstrated the importance of bulk cape

on storm structure and intensity. Under idealised conditions, if a fixed fraction

of CAPE is transformed into kinetic energy, the square root of CAPE gives an

estimate of the maximum possible vertical velocity achieved in the updraught of

an ascending air parcel (Bluestein, 1993). The relationship between CAPE and

maximum vertical velocity is presented in Section 4.2.4.

Table 4.1: Column-integrated CAPE at the initial condition

Location
CIN/CAPE (J kg−1)

Past Future

MIN 3392.9 4042.0

DAY 3731.2 4540.0

AND 3676.1 4488.6

JAS 3736.5 4519.4

OWE 3729.8 4554.6

CHA 3455.0 4236.0

BIR 3830.3 4561.3

MAD 3413.8 4232.5
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Figure 4.4: Vertical profiles of CIN and CAPE at initial condition
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4.2.3 The effects of vertical structure of initial thermody-

namic environment on cloud structure

At the lowest level (below 500 m), the past environment’s low relative humidity

gives rise to the convective inhibition (CIN). In contrast, the high relative humidity

in the future environment generates CAPE right from the surface in the future

environment. As a result, the presence of CIN from the dry boundary layer in the

past environment dictates the height at which the cloud forms. This is because

convection can only occur when CIN is overcome. On the other hand, the absence

of CIN in the future environment permits the vertical motion of air parcel, and

being already in near-saturated boundary layer, the air parcel need not rise further

up to achieve saturation for clouds to form. In other words, the planetary boundary

layer is deep and less saturated in the past, and shallow and more saturated in the

future environment. Consequently, this results in higher cloud bases in the past,

and lower cloud bases in the future environment as seen in Table 4.2. The average

cloud base in the future environment was 32% lower than in the past environment.

the boundary layer is lower in the future than in the past environment.

A caveat in the characteristics of the boundary layers in the past and future envir-

onments is that it could be caused by a model bias in the boundary layer paramet-

erisation scheme used in the CCSM3 climate model. The previous versions of this

global climate model has a shallow bias in the boundary layer depth. However,

in the version used in this thesis, the bias is substantially reduced Collins et al.

(2006). Nonetheless, a dry bias is still present in the profiles used in this thesis,

but has been corrected by Villanueva-Birriel (2014) using the reanalysis data as

mentioned in Section 3.2.2. Other plausible reasons for the shallow boundary

layer could be due to the interactions between the enhanced land-sea near-surface

temperature contrast and the advection of maritime air over land (Rowell, 2009).

Increased temperature enhances the rate of evaporation, and the air water-holding

capacity increases with increasing temperature. As the land warms faster than the

sea, the air over land has higher water-holding capacity and therefore can contain

more water vapour, thus increasing both the specific and relative humidity over

land. In contrast, the slower warming of the sea lowers the rate of evaporation,

resulting in air that is lower in moisture content relative to that over land. When
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the maritime air advects over land, this air experiences a fall in relative humidity

due to the higher water-holding capacity of air over land.

From 500 m to 4 km, the relative humidity in the past environment increases, and

the vertical gradient of CAPE increases sharply. Conversely, the relative humidity

in the future environment decreases, and the vertical gradient of CAPE increases

gradually. From 4 - 5.5 km, the relative humidity of both environments are similar.

However, due to the greater specific humidity throughout the atmosphere in the

future environment, the additional moisture contributes to the higher CAPE in the

future environment than it is in the past environment, and it remains so until the

upper troposphere. Stevens et al. (2017) reported that the effect of relative humid-

ity on the intensity of convection is especially pronounced at the layer between the

cloud base and the freezing level. This layer is referred to as the warm-phase cloud

layer in this study. The depth of this layer provides a measure of the intensity and

evolution of warm rain process.

Table 4.2 shows that the freezing level is lower in the past than in the future

environment, owing to the colder (warmer) environment in the past (future). The

difference between the heights of the cloud base and the freezing level gives the

depth of the warm-phase cloud layer. The average depth of the warm-phase cloud

layer was 15% greater in the future than that in the past environment. In other

words, the lower cloud bases and higher freezing levels in the future resulted in

greater cloud depth than that in the past. An example of a 2D cross section of the

simulated cloud structure for MIN is given in Figures C.1 and C.2 in Appendix

C for the past and future environments, respectively.The effects of the depth of

the warm-phase cloud layer on the development of clouds are presented in Section

4.2.5.
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Table 4.2: Heights of cloud base (m), freezing level (km), and warm-phase cloud
depths (km)

Locations

Cloud base
heights

(m)

Freezing
levels
(km)

Warm-phase
cloud depths

(km)
Past Future Past Future Past Future

MIN 691 583 3.5 4.1 2.8 3.5
DAY 661 487 3.8 4.1 3.1 3.6
AND 747 586 3.8 4.1 3.0 3.5
JAS 732 507 4.1 4.4 3.4 3.9

OWE 730 543 4.1 4.4 3.4 3.9
CHA 766 611 3.8 4.1 3.0 3.5
BIR 774 626 4.1 4.5 3.4 3.8

MAD 676 456 3.8 4.1 3.1 3.6

4.2.4 The effects of vertical structure of initial thermody-

namic environment on cloud dynamics

The thermodynamic environment profoundly dictates the characteristics and evol-

ution of convective development. Figure 4.6 shows the time-series profiles of max-

imum vertical velocity for the clouds in the past and future environments. The

time-evolution of maximum vertical velocity reflects the evolutionary stages of the

cloud development. The first peak at 10 min indicates the onset of nucleation where

latent heat of condensation is released from the condensation of water vapour into

cloud water. The latent heat further drives the vertical velocity, reaching a peak at

25 min and subsequently decreases in strength until around 60 - 80 min, where the

vertical velocity increases again due to secondary convection. As the focus of this

study is on the influence of thermodynamic environment on cloud development,

the study is limited to the primary convection.

Apart from the similar vertical velocity between the past and future clouds during

the first 10 mins, the vertical velocity in the past clouds remain consistently higher

than in the future clouds. This shows a stronger convection in the past than in

the future clouds. The strength of the vertical velocity has a prominent influence

on the vertical transport of water vapour and condensates within the clouds. This

is especially seen in the vertical distribution of cloud water at the early stage as
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shown in Figure 4.7. Here, the cloud water is distributed over a greater depth

in the past clouds, and over a smaller depth in the future clouds. Subsequently,

this has an implication on the overall cloud microphysical evolution as presented

in Section 4.2.5.

In Section 4.2.2, it is mentioned that the square root of CAPE corresponds to

the maximum possible vertical velocity achieved in the updraught of an ascending

air parcel. This relationship is seen manifested in the past, but not in the future

environment. This is because the theoretical argument ignores several effects that

could influence the cloud buoyancy such as vertical wind shear and entrainment.

The findings discussed in Sections 4.2.2 and 4.2.3 suggest that the vertical gradi-

ent of the increase in CAPE and the conditions of the warm-phase cloud layer play

a role in influencing the cloud buoyancy. This has ramifications on the intensity

and evolution of cloud development as presented in Section 4.2.5.
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Figure 4.6: Time-series profiles of maximum vertical velocity
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4.2.5 Cloud microphysical evolution at a glance

Figures 4.8, 4.9, 4.10, 4.11 and 4.12 depict the time-series profiles of mass mixing

ratio for cloud water, rain, cloud ice, snow and hail, respectively. In all cases, the

average cloud water mass mixing ratio between the clouds in the past and future

environments were similar, although some locations recorded a higher peak in the

past than in the future environment. The profile shows an increasing trend of

cloud water mass mixing ratio until 20 min, when it started to decrease, indicating

the transport and use of water in other microphysical processes. Thereafter, the

trends of cloud water mass mixing ratio between the two environments remained

consistently similar. Rain formation started at 20 min for all clouds in the past and

future environments, in conjunction with the decrease in cloud water mass mixing

ratio.

Key differences between the clouds in the past and future environments emerge from

the rain formation. This is seen in the higher production of rain in the future than

in the past clouds. Figure 4.9 shows that the average rain mass mixing ratio during

the peak production was 42% higher in the future than in the past environment.

This further led to other key differences in the ice phase microphysics between

the past and future clouds. The ice processes in the past environment initiated

earlier and the production of ice hydrometeors were greater than in the future

environment. Depending on the locations, ice processes started around 20 - 30 min

into the simulations. The greater production of ice hydrometeors indicate greater

release of the latent heat of freezing. As a result, this enhances the updraught

and more condensate is transported higher as seen in the higher cloud top height

in the past compared to that in the future. Table 4.3 also shows the cold-phase

cloud depth for both past and future clouds at the mature stage, i.e. 25 – 30 min.

The table shows an average decrease in the cloud-top height and cold-phase cloud

depths by 9% and 18% in the future relative to the past environment. Just as the

greater warm-phase cloud depth enhances warm rain process in the future clouds,

so does greater cold-phase cloud depth enhances the cold rain process in the past

clouds. Following that, rainfall in both past and future environments began.
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Figure 4.13 shows the time-series profiles of maximum rain rate (left y-axis) and

accumulated surface precipitation (right y-axis) for clouds in past and future en-

vironments in all locations. From the figure, it is seen that the rainfall in both past

and future clouds started at the same time, i.e. 30 or 35 min depending on the

locations, during which time both clouds have developed into ice phase. This is a

typical characteristic of continental deep convective clouds where the surface pre-

cipitation is sourced primarily from the cold rain process. In cold rain process, the

melting of hail accounts for 60 - 70% of the surface precipitation (Xu and Zipser,

2012). It is noted however, that, earlier studies (e.g. Ghosh and Jonas, 1998) found

that the onset times of precipitation are mediated by parameterisation of autocon-

version of cloud water to rain. They found that higher initial cloud water content

leads to earlier onset times of precipitation. In this thesis, because of the structural

changes predicted in the future environment, the onset time of precipitation is the

same for both past and future environments despite the latter having higher initial

cloud water content.

The differences between the characteristics of the precipitation between the clouds

in the past and future environments are noted in the initial rain rate and the overall

accumulated surface precipitation. The clouds in the future recorded higher initial

maximum rain rate than the clouds in the past. However, the clouds in the future

accumulated less surface rainfall than in the past clouds. In addition, the past

clouds are noted to have two peaks in the rain rate and they last longer than

those in the future. The results suggest that these differences arise due to the key

differences in the warm and ice phase microphysics between the cloud in the past

and future environments. As the precipitation in both clouds originates from the

ice phase, it is informative to explore the hail microphysical budgets between the

past and future clouds, and this is presented in Section 4.2.6.
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Table 4.3: Cloud-top heights and cold-phase cloud depths for all locations

Locations

Cloud-top
heights

(m)

Cold-phase
cloud depths

(km)
Past Future Past Future

MIN 13.5 12.0 10.0 7.9
DAY 14.8 12.8 11.0 8.7
AND 15.0 14.3 11.2 10.2
JAS 14.3 12.8 10.2 8.4

OWE 14.3 12.0 10.2 7.6
CHA 13.3 13.3 9.5 9.2
BIR 15.8 14.3 11.7 9.8

MAD 12.8 12.8 9.0 8.7
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Figure 4.8: Time series profile of cloud water mass mixing ratio
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Figure 4.9: Time series profile of rain mass mixing ratio
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Figure 4.10: Time series profile of cloud ice mass mixing ratio
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Figure 4.11: Time series profile of snow mass mixing ratio
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Figure 4.12: Time series profile of hail mass mixing ratio
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Figure 4.13: Maximum initial rain rate and accumulated surface precipitation
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4.2.6 Differences in the hail microphysical budgets between

the past and future clouds

Figures 4.14 and 4.15 depict the hail microphysical budgets for the past and fu-

ture clouds in Jasper. In general, the formation of hail in both clouds involves

the same microphysical processes, i.e. ice-rain collision (PIACR), rain collection

by hail (PRACG), droplet collection by hail (PSACWG), hail conversion due to

snow collection by rain (PSACR), hail conversion due to rain collection by snow

(PGRACS), and deposition of hail (PRDG). However, due to the differences in the

warm rain microphysics between the past and future clouds, there are three hail-

forming microphysical processes that are less prominent in the future cloud than

in the past cloud. These processes are PSACWG, PGRACS and PRACG.

The first process, PSACWG, is less prominent in the future cloud due to the lack

of droplet availability in terms of amount of droplet and the smaller vertical distri-

bution compared to that in the past cloud. The second process, PGRACS, is due

to the lack of snow as a result of weaker ice processes in the future cloud. The third

process, PRACG, is due to rain falling out as a result of strong collision-coalescence

process that produces larger raindrops and cannot be sustained by the updraught

longer. As such, there is insufficient rain for this process. In short, the lack of cloud

water, snow and hail in the future impacted the associated microphysical process

involved in the formation of hail.
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Figure 4.14: Hail microphysical budget for Jasper in the past environment

Note: Refer to Table 3.3 for the microphysical process terms.



80 4.2. Results

0.002 0.001 0.000 0.001 0.0020

4

8

12

16

T = O°C

(a)15min

0.150 0.075 0.000 0.075 0.1500

4

8

12

16

T = O°C

(b)20min

0.150 0.075 0.000 0.075 0.1500

4

8

12

16

T = O°C

(c)25min

0.0070 0.0035 0.0000 0.0035 0.00700

4

8

12

16

T = O°C

(d)30min

0.004 0.002 0.000 0.002 0.0040

4

8

12

16

T = O°C

(e)35min

0.002 0.001 0.000 0.001 0.0020

4

8

12

16

T = O°C

(f)40min

JAS (Future)

He
ig

ht
 (k

m
)

Hail tendency (g kg 1 s 1)

PGRACS
PIACR
PRACG
PSACR
PSACWG
MNUCCR
PGSACW
PRDG
PRACI
PGMLT
EVPMG
EPRDG

Figure 4.15: Hail microphysical budget for Jasper in the future environment

Note: Refer to Table 3.3 for the microphysical process terms.
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4.3 Discussion

In this study, both clouds in the past and future environments formed at the same

time, that is at 10 min into the simulations as indicated from the formation of cloud

water in Figure 4.8. Thereafter, however, the evolution of the cloud microphysical

processes differ between the past and future environments. These differences are

described in this Section by drawing together all the results presented in Section

4.2.

From the results presented in Section 4.2.1, the boundary layer in the past envir-

onment is less saturated than the future environment. Convective inhibition (CIN)

is present in the boundary layer in the past environment and absent in the future

environment. Due to the overall warmer troposphere in the future environment,

the freezing level (T = 0 ◦C) is higher than in the past environment. These dif-

ferences result in subsequent differences on the cloud structure between the two

environments as presented in Section 4.2.2.

In the past environment, the air parcel rising from the surface has to overcome

the CIN to initiate convection. In addition, being in a less saturated environment,

the air parcel has to rise further to reach saturation for condensation to occur. In

contrast, the absence of CIN in the future environment allows for air parcel to rise

and being in near-saturated environment, the air parcel need not rise further for

condensation to occur. As a consequence, clouds form at a higher altitude in the

past relative to that of the future. Further, the height of the freezing level dictates

the spatial boundary of the warm rain process. The difference between the heights

of cloud base and freezing level gives the depth of the warm-phase cloud layer. The

high cloud base and low freezing level in the past environment results in a shallow

warm-phase cloud depth. On the contrary, the low cloud base and high freezing

level in the future environment results in a deep warm-phase cloud depth.

The differences in the warm-phase cloud depth between the past and future environ-

ments result in major differences in the cloud microphysical evolution, particularly

made obvious by the differences in the rain mixing ratio. This will be further

discussed in the following paragraphs.
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For clouds in the past environment, the high cloud base resulted in cloud water

forming at high altitude and the more saturated warm-phase cloud layer enhances

nucleation (Castillo et al., 2015; Costa et al., 2017), thus distributing the cloud wa-

ter over a greater depth. The enhanced nucleation also resulted in the production

of numerous small cloud droplets. This leads to less efficient collision-coalescence

process, hence less rain formation (Tao and Li, 2016) as seen in the decreasing rain

mass mixing ratio at 20 min in Figure 4.9. In addition, the release of latent heat of

condensation from the enhanced nucleation drives the vertical transport of cloud

droplets to higher heights. Given the low freezing level, the cloud droplets are

carried above the freezing level. Above the freezing level, cloud droplets become

supercooled and this creates a favourable condition for the initiation of ice nucle-

ation (Westbrook and Illingworth, 2011), thus initiating ice nucleation as early as

15 min. In addition, the earlier transport of cloud droplets into the ice phase allows

for the clouds to consume the CAPE thus enhancing convection and can be seen

in the high cloud top height. The early initiation of ice processes further limits the

rain formation due to the lack of cloud water in the warm-phase layer. The early

and strong development of ice phase produces a great amount of ice and snow as

well as the presence of more cloud water aloft that they dominate the microphysical

processes involved in the formation of hail. This leads to more release of latent

heat of freezing that sustain the condensates from falling out quickly, thus the low

initial rain rate recorded in the past clouds. The longer residence of condensates in

the clouds allow for further cloud development that lengthens the cloud’s lifetime,

resulting in more rainfall throughout the cloud’s lifetime.

On the other hand, for clouds in the future environment, the near-saturated bound-

ary layer resulted in cloud water forming at low altitude and the less saturated

warm-phase cloud layer above the cloud base slows down the nucleation rate. This

results in reduced formation of cloud droplets and less latent heat of condensation

released. Consequently, the updraught speed is weaker due to less latent heat re-

leased. Albeit the weak updraught speed, the greater depth of the warm-phase

cloud layer increases the time in which cloud water and rain reside within the

clouds. This allows more time for raindrops to grow into larger sizes. The pro-

longed and efficient collision-coalescence process delays and limits the transport of

liquid condensates above the freezing level. As a result, not only the onset of ice
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phase is delayed, but the strength of the ice phase development is also weaker. Con-

sequently, ice and snow particles are produced in small amount and are therefore

not prominent in the formation of hail. Instead, the formation of hail is mainly

initiated by microphysical processes associated with rain. When rain is finally

transported into the ice phase at 25 min, it immediately forms hail as seen in Fig-

ure 4.15(c). Even though the formation of hail releases latent heat of freezing, the

latent heat is not sufficient to supply the updaught speed to sustain the large hail

particles formed from the large rain particles. As a result, hail falls out as soon

as it is produced, thus the high initial rain rate recorded. After the rainfall, ice

phase still persists. However, the intense initial rainfall has depleted most of the

water and therefore remain limited for ice processes. This leads to the subsequent

rainfall to remain lower than that in the past clouds for the rest of the cloud’s

lifetime.

4.4 Summary

The different thermodynamic structures of the past and future environments res-

ulted in the different cloud development as presented in this chapter. To summar-

ise, the thermodynamic structure of the past environment are more favourable for

stronger convection compared to that of the future environment. This is seen in

the greater accumulated surface precipitation in the past clouds than in the future

clouds. The clouds in the past environments are characterised by a weaker warm

rain process due to the shallow warm-phase cloud layer, and a stronger cold rain

process as manifested in the greater depth of cold-phase layer with high cloud top

height. On the other hand, the clouds in the future environments are characterised

by a stronger warm rain process due to the deep warm-phase cloud layer in which

most of the cloud water is consumed for growth of raindrops into larger particles.

This reduces the amount of water available for ice processes, hence the weaker cold

rain process as manifested in the shallow cold-phase cloud layer with low cloud top

height. However, it is noteworthy to note that this analysis does not extend to

cover the occurrence of extreme weather events which was suggested to occur more

frequently in a future warmer environment (e.g. Kendon et al., 2014).





Chapter 5

The responses of deep convective
clouds to thermodynamic
perturbations

5.1 Introduction

Deep convective clouds were studied in the previous chapter for past (current)

and future climate scenarios. Differences in the development of the clouds for

past and future environments were explored. The result showed that differences

due to the thermodynamic structure resulted in weaker convection in the future

than in the past environment and the differences in the way the clouds developed

was investigated. In this chapter, we delve into understanding which factors of

the changed climate are causing which effect on the cloud development. Four

experiments were conducted and are described in Section 5.2 and the results and

discussion are presented in Section 5.3. Finally, Section 5.4 provides a summary

of the Chapter’s findings.

5.2 Experimental designs

Climate warming brings about many changes to the thermodynamic and dynamic

components of the earth’s climate system (Bony et al., 2004; Palmer, 2013). While

the thermodynamic and dynamic effects are recognised to influence cloud proper-

ties, questions still remain as to which effect or effects play the most important
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role (e.g. Emori and Brown, 2005; Palmer, 2013). For example, as the atmosphere

warms, the specific humidity of the air increases. This increases the amount of

water vapour available for latent heat processes. The release of latent heat when

water vapour condenses and the cooling of air through evaporation or sublimation

of condensates influences the dynamic processes that shape the global circulation

of the atmosphere. Many observational and modelling studies (e.g. Bengtsson et

al., 2009; Sharmila and Walsh, 2018) have reported a poleward shift in storm tracks

due to warming. This affects the distribution of water vapour not only throughout

the atmosphere but also across the globe.

From Chapter 4, it was found that the future climate is characterised by a different

thermodynamic structure as well as changes in the moisture content that has come

about from increased warming. In this chapter, we are interested to understand

the role of each factor on cloud development. To do this, we will isolate different

effects. For example, we will eliminate the temperature increase that arises from

warming and test how temperature structure and moisture content affect the cloud

development, and how they differ from the cloud development in the past envir-

onment. We then test the effects of temperature structure and moisture content

on cloud development between non-warmed and warmed environments in terms of

the water-holding capacity. This is achieved by performing idealised simulations

of deep convective cloud in three different thermodynamic environments and by

making comparisons of the cloud development between the altered thermodynamic

environments and that of the original past or future thermodynamic environments.

A total of four experiments or comparisons are performed as outlined in Table 5.1.

The first three experiments involve the elimination of the temperature increase that

arise from climate warming, while the fourth experiment considers the temperature

increase from climate warming. Table 5.1 is an introduction to the experiments.

More detailed explanations are provided afterwards with diagrams.

Next, the details on the preparation of the environmental profiles used in the

experiments described in Table 5.1 are described in the Table 5.2.
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Table 5.1: Description of the experiments

Experiment Details

1

The first experiment assesses the effects of both temper-
ature structure and relative humidity on the cloud devel-
opment if the temperature increase from climate warming
is eliminated. This is to see the structural and relative
humidity effects of a future climate without the increase
in mean temperature. How would the clouds developed in
this condition and how would it differ from the clouds in
the past environment?

2

Also with the elimination of temperature increase from
warming, the second experiment isolates the temperature
structure effect from the moisture content effect. It aims
to test the influence of the temperature structure on the
cloud development. This is to see what would happen to
the cloud development if everything is like the past envir-
onment except that the temperature structure is that of
the future environment.

3

The third experiment isolates the moisture content effect
from the temperature structure effect. It aims to test what
cloud development effects occur from a changed relative
humidity profile have on cloud development. Similar to the
second experiment, this experiment is looking to see what
would happen to the cloud development if everything is
like the past environment except that the relative humidity
profile is that of the future environment.

4

The fourth experiment tests the effects of warming on cloud
development in terms of the water-holding capacity. This
is to see if the temperature structure and relative humidity
profiles are the same for non-warmed and warmed environ-
ments, but temperature is different between the two envir-
onments, how is the cloud development different between
the two environments?
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Table 5.2: Details on the preparation of the altered environmental profiles

Experiment 1

Which original environment is altered:
Future environment

What is altered:
The average potential temperature and temperature of the original
future environment is reduced to that of the past environment.

What is it compared to:
Original past environment

Schematic diagram:

Symbol for altered environment:

θF→PRHF
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Table 5.2 (continued)

Experiment 2

Which original environment is altered:
Future environment

What is altered:
• Average potential temperature and temperature of the original

future environment is reduced to that of the past environment.
• Relative humidity profile of the original future environment is

replaced to that of the past environment.

What is it compared to:
Original past environment

Schematic diagram:

Symbol for altered environment:

θF→PRHF→P
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Table 5.2 (continued)

Experiment 3

Which original environment is altered:
Past environment

What is altered:
Relative humidity profile of the original past environment is replaced to
that of the future environment.

What is it compared to:
Original past environment

Schematic diagram:

Symbol for altered environment:
θPRHP→F
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Table 5.2 (continued)

Experiment 4

Which original environment is altered:
Future environment

What is altered:
The average potential temperature and temperature of the original
future environment is reduced to that of the past environment.

What is it compared to:
Original future environment

Schematic diagram:

Symbol for altered environment:

θF→PRHF
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The details of the alterations are explained as follows.

1. Reducing the mean potential temperature and temperature of the original

future environment to that of the original past environment (for Experiments

1, 2 and 3): The average potential temperature from the lowest level up to the

level slightly above 0 ◦C for both the past and future environments are used

in the calculation. The range of heights from the lowest level to the level just

above 0 ◦C was chosen because they are key to cloud development. Then, the

difference between the two averages is evaluated and this difference is then

subtracted from the potential temperature of the original future environment.

2. Relative humidity (for Experiments 2 and 3): The vertical structure of rel-

ative humidity of the original future environment is replaced by that of the

original past environment, and vice versa.

Next, a summary of the experiments is provided in Table 5.3.
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Table 5.3: Summary of the experiments

Exp.
Symbols of

altered
profiles

Compare with Tests

1 θF→PRHF

Original past
environment
θPRHP

To test the effects of both
temperature structure and

relative humidity changes on the
cloud development if the mean

temperature increase from

warming is eliminated.

2 θF→PRHF→P

To test the effects of
temperature structure on the

cloud development.

3 θPRHP→F

To test the effects of future
changes in relative humidity on

the cloud development.

4 θF→PRHF

Original future
environment
θFRHF

To test the effects of future
warming on cloud development
in terms of the water-holding

capacity.
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5.3 Results and Discussion

This section presents the results and discussion from the four experiments men-

tioned in Section 5.2. Each experiment is discussed in separate sections as follows:

Section 5.3.1 for Experiment 1, Section 5.3.2 for Experiment 2, Section 5.3.3

for Experiment 3, and Section 5.3.4 for Experiment 4.

5.3.1 Experiment 1: The effects of both temperature struc-

ture and relative humidity changes on the cloud de-

velopment if temperature increase from warming is

eliminated

Exp. 1 Introduction

Experiment 1 removes the mean temperature shift in the future environment and

assess the effects on the cloud development. This is achieved by keeping everything

the same in the past and future runs except eliminating the mean warming effects

that arise from climate warming in the future. The modification to the thermo-

dynamic conditions of the future environment is as described in Table 5.2 (Exp.

1), and is labelled as θF→PRHF. For the remainder of this chapter, all the altered

environments will be referred to as the altered environment for brevity.

Prior to presenting the comparison between the altered environment and the past

environment, a description of the environmental conditions of the altered envir-

onment, i.e. how it differs from the original future environment, is described as

follows. The altered environment exhibits a temperature profile that is lower than

the original future environment due to its mean potential temperature being re-

duced to that of the past environment. As such, the water-holding capacity of

the altered environment is indirectly lowered and therefore contains less moisture

content than the original future environment.
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Exp. 1 Results

In this experiment, the results highlight the effects of the removal of the mean tem-

perature shift on the cloud macro- and microphysical features. We first explore how

the vertical thermodynamic profiles between the two environments differ. Figures

5.1, 5.2 and 5.3 show the vertical profiles of relative humidity, specific humidity

and convective available potential energy (CAPE), respectively, for the altered and

past environments. The relative humidity of the two environments are the same as

that described for the past and future environments in Chapter 4. The boundary

layer in the altered environment is characterised as having higher relative humidity

than in the past, while the mid-layer in the altered environment has lower relative

humidity than in the past. On the other hand, the specific humidity in the altered

environment throughout the atmosphere is greater than in the past environment,

and is significantly greater at the boundary layer. This contributes to CAPE in

the altered environment. If we consider the change in the CAPE between the

model layers and call it differential CAPE (dCAPE), we see in Figure 5.3 that the

dCAPE in the altered environment is also greater in the boundary layer than in

the past environment. However, at the mid- and upper levels, the dCAPE in the

past environment is greater than the altered environment. From Chapter 4, it

was noted that the high specific humidity and large dCAPE at the boundary layer

lead to clouds forming at low altitudes. In this experiment, it is also seen that the

clouds in the altered environment formed at lower altitudes than that in the past

environment. The clouds in the past environment formed at higher altitudes due

to the presence of convective inhibition (CIN) in the boundary layer.
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Figure 5.1: Vertical profiles of relative humidity at the initial time for all
locations between the altered environment (θF→PRHF) and the past environment
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Figure 5.2: Vertical profiles of specific humidity at the initial time for all
locations in the altered environment (θF→PRHF) and the past environment.
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Figure 5.3: Vertical profiles of convective inhibition (CIN) and convective
available potential energy (CAPE) at the initial time for all locations in altered

environment (θF→PRHF) and past environment.
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Exp. 1 Cloud macrophysical properties

Table 5.4 shows the cloud base heights, freezing levels and the warm-phase cloud

depths, while Table 5.5 shows the cloud-top heights and cold-phase cloud depths

for the two environments. The mean differences for each cloud properties between

the two environments are given in Table 5.6. On average, the cloud base in the

altered environment is 190 m or 37% lower than in the past environment. We also

see that the average freezing level in the altered environment is 240 m or 6% higher

than in the past environment, a feature that comes from the temperature structure

of the future environment. A combination of low cloud base and high freezing

level in the altered environment yields a warm-phase cloud depth that is deeper

than in the past environment. On average, the warm-phase cloud depth in the

altered environment is 430 m or 10% deeper than in the past environment. For the

cloud-top heights and cold-phase cloud depths, the altered environment exhibit an

average cloud-top height that is 2 km or 15% lower than in the past environment.

This yields average cold-phase cloud depth that is 2.2 km or 27% shallower than

in the past environment. An example of a 2D cross section of the simulated cloud

structure in the altered environment is given in Figure C.3 in Appendix C In

Chapter 4, it was established that cloud microphysical processes dictate much of

the cloud macrophysical properties once convection is initiated. Therefore, drawing

from these cloud macrophysical properties, we can infer the cloud microphysical

processes that occurred within the clouds. There are no changes in the freezing

levels, cloud-top heights, and depths of warm- and cold-phase cloud layers in JAS

and OWE, nonetheless, we still see some microphysical differences that are similar

to the other locations.
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Table 5.4: Heights of cloud base (m), freezing level (km), and warm-phase cloud
depths (km) for all locations in the altered environment (θF→PRHF) and the past

environment.

Locations

Cloud base
heights

(m)

Freezing
levels
(km)

Warm-phase
cloud depths

(km)

θPRHP θF→PRHF θPRHP θF→PRHF θPRHP θF→PRHF

MIN 691 572 3.5 3.8 2.8 3.2
DAY 661 424 3.8 4.1 3.1 3.7
AND 747 577 3.8 4.1 3.0 3.5
JAS 732 499 4.1 4.1 3.4 3.6

OWE 730 534 4.1 4.1 3.4 3.6
CHA 766 602 3.8 4.1 3.0 3.5
BIR 774 615 4.1 4.5 3.4 3.8

MAD 676 450 3.8 4.1 3.1 3.6

Table 5.5: Cloud-top heights (km) and cold-phase cloud depths (km) for all
locations in the altered environment (θF→PRHF) and the past environment.

Locations

Cloud-top
heights

(m)

Cold-phase
cloud depths

(km)

θPRHP θF→PRHF θPRHP θF→PRHF

MIN 13.5 11.3 10.0 7.5
DAY 14.8 14.3 11.0 10.2
AND 15.0 12.0 11.2 7.9
JAS 14.3 12.0 10.2 7.9

OWE 14.3 12.0 10.2 7.9
CHA 13.3 12.0 9.5 7.9
BIR 15.8 12.8 11.7 8.3

MAD 12.8 12.0 9.0 7.9
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Table 5.6: Mean differences for the properties of cloud structures for all locations
between the altered environment (θF→PRHF) and the past environments.

Cloud structures
Mean differences
(Altered - Past)

Cloud base height -188 m
Freezing level 240 m

Warm-phase cloud depth 400 m
Cloud-top height -2 km

Cold-phase cloud depth -2.2 km

Exp. 1 Synthesis

Drawing from the results reported in Chapter 4, the deep warm-phase cloud

depth in the altered environment indicates an active collision-coalescence process,

in contrast to the shallow warm-phase cloud depth with less efficient collision-

coalescence process in the past environment. Another factor that contribute to

the collision-coalescence process is the relative humidity in the warm-phase layer,

particularly above the boundary layer which is referred to as the mid-layer here. In

this layer, the altered environment is less saturated than in the past environment,

causing a decrease in cloud nucleation rate thus limiting latent heat release as seen

in the weaker updraught speed (Figure 5.4) relative to that in the past environment.

The lower nucleation rate produces less droplets and the longer residence time of the

droplets due to the weaker sedimentation and weak updraught speed increases the

time for droplets to grow into larger sizes via collision-coalesce process. As a result,

more rain is produced in the altered environment than in the past environment as

seen in Figure 5.5.
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Figure 5.4: Time-series profiles of maximum vertical velocity for all locations in
the altered environment (θF→PRHF) and the past environment.
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Figure 5.5: Time-series profiles of average rain mass mixing ratio for all locations
in the altered environment (θF→PRHF) and the past environment.



104 5.3. Results and Discussion

As in Chapter 4, one of the main features of the differences between the altered

and past environments was in the production of rain as depicted in Figure 5.5. In

the altered environment, it takes a while before rain production reaches its peak

and decreases afterwards, whereas in the past environment, as soon as rain forms,

it reaches its peak production and then immediately decreased afterwards. In the

altered environment, the decrease in the rain production after reaching its peak

occurs at the same time as rainfall begins, that is at 25 min. On the other hand,

the decrease in the rain production after the peak production is reached in the

past environment does not occur at the same time as rainfall begins. Instead,

what happens in the past environment is that ice processes begin earlier and that

reduces the availability of water for rain production as discussed in Chapter 4.

The active collision-coalescence process in the altered environment results in intense

initial rainfall (Figure 5.6) that removes water from the clouds thereby reducing

the availability of water of ice processes. This explains the lower cloud-top height

and shallower cold-phase cloud depth in the altered environment than in the past

environment.
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Figure 5.6: Time-series profiles of maximum rain rate (left y-axis) and maximum
accumulated surface rain (right y-axis) for all locations in the altered

environment (θF→PRHF) and the past environment.
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Exp. 1 Conclusion

The results from Experiment 1 shows that reducing the mean temperature but

keeping the structures of temperature and relative humidity of the future envir-

onment leads to an average warm-phase cloud depth that is approximately 400

m deeper than in the past environment. The greater warm-phase enhances the

collision-coalescence process that increases the rain mixing ratio by a factor of 10

than in the past environment, especially during the peak rain production. This

leads to an intense initial rainfall that removes large mass of rain water in the

altered environment, thus reducing the availability of water for ice processes in the

altered environment. As a result, the ice processes in the altered environment is

weakened as seen in the average decrease of cloud-top height and cold-phase cloud

depth by 2 km and 2.2 km, respectively, compared to that in the past environment.

The results from this experiment is similar to that performed for the past and fu-

ture environment in Chapter 4. In comparison to the results in Chapter 4, the

reduced mean temperature in the altered environment in Experiment 1 results in

minimal changes in the average cloud base height but a lowering of the freezing

level by an average of 45%. This reduces the average warm-phase cloud depth by

25%, and a further reduction in the average cloud-top height and cold-phase cloud

depth by 40% and 30%, respectively. Therefore, this shows that the temperature

structure and relative humidity of the future environment substantially influences

the cloud development, with or without the mean increase in warming that climate

change brings.

5.3.2 Experiment 2: Isolating and assessing the effects of

temperature structure on the cloud development

Exp. 2 Introduction

Experiment 2 aims to isolate the temperature structure effects whilst removing

the differences of relative humidity and mean warming so as to assess the sole

effects of temperature structure on the cloud development. To isolate the effect of

temperature structure from relative humidity, the relative humidity profile of the

future environment is replaced to that of the past environment, whereas to remove
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the mean warming in the future environment, the mean potential temperature and

temperature of the future environment are reduced to that of the past environment.

This will produce an altered environment that retains the temperature structure

of the future environment. The modifications performed are as described in Table

5.2 (Exp. 2), and the altered environment is labelled as θF→PRHF→P.

As in the previous section, the environmental conditions of the altered environ-

ment will be described prior to presenting the results on the comparison between

the altered environment and the past environment. In this experiment, the altered

environment exhibits a temperature profile that is lower than that of the original

future environment due to its mean potential temperature being reduced to that

of the past environment. This lowers the water-holding capacity of the altered en-

vironment thus indirectly reduces the moisture content in the altered environment.

The moisture content in the altered environment is also reduced from the future

environment due to the relative humidity profile being replaced with that of the

past.

When compared with the past environment, the moisture content in the altered

environment is lower in the boundary layer but greater in the mid- and upper

layer than in the past environment as shown in Figure 5.7. The lower moisture

content in the boundary layer of the altered environment results in convective

inhibition (CIN) that is greater than the past environment as seen in Figure 5.8.

In addition, the CAPE in the altered environment is also lower in the altered

environment throughout the atmosphere. In the following, we will begin to explore

the results and discuss the comparison of the cloud development between the altered

environment and the past environment.
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Figure 5.7: Vertical profiles of relative humidity at the initial time for all locations
between the altered environment (θF→PRHF→P) and the past environment
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Figure 5.8: Vertical profiles of convective inhibition (CIN) and convective
available potential energy (CAPE) at the initial time for all locations in altered

environment (θF→PRHF→P) and past environment.
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Exp. 2 Results

For this experiment, the highlight of the results is on the strength of convection.

The strength of convection can be inferred from the maximum vertical velocity

in Figure 5.9 and the total water content in Figure 5.10. The maximum vertical

velocity in the altered environment is on average 75% weaker than in the past

environment. Similarly, the total water content in the altered environment is on

average 80% lower than in the past environment. This tells us that the altered

environment is far less conducive for convection. We see this in the macrophysical

properties of the clouds.
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Figure 5.9: Time-series profiles of maximum vertical velocity for all locations in
the altered environment (θF→PRHF→P) and the past environment.
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Figure 5.10: Time-series profiles of average total water content for all locations in
the altered environment (θF→PRHF→P) and the past environment.
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Exp. 2 Cloud macrophysical properties

Table 5.7 provides the heights and depths associated with the warm-phase cloud

layers, while Table 5.8 gives the cloud-top heights and cold-phase cloud depths

for the two environments. The mean differences for each cloud properties between

the two environments are given in Table 5.9. Figure C.4 in Appendix C shows

an example of 2D cross section of the simulated cloud structure for the altered

environment. Beginning from the cloud formation, the altitudes at which clouds

in both altered and past environment form remain similar due to the same relative

humidity profiles exhibited by both environments. The freezing levels, on the

other hand, are on average 240 m higher in the altered environment than in the

past environment due to the temperature structure of the future environment.

Subsequently, the warm-phase cloud depths are also on average 240 m deeper in

the altered environment than in the past environment. Next, we explore the heights

and depths associated with the cold-phase cloud layers in both environments. It

is seen that the average cloud-top height in the altered environment is 8 km lower

than in the past environment. Despite the greater freezing levels in the altered

environment, the cold-phase cloud depths are still on average 8 km shallower than

in the past environment. This is a very profound feature of the altered environment

and indicates that the ice phase in the altered environment is weak or barely

existent at all as evident in solid hydrometeor mixing ratio (ice, snow and hail) in

Figure 5.11. Figure 5.11 shows that solid hydrometeors are almost non-existent or

minimal in all locations.
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Table 5.7: Heights of cloud base (m), freezing level (km), and warm-phase cloud
depths (km) for all locations in the altered environment (θF→PRHF→P) and the

past environment.

Loc.

Cloud base
heights

(m)

Freezing
levels
(km)

Warm-phase
cloud depths

(km)

θPRHP θF→PRHF→P θPRHP θF→PRHF→P θPRHP θF→PRHF→P

MIN 691 688 3.5 3.8 2.8 3.1
DAY 661 661 3.8 4.1 3.1 3.4
AND 747 743 3.8 4.1 3.0 3.4
JAS 732 727 4.1 4.1 3.4 3.4

OWE 730 725 4.1 4.1 3.4 3.4
CHA 766 763 3.8 4.1 3.0 3.4
BIR 774 770 4.1 4.5 3.4 3.7

MAD 676 673 3.8 4.1 3.1 3.4

Table 5.8: Cloud-top heights (km) and cold-phase cloud depths (km) for all
locations in the altered environment (θF→PRHF→P) and the past environment.

Locations

Cloud-top
heights

(m)

Cold-phase
cloud depths

(km)

θPRHP θF→PRHF→P θPRHP θF→PRHF→P

MIN 13.5 9.0 10.0 5.2
DAY 14.8 4.5 11.0 0.4
AND 15.0 6.0 11.2 1.9
JAS 14.3 6.0 10.2 1.9

OWE 14.3 5.3 10.2 1.2
CHA 13.3 5.3 9.5 1.2
BIR 15.8 7.5 11.7 3.0

MAD 12.8 5.3 9.0 1.2
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Table 5.9: Mean differences for the properties of cloud structures for all locations
between the altered environment (θF→PRHF→P) and the past environments.

Cloud structures
Mean differences
(Altered - Past)

Cloud base height -3.4 m
Freezing level 240 m

Warm-phase cloud depth 250 m
Cloud-top height -8 km

Cold-phase cloud depth -8.4 km
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Figure 5.11: Time-series profiles of average solid hydrometeor mixing ratio (ice,
snow and hail) for all locations in the altered environment (θF→PRHF→P) and the

past environment.
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Exp. 2 Synthesis

Even though the altered environment and past environment exhibit the same relat-

ive humidity, the specific humidity differ as seen in Figure 5.7. Due to the temper-

ature structure of the altered environment, the specific humidity in the boundary

is lower than in the past environment. The lower water vapour mixing ratio in

the boundary layer in the altered environment not only limits the amount of water

vapour for cloud nucleation, but also leads to greater convective inhibition (CIN,

Figure 5.8) that affects the buoyancy of the air parcel, thus resulting in a weakened

updraught speed. In addition, the updraught strength in the altered environment

is also weakened due to the less amount of latent heat released from the lower nuc-

leation rate. Consequently, the weak updraught in the altered environment could

not sustain or transport more water vapour and condensates to higher heights for

further nucleation and growth of condensates, thus the overall weaker convection

relative to the past environment.

Exp. 2 Conclusion

In conclusion, we see from the results that the temperature structure has important

effects on the moisture at lower levels that gives to the significant cloud differences,

especially in the dramatic reduction in cloud-top height and cold-phase cloud depth

by an average of 8 km, thus signalling a weak cold rain process. This illustrates that

the vertical extent of clouds is hugely affected by the temperature structure.
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5.3.3 Experiment 3: Isolating and assessing the relative

humidity structure on the cloud development

Exp. 3 Introduction

In this section, we investigate the impact of relative humidity structure whilst keep-

ing the other effects. By isolating the effects of relative humidity structure from

the temperature structure, it enables us to test what effects the implied transport

of water vapour associated with future warming climate have on the cloud devel-

opment in the past environment. In this experiment, the past environment is used

as the altered environment. To isolate the effect of relative humidity structure

from temperature structure, the temperature structure, potential temperature and

temperature are all kept the same and only the relative humidity structure of the

past environment is replaced to that of the future environment. This modifica-

tion is as described in Table 5.2 (Exp. 3), and the altered environment is labelled

as θPRHP→F. This altered environment is then compared to the past environ-

ment.

Prior to presenting the results and discussion for this experiment, the environmental

conditions of the altered environment is described here. In this experiment, the

altered environment exhibits a temperature profile that is the same as the original

past environment but the moisture content is markedly greater than the original

past environment, especially in the boundary layer as depicted in Figure 5.12. The

increase in the moisture content of the altered environment was due to the greater

relative humidity of the future environment in the boundary layer. This makes

the altered environment saturated relative to the past environment as depicted in

Figure 5.13. This added moisture and increased saturation also lead to greater

CAPE in the altered environment than in the past environment as seen in Figure

5.14. In the upcoming paragraphs, we will explore how the cloud development in

the altered environment is different from the past environment.
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Figure 5.12: Vertical profiles of specific humidity at the initial time for all
locations in the altered environment (θPRHP→F) and the past environment.



118 5.3. Results and Discussion

0 20 40 60 80 10
0

0
2
4
6
8

10
12
14
16

(a) MIN

0 20 40 60 80 10
0

0
2
4
6
8

10
12
14
16

(b) DAY

0 20 40 60 80 10
0

0
2
4
6
8

10
12
14
16

(c) AND

0 20 40 60 80 10
0

0
2
4
6
8

10
12
14
16

(d) JAS

0 20 40 60 80 10
0

0
2
4
6
8

10
12
14
16

(e) OWE

0 20 40 60 80 10
0

0
2
4
6
8

10
12
14
16

(f) CHA

0 20 40 60 80 10
0

0
2
4
6
8

10
12
14
16

(g) BIR

0 20 40 60 80 10
0

0
2
4
6
8

10
12
14
16

(h) MAD

He
ig

ht
 (k

m
)

Relative humidity (%)

PRHP

PRHP F

Figure 5.13: Vertical profiles of relative humidity at the initial time for all
locations between the altered environment (θPRHP→F) and the past environment
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Figure 5.14: Vertical profiles of convective inhibition (CIN) and convective
available potential energy (CAPE) at the initial time for all locations in altered

environment (θPRHP→F) and past environment.
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Exp. 3 Results

As in Experiment 2, the highlight of the results from this experiment is on the

strength of convection as seen in the modelling results from the maximum vertical

velocity and total water content in the clouds, as depicted in Figures 5.15 and 5.16

respectively. The average maximum vertical velocity in the altered environment is

35% stronger than in the past environment, while the average total water content

throughout the simulation time is 70% greater in the altered environment than in

the past environment. This suggests that the altered environment is very conducive

and favourable for convection to occur. We will now delve deeper into the cloud

macrophysical and microphysical properties.
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Figure 5.15: Time-series profiles of maximum vertical velocity for all locations in
the altered environment (θPRHP→F) and the past environment.
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Figure 5.16: Time-series profiles of average total water content for all locations in
the altered environment (θPRHP→F) and the past environment.
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Exp. 3 Cloud macrophysical properties

Table 5.10 lists the heights and depths associated with the warm-phase cloud layers,

while Table 5.11 gives the cloud-top heights and cold-phase cloud depths for the

two environments. The mean differences for each cloud properties between the

two environments are given in Table 5.12. Figure C.5 in Appendix C shows

an example of 2D cross section of the simulated cloud structure for the altered

environment. To begin with, the clouds in the altered environment form at altitude

that is on average 185 m lower than in the past environment. On the other hand,

the freezing levels in both environments remain at the same heights. This yields an

average warm-phase cloud depth that is 185 m deeper in the altered environment

than in the past environment. Next, we explore the cloud-top heights and cold-

phase cloud depths in both environments. The average cloud-top height in the

altered environment is 1.8 km higher than in the past environment and the average

cold-phase cloud depth is 1.8 km deeper in the altered environment than in the

past environment. The greater cloud depths of both the warm and cold phases

in the altered environment are features of cloud structure that are different from

the previous two experiments. These deeper depths imply stronger convection in

the altered environment relative to the past environment, as is also evident in the

stronger updraught strength (Figure 5.15) in the altered environment.
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Table 5.10: Heights of cloud base (m), freezing level (km), and warm-phase cloud
depths (km) for all locations in the altered environment (θPRHP→F) and the past

environment.

Locations

Cloud base
heights

(m)

Freezing
levels
(km)

Warm-phase
cloud depths

(km)
θPRHP θPRHP→F θPRHP θPRHP→F θPRHP θPRHP→F

MIN 691 575 3.5 3.5 2.8 3.0
DAY 661 422 3.8 3.8 3.1 3.4
AND 747 580 3.8 3.8 3.0 3.2
JAS 732 503 4.1 4.1 3.4 3.6

OWE 730 538 4.1 4.1 3.4 3.6
CHA 766 605 3.8 3.8 3.0 3.2
BIR 774 619 4.1 4.1 3.4 3.5

MAD 676 452 3.8 3.8 3.1 3.3

Table 5.11: Cloud-top heights (km) and cold-phase cloud depths (km) for all
locations in the altered environment (θPRHP→F) and the past environment.

Locations

Cloud-top
heights

(m)

Cold-phase
cloud depths

(km)
θPRHP θPRHP→F θPRHP θPRHP→F

MIN 13.5 13.5 10.0 10.0
DAY 14.8 16.5 11.0 12.7
AND 15.0 16.5 11.2 12.7
JAS 14.3 16.5 10.2 12.4

OWE 14.3 16.5 10.2 12.4
CHA 13.3 16.5 9.5 12.7
BIR 15.8 17.3 11.7 13.2

MAD 12.8 15.0 9.0 11.2
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Table 5.12: Mean differences for the properties of cloud structures for all locations
between the altered environment (θPRHP→F) and the past environments.

Cloud structures
Mean differences
(Altered - Past)

Cloud base height -185 m
Freezing level No difference

Warm-phase cloud depth 350 m
Cloud-top height 1.8 km

Cold-phase cloud depth 1.8 km

Exp. 3 Synthesis

The stronger convection in the altered environment is attributed to the increased

moisture content and saturation in the boundary layer. Referring to the relative

humidity profiles in Figure 5.13, the changes made to produce the altered environ-

ment results in abundant low-level moisture as seen in the greater specific humidity

and relative humidity in Figure 5.12. In the mid-layer, however, the moisture con-

tent is lower than in the past environment and beyond that the moisture content

between the two environments remain similar. Despite the less saturated condition

and lower moisture content in the mid-layer of the altered environment relative to

the past environment, the total water content (Figure 5.16) throughout the simu-

lation time is still substantially higher in the altered environment than in the past

environment. Thus, it is again suggested that the boundary layer moisture and

saturation play a prominent role in dictating the cloud development in the altered

environment.

The high relative humidity (Figure 5.13) in the boundary layer in the altered en-

vironment signifies an environment that is close to saturation, making it easier to

achieve saturation, thus enhances cloud nucleation. This strengthened updraught

then carries cloud droplets aloft, and due to the small size of the droplets, they

are easily lofted past the freezing level, thus initiating an earlier ice processes than

in the past environment as seen in Figure 5.17. In fact, the ice processes and

formation of rain (Figure 5.18) occur at the same time, i.e. 15 min in the altered

environment; whereas in the past environment, ice processes succeeds after the
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formation of rain drops, i.e. at 20 min. In addition to the earlier ice processes in

the altered environment, the mass mixing ratio of solid hydrometeors (ice, snow

and hail) formed (Figure 5.17) are also greater than in the past environment. The

more active ice processes subsequently release more latent heat of freezing which

further boosts the updraught speed (Figure 5.15), thus allowing for further vertical

movement within the clouds. Due to the greater CAPE (Figure 5.14) throughout

the troposphere in the altered environment, the clouds are able to consume more

CAPE at any given level the clouds develop. This further contributes to positive

buoyancy which drives the kinetics and microphysical processes within the clouds,

as seen in the greater production of solid hydrometeors (Figure 5.17) in the altered

environment. Ultimately, the more developed ice phase in the altered environment

results in higher rain rate and more accumulation of surface rain fall than in the

past environment, as seen in Figure 5.19.
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Figure 5.17: Time-series profiles of average solid hydrometeor (ice, snow and hail)
mixing ratio for all locations in the altered environment (θPRHP→F) and the past

environment.
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Figure 5.18: Time-series profiles of average rain mass mixing ratio for all
locations in the altered environment (θPRHP→F) and the past environment.
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Figure 5.19: Time-series profiles of maximum rain rate (left y-axis) and maximum
accumulated surface rain (right y-axis) for all locations in the altered

environment (θPRHP→F) and the past environment.

Exp. 3 Conclusion

This experiment shows that the increased moisture and saturation from the relat-

ive humidity in the boundary layer of the altered environment results in stronger

convection as seen in the more developed ice phase in terms of mixing ratio that

is an order of magnitude higher than the past environment, as well as the aver-

age cloud vertical extent that is about 1.8 km higher than the past environment

results.
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5.3.4 Experiment 4: Assessing the effects of warming on

cloud development in terms of the water-holding ca-

pacity

Exp. 4 Introduction

Warmer worlds will hold more moisture and this would be the case without any

vertical structural changes as well. Experiment 4 in this section sets out to under-

stand the effect of the increased moisture content that comes with a higher mean

temperature. In this test, the temperature and relative humidity structure are

kept unchanged so it isolates just the effects of increased temperature and hence

moisture content. For this experiment, the altered environment from Experiment

1, that is θF→PRHF, is used as the altered environment here. This altered envir-

onment is then compared to the unaltered future environment. In the following, a

comparison between the thermodynamic conditions in the altered environment and

the future environment is further described. By comparing the altered environment

to the future environment, it enables us to test the effects of different concentra-

tion or reservoir of water vapour, in environments that have the same temperature

structure and relative humidity structure, on the cloud development.

The mean temperature in the altered environment is reduced to the past environ-

ment and this decreases the water-holding capacity of the altered environment as

portrayed in the vertical profiles of specific humidity in Figure 5.20. Figure 5.20

shows that the specific humidity in the altered environment is lower than in the

future environment throughout the atmosphere. As it was established in previ-

ous studies and in Chapter 4 that water vapour contributes to the convective

available potential energy (CAPE) in an environment, it is seen that the lower

specific humidity in the altered environment results in lower CAPE than in the

future environment (Figure 5.21). This then results in weaker convection than in

the future environment. This results are also seen in this experiment as portrayed

in the maximum vertical velocity profiles in Figure 5.22.
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Figure 5.20: Vertical profiles of specific humidity at the initial time for all
locations in the altered environment (θF→PRHF) and the past environment.



5.3. Results and Discussion 131

600 400 200 0 2000

4

8

12

16
(a) MIN

600 400 200 0 2000

4

8

12

16
(b) DAY

600 400 200 0 2000

4

8

12

16
(c) AND

600 400 200 0 2000

4

8

12

16
(d) JAS

600 400 200 0 2000

4

8

12

16
(e) OWE

600 400 200 0 2000

4

8

12

16
(f) CHA

600 400 200 0 2000

4

8

12

16
(g) BIR

600 400 200 0 2000

4

8

12

16
(h) MAD

He
ig

ht
 (k

m
)

CIN/CAPE (J kg 1)

FRHF

F PRHF

Figure 5.21: Vertical profiles of convective inhibition (CIN) and convective
available potential energy (CAPE) at the initial time for all locations in altered

environment (θF→PRHF) and past environment.
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Exp. 4 Results

The strength of convection can be inferred from the maximum vertical velocity

profiles. Figure 5.22 shows that the maximum vertical velocities in the two envir-

onments are mostly similar, but on average, the maximum vertical velocity in the

altered environment is lower than in the future environment. From Chapter 4,

it was found that the lower vertical velocity enhances collision-coalescence process

in the production of rain drops which results in intense initial rainfall due to the

large raindrop sizes that could not be supported by the cloud updraught. In this

experiment therefore, since the vertical velocity in the altered environment is lower

than the future environment, does that enhances the collision-coalescence process

even more? To find out, we will look into the time-series profiles of rain mass mix-

ing ratio, and the subsequent rain rate and accumulated surface rainfall of both

environments as depicted in Figures 5.23 and 5.24. Figure 5.23 shows minimal

differences in the rain mixing ratio in all the locations between the altered and

unaltered environments. This suggests that the collision-coalescence process in the

rain formation between the two environments remain similar. A major difference is

actually seen in the initial rain rate (left y-axis in Figure 5.24). The initial rain rate

for all the locations in the altered environment is on average 10% greater than in

the unaltered future environment. However, the total accumulated surface rainfall

remains similar between the altered and unaltered future environments for most

locations except in DAY, AND, and CHA. DAY (AND and CHA) accumulated

more (less) surface rainfall in the altered environment than in the unaltered future

environment. Therefore, it is suggested that the weaker velocity in the altered

environment influences the rain rate in terms of the concentration or transport of

water in the vertical as will be discussed in the next paragraph.
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Figure 5.22: Time-series profiles of maximum vertical velocity for all locations in
the altered environment (θF→PRHF) and the past environment.
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Figure 5.23: Time-series profiles of maximum rain rate (left y-axis) and maximum
accumulated surface rain (right y-axis) for all locations in the altered

environment (θF→PRHF) and the past environment.
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Figure 5.24: Time-series profiles of average rain mass mixing ratio for all
locations in the altered environment (θF→PRHF) and the past environment.



136 5.3. Results and Discussion

Exp. 4 Synthesis

One possible explanation for the differences seen between the cloud development

in the altered and unaltered future environments can be inferred from the vertical

velocities within the clouds since the differences in the warm-phase cloud structure

(i.e. cloud bases, freezing levels and warm-phase cloud depth in Table 5.13) and

warm rain process between the two environments are very minimal and therefore

negligible. Instead, the difference in the vertical velocity influences the initial rain

rate seen in the 10% greater initial rain rate in the altered environment than in

the unaltered environment. This is suggested to be due to the lower water-holding

capacity of the altered environment that results in lower amount of moisture, sub-

sequently resulting in the lower CAPE (Figure 5.21) and weaker vertical velocity

(Figure 5.22) than in the unaltered future environment. The weaker vertical ve-

locity in the altered environment limits the vertical extent to which condensates

are lofted. Therefore, when rain starts to fall out in the altered environment, the

rain particles fall out in shorter vertical distance than in the unaltered future en-

vironment. Consequently, this results in the greater initial rain rate in the altered

environment than the unaltered future environment. The earlier and greater re-

moval of rain from the altered environment thus reduces the availability of water for

ice processes relative to the future environment. This is seen in the average decrease

of cloud-top height and cold-phase cloud depth by 740 m and 625 m, respectively,

in the altered environment than in the unaltered future environment, as shown in

Tables 5.14 and 5.15. Again, an exception is seen in DAY where the cloud-top

height and cold-phase cloud depth in the altered environment are greater than in

the unaltered future environment. Therefore, it is acknowledged that some other

factors not considered in this study could be causing the exception and therefore

warrants further investigation in future studies.
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Table 5.13: Heights of cloud base (m), freezing level (km), and warm-phase cloud
depths (km) in the altered environment (θF→PRHF) and the past environment.

Locations

Cloud base
heights

(m)

Freezing
levels
(km)

Warm-phase
cloud depths

(km)

θFRHF θF→PRHF θFRHF θF→PRHF θFRHF θF→PRHF

MIN 583 572 4.1 3.8 3.5 3.2
DAY 487 424 4.1 4.1 3.6 3.7
AND 586 577 4.1 4.1 3.5 3.5
JAS 507 499 4.1 4.1 3.9 3.6

OWE 543 534 4.1 4.1 3.9 3.6
CHA 611 602 4.1 4.1 3.5 3.5
BIR 626 615 4.5 4.5 3.8 3.8

MAD 456 450 4.1 4.1 3.6 3.6

Table 5.14: Cloud-top heights (km) and cold-phase (km) cloud depths for all
locations in the altered environment (θF→PRHF) and the past environment.

Locations

Cloud-top
heights

(m)

Cold-phase
cloud depths

(km)

θFRHF θF→PRHF θFRHF θF→PRHF

MIN 12.0 11.3 7.9 7.5
DAY 12.8 14.3 8.7 10.2
AND 14.3 12.0 10.2 7.9
JAS 12.8 12.0 8.4 7.9

OWE 12.0 12.0 7.6 7.9
CHA 13.3 12.0 9.2 7.9
BIR 14.3 12.8 9.8 8.3

MAD 12.8 12.0 8.7 7.9
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Table 5.15: Mean differences for the properties of cloud structures for all locations
between the altered environment (θF→PRHF) and the past environments.

Cloud structures
Mean differences
(Altered - Past)

Cloud base height -16 m
Freezing level -37.5 m

Warm-phase cloud depth -10 m
Cloud-top height -740 km

Cold-phase cloud depth -625 km

Exp. 4 Conclusion

The result from this experiment shows that the water-holding capacity of envir-

onmental temperature affect mainly the initial rain rate and the cold-phase cloud

structure in the altered environment. On average, the initial rain rate in the altered

future environment is 10% higher than the unaltered future environment, even

though the average rain mixing ratio remain fairly similar. This suggests that the

collision-coalescence process between the two environments is fairly similar and

that the differences seen in the initial rain rate arise from the updraught speed’s

role in the vertical distribution of condensates. The weaker updraught speed in

the altered environment limits the vertical extent to which condensates are lofted.

As a result, when rain starts to fall, the rain particles in the altered environment

falls over a smaller vertical distance than in the unaltered environment. This leads

to faster removal of rain water mass thus limiting the availability of water for ice

processes. As a result, the average cloud-top height and cold-phase cloud depth

are 740 m and 625 m lower than the unaltered future environment.
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5.4 Summary

With changing climate, various factors change including the mean temperature,

the amount of water vapour in the air, and the structural changes of the relative

humidity and temperature. This chapter has investigated each of these factors and

the following results are found.

1. The results from Experiment 1 shows that reducing the mean temperature

but keeping the structures of temperature and relative humidity of the future

environment leads to average warm-phase cloud depth that is approximately

400 m deeper than in the past environment. The greater warm-phase en-

hances the collision-coalescence process that increases the rain mixing ratio

by a factor of 10 than in the past environment, especially during the peak

rain production. This leads to an intense initial rainfall that removes large

mass of rain water in the altered environment, thus reducing the availability

of water for ice processes in the altered environment. As a result, the ice

processes in the altered environment is weakened as seen in the average de-

crease of cloud-top height and cold-phase cloud depth by 2 km and 2.2 km,

respectively, compared to that in the past environment. The results from this

experiment is similar to that performed for the past and future environment

in Chapter 4. In comparison to the results in Chapter 4, the reduced mean

temperature in the altered environment in Experiment 1 results in minimal

changes in the average cloud base height but a lowering of the freezing level

by an average of 45%. This reduces the average warm-phase cloud depth

by 25%, and a further reduction in the average cloud-top height and cold-

phase cloud depth by 40% and 30%, respectively. Therefore, this shows that

the temperature structure and relative humidity of the future environment

substantially influences the cloud development, with or without the mean

increase in warming that climate change brings.

2. Experiment 2 isolates the temperature structure from relative humidity. The

results from Experiment 2 shows that the temperature structure has a huge

effect on the cold-phase cloud properties. From the results, the altered envir-

onment exhibit lower moisture in the boundary layer. This results in convect-
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ive inhibition (CIN) energy and lower convective available energy (CAPE),

thus weakening the convective development as seen in vertical velocity that is

75% weaker and total water content that is 80% lower in the altered environ-

ment than in the past environment. Ultimately, this leads to less-developed

clouds in the altered environments as seen in the huge average reduction of

cloud-top height and cold-phase cloud depth by 1.8 km from the past envir-

onments. Hence, this illustrates that the vertical extent of clouds is greatly

affected by the temperature structure.

3. Experiment 3 isolates the relative humidity structure from the temperature

structure. The results from this experiment give the most dramatic effect on

the cold-phase cloud properties. The results show that the relative humidity

of the future environment leads to an increased moisture and saturation in the

boundary layer of the altered environment. The increased moisture and high

saturation lead to greater CAPE that enhances the average maximum vertical

velocity by 30% from the past environment. Consequently, this enhances the

convection as seen in the average increase in total water content by 70% in the

altered environment than in the past environment. The greater updraught

strength in the altered environment also facilitates the vertical transport of

condensates into higher heights, thus invigorating or strengthening the ice

processes as seen in mixing ratio of solid hydrometeors that is an order of

magnitude higher than the past environment. Subsequently, the cloud-top

height and cold-phase cloud depth are also seen to increase by an average of

1.8 km from the past environment. Overall, this experiment shows that the

increased moisture and saturation from the relative humidity in the boundary

layer results in stronger convection as seen in the more developed ice phase.

4. Experiment 4 compares the non-warmed and warmed future environment and

tests the effect of the increased moisture content that comes with a higher

mean temperature from warming. The reduced mean temperature of non-

warmed altered environment exhibit lower water-holding capacity than the

unaltered future environment, and the results from this experiment show that

the main effect from this is on the initial rain rate, which subsequently affects

the cold-phase cloud properties of the altered environment. On average, the
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initial rain rate in the altered future environment is 10% higher than the un-

altered future environment, even though the average rain mixing ratio remain

fairly similar. This suggests that the collision-coalescence process between the

two environments is fairly similar and that the differences seen in the initial

rain rate arise from the updraught speed’s role in the vertical distribution of

condensates. The weaker updraught speed in the altered environment lim-

its the vertical extent to which condensates are lofted. As a result, when

rain starts to fall, the rain particles in the altered environment falls over a

smaller vertical distance than in the unaltered environment. This leads to

faster removal of rain water mass thus limiting the availability of water for

ice processes. As a result, the average cloud-top height and cold-phase cloud

depth are 740 m and 625 m lower than the unaltered future environment.

In summary, given the assumed thermodynamic structure changes predicted from

the CCSM3 global climate model, the study in this thesis found that the ther-

modynamic structural changes have a greater influence on the cloud development

than changes in the mean temperature. The thermodynamic structures assessed

in this study are the potential temperature (or temperature) and relative humidity

structures. The study isolated and assessed each structure and found that each

produces large differences in the cloud development when compared to the cloud

development in the past environment. The temperature structure effect seen from

Experiment 2 results significantly reduces the average cloud vertical extent by 8km,

along with an average reduction of 80% and 75% in the the total water content and

maximum vertical velocity, respectively. On the other hand, the relative humidity

structure effect seen from Experiment 3 results significantly increases the average

maximum vertical velocity by 30% and the total water content by 70%. In par-

ticular, the production of solid hydrometeors increased by an order of magnitude

which subsequently increases the cloud-top height by 1.8 km. When the temper-

ature structure and relative humidity structure effects are added together (as they

are in the future thermodynamic environment), the effects cancel out slightly but

they still result in weaker cloud development than in the past environment.





Chapter 6

The comparison between the
radiative properties of deep
convective clouds in the past and
future climates

6.1 Introduction

In Chapters 4 and 5, we have seen that the DCCs exhibit a complex variability

of cloud macro- and microphysical structure such as the occurrence of layers where

phase transitions between liquid water and ice particles take place, and the initi-

ation time for ice phase, under different thermodynamic perturbations. Thus, it is

speculated that the changes in cloud properties and formation processes would in-

duce changes in the cloud radiative properties. The last IPCC report AR5 (Boucher

et al., 2013) also highlighted the importance in advancing the understanding on the

cloud properties particularly in the convective regions. This chapter presents the

results of the radiative properties of the simulated DCCs in Chapter 4 and dis-

cusses the comparison between the radiative properties of the DCCs in the past

and future thermodynamic environments.

The remaining sections in this chapter include the definition of terms and cloud

thresholds in Section 6.2, followed by results in Section 6.3 and discussion in

Section 6.4.

143
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6.2 Definition of terms and cloud thresholds

This section describes the methodology employed in the evaluation of cloud radi-

ative properties for the simulated deep convective clouds in the past and future

environments. Previous studies (e.g. Hartmann et al., 2001; Thampi and Roca,

2014) have established that the shortwave and longwave radiative effects of deep

convective clouds balance each other out at the top of the atmosphere. This bal-

ance, however, may be disturbed if the cloud’s macro- and microphysical properties

are modified (Behrangi et al., 2012). In Chapter 4, it was found that the cloud-

top heights in the future were lower than that in the past. This is due to the

weakly-developed ice processes that resulted from the loss of water in the intense

initial rainfall in the future environment. Subsequently, there are now less condens-

ates and latent heat from the weak ice processes thus reducing the strength and

amount of detrainment into anvils. The shrinkage in the size of anvils can have

a large radiative impacts, especially in terms of the cloud greenhouse effect due

to the cold temperature of the anvil clouds. Therefore, in this study, we evaluate

the radiative properties of deep convective clouds in two parts, namely, the whole

cloud and the anvil cloud. The whole cloud refers to the entire deep convective

cloud comprising the deep convective tower and the attached anvil canopy, while

the anvil cloud refers to the anvil canopy that is detached from the deep convective

tower.

Here, the details of evaluation of the cloud radiative properties are described. The

Fu-Liou radiative transfer model (Fu and Liou, 1992; Fu and Liou, 1993), described

in Section 3.3, Chapter 3 was used to quantitatively estimate the cloud radi-

ative properties in the past and future environments. The vertical environmental

profiles and cloud properties acquired from the idealised deep convective cloud

simulations performed in Chapter 4 were used to initialise the Fu-Liou radiative

transfer model. The vertical environmental profiles comprise pressure, temperat-

ure and water vapour mixing ratio, while the vertical cloud properties comprise

effective radii and mixing ratios of cloud water, combined ice and snow, and hail.

These profiles were selected from the cloudy regions in the deep convective cloud

simulations. We define cloudy air as having total cloud condensate above 0.001 g

m−3 (as used by others such as Fan et al., 2013; Villanueva-Birriel, 2014) so as to
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exclude quiescent cloudy air. The entire cloudy air was selected for the evaluation

of radiative properties of the whole cloud. For the evaluation of radiative properties

of the anvil cloud, an additional threshold was applied to the cloudy air to extract

regions that consist wholly of ice particles to represent the detached anvil cloud.

The detached anvil cloud region is defined as having ice water path that is greater

than 0.001 g m−2, and liquid water path that is less than 0.000001 g m−2.

A total of six radiative fluxes computed in the Fu-Liou radiative transfer model are

assessed in this study. They are the upward shortwave (SW) and longwave (LW)

radiation at the top of the atmosphere (TOA), upward SW and LW radiation at

the surface, and downward SW and LW radiation at the surface. In the model,

these radiative fluxes are computed for each grid cell at each time interval (i.e. five

minutes). An average of each of the radiative flux is then computed at each time

interval for the assessment of cloud radiative forcing.

The results from this assessments are presented in Section 6.3, which includes

all the six radiative fluxes mentioned above, and the cloud radiative forcing at the

TOA is highlighted.
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6.3 Results

This section presents the results for the evaluation of cloud radiative effects between

the past and future environments. We begin the analysis by evaluating the extent

of the clouds and how this changes from the past to future environment. The results

are presented in Section 6.3.1. We then evaluate the cloud radiative forcing at the

TOA and the surface for the whole clouds and anvil clouds in Section 6.3.2.

6.3.1 Differences in cloud cover between the past and fu-

ture environments

Figure 6.1 shows the cloud fraction of the main clouds between the past and future

environments from the time clouds are formed, i.e. 10 min until the end of the

simulation time, i.e. 120 min. On the other hand, Figure 6.2 shows the cloud

fraction of the anvil clouds between the past and future environments from the

time when anvils are formed until the end of the simulation time. The time of

formation of anvils in some locations are different between the past and future

environments. This follows from the results presented in Chapter 4, where the

initiation of ice phase occurred earlier in the past than in the future. Consequently,

anvils formed earlier in the past than in the future. Anvils started to form between

20 and 25 minutes in the past, and 25 – 30 min in the future. In most cases (MIN,

AND, OWE, BIR, and CHA), the anvils in the future formed five minutes later than

in the past, and in one case (JAS), the anvils in the future formed ten minutes later

than in the past, while the other two cases (DAY and MAD) have anvils forming

at the same time in the past and future. Five or ten minutes may not sound like a

long time but for a parcel of air in a deep convective cloud ascending in a moderate

updraught of 10 m s−1 can travel over 3 km vertically and undergo very different

microphysical changes during this period. Looking at both the figures again, both

figures are showing significant differences in that we find in many locations and

times that the cloud fraction in the future is lower than that in the past. This

again, follows from Chapter 4 where the clouds in the past have well-developed

ice phase than the clouds in the future.
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Figure 6.1: Cloud fraction for the main clouds. Blue line represents the past
climate, red liner represents the future climate.
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Figure 6.2: Cloud fraction for the anvil clouds. Blue line represents the past
climate, red liner represents the future climate.
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6.3.2 Cloud radiative forcing at the top of the atmosphere

(TOA)

6.3.2.1 Outgoing shortwave and longwave radiation at the TOA for the

main clouds

Figures 6.3 and 6.4 present the outgoing shortwave (SW) and longwave (LW) ra-

diation at the TOA of the simulated deep convective clouds in the past and future

environments from Chapter 4. Overall, the outgoing SW radiation at the TOA is

greater in the past than that in the future clouds. In terms of the time-series trends

between the past and future clouds, most of them showed similar trends and can

be inferred from the cloud lifecycle. Although clouds in both the past and future

environments formed at the same time, i.e. 10 min, they developed at different

rates as discussed in Chapter 4. The implications that resulted from the different

cloud development can be seen in the different radiative fluxes described in this

section. The outgoing SW radiation was approximately between 350 – 490 W m−2

in the past, and 310 – 430 W m−2 in the future clouds. The outgoing SW radiation

continued to increase as the cloud developed until up to 20 min, then it started to

decrease due to clouds starting to dissipate towards the end of the simulation with

some small fluctuations between approximately 25 – 35 min.

On the other hand, the outgoing LW radiation at the TOA was greater in the

future than that in the past. The largest difference occurred between 20 and

35 min into the simulation, where the outgoing LW radiation decreased greatly

in the past, signifying the strong ice phase that exhibit high cloud-top height,

hence colder temperature that traps the LW radiation and emitting them at lower

temperatures. This trend is otherwise subtle or absent in the future where the

clouds have less developed ice phase. After the decrease, however, the outgoing

LW radiation started increasing again and reaching asymptotes, indicating the

dissipation of clouds towards the end of the simulations. It is noted that the

outgoing LW radiation remained greater in the future than in the past due to the

greater surface temperature in the future, hence the higher LW emission.
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Figure 6.3: Outgoing shortwave radiation at the top of the atmosphere for the
main clouds between the past and future environments.
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Figure 6.4: Outgoing longwave radiation at the top of the atmosphere for the
main clouds between the past and future environments.
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The difference between the outgoing SW and LW radiation can be seen in terms of

the percentage difference shown in Figure 6.5. In all cases, the outgoing SW (LW)

radiation in the future was lower (higher) than in the past. The decrease in the

SW radiation in the future signifies a reduction in the cloud cover in that there

is less cloud to reflect SW radiation, thus allowing more SW radiation to reach

the surface and warm the earth. However, it could also be due to the significantly

higher temperature throughout the future atmosphere thus emitting LW radiation

at greater temperature than in the past. By evaluating the sum of the average SW

and LW fluxes at the TOA, we calculate the radiative forcing (RF) between the past

and future environments. RF is defined as the difference between the downward

and upward fluxes at the top of the atmosphere as given in Equation 6.1. By adding

SW and LW fluxes in each of the term, where FF↓P refers to downward SW and LW

fluxes, while FF↑P refers to upward SW and LW fluxes, we can rewrite Equation 6.1

to Equation 6.2. By incorporating Equations 6.1 and 6.2 together, we get Equation

6.3 that is further elaborated in Equation 6.4 and finalised in Equation 6.5 which

gives the RF between the two environments as listed in Table 6.1. If RF > 0, it

indicates warming in the future; in contrast, if RF < 0, then it indicates cooling

in the future. Table 6.1 shows that RF > 0 in all the locations, with an average

warming of 43.7 W m−2 in the future environment. It is thus concluded that this

warming is a result of reduction of cloud cover that allow for greater solar insolation

that warms the atmosphere in the future.
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RF = F↓ − F↑ (6.1)

RF = F↓SW+LW − F↑SW+LW (6.2)

RF = F↓SW+LWFUTURE
− F↑SW+LWPAST

(6.3)

RF =
(
F↓SW+LWFUTURE

− F↑SW+LWFUTURE
) − (F↓SW+LWPAST

− F↑SW+LWPAST

)
(6.4)

RF = F↑SW+LWPAST
− F↑SW+LWFUTURE

(6.5)
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Figure 6.5: Percentage change between the shortwave and longwave radiation at
the top of the atmosphere (Future - Past) for the main clouds.
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Table 6.1: The radiative forcing at the top of the atmosphere (W m−2) in the
past and future environments for all locations.

Locations Radiative forcing (W m-2)

MIN 51.9

DAY 33.6

AND 57.1

JAS 53.2

OWE 54.9

CHA 35.5

BIR 54.7

MAD 8.8

Average 43.7
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6.3.2.2 Outgoing shortwave and longwave radiation at the TOA for

anvil clouds

Figures 6.6 and 6.7 shows the time-series profiles of outgoing SW and LW radiation

at the TOA for anvil clouds, respectively. Similar to Figures 6.4 and 6.5, the amount

of outgoing SW radiation is greater in the past than in the future, while the amount

of outgoing LW radiation is greater in the future than that in the past. The trends

of outgoing SW radiation for both anvils in the past and future climates in Figure

6.6 were similar. The trends began with an increasing trend up until 30 – 35 min

(40 – 55 min) in the past (future), indicating the growing stage of clouds, and

then began to decrease towards asymptotes until the end of the simulations. On

the other hand, the trends of outgoing LW radiation for both anvils in the past

and future environments were similar, except that the trends in the future were

smoother than that in the past. Both profiles show a decreasing trend from the

beginning until approximately 30 – 40 min (40 – 60 min) in the past (future). Note

that the time difference between the clouds in the past and future environments is

due to the earlier initiation of ice phase in the past and delayed initiation of ice

in the future, as discussed in Chapter 4. Thereafter, both trends increased and

reached asymptotes until the end of the simulations. The asymptotes indicate that

the clouds have either stopped growing or have dissipated, hence maintaining a

constant radiative flux. It is interesting to note that the past profiles have defined

troughs compared to the future profiles. This shows that the well-developed clouds

in the past exhibit large spatial extent that greatly influence the SW and LW

fluxes.

Finally, Figure 6.8 shows the percentage change for both outgoing SW and LW at

the TOA relative to the future climates. The figure shows a reduction of up to 50%

in the outgoing SW radiation, and an increase of up to 120% in the outgoing LW

radiation in the future, as compared to that in the past. Table 6.2 presents the

radiative forcing (RF) between the past and future environments. As in Table 6.1

in Section 6.3.2.1, the RF is greater than zero in all locations, with an average

warming of 54.7 W m−2 in the future, which is due to the reduction in the anvil

cloud cover as was found for the whole cloud.
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Figure 6.6: Outgoing shortwave radiation at the top of the atmosphere for the
anvil clouds between the past and future environments.
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Figure 6.7: Outgoing longwave radiation at the top of the atmosphere for the
anvil clouds between the past and future environments.
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Figure 6.8: Percentage change between the shortwave and longwave radiation at
the top of the atmosphere (Future - Past) for the anvil clouds.
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Table 6.2: The radiative forcing at the top of the atmosphere (W m−2) in the
past and future environments for all locations.

Locations Radiative forcing (W m-2)

MIN 63.9

DAY 36.1

AND 60.5

JAS 87.5

OWE 67.7

CHA 47.1

BIR 58.7

MAD 16.0

Average 54.7
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6.3.3 Cloud radiative effects at the surface

This section presents the results for downward and upward SW and LW radiation

at the surface, for the main clouds (Sections 6.3.3.1 and 6.3.3.2) and the anvil

clouds (Sections 6.3.3.3 and 6.3.3.4). The downward SW radiation at the surface

refers to how much SW radiation gets through the clouds and reaches the surface.

Subsequently, the amount of SW radiation that gets reflected from the surface is

termed as the upward SW radiation, which is set at 20% or 0.2 surface albedo. On

the other hand, the downward LW radiation refers to the emission of LW radiation

from the clouds to the surface, while the upward LW radiation refers to the emission

of LW radiation from the surface.

6.3.3.1 Downward and upward shortwave radiation at the surface for

the main clouds

Figures 6.9 and 6.10 show the time-series profiles of the downward and upward SW

radiation at the surface, respectively. In general, all figures show that the amount

of SW radiation was greater in the future than that in the past. From Figure 6.9,

most profiles show a decreasing trend in the first 20 minutes of the simulation.

The trend then increased for about 5 – 10 min before it decreased again at 30 min,

and thereafter slowly increased towards asymptotes. These trends correspond to

the growth of clouds at the early stage thus effectively reflects SW radiation from

coming through, followed by rainfall that allows SW radiation to come through the

clouds, and finally the clouds’ mature stage in which the clouds begin to dissipate

thus allowing for more SW radiation to be transmitted to the surface. As the

SW radiation gets transmitted to the surface, 20% of it is reflected back due to

the surface albedo of 0.2. Therefore, the trend in Figure 6.10 is similar to that in

Figure 6.9, only that the amount is reduced by 20%.
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Figure 6.9: The downward shortwave radiation at the surface for the main clouds
between the past and future environments.
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Figure 6.10: The upward shortwave radiation at the surface for the main clouds
between the past and future environments.
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6.3.3.2 Downward and upward longwave radiation at the surface for

the main clouds

Figures 6.11 and 6.12 show the downward and upward LW radiation at the surface,

respectively. Both figures show that the downward and upward LW radiation at the

surface are greater in the future than in the past due to the warmer temperature in

the future than in the past. In Figure 6.11, some fluctuations were seen in the first

40 min. The fluctuations consist of two dips around 20 - 25 min and at 35 min.

These dips were likely to be due to changes in the cloud cover where an increase

in cloud cover due to initiation of ice phase increases the number of grid cells,

and a decrease in the cloud cover due to rainfall reduces the number of grid cells,

both of which contributed to the reduced downward LW radiation at the surface.

Thereafter, the clouds start to dissipate thus the trends remained at the end of

the simulation. On the other hand, in Figure 6.12, the upward LW radiation at

the surface in both past and future environments remain constant throughout the

simulation because it is dependent on the surface temperature which is kept fairly

constant in the model.
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Figure 6.11: The downward longwave radiation at the surface for the main clouds
between the past and future environments.
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Figure 6.12: The upward longwave radiation at the surface for the main clouds
between the past and future environments.
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6.3.3.3 Downward and upward shortwave radiation at the surface for

anvil clouds

The time-series profiles of downward and upward SW radiation at the surface are

depicted in Figures 6.13 and 6.14, respectively. In all of the profiles, the amount

of downward SW radiation between the past and future was similar to begin with,

that is about 470 – 520 W m−2. However, decreasing trends followed in both past

and future profiles and are seen in the first 30 – 35 min (35 - 40 min) in the past

(future). This decrease indicates that both clouds are developing vertically, and as

they develop, the incoming SW radiation is reflected at the cloud-top thus reducing

the SW radiation reaching the surface. It is noted that the amount of SW radiation

reaching the surface is greater in the future than in the past environment. This is

because of the weaker cloud development (e.g. weak updraught that limits the cloud

vertical motion hence resulting in lower cloud-top heights) in the future than in the

past environment. It is also noted that the decrease in the amount of SW radiation

reaching the surface was greater in the past than that in the future, especially seen

in the obvious dip at around 30 – 35 min in the past compared to the subtler dip in

the future around 40 – 45 min. The amount of SW radiation reaching the surface

reduced approximately 260 – 320 W m−2 in the past, and about 70 – 120 W m−2

in the future. This again shows that the cloud properties and development in the

past environment pose significant influence on the radiative fluxes. The defined dip

seen in the past environment indicates a strong reflection of SW radiation due to

the strong ice phase (i.e. optically thick and spatially wide), thus resulting in less

SW radiation reaching the surface. In the future environment, the dip is subtler

due to the less significant growth of clouds, in terms of both the cloud vertical and

spatial extent. After this time, the trends slowly increased toward asymptotes until

the end of the simulation time, indicating that the clouds have dissipated, hence

more SW radiation reaches the surface and reflected by the surface.
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Figure 6.13: The downward shortwave radiation at the surface for the anvil
clouds between the past and future environments.
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Figure 6.14: The upward shortwave radiation at the surface for the anvil clouds
between the past and future environments.
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6.3.3.4 Downward and upward longwave radiation at the surface for

anvil clouds

Figures 6.15 and 6.16 depict the downward and upward LW radiation at the surface,

respectively. Overall, as in other LW radiative flux profiles, the future recorded

greater amount of downward and upward LW radiation than the past due to the

greater temperature in the future. The amount of downward LW radiation in

the future remained fairly constant between 395 – 405 W m−2 throughout the

simulation time. In contrast, there are some initial fluctuations in the amount of

downward LW radiation in the past. At the time of anvil formation, the amount

of downward LW radiation began with 370 – 390 W m−2 and continued increasing

for 5 – 10 min, reaching a peak of 370 – 408 W m−2 at 30 – 35 min. After that,

when the anvils develop more and reach higher heights, the amount of downward

LW radiation decreased to about 375 – 405 W m−2 at 40 min. This decrease is due

to the cold temperature of the anvil clouds that reduces the emission of downward

LW radiation. Thereafter, the amount of downward LW radiation remain fairly

constant towards the end of the simulations.

As for the upward LW radiation at the surface in Figure 6.16, most of the profiles

in the future show constant upward LW radiation of approximately 456 W m−2,

except for the profiles in MIN and MAD. These profiles have a decreasing trend

starting from 454 W m−2 in the beginning to 448 W m−2 at 40 min, and thereafter

remained fairly constant. In the past, the upward LW radiation in all profiles were

also fairly constant at 435 – 460 W m−2 throughout the simulations, with a slight

dip of about 2 – 4 W m−2 around 35 – 40 min.
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Figure 6.15: The downward longwave radiation at the surface for the anvil clouds
between the past and future environments.
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Figure 6.16: The upward longwave radiation at the surface for the anvil clouds
between the past and future environments.
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6.4 Discussion and summary

The results presented in Section 6.3 follows from the results presented in Chapter

4. The greater outgoing SW radiation in the past relative to the future (Figure

6.3) is primarily due to the more developed convection and greater anvils in the

past than that in the future. The greater nucleation rate at the beginning of

cloud formation in the past produces numerous, small droplets than that in the

future. The high nucleation rate is associated with great release of latent heat that

boost the cloud updraught that transports these cloud droplets past the freezing

levels. This results in the earlier initiation of ice phase that produces even more

ice particles as well as detrainment of condensates that cover a wider spatial extent

as seen in the greater cloud fraction in the past. The high amount of condensates

and the high vertical extent of the clouds in the past contribute to the optical

thickness of the clouds which effectively reflected the SW radiation in addition to

the high cloud fraction. Due to more SW radiation being reflected at the top of

the atmosphere, a reduced radiation is thus reaching the surface, thus explaining

the lower amount of downward SW radiation at the surface (Figures 6.9 and 6.13)

in the past. Subsequently, the upward SW radiation from the surface (Figures 6.10

and 6.14) is also lower than that in the future, given the same surface albedo of

0.2 in the past and future environments.

Clouds always reduce the outgoing LW radiation to space. They trap LW radi-

ation emitted at higher temperatures from lower in the atmosphere and reemit the

radiation with reduced magnitude due to these lower cloud-top temperatures, thus

reducing the LW radiative flux out to space. Therefore, in terms of the interaction

between clouds and LW radiation, the presence of clouds always warms the earth.

Figures 6.4 and 6.7 show that the outgoing LW radiation at the TOA is greater

in the future than in the past. This is, first and foremost, due to the warmer

temperature in the future than in the past. Secondly, it is due to the weaker cloud

development in the future that results in lower cloud-top height. The lower cloud-

top height is associated with warmer cloud-top temperature. Since the amount of

radiative emission is proportional to T4 according to the Stefan-Boltzmann law,

clouds with warmer temperature emit more radiation than those with lower tem-

perature. Thus, the LW radiation emitted by the clouds both at the top of the
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atmosphere and at the surface is greater in the future than in the past.

To sum up, the study found that the reduction in the cloud fraction of both the

whole cloud and the anvil cloud in the future environment resulted in radiative

forcing that is greater than zero (refer Tables 6.1 and 6.2), and this indicates

warming in the future. Tables 6.1 and 6.2 show an increased warming in the future

of about 43.7 and 54.7 W m−2 in the whole cloud and anvil cloud, respectively.

If we perform a very simplistic approximation of the cloud radiative forcing over

midlatitude land areas with a 3% coverage of deep convective clouds, we would

obtain an estimate of +1.31 W m−2 warming in the future, given the the structural

changes predicted by the CCSM3 model is observed in the real future climate. If we

further extend this estimation to the global coverage of deep convective cloud of say

less than 1% percent, we would then get an estimate of +0.44 W m−2 warming in the

future. This is opposite to the radiative forcing from the cloud-aerosol interaction

estimated at -0.55 W m−2 for the period 1980-2011 (Myhre et al., 2013), which

suggests a cooling of the climate due to the indirect effects of aerosol on cloud

properties. Therefore, if structural changes of the thermodynamic environment

are expected in the future, then it is important that climate modelling groups pay

particular attention to the way their models forecast future climate thermodynamic

structure both in temperature and moisture. The finding in this study, particularly

on the spatial extent of anvils is similar with recent modelling studies that found a

strong decrease in the high cloud fraction with increasing surface temperatures (e.g.

Mauritsen and Stevens, 2015; Bony et al., 2016). These studies put forth different

conjectures to the mechanisms (e.g. adaptive iris effect and fixed-anvil temperature

hypothesis) that contribute to the shrinkage in high cloud cover. This thesis, on

the other hand, provides an explanation to the reduced cloud amount and the

subsequent reduction in the net cooling cloud radiative effect in a future, warmer

climate from the perspective of cloud microphysical processes that results from the

thermodynamic differences between the past and future environments.



Chapter 7

Discussion and Conclusions

7.1 Introduction

This chapter provides a summary for the overall discussion and conclusions of the

thesis in Section 7.2, as well as the study limitations and recommendations for

future work in Section 7.3.

7.2 Overall discussion and conclusions

This thesis sets out to understand the differences that changed thermodynamic

structure has on deep convective clouds. The work focused on mainland United

States (US) at several locations in the Midwest and Southeast region of the US,

and explore how structural changes brought about climate change will impact the

development of deep convective clouds. Much work has been done on factors such

as aerosol effects but much less has been done on assessing the effects of ther-

modynamic environments on the cloud development. It is commonly known that

temperatures will be warmer in the future climate and this will allow more mois-

ture to be contained in the vapour phase in the atmosphere. However, we can also

expect changes to the thermodynamic structure of the atmosphere in the future.

The changes in the thermodynamic structure as well as in the amount of moisture

need to be understood and the impacts on the development of deep convective

clouds need to be explored. The development of deep convective clouds is chosen

and emphasised in this thesis due to their substantial role in regulating the earth’s
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water and energy budget as presented in Chapter 2.

One of the main questions of the work in this thesis was to determine how deep

convective clouds behave in a warmer climate. This question is explored by in-

vestigating the way in which the future climate will change the thermodynamic

structure of the atmosphere, and understand how the changes brought about by a

changed thermodynamic environment affect the macroscopic features (i.e. warm-

phase cloud depths, cold-phase cloud depths, cloud cover, anvil extent, etc.) of

deep convective clouds relative to our current climate. The investigation also in-

cludes the aim to understand the microphysical changes in the clouds that give rise

to the macroscopic changes. This include temperature and moisture changes that

give rise to changes in cloud buoyancy, updraught speeds, rates of nucleation, warm

rain process and cold rain process. Finally, the work in this thesis aims to assess

the consequential impact on the radiative properties that result from the changes

in the cloud development to warming. The above mentioned aims are achieved

by performing idealised simulations of deep convective clouds using atmospheric

profiles derived from a global climate model. First of all, simulations of deep con-

vective clouds were performed for the past (current) and future climate to assess

the differences in the cloud development between the past and future climates.

The results from this simulations are presented and discussed in Chapter 4. In

Chapter 5, four sets of experiments were performed to investigate the factors

associated with changes in the thermodynamic conditions that were causing the

changes in the cloud development. Lastly, Chapter 6 assesses the implications

on the cloud radiative properties that results from the changes in cloud develop-

ment. In the following paragraphs, the results from the study of this thesis is are

summarised.

In Chapter 4, it was found that the deep convective clouds developed differently

between the past and future environments. On average, the future environment

exhibited an average cloud base height that was 32% lower and freezing level that

was 8.5% higher in the future than in the past environment. This gave rise to an

average of 14.5% increase in the warm-phase cloud depth of the future environment

than the past environment. On the other hand, the average cloud-top height in

the future environment was 9% lower than the past environment, thus resulting in
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average cold-phase cloud depth that is 18% shallower than the past environment.

The most significant changes in the results were the warm-phase and cold-phase

clouds depths. These depths provide insights into the precipitation-forming pro-

cesses, i.e. warm rain process and cold rain process, in deep convective clouds.

Traditionally, cold rain process is known to play the more dominant role in deep

convective clouds. In this study, we found that warm rain process can play the

more dominant role especially in the future climate. From the results in this study,

the past environment was found to be favourable for stronger convection than the

future environment. The clouds in the past environment are characterised as hav-

ing shallow warm-phase cloud depths and deep cold-phase cloud depths in contrast

to the clouds in the future environment with deep warm-phase cloud depths and

shallow cold-phase cloud depths. This translates into the clouds in the past as

having a less active warm rain process but a strong cold rain process, while the

modelled future clouds have a more active warm rain process and weak cold rain

process. Consequently, this results in less intense but prolonged rainfall in the

past environment, and more intense but shortened period of rainfall in the future

environment. To explore these results, this thesis focused in on the differences in

the cloud microphysical properties resulted from the thermodynamic differences

between the past and future environment so as to achieve the third aim of this

thesis. The future thermodynamic environment predicted by the CCSM3 global

climate model shows significant changes from the thermodynamic environment in

the past. The changes include an overall warmer troposphere which results in the

higher freezing level in the future than in the past environment. In addition, the

boundary layer is lower in the future than in the past environment. It is noted that

the previous versions of this global climate model has a shallow bias in the bound-

ary layer depth, however, in the version used in this thesis, the bias is substantially

reduced (Collins et al., 2006). Nonetheless, a dry bias is still present in the pro-

files used in this thesis, but has been corrected by Villanueva-Birriel (2014) using

the reanalysis data as mentioned in Section 3.2.2. Other plausible reasons for

the shallow boundary layer could be due to the interactions between the enhanced

land-sea near-surface temperature contrast and the advection of maritime air over

land (Rowell, 2009) as mentioned in Section 4.2.3. Assuming this mechanism

takes place in the future thermodynamic environment predicted by CCSM3, we

see that the specific humidity throughout the atmosphere is higher in the future
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than in the past, subsequently contributes to greater convective available potential

energy (CAPE) throughout the atmosphere in the future than in the past. In terms

of relative humidity, the boundary layer is more saturated in the future than in

the past, however, the mid-layer is less saturated in the future than in the past.

It was found that this is one of the first key points that led to the differences in

the cloud macro- and microphysical properties between the clouds in the past and

future environment. The higher saturation and the greater CAPE at the boundary

layer in the future results in clouds forming at lower altitudes than in the past.

However, as the clouds in the future develop vertically, they were in less saturated

conditions in the mid-layer in the future environment. This reduces the cloud nuc-

leation rate in the future which limits the number concentration of cloud droplets,

thus producing droplets that were larger in size. In contrast, as the clouds in the

past develop vertically, they were in highly saturated condition due to the high

saturation at the mid-layer in the past environment. This enhances cloud nucle-

ation which produces numerous and small cloud droplets. In addition, the higher

nucleation rate releases more latent heat that enhances the cloud updraught speed

than in the future. The consequences from the number and size of cloud droplets on

the subsequent microphysical properties are further amplified by the warm-phase

cloud depths and updraught strength associated with the cloud nucleation rate as

discussed next.

The updraught speed and warm-phase cloud depths provide distinct production of

rain between the past and future environments. It was found that the average rain

mass mixing ratio during the peak production was 42% higher in the future than

in the past environment. In the following, we will see how the updraught speed

and warm-phase cloud depths result in this distinct differences in the rain mixing

ratio between the two environments. The weak updraught and deep warm-phase

cloud depth in the future results increases the time residence for cloud droplets to

grow to even larger sizes. The presence of large cloud droplets promotes an efficient

collision-coalescence process in the formation of rain, consequently producing large

rain drops that fall out before they are lofted to the freezing level because they

could not be sustained by the weak cloud updraught. This results in heavy rainfall

that removes a large amount of water hence impacting the availability of water that

could have been used for ice processes. As a result, the rainfall period is shortened.
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On the contrary, in addition to the numerous small cloud droplets formed from the

enhanced nucleation, the strong updraught and shallow warm-phase cloud depth in

the past environment shorten the time residence for growth of cloud droplets and

rain via collision-coalescence process. Instead, the cloud droplets are lofted above

the freezing level due to the small droplet size, strong updraught and low freezing

level. This leads to an early initiation of ice processes that further boosts the cloud

updraught from the release of latent heat of freezing, thus further moderates both

the time residence and fall out of condensates within the cloud, leading to a less

intense but prolonged rainfall.

Since the future environment brings about various changes such as structural

changes of the potential temperature and relative humidity profiles, mean tem-

perature changes and moisture content changes, the next aim was to unravel the

relative importance of each of these factors. The result from this investigation

was presented in Chapter 5 and is summarised as follows. In Chapter 5, a set

of three idealised deep convective cloud simulations were performed for three dif-

ferent thermodynamic conditions. In these three thermodynamic conditions, the

mean temperature increase from the future warming climate was eliminated so as

to test the two factors that are believed to cause the differences in the cloud de-

velopment. These two factors are the temperature structure and relative humidity

structure.

To begin with, the first test (Experiment 1) assessed if the temperature structure

and relative humidity structure of the future environment would still produce the

same cloud development as that in Chapter 4 in the absence of the mean climate

warming. This is to identify if the mean decrease in temperature still produces

the changes in cloud development that were due to the temperature structure and

relative humidity structure of the future environment. The results from Experi-

ment 1 shows that reducing the mean temperature but keeping the structures of

temperature and relative humidity resulted in an average warm-phase cloud depth

that is 400 m deeper than in the past environment. This led to an increase in

the rain mixing ratio by a factor of 10 than in the past environment, leading to

an intense initial rainfall that removes a large mass of rain water that is otherwise

available for ice processes. As a result, the average cloud-top height and cold-phase
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cloud depth in the altered environment were a couple of kilometre lower than in

the past environment. In addition, the findings from Experiment 1 also produced

similar cloud development as that in Chapter 4, albeit in a smaller magnitude.

In comparison to Chapter 4, the average changes in the warm-phase cloud depth,

cloud-top height and cold-phase cloud depth were 35%, 40% and 30% lower in

Experiment 1 than those found in Chapter 4. In short, the temperature struc-

ture and relative humidity substantially influences the cloud development, with or

without the mean increase in warming that climate change brings.

Thereafter, we begin to isolate these two factors in order to investigate what effects

each factor have on the cloud development. The isolation of temperature struc-

ture from relative humidity refers to Experiment 2, while the isolation of relative

humidity structure from the temperature structure refers to Experiment 3 as spe-

cified in Tables 5.1 and 5.2, Chapter 5. The findings from Experiment 2 suggests

that the temperature structure of the future environment has a huge effect on the

cloud development, particularly on the cold-phase cloud properties. The results

from Experiment 2 showed increased convective inhibition energy (CIN) and de-

creased convective available potential energy (CAPE) in the altered environment,

thus weakening the cloud development. This is seen in the average vertical velocity

that was 75% weaker and average total water content that was 80% lower in the

altered environment than in the past environment. Ultimately, this led to less-

developed clouds in the altered environment especially seen in the huge reduction

in the average cloud-top height and cold-phase cloud depth by 8 km from the past

environments. Therefore, this illustrates that e temperature structure substantially

influence the vertical extent of clouds.

On the other hand, Experiment 3, which isolates the relative humidity structure

from the temperature structure, in order to see the effects of relative humidity on

the cloud development, yields the most dramatic result on the cold-phase cloud

properties. The modelling results show that the relative humidity structure of

the future environment provides for a conducive and favourable environment for

cloud development, mainly due to the high saturation in the boundary layer that

promotes for increased cloud nucleation which invigorates the ice processes in the

clouds hence making the convection stronger. This is seen in the maximum ver-
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tical velocity that was on average 30% greater than the past environment, and

an average increase of 70% in the total water content than the past environment.

The ice processes were seen to be stronger in the altered environment in that the

solid hydrometeor mixing ratio was an order of magnitude higher than in the past

environment, resulting in the average increase of 1.8 km in the cloud-top height

and cold-phase cloud depths of the altered environment.

In the next experiment, i.e. Experiment 4, a comparison was made between non-

warmed and warmed future environments. This is to test what effects the water-

holding capacity of the environmental temperature have on the two environments.

It was found that the effects on the cloud development between the two envir-

onments were minimal, except in the maximum vertical velocity and intensity of

precipitation, i.e. the initial rain rate. The maximum vertical velocity in the altered

future environment were only slightly lower than the unaltered future environment,

while the average initial rain rate in the altered future environment was found to

be 10% higher than the unaltered future environment. However, the average rain

mixing ratio between the two environments remained similar. Therefore, it is sug-

gested that the rate of rain formation was similar between the two environments

and so the differences in the initial rain rate was mainly due to the smaller vertical

distribution of the rain particles due to the lower updraught speed in the altered

future environment. As a result, when rain starts to fall, the rain particles in the

altered environment falls over a smaller vertical distance than in the unaltered en-

vironment, thus adding to the 10% increase in the rain rate, and a faster removal

of rain water. Consequently, this limits the availability of water for ice processes,

thus resulting in the average decrease of cloud-top height and cold-phase cloud

depth by 740 m and 625 m, respectively, from the unaltered future environment.

Therefore, the non-warmed altered environment is found to substantially affect the

cold-phase cloud properties. However, a caveat in this experiment is that it was

tested for the future environments and not for the past environments. It would be

ideal to have it tested for the past environments and is therefore recommended for

future studies.

In summary, this study found that the thermodynamic structure changes has a

greater influence on the cloud development than changes in the mean temperature.
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The thermodynamic structures assessed in this study are the potential temper-

ature (or temperature) and relative humidity structures. The study isolated and

assessed each structure and found that each produces large differences in the cloud

development when compared to the cloud development in the past environment.

The temperature structure effect seen from Experiment 2 results significantly re-

duces the average cloud vertical extent by 8km, along with an average reduction

of 80% and 75% in the the total water content and maximum vertical velocity,

respectively. On the other hand, the relative humidity structure effect seen from

Experiment 3 results significantly increases the average maximum vertical velocity

by 30% and the total water content by 70%. In particular, the production of solid

hydrometeors increased by an order of magnitude which subsequently increases the

cloud-top height by an average of 1.8 km. When the temperature structure and

relative humidity structure effects are added together (as they are in the future

thermodynamic environment), the effects cancel out slightly but they still result in

weaker cloud development than in the past environment.

In the remaining paragraphs, the differences in the cloud radiative properties

between the deep convective clouds in the past and future environments are sum-

marised. The enhanced warm rain process in the future environment results in

intense heavy rainfall that removes a large amount of water that is otherwise avail-

able for the cold rain process. On the other hand, the enhanced cold rain process in

the past environment results in less intense but prolonged rainfall. The dominance

of either of the precipitation-forming process in the environments results in cloud

macro-physical structure that influences the cloud radiative properties as explored

and presented in Chapter 6. The intense heavy rainfall attributed to the strong

warm rain process in the future environment reduces the amount of detrainment

into the upper level of the atmosphere, hence generating small coverage of anvil

extent, as well as the entire cloud fraction. In contrast, the enhanced cold rain

process in the past environment increases the cloud fraction as well as the amount

of detrainment into anvil canopy, thus generating large coverage of anvil cloud

fraction. The finding in this study, particularly on the spatial extent of anvils is

similar with recent modelling studies that found a strong decrease in the high cloud

fraction with increasing surface temperatures (e.g. Mauritsen and Stevens, 2015;

Bony et al., 2016). These studies put forth different conjectures to the mechanisms
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(e.g. adaptive iris effect and fixed-anvil temperature hypothesis) that contribute

to the shrinkage in high cloud cover. This thesis, on the other hand, provides an

explanation to the reduced cloud amount in a warmer climate from the perspective

of cloud microphysical processes that results from the thermodynamic differences

between the past and future environments. The differences in the spatial extent

of both the whole cloud and anvil cloud lead to significant differences in the cloud

radiative properties as presented in Chapter 6. Here, we highlight the cloud ra-

diative forcing at the top of the atmosphere (TOA) for the whole cloud and the

anvil clouds between the past and future environments.

The study from this thesis found that for both the whole cloud and the anvil cloud,

the average cloud radiative forcing at the TOA are greater than zero, which in-

dicates an increased warming in the future environment. The average radiative

forcing for the whole cloud and anvil cloud are 43.7 and 54.7 W m−2, respectively.

The increased warming in the future is due to the reduction in cloud cover that

allows for greater solar insolation that warms the atmosphere. If we perform a

very simplistic approximation of the cloud radiative forcing over midlatitude land

areas with a 3% coverage of deep convective clouds, we would obtain an estimate

of +1.31 W m−2 warming in the future. If we further extend this estimation to

the global coverage of deep convective cloud of say less than 1% percent, we would

then get an estimate of +0.44 W m−2 warming in the future. This is opposite

to the radiative forcing from the cloud-aerosol interaction estimated at -0.55 W

m−2 for the period 1980-2011 (Myhre et al., 2013), which suggests a cooling of the

climate due to the indirect effects of aerosol on cloud properties. Given the struc-

tural changes in the future climate predicted by the CCSM3 global climate model,

the results of this thesis observe a preponderance of warm rain microphysics over

cold rain microphysics which leads to a weakened development of deep convective

clouds and subsequently an increased warming of the atmosphere. It is therefore

important that climate modelling groups pay particular attention to the way their

models forecast future climate thermodynamic structure both in temperature and

moisture.
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7.3 Study limitations and recommendations for

future work

The idealised simulations of deep convective clouds performed in this study is

limited to using only vertical atmospheric profiles derived from NCAR CCSM 3

(National Center for Atmospheric Research Community Climate System Model 3)

global climate model as used by Trapp et al. (2009). The use of dataset from one

model as opposed to that obtained from model ensembles might introduce biases

that may affect the resulting simulations. It is thus recommended to use profiles

from model ensembles in a future study. Another limitation in this study is with

regards to the use of cloud microphysical schemes. In this study, the Morrison two-

moment bulk scheme was used for the simulations. It is recognised that different

microphysical schemes have different representations on the cloud microphysical

processes, thus it would be ideal to compare the cloud responses between multiple

cloud microphysics schemes.

In addition, it is also recommended that the work undertaken in this thesis be

extended to tropical regions. Possible future work could look to see if deep convec-

tion in tropical region is inhibited in the future as this would have an impact on

the Hadley circulation. Recent studies as reviewed comprehensively by Ma et al.

(2018) suggest that changes in atmospheric moisture and stratification slows down

the tropical circulation, which leads to a weakening of the Hadley cell that expands

the Hadley cell poleward, as well as a shift in the inter-tropical convergence zone.

Given that the result obtained from this thesis, that is, increased atmospheric mois-

ture and stability that arise from increased warming leads to a weaker convection,

this would then give way for other processes to create changes to the Hadley cell.

The Hadley cell is likely weaker and shallower in the vertical extent if the warming

is spread out more laterally. Therefore, it is also suggested that future studies look

at the convective population to see if convection is more localised or spread out

in response to warming. This work is currently undertaken in the midlatitudes by

Rasmussen et al. (2017), and thus can also be extended to the tropics.
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Table A.1: List of parameters used in the WRF model setup

Parameters Value

Domains

time step 3

time step fract num 0

time step fract den 1

max dom 1

s we 1

e we 200

s sn 1

e sn 120

s vert 1

e vert 70

dx 500

dy 500

ztop 24000

grid id 1

parent id 0

i parent start 0

j parent start 0

parent grid ratio 1

parent time step ratio 1

feedback 1

smooth option 0

Physics

mp physics 101

hail opt 1

ra lw physics 0

ra sw physics 0

radt 1

sf sfclay physics 0

sf surface physics 0

Continued on next page
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Table A.1 – continued from previous page

Parameters Value

bl pbl physics 0

bldt 0

cu physics 0

cudt 5

num soil layers 5

do radar ref 0

Dynamics

rk ord 3

diff opt 2

km opt 2

damp opt 2

zdamp 5000.

dampcoef 0.003

khdif 500

kvdif 500

smdiv 0.1

emdiv 0.01

epssm 0.1

time step sound 6

h mom adv order 5

v mom adv order 3

h sca adv order 5

v sca adv order 3

moist adv order 1

scalar adv order 1

chem adv order 1

tke adv order 1

non hydrostatic .true.

mix full fields .true.

Continued on next page
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Table A.1 – continued from previous page

Parameters Value

Boundary control

periodic x .false.

symmetric xs .false.

symmetric xe .false.

open xs .true.

open xe .true.

periodic y .false.

symmetric ys .false.

symmetric ye .false.

open ys .true.

open ye .true.

nested .false.
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Table B.1: List of microphysical switches employed in the Morrison two-moment
bulk microphysics scheme

Switches Value Description

INUM 0 Predict droplet concentration

IACT 1 Use power-law CCN spectra, NCCN = CSK

IBASE 1

Neglect droplet activation at lateral cloud edges
due to unresolved entrainment and mixing, activ-
ate at cloud base or in region with little cloud wa-
ter using non-equilibrium supersaturation assum-
ing no initial cloud water; in cloud interior, activ-
ate using equilibrium supersaturation

ISUB 1
Exclude sub-grid vertical velocity W, only use
grid-scale W

ILIQ 0 Include ice

INUC 0
Use formula from Rasmussen et al. 2002 (mid-
latitdue)

IGRAUP 0 Include graupel

IHAIL 1 Dense precipitating ice is hail

IRAIN 0

Warm rain (autoconversion, accretion, self-
collection) from Khairoutdinov and Kogan (2001)
which in this thesis is replaced by that of Kogan
(2013)
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Figure C.1: 2D vertical cross section of averaged total water content in simulated
deep convective clouds in θPRHP (past environment) for Minneapolis, MIN at (a)

20 min, (b) 35 min, (c) 45 min, (d) 60 min, (e) 90 min, and (f)120 min.
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Figure C.2: 2D vertical cross section of averaged total water content in simulated
deep convective clouds in θFRHF (future environment) for Minneapolis, MIN at

(a) 20 min, (b) 35 min, (c) 45 min, (d) 60 min, (e) 90 min, and (f)120 min.
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Figure C.3: 2D vertical cross section of averaged total water content in simulated
deep convective clouds in θF→PRHF for Minneapolis, MIN at (a) 20 min, (b) 35

min, (c) 45 min, (d) 60 min, (e) 90 min, and (f)120 min.
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Figure C.4: 2D vertical cross section of averaged total water content in simulated
deep convective clouds in θF→PRHF→P for Minneapolis, MIN at (a) 20 min, (b)

35 min, (c) 45 min, (d) 60 min, (e) 90 min, and (f)120 min.
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Figure C.5: 2D vertical cross section of averaged total water content in simulated
deep convective clouds in θPRHP→F for Minneapolis, MIN at (a) 20 min, (b) 35

min, (c) 45 min, (d) 60 min, (e) 90 min, and (f)120 min.
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