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Abstract

In this thesis, the connections between some characteristic features of the land
surface and the intensity of continental thunderstorms are investigated using ide-
alized simulations of radiative-convective equilibrium (RCE). These land surface
features have been hypothesized to control the intensity of thunderstorms that

form over land surfaces.

Firstly, the relationship between the high surface Bowen ratio (SBR) over a homo-
geneous and heterogeneous land surfaces and the intensities of continental thun-
derstorms was examined. It is argued that the intensity of thunderstorms over
land surfaces is largely insensitive to the depth of the boundary layer over both
homogeneous and heterogeneous land surfaces, and the idea that larger patch sizes
of a heterogeneous land surface would lead to stronger updraughts is not supported

by the set of idealized simulations in this study.

The influence of the large diurnal cycle of land surface temperature on the intensity
of continental storms was investigated in idealized simulations with an imposed
diurnal cycle of temperature at the lower boundary. It is found that the diurnal
cycle of surface temperature exerts some control on the intensity of thunderstorms
in idealized model simulations. It is argued that the large diurnal cycle of surface

temperature can be physically linked to the most buoyant convective clouds.

Finally, the response of moist convection to warming over wet and dry land sur-
faces was assessed using idealized RCE simulations. It is found that the intensity of
thunderstorms over wet land surfaces increased significantly with warming. How-
ever over dry land surfaces, the intensity of the storms remained largely unchanged.
This suggests that future thunderstorms over islands and other wet land surfaces

could be much intense, and the dangers associated with thunderstorms amplified.
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Chapter 1

Introduction

1.1 Motivation

At the heart of the concerns of climate change is how local weather phenomena
might change in response to warming across the different climatic zones. Over
the tropics, thunderstorms are one of the most dominant weather phenomena
with far reaching socioeconomic and climatic importance. In their intense form,
thunderstorms may be associated with extreme precipitation, gusty winds and
lightning that can sometimes be detrimental to human life and property. It is
therefore important to understand how the intensities and distribution of these

storms might change in the future when climate change is in full swing.

Predicting the intensities of these future storms is however not trivial, primarily
because the convective processes that lead to the formation of these thunder-
storms are poorly represented in current global climate models (GCMs). Con-
vective processes usually occur on relatively finer scales, and are therefore not
explicitly resolved in current GCMs which are conventionally run at coarser res-
olutions (Grabowski and Smolarkiewicz, 1999; Randall et al., 2003). Convective
processes have therefore been a major source of uncertainty in current climate

models and climate projections (Bony et al., 2015).

Another fundamental reason for the difficulty in projecting these future storms
arise from the fact that there are still unanswered questions on the behaviour and
distribution of thunderstorms especially over the tropics. For example, as observed

by a number of studies (e.g., Lucas et al., 1994; Zipser et al., 2006; Liu et al.,

1



2010; Liu and Zipser, 2015), the most intense storms tend to form over tropical
land surfaces as opposed to ocean surfaces, but there is not yet a comprehensive
explanation to this widely observed contrast in intensity of thunderstorms over
these surfaces. This area of research has seen substantial scientific interest over
the years. Particularly, the question of how the underlying characteristic features
of the land and ocean surfaces influence the intensity of convective storms has

been vigorously studied.

A key goal of this thesis is therefore to investigate how some of these surface
features are connected to the intensities of thunderstorms that form over land
surfaces, and to explore how these connections might change in response to global

warming.

Notwithstanding the aforementioned challenges, there have been some advances
made towards understanding and predicting these future thunderstorms. Partic-
ularly, some studies (e.g., Romps, 2011; Muller, 2013; Van de Walle et al., 2021)
have shown increases in thunderstorms associated precipitation in response warm-
ing. However, many of these mechanistic studies have focused on convection over
tropical ocean surfaces as opposed to convection over land surfaces. The land sur-
face presents its own complexities and has a significant number of features that
can influence convection, hence simulating convection over land is far more diffi-
cult than simulating convection over the ocean (Rochetin et al., 2014). Human
habitats are however largely over land. Given that the most intense storms form
over land, it becomes even more important to investigate how intense or otherwise
thunderstorms over land would be in the future, to assist policy makers make in-
formed decisions on how the dangers posed by these intense thunderstorms can be

reduced in the future.

The rest of this chapter is dedicated to reviewing some importance and dangers
of thunderstorms over the tropics (Section 1.1.1), we discuss the largely observed
land-ocean contrast in thunderstorm intensity, and the some hypotheses put for-
ward by some researchers as the basis for this observed contrast in intensity of
storms over the two surfaces (Section 1.1.2). We then discuss some of the tech-
niques and advances made in the projection of these future storms over ocean
surfaces (Section 1.1.3). Finally we highlight the main research questions of this

study (Section 1.2), and present an overall outline of this thesis in Section 1.3.



1.1.1 Thunderstorms in the tropical climate

Thunderstorms are formed when water vapour within a rising air parcel condenses
leading to explosive release of energy into the atmosphere. The convective pro-
cesses that lead to the formation of these thunderstorms are the main mechanism
by which energy is transported from the surface to the upper troposphere (Page,
1982; Keenan et al., 1994). Hence, thunderstorms play a significant role in the

general circulation of the atmosphere, and to a larger extent the global climate.

In their intense form, electrical charges within thunderstorms produce varying de-
grees of lightning which poses a number of public safety concerns. Lightning from
thunderstorms is a major cause of wildfires (Dowdy and Mills, 2012). Lightning is
known to influence the composition of the atmosphere through the production of
species of reactive nitrogen. Some of these reactive species of nitrogen act as pre-
cursors for the formation of tropospheric ozone that contributes to global warming
and can sometimes be harmful to human life (Koike et al., 2007). About 78 percent
(78%) of the earth’s total lightning occurs in the tropics and subtropics (Christian
et al., 2003). In the tropics, lightning from thunderstorms are responsible for the

destruction of about 832 million forest trees annually (Gora et al., 2020).

Thunderstorms produce the bulk of precipitation over the tropics. These large
amounts of precipitation support livelihood in diverse ways and are central to so-
cioeconomic development across the tropics. In the equatorial tropics for example
where agriculture and electricity generation depend largely on rainfall (Nieuwolt,
1982; Lin et al., 2006), the societal importance of thunderstorms cannot be overem-
phasized. However, severe thunderstorms mostly produce extreme precipitation
that may be injurious to agriculture and to a larger extent human life over the
tropics . Such extreme precipitation results in excessive erosions, landslides, and
flash flooding, resulting in the destruction of farms, colossal damages to property

and loss of human life (Nieuwolt, 1982).

Across the tropical climate, and indeed all other places where thunderstorms are
prevalent, there is a good measure of their importance as well as their dangers.
A conclusive understanding of their formation, distribution and potential changes
remains significant to the debate of climate change. There is an overall under-
standing that thunderstorms are prevalent over the tropics especially during the

pre-monsoon seasons when temperatures and humidity are high (Zipser et al.,



2006; Das, 2017). What is not certain is how the individual conditions required

for the development of storms in the tropics might change in the future.

1.1.2 Land - Ocean contrast in thunderstorm intensity

Across the tropical climate, the most intense storms form predominantly over land
surfaces (Lucas et al., 1994; Williams and Stanfill, 2002; Zipser et al., 2006; Matsui
et al., 2016). This has been shown in different observation studies using different
intensity metrics. Liu and Zipser (2005) for example assessed the vertical growth
and overshooting of clouds into the tropopause and concluded that a greater num-
ber of cumulonimbus clouds that overshot into the tropopause formed over land.
Toracinta and Zipser (2001) in a study of global tropical lightning over a 3 month
period showed that only 15% - 21% of total lightning clusters were from oceanic
sources as compared about 66% from continental storms. Christian et al. (2003)
also showed a ~10:1 ratio of annual lightning flash rate between land and ocean

storms.

From the different metrics used in observation and model studies, it is apparent
that storms over land are more intense than those over the ocean. The all im-
portant question yet to be answered is the underlying mechanisms that control
the intensity of thunderstorms over land, and how these mechanisms differ from

processes over ocean surfaces.

The intensity of convective storms are also known to be influenced by environmen-
tal parameters such as the convective available potential energy (CAPE), convec-
tive inhibition (CIN) and wind shear (Trapp et al., 2007; Brooks, 2013). CAPE
describes the maximum obtainable kinetic energy by an idealized rising parcel of
air, and therefore gives an indication of the instability of the atmosphere. An
opposing parameter to CAPE is CIN, a measure of the energy required by rising
air parcel to overcome the stable layers of the atmosphere. In the tropics, wind
shear which is defined as change in wind speed and direction with height, tends to
be weaker and are mainly related to organization of storms. While CIN is related
to the triggering of convections, the intensity of local storms are found to be more
related to CAPE (Singh et al., 2017). However, large differences in these large
scale environmental parameters between land and ocean surfaces have not been

clearly found in observation studies.



It is a particularly interesting conundrum because few studies (e.g., Williams and
Renno, 1993) done on assessing the climatology of CAPE do not show large dif-
ferences in mean CAPE between land and ocean surfaces to support the huge dif-
ferences in updraught intensities found on these surfaces. Riemann-Campe et al.
(2009) in their assessment of ERA-40 reanalysis data showed that high CAPE val-
ues are predominantly found over tropical land surfaces but they exhibit very high
seasonal variability. It is not immediately clear how this seasonal variability in
CAPE explain the huge difference in intensity of local thunderstorm in a day. As
noted by Agard and Emanuel (2017), continental CAPEs are by themselves highly
transient. It is possible that the peak values of such transient CAPEs rather than

their climatological averages are significant for convection over land surfaces.

Differences in entrainment rates over land and ocean surfaces can significantly
influence the intensity of their respective convective storms. Entrainment of sub-
saturated air into a convective cloud core has been shown to have a dilution effect
on their available energy (Zhang, 2009; Hannah, 2017). Entrainment is however
a very complex environmental parameter to study and as such, its influence also
depends on the environment and the convective core itself. Differences in en-
trainment rates between land and ocean surfaces has not been explicitly shown in

current literature.

In view of the complex nature of convection especially over land, quite a number of
reasons have emerged as possible explanations to the large land-ocean contrast in
storm intensity. A strong hypothesis that has seen considerable scientific interest
over the years is the argument that some characteristic features peculiar to the
land surface control the intensity of storms that form over land (Williams and
Stanfill, 2002). Naturally, the land surface have many distinguishing features from
the ocean; from low heat capacity, to differences in concentration of aerosols. In
the context of the hypothesis by Williams and Stanfill (2002), all these features
could potentially control the development of storms over land. It is therefore not
surprising that there is a growing scientific interest geared towards identifying the

main surface feature that enhances convection over land.



1.1.2.1 Characteristic features of the land surface

Among the numerous features of the land surface, scientific interest has been drawn
to a handful, and there has been vigorous investigation on their linkages to con-
vection and its intensity over land. Particularly, the high boundary layer depth set
by high surface Bowen ratio (SBR), the heterogeneous nature of the land surface,
the large diurnal cycle of surface temperature, and high aerosol concentration over
the land surface have all been mentioned and explored in different observation and

modeling studies.

Scientific studies dedicated to this land surface and storm intensity hypothesis,
in practice seek to establish a physical linkage between the surface feature being
studied and a measure of intensity of the convective storm. A common style of
choice is to be able to show that the surface feature being studied results in an
increase in CAPE, and this CAPE is enough to invigorate the convective storms.
Notwithstanding the growing scientific interest in identifying the specific features
of the land surface that are connected to the intensity of continental storms, there
has not been good agreement amongst the different studies that investigate these
land surface mechanisms. Indeed, it is common to find contrasting results between

two studies that investigates the same surface feature.

We present a brief review of the physics behind some of the popular land surface
features in literature and some examples of studies done on such features. Here,
we discuss the deep boundary layer depth (high surface Bowen ratio), the high
concentration of aerosols, the large diurnal cycle of surface temperature, and the

heterogeneity of surface fluxes.
Deep boundary layer depth:

In comparison to a saturated water surface, the land has a lower water availability.
This is reflected by the enhanced turbulent fluxes of sensible heat and subsequent
higher Bowen ratio over the land surface as compared to the ocean. The high sur-
face Bowen ratio (SBR) of the land surface is what sets the depth of the boundary
layer. According to Williams and Stanfill (2002), the large boundary layer forces
an increase of the cloud base height (CBH) which results in relatively large clouds
that experience less dilution from the environment. They argued that, buoyant
parcels arising from these large clouds effectively transform CAPE to kinetic en-

ergy and therefore invigorate the storms. This can be understood loosely as; the



deeper the boundary layer, the bigger the cloud size and the less dilution from the
environment to erode the conversion of CAPE to kinetic energy required to inten-
sify the storms. The caveat however is, there should be readily available surface
moisture. In very dry land surfaces, the enhanced boundary layer depth prevents
clouds from forming as the relative humidity in such situations is extremely low.
Williams and Stanfill (2002) gave a relative humidity range of 50-60% and a cloud
base height (CBH) below 3 km as a favorable condition within which the boundary
layer depth contribution to the invigoration of continental storms is most attain-
able.

Williams et al. (2005a) using analysis of satellite data and ground observations
found that mean lightning flash rate increases with increasing cloud base height
(CBH). However, Hansen and Back (2015) showed in RCE model simulations with
different SBR values that, increasing the CBH does not in itself lead to an increase
in the intensity of thunderstorms as measured by the high percentiles of updraught
velocity from their simulations. They argue that entrainment is independent of
the boundary layer depth even though their high SBR cases had reasonably larger
cloud sizes at birth, it did not result in invigoration of the clouds that formed.
Unequivocal evidence of the high boundary depth of the land surface resulting in

stronger storms over land is yet to be seen.
High concentration of aerosols:

Two main mechanisms have been used to explain the hypothesis that the high con-
centration of aerosols over land surfaces contributes to the intensity of convective
storms that form over land. The first mechanism is premised on the role of aerosols
as cloud condensation nuclei in the atmosphere. As suggested by Rosenfeld et al.
(2008), higher concentrations of aerosols delay the formation of precipitation by
the creation of smaller cloud droplets allowing for enhanced released of latent heat
into the atmosphere as these drops freeze when they cross the zero degree isotherm.
This is expected to result in enhanced buoyancy. A relatively new mechanism that
focuses on increases in environmental humidity through detrainment moistening
has emerged Abbott and Cronin (2021). They argue that higher concentrations of
aerosols increase the detrainment from clouds into the environment, this in turn
reduces the dilution effect of entrainment and allows for large-scale accent and

enhanced buoyancy.



As noted by Li et al. (2017), higher aerosol concentration can have both positive
and negative effect on clouds formation and their intensity. For example, Anber
et al. (2019) in an idealized study argued that higher concentration of aerosols
reduces surface enthalpy fluxes and suppresses evaporative cooling leading to re-
duction of mean precipitation. This study appear to contradict the different mech-
anisms that have been used to support the hypothesis that high concentrations of

aerosols over land surfaces control the intensity of continental storms.
Large diurnal cycle of surface temperature:

The large diurnal cycle of surface temperature hypothesis is centred around the
thermal difference between land and ocean surfaces and their interaction with the
a relatively cold troposphere Williams and Stanfill (2002). The hypothesis holds
that convection over ocean surfaces induces gravity waves (Sobel et al., 2001) that
modifies free-tropospheric temperature over land surface, and therefore maintain a
similar free-tropospheric temperature profiles over land and ocean surfaces (Char-
ney, 1963). During day time, the land surface by virtue of its low heat capacity
warms faster than the ocean and thus interacts with the relatively colder free-
troposphere. This interaction sets up heating of the boundary layer which in turn
lead to the build up of CAPE to sustain buoyant cloud parcels during the day.
Hansen et al. (2020) however, found no evidence of high CAPE over their island
region when they tested this mechanism in an idealized cloud-resolving simula-
tion with a simplified island geometry. Rather, they found that CAPE peaked in
the early morning over the island and decreased during the day, contrary to the

hypothesis.

Heterogeneity of the land surface: The different vegetations, orography, soil
moisture and other geographical features make the land surface naturally hetero-
geneous in comparison to the ocean surface. The heterogeneity of the land surface
produces differential heating in different locations which results in cold and warm
patches over the land surface. Essentially, a horizontal variation in boundary
layer properties is set on the land surface, and this is hypothesized to result in
deeper clouds over the land surface. The heterogeneous land surface set horizon-
tal variation in surface fluxes and temperature is expected to induce mesoscale
secondary circulation that could potentially result in enhanced buoyancy over the

warm patches of the heterogeneous domain (Cheng and Cotton, 2004).



Some studies (e.g., Taylor et al., 1997; Rieck et al., 2014; Wu et al., 2015a; Kang
and Ryu, 2016; Lee et al., 2018) have focused on the combined effect of two or
more of these surface features and have shown significant enhancement in convec-
tive storms over land. Lee et al. (2018) for example studied the transitioning of
shallow to deep convection over a heterogeneous surface with prescribed surface
fluxes and diurnal cycle of insolation, and found that clouds transition faster into
deep clouds over the dry patches of their heterogeneous domain. It is possible
that the combined effect of heterogeneity and diurnal cycle is what accelerates
the transitioning and intensity in these studies. However to totally understand
the role of the individual land surface feature on convection, it is imperative to
study the relative influence of these surface features individually, to establish their

connection with the intensity of continental storms.

Notwithstanding the scientific interest and the numerous studies in this area, the
question of which specific land surface feature controls the intensity of convective
storms over land is far from being answered, especially when studies of the same
land surface feature appear to have contrasting results. Differences in experimental
designs, model setup, and how the land surface is defined in modeling studies may
all be potential reasons for the differences in these results. The intensity metric
used in assessing the intensity of the convective storm, and the underlying objective
of the individual scientific studies of these land surface features can also influence
the conclusions made on these surface mechanisms. For example, some studies
(e.g., Rieck et al., 2014) mainly focuses on the transitioning of shallow clouds to
deeper clouds over a defined land surface but are not necessarily interested in the

intensity of the deep clouds once they are formed.

The idea that land surface features contribute to the invigoration of convective
storms over land surface remains a viable hypothesis for understanding the controls
of thunderstorm intensity over land, and a potential explanation to the land-
ocean contrast in storm intensity. However, a complete understanding of which
land surface feature exerts the dominant control on the updraught strength of
continental storms, and the scales at which these controls are still relevant is an

open question yet to be answered.
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1.1.3 Prediction of intensity of future storms

The difficulty in representing convective processes in current GCMs is a major
bottleneck to prediction of future thunderstorms. The coarse resolution and pa-
rameterization of cloud processes in global atmospheric models has been a major
source of uncertainty in our understanding of current climate and projection into
the future (Randall et al., 2003).

In view of the persisting limitations of GCMs in predicting future storms, an
alternate approach employed by some studies (e.g., Trapp et al., 2007; Diffenbaugh
et al., 2013; Singh et al., 2017) is to use GCM simulations to assess large-scale
environments known to favour thunderstorm development. Since GCMs explicitly
resolve these large-scale processes, future projections of them can easily be made
in climate simulations. CAPE is one of such large-scale environmental parameters,

and has been shown to increase significantly with warming.

Trapp et al. (2007) showed significance increases in CAPE over continental United
State in their global warming simulation with a GCM. As shown in Figure 1.1,
Singh et al. (2017) analysed an ensemble of climate models and found robust in-
creases in high percentiles of CAPE with warming over the tropics and subtropics.
Their analysis showed robust increases in CAPE mainly over land across the differ-
ent models used. Such robust increases in CAPE in the tropics could potentially
indicate a high distribution of intense storms especially over land. However, in
the context of storm intensity, CAPE is not the only driver of convection in the
tropics. The effects of parameters such as wind shear and entrainment may also
change with warming (Trapp and Hoogewind, 2016), and could have substantial
input as to how much of the extreme CAPE increases would realistically result in

intensification of convection over the tropics.

The are also fundamental questions on the use of GCMs in simulating CAPE over
the tropics. Generally, vertical profiles of temperature are crucial in the estimation
of CAPE. However, in the tropics the free tropospheric temperature are known
to be influenced by convective processes (Charney and Eliassen, 1964). These
convective processes are not explicitly resolved in GCMs. Hence, the accuracy
of the CAPE simulated by these GCMs are to a larger extent questionable. How
convective processes are parameterized in a particular GCM may also play a major

role in the biases in the estimation of CAPE over the tropics, and may be the reason
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for the substantial differences in both climatological and predicted CAPE values
across different GCMs (Singh et al., 2017).

The robust increases in CAPE from GCM global warming simulations seen in the
various studies can only motivate scientific research into understanding the un-
derlying mechanisms that drives such increases in CAPE. Thus far, there is an
incomplete understanding of what mechanisms account for CAPE increase over
different surfaces and how these mechanisms might change with warming. Differ-
ent theories have emerged in this respect mainly in highly idealized settings but

unambiguous evidence of such theories have not been seen in the real world.

Two of such CAPE theories are the saturation deficit theory (Singh and O’Gorman,
2013) and the transient CAPE theory by Agard and Emanuel (2017). Using ide-
alized RCE simulations, Singh et al. (2017) developed a theory of CAPE based
on humidity difference between a cloud parcel and its environment. The so-called
saturation deficit theory highlights the effect of entrainment on convection. They
assumed that the atmosphere remained close to neutral buoyancy with respect to
clouds that experience a fixed entrainment profile. The saturation deficit would
then increase with temperature if relative humidity remain constant setting up
an increased influence of entrainment on the lapse rate, and ultimately increased
CAPE with warming. However, important factors such as the nature of the un-
derlying surface and large-scale circulations were not taking into account in the
development of this theory. It is possible this theories found in RCE do not apply
in the real world. It is therefore important to understand the applicability of this
theory over different surfaces (land or ocean) and to find evidence of it in the real

world.

The use of high resolution cloud scale models remain the most viable option in
understanding convective processes and their sensitivity to underlying surfaces
(Guichard and Couvreux, 2017). There is a drive towards the development and
usage of global cloud-resolving models (Sato et al., 2019). However, they are yet
to be used extensively in climate simulations. CRMs have however been used in
a number of idealized simulations with simple numerical frameworks to study the
intensity of convective storms in response to increasing temperatures over an albeit

small domains.

For example, CRMs in idealized RCE simulations have been used to show sig-

nificant increases in extreme precipitation with warming over the tropical ocean
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surfaces (Muller et al., 2011; Romps, 2011). They have also been used to show
increases in CAPE with increasing sea surface temperature (SST) (Singh and
O’Gorman, 2013; Seeley and Romps, 2015). Again, CRMs have been used to show
increases in intensity of thunderstorms with warming over the tropics. Singh and
O’Gorman (2015) using idealized RCE simulations showed that the updraught
velocities of storms that form over tropical oceans increase with warming, with
the fractional increases most noticeable at the upper troposphere. Romps (2019a)
also showed increases in the product of CAPE and precipitation (CAPE x P) with
warming in RCE simulations over tropical ocean surfaces. CAPE x P is a proxy
for lightning from thunderstorms. By any measure of intensity, CRMs have been
used to study the intensity of convective storms in different temperature regimes.
Since convective processes are better represented in these CRMs, findings from
such studies presents a better pathway to understanding tropical convective pro-
cesses than results from conventional GCMs. The point should however be made
that for convection to be fully resolved, model grid spacing should be less than
100 m.

In terms of the use of CRMs in simplified numerical frameworks like RCE in pre-
dicting future storms, current studies mostly focus on tropical ocean surfaces (e.g.,
Singh and O’Gorman, 2015). The distribution and intensities of future storms over

tropical land surfaces remains an open area of scientific research.

1.2 Research questions

In this thesis, we are guided by three very broad questions that are investigated
in tandem with sets of model simulations. The idea here is to identify those land
surface features that control the intensity of thunderstorms over land, and assess
how the intensities of storms over our conceptual land defined by these surface

features changes under different temperature regimes.
This study is guided by the following questions:

Question one:

Which of the land surface features considered in this study is connected
to the intensity of storms that form over land?

The hypotheses that characteristic features of the land surface control the intensity

of storms over land remains a viable basis for understanding moist convection over
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FIGURE 1.1: Projected increases in CAPE over the tropics and subtopics under
business-as-usual scenario. Plot A is the ensemble mean of the 95th percentile of
CAPE. Plot B is the difference in 95th percentile of CAPE between the current
and future climate as projected. Taking with permission from (Singh et al.,
2017).

land, and plausibly explaining the huge differences in storm intensity over land and
ocean surfaces. The conundrum perhaps is identifying the land surface feature
singularly responsible or exerting the greatest influence on convection over land.
The land surface by its nature have several distinguishing features from the ocean
surface, hence identifying a single or group of features controlling convection over
land is not trivial, especially so when studies on particular surface feature seem to
give contrasting results. We contribute to this area of research by assessing how
three of these land surface features are connected to the intensity of convective
clouds that form over land. We investigate these land surface features in RCE

simulations in Chapter 3 and Chapter 4 of this thesis.

Question two:

Are there physical linkages between these surface features and large-
scale environmental parameters like CAPE known to favour thunder-
storm development?

Another broad but significant question explored in this thesis is understanding



14

the environment within which convection thrives. The basis of a particular land
surface feature exerting any form of control on the intensity of storms is centred
around the features ability to provide a conducive environment that supports the
enhancement of convection. Therefore a condition set in this thesis in assessing
these surface features tested is that; the feature being studied should be able to
shown increases in updraught velocity, and should also be able to show increases
in CAPE. Since all the surface features tested in this thesis are founded on ther-
mal difference between land and ocean surfaces, physical connection of the surface
being tested to CAPE is an achievable condition if the feature indeed has any
connection with the intensity of the convective storms over land. In line with
this, part of the work in Chapter 3 and Chapter 4 is dedicated to investigating
whether or not the surface features considered here have a physical relationship
with CAPE. In both instances of a physical relationship or not, we attempt to

understand the fundamental reasons for our results.

Question three:

How does the intensity of convective storms over a conceptual land sur-
face respond to different temperature regimes? The last question generally
seek to understand how moist convection response to warming over land surfaces.
In this context, we are interested in all key aspects of convection. We are inter-
ested in the intensity of precipitation, there is a keen interest in how the intensity
of convective storms over land response to warming as well understanding how en-
vironments conducive for storm enhancement may change in response to warming.

We address these questions in Chapter 5 of this thesis.

Questions 1 and 2 set the basis for question 3, The land surface features found to
be significantly linked to our defined metric of storm intensity is used to define
our conceptual land surface. In this thesis we investigate three (3) characteristic
features of the land surface; the deep boundary layer depth (high surface Bowen
ratio), the heterogeneity of boundary layer depth, and the large diurnal cycle of

surface temperature.
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1.3 Outline of the thesis

So far we have discussed the significance and dangers of tropical thunderstorms
and highlighted the need to study the distribution and intensities of these storms
in response to global warming. The challenges and advances made in studying
these future storms have also been discussed. The foundation of this thesis is
therefore in two folds:

1. The thesis is founded on the observed land-ocean contrast in thunderstorm
intensity over the tropics, and the hypothetical explanation given in literature.

2. The thesis is also founded on the general interest to understand moist convection

over land and their potential changes with warming.

Guided by the three research questions (Section 1.2), this thesis uses a relatively
high resolution CRM in idealized RCE simulations to first identify land surface
features significant to the intensity of convective storms, and also investigate the
response of the intensities of thunderstorms to warming of an idealized land sur-

face.

The rest of the thesis is structured as follows:

In Chapter 2 we discus the general approach employed in this thesis. We describe
the cloud-resolving model (CRM) and numerical framework used in this study.
We also describe the general setup and simulation design that runs through the

various experiments.

In Chapter 3 we address parts of the first and second research questions by ex-
amining two land surface features and their connection to thunderstorm intensity
over the idealized land surface. We show that updraught intensity is insensitive to

boundary layer depth over both homogeneous and heterogeneous land surfaces.

We further address the first and second research questions in Chapter 4 by investi-
gating the connection between the large diurnal cycle of land surface temperature
and intensity of thunderstorms over land. We show that the large diurnal cycle of
surface temperature exerts some control on the intensity of convective storms in
our idealized land-like simulations, and also has physical connections with CAPE
over the land surface. The final research question is addressed in Chapter 5. Here
we study how two surfaces forced to assume wet and dry land characteristics re-

spond to warming. We show that updraught intensity, CAPE and precipitation
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increases significantly to warming over the wet land surface in comparison to the

dry land surface.

In Chapter 6 we discuses the key findings and synthesis of this thesis and make
some conclusions. We highlight on the potential and failures of the different land
surface features we studied. We recap on how the research questions in this thesis
are addressed in the various experiments, and the key conclusions drawn from
those experiments. We discuss the significance and shortcomings of this study

and make some concluding remarks.

In Chapter 7 we present a general outlook and pathways to further understand
findings in this thesis. We present our view on how future research with similar
objectives as this study could be formulated to reduce some of the challenges of

this research.



Chapter 2

General model description and

setup

In this chapter we discuss briefly the general approach used in this thesis (Sec-
tion 2.1), we describe the cloud resolving model (CRM) used in this work (Sec-
tion 2.2), and present some background of the radiative-convective equilibrium
(RCE) framework adopted for our simulations (Section 2.3). We finally describe
the general setup that runs through the individual experiments of this thesis in
Section 2.4.

2.1 General approach of the thesis

The overall approach of this thesis involves running relatively high resolution sim-
ulations of deep convection over a highly idealized land and ocean surfaces. Here,
we used a cloud resolving model called System for Atmosphere Model (SAM)
and adopt the radiative-convective equilibrium (RCE) approximation in all sim-
ulations. The first sets of simulations are designed to study specific land surface
features hypothesized to control the intensity of storms that form over land. To
isolate the individual effect of the surface feature being investigated, what we term
land or land-like in our simulations only differ from a generic ocean surface by the

imposed land surface feature being studied.

Results of the simulations of these land surface features are compared with simu-

lations of deep convection over ocean (ocean-like) surfaces. For each land surface
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feature investigated, we are first interested in identifying differences in updraught
intensity between the simulated clouds of the particular land surface feature and
that of the ocean’s simulated convective clouds. Here, updraught intensity is mea-
sured by the 99.99th percentile of updraught velocity across all vertical levels of
the atmosphere. For all land surface features identified to be linked to the inten-
sity of convective storms and those that are not, we attempt to explain our results
by appealing to conceptual models and theories that physically links updraught
strength to parameters like CAPE, and entrainment. In all instances, we compare
results from analysis of simulations of our land-like surface features to analysis
of simulations over the ocean surface. These sets of simulations and analysis are

designed to answer research questions one and two.

The final set of simulations are designed to address research question three. Here
we run idealized high resolution simulations over a conceptual land surface with
surface features found to exert some control on the intensity of convective storms

from our earlier tests.

Our approach therefore does not involve the use land surface model. Essentially
the ocean surface is made to behave like a land surface by imposing land surface
features on the albeit ocean surface. The approach and results presented in this
thesis are therefore not intended to replicate real world convection scenarios but to
improve our understanding of convective processes and their underlying surfaces,

and give an insight to how convection over land might likely change in the future.

2.2 System of Atmosphere Model (SAM)

As noted by Guichard and Couvreux (2017), cloud phenomenology, sensitivity and
response to specific forcing are best studied with cloud resolving models (CRMs).
In contrast to GCMs, CRMs have finer horizontal grid spacing to explicitly simu-
late individual clouds and cloud systems and they can be run long enough to study
the entire cycle of clouds Randall et al. (2003). CRMs by virtue of their finer res-
olutions are useable in the study of all aspects of convection, and have been used
as substitutes of conventional cloud parameterization schemes in GCM in the so-
called superparameterization (Grabowski and Smolarkiewicz, 1999; Khairoutdinov
and Randall, 2001). Earlier CRMs were mainly used in studies over relatively small

domain sizes. However, modern CRMs are built to be able to resolve convection
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on global scale with their model formulation set on longitudinal and latitudinal
grids. The overwhelming advancement in technology and improvement in com-
putation power have birth the so-called global cloud-resolving models (GCRMs)
which appears to be the way forward in numerical study of the atmosphere Satoh
et al. (2019).

The System of Atmosphere Model (SAM) is one such CRM/GCRM that has been
used extensively to study various aspects of convection and other cloud processes.
SAM is a non-hydrostatic model (Khairoutdinov and Randall, 2003) that can
either be configured as a large-eddy simulation (LES) model to study shallow
clouds and boundary layer processes, or a CRM to study deep convection. Ocean
or land surface can be specified as the lower boundary in SAM simulations. In
simulations with a typical land as the boundary surface, one can use a fully coupled

simple land surface model (Jungmin M. Lee, 2016).

In SAM, the equations of motions are solved using the analestic approximation,
finite difference of equations in the model uses the staggered Arakwa C - type
staggering (Khairoutdinov and Randall, 2006).The model uses three prognostic
variables (liquid/ice water static energy, non-precipitating cloud water/ice, and

precipitating water) to describe thermodynamics.

There are three microphysics scheme options in SAM including the Thompsons sin-
gle moment microphysics scheme, and the Morrison double moment microphysics
scheme (Morrison et al., 2005). Radiation in SAM can be simulated using either
the Rapid Radiative Transfer Model (RRTM: Clough et al., 2005), or version 3
of the Community Atmosphere Model (CAM3: Collins et al., 2006) from the Na-
tional Centre for Atmospheric Research (NCAR). The Monin-Obukhov similarity
approach is used in the computation of surface fluxes in SAM, and subgrid-scale
(SGS) fluxes can be computed using the 1.5-order SGS closure or the Smagorinsky
SGS closure.

Simulations in SAM can be run using periodic lateral boundaries over the domain,
there is also an option to use rigid horizontal walls. The model applies Newtonian
damping at the top of the domain to reduce the buildup and reflection of gravity
waves. SAM can be run on parallel computers using the Message Passing Interface
(MPI) protocol. Simulations can be run in two (2D) or three-dimensions (3D).

The newest version of SAM which is not yet available to the public can be run
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on longitudinal and latitudinal grids and can be used as a global cloud resolving
model (GCRM: Khairoutdinov et al., 2022).

In the context of the objectives of this thesis, SAM have been used effectively
in other parallel studies of convective processes of land and ocean surfaces (e.g.,
Lee et al., 2018). SAM have also been used to study precipitation extremes and
response of convection to warming (e.g., Muller et al., 2011; Abbott et al., 2020).

2.3 The Radiative-Convective Equilibrium Frame-

work

In this thesis, the main numerical framework used in our model simulations is the
radiative-convective equilibrium (RCE). RCE is an idealized energetic constraint
of the global atmosphere (Jakob et al., 2019), where there is a statistical balance
between radiative cooling and convective heating in the atmosphere (Rochetin
et al., 2014). In this simplified approximation of the atmosphere, the assumption
is that radiation acting on the atmosphere stirs up instability, convection lofts
water upwards from the surface that eventually develops into clouds that affects
radiative transfer. By this process the atmosphere continues to cool and convec-
tive clouds continue to form until such a time where the net loss in energy of the
atmosphere by the radiative processes are in statistical balance with turbulent
fluxes of latent and sensible energy represented as convection in the atmosphere.
Generally, relaxation times of radiations are in days (~40 days) while convection
occurs in a rather short time period (few hours) (Cronin and Emanuel, 2013).
Therefore it is almost impossible to achieve total equilibrium due to chaotic vari-
ability in the atmosphere. However at longer time-scales, there is a statistical
near-balance between time-averages of radiative and convective profiles. Although
RCE approximation presents its own challenges, it remains a simple but yet power

tool for the study of deep convection and convective processes in the tropics.

First introduced by Manabe and Strickler (1964) following earlier works (e.g.,
Goody, 1949), RCE simulations have evolved from the initial one-dimensional
studies aimed at understanding the fundamentals of the atmosphere and climate
and their sensitivities, through to two-dimensional studies on convection and its
relationship with the environment (e.g., Held et al., 1993; Randall et al., 1994),

to its current usability in three-dimensional studies of almost all aspects of the
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climate system. Using a one-dimensional column model, Manabe and Strickler
(1964) made adjustment to the radiative-equilibrium state of the atmosphere by
prescribing a lapse-rate of 6.5 °C/km in the convective regions of the atmosphere.
This approach set the basis of the radiative-convective equilibrium, as they found
reasonable agreement of their calculate equilibrium in profiles of observed tem-
perature in cloudy regions. Held et al. (1993) found a similar temperature profile
between their two-dimensional model run to RCE, and observed temperature pro-
file in the tropics. Their model explicitly predicted moist convection from an

interactive radiation transfer within the atmosphere.

In recent years, improvement in computation power has broadened the use of RCE
as the numerical framework of choice in different atmospheric models. The RCE
approximation has been used in GCMs (e.g., Bony et al., 2016; Reed et al., 2021),
they have been used extensively in cloud resolving models (CRMs) (e.g., Held
et al., 1993; Tompkins and Craig, 1998), and large-eddy simulations (LES) (e.g.,
Wing et al., 2020) which are run in very high resolutions and therefore precludes
the need for use of sub-grid scale parameterization scheme. Perhaps, the most
interesting discovery in the use of RCE approximation across different spatial and
temporal scales is the aggregation of convection or self-aggrefation as they have

come to be known (Silvers et al., 2016; Wing et al., 2017) in CRM simulations.

Studies of RCE are mostly done over a horizontally uniform domain with constant
sea surface temperature (SST) or SST prescribed using the slab ocean model
(Wing et al., 2018). Mostly the surface boundary has been an ocean. Few studies
(e.g., Rochetin et al., 2014) have explored RCE over land. Parallel to the set
objectives of this thesis, idealized RCE simulations have been used to investigate
deep convection response to different land-like surface features. Hansen and Back
(2015) and Hansen et al. (2020) used RCE approximation to study deep convection
response to the deep boundary layer and large diurnal cycle of temperature over
land respectively. They have also been extensively used to simulate the response
extreme precipitation and updraught intensity to warming (Muller et al., 2011,
Singh and O’Gorman, 2015; Seeley and Romps, 2016; Romps, 2019b).

The extensive use of the RCE framework in studies of idealized surface processes,
and in simulations of future convective processes underpins its adoption for the
simulations in this thesis. In this thesis, all simulations are run to RCE using the

cloud resolving model described in Section 2.2.



22

2.4 General model setup

All simulations in this study are run to radiative-convective equilibrium (RCE)
using version 6.11.2 of the System of Atmosphere Model (SAM: Khairoutdinov and
Randall, 2003) over an ocean or land-like domain with a relatively fine resolution
of 500 m. For all simulations, the domain dimension are 128 km x 128 km with
64 vertical levels (~ 27 km) as shown in Figure 2.1. The vertical grid has a 50 m
spacing at the lower levels and 500 m grid space at the middle and upper levels,
and the lateral boundaries are doubly periodic. The sea surface temperature (SST)
in the various simulations is made to vary across the domain using the slab ocean
model option available in SAM, with slight modification of the slab-ocean model
made to achieve specific purposes in some simulations as detailed in the subsequent
chapters. The depth of the slab ocean layer is pegged at 0.05 m to allow for shorter
equilibration times of our simulations (Cronin and Emanuel, 2013). All simulations
are run with a fixed solar constant of 551.58 W m~2 and at a zenith angle of 42.05°
which translates to a total insolation of ~409.6 W m~2. This value is equal to the
annual mean insolation over the tropics (Wing et al., 2018). There is therefore
no diurnal and seasonal cycle of insolation in our simulations, and the simulations

are non-rotational as the effect of Coriolis is neglected.

In all simulations done in this thesis, the computation of shortwave and longwave
radiations are done using the Rapid Radiative transfer model (RRTM) radia-
tion scheme in SAM. Subgrid-scale turbulence are simulated using the first-order
Smagorinsky SGS closure. We have used both single moment and double moment
microphysics scheme in different simulations; details of the specific microphysics
scheme used for a specific experiment is given in the subsequent chapters. Surface
fluxes are calculated by SAM using the bulk aerodynamic formula with trans-
fer coefficients evaluated using the Monin-Obuhkov similarity theory. For some
experiments, these formulas are altered to achieve specific surface features being
simulated; we present details of such alteration in Section 3.3.1. Newtonian damp-
ing is applied near the top of the domain to reduce reflection of gravity waves in

our simulations.

The surface boundary of our simulations are either an ocean surface or an ocean
surface forced to assume land surface features (land-like or land simulations). The
land surface model option in SAM is not used in our set of land-like simulations and

there is no background wind imposed in our simulations. Again, the domain in our
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FIGURE 2.1: Schematic representation of SAM setup for idealized RCE simu-
lations. The domain has a horizontal grid spacing of 500 m, vertical levels have
50 m spacing at the lower levels and 500 m spacing at the middle and upper
levels.

simulation can either be homogeneous or heterogeneous depending on the specific
experimental design and the surface feature being investigated. In simulations
where the surface boundary is assumed to be heterogeneous, we elaborate on how
the heterogeneity is achieved in the description of such experiments. Details of the
duration of simulation and collection of simulation output for analysis are given

in the subsequent chapters describing the different experiments.



Chapter 3

The insensitivity of convective
intensity to different Surface
Bowen Ratio and surface
heterogeneity in

radiative-convective equilibrium

This chapter is a full reproduction of a paper submitted to the Quarterly Journal
of the Royal Meteorological Society (QJRMS) for publication. Section and figure
numbers are modified to align with the thesis structure but the text and figures

are unchanged.

3.1 Abstract

Previous modelling studies have come to mixed conclusions as to how changes in
different surface properties may affect cloud updraft velocities in seeking to ex-
plain observed land-ocean contrasts in convective intensity. Here we show that
varying surface Bowen ratio in idealised radiative-convective equilibrium (RCE)
simulations over both homogeneous and heterogeneous surfaces does not result

in significant changes to the intensity of convective storms as measured by high
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percentiles of the updraught velocity distribution. While both a deeper bound-
ary layer and heterogeneity of the surface can lead to a change in the cloud size
distribution and consequent changes in cloud entrainment, we find that this only
marginally affects the intensity of the strongest updraughts. These results are ex-
plained by appealing to a model of convection as a spectrum of entraining plumes.
According to this model, updraft strength is primarily sensitive to the width of
the distribution of entrainment among the spectrum of plumes. This is because
entrainment sets both the profile within cloud updrafts and the mean lapse rate
of the troposphere. If cloud sizes are increased, entrainment is reduced, and this
both protects clouds from their unsaturated environment but increases the stabil-
ity of the troposphere; each of these effects have countervailing influences on cloud

updrafts.

3.2 Introduction

Multiple observation studies (e.g.; Lucas et al., 1994; Christian et al., 2003; Zipser
et al., 2006; Liu and Zipser, 2015) using different intensity metrics have argued
that convective storms that form over land are substantially deeper and stronger
than those that form over the ocean. Common metrics that have been used in
assessing the intensity of storms include lightning flash rate (e.g; Zipser et al.,
2006), overshooting distances of convective clouds into the stratosphere (e.g; Liu
and Zipser, 2005; Hong et al., 2008), and the updraft velocity in convective clouds
(e.g. Lucas et al., 1994). For all these measures, continental storms have been

shown to be substantially more vigorous than their oceanic counterparts.

To help explain the strong land-ocean contrast in storm intensity, Williams and
Stanfill (2002) hypothesized a link between the intensity of storms over land and
some physical characteristics peculiar to the land surface. Specifically, they high-
lighted the high boundary layer depth, high aerosol concentration, heterogeneous
nature of the land surface, and strong diurnal cycle of temperature as characteris-
tics that plausibly enhance the intensity of storms that form over land. However, a
full theoretical understanding of the relative importance of these different surface
features remains lacking. In this study, we focus on two of these characteristic
features of the land surface, high boundary layer depth and spatial heterogeneity
of surface fluxes, to assess their linkage to storm intensity in an idealized radiative-

convective equilibrium (RCE) setting using a cloud resolving model.
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As a result of the different partitioning between sensible and latent heat fluxes,
the boundary layer tends to be substantially deeper over land surfaces compared
to over the ocean (Avissar and Schmidt, 1998). A key measure of this partitioning
is the surface Bowen ratio (SBR), given by the ratio of the sensible heat flux to
the latent heat flux, which has been shown to be closely related to the boundary
layer depth over much of the tropics (Kang and Bryan, 2011). Lucas et al. (1994)
argued that the width of convective clouds scale with the size of boundary layer
thermals; therefore, clouds that form over surfaces with higher Bowen ratio are
rather wider at birth because the boundary layer is deeper. Such clouds therefore
experience less dilution through mixing with the environment, potentially allowing

them to achieve higher velocities.

Williams et al. (2004), using observations over islands of different sizes, affirmed
that variations in boundary layer depth provide a plausible candidate in explaining
the land-ocean contrast in storm intensity. A modelling study by Kang (2016)
on the diurnal cycle of convective clouds with prescribed surface fluxes showed
that afternoon convective storms were wider and more vigorous in cases with
high SBR compared to those with low SBR. However, a contrasting study by
Hansen and Back (2015) with no imposed diurnal cycle explored the sensitivity of
different convective intensity metrics to changes in SBR in both RCE and initial-
condition simulations, concluding that varying the boundary layer depth has little
to no effect on the strength of convective storms as measured by high-percentile
updraft velocity. Hansen and Back (2015) found the argument of deeper boundary
layer depth leading to wider clouds and less entrainment made by some studies
(e.g.; Williams and Stanfill, 2002; Williams et al., 2005b) to be partially true;
whereas the deeper boundary layer depth resulted in wider clouds, it did not lead to
stronger convection, and the convective entrainment was found to be independent

of the boundary layer depth.

The contrasting findings in the different studies may be attributed to a number
of reasons including the experimental design, the numerical model used, and the
metrics used in assessing the strength of the convective storms. It is also important
to note that most studies that show intense storms over surfaces with a deeper
boundary layer have an imposed diurnal cycle in their experimental design, the
coupled effect of these two surface features (high SBR and strong diurnal cycle of

temperature) may be the reason for the enhanced convection over land in these
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studies, and possibly the reason for the difference in their results from studies that

only consider the boundary layer depth of the land surface.

Heterogeneity of the land surface has also been suggested as a surface feature with
potential control on the intensity of storms that form over land (e.g.: Hansen and
Back, 2015; Romps et al., 2018). For example, a number of studies have inves-
tigated the acceleration of the transition from shallow clouds to deep convective
clouds over a heterogeneous land surface compared to a homogenous one. How-
ever, these studies do not focus on the intensity of deep convective clouds once
they reach full maturity. A key goal in this study is therefore to understand how
the intensity of deep convective clouds respond to a defined heterogeneous land

surface within a radiative-convective equilibrium framework.

The land surface is made of different orographic features and vegetative cover,
producing spatial differences in soil wetness and surface roughness and introducing
heterogeneity at a variety of scales (Avissar and Schmidt, 1998). The nonuniform
heating of the heterogeneous land surface results in spatial differences in surface
fluxes which affect the state of the atmospheric boundary layer (Rieck et al., 2014;
Wu et al., 2015b). For example, spatially varying soil moisture may produce
patches of low (dry patch) and high (wet patch) evaporative fractions, which
ultimately lead to different partitioning between the sensible heat flux (SHF) and
latent heat flux (LHF') over the patches.

High resolution modelling studies on the effect of land surface heterogeneity on
convection (e.g.: Giorgi et al., 1997; Avissar and Schmidt, 1998; Kang and Bryan,
2011; Rochetin et al., 2017; Lee et al., 2018; Knist et al., 2019) have found that
surface heterogeneity induces mesoscale circulations that result in enhanced up-
draft velocity and faster transitioning of shallow to deep clouds mainly over regions
with high SHF (dry patch). Lee et al. (2018) performed large-eddy simulations
(LES) in which heterogeneity was introduced through a prescribed spatially vary-
ing SHF and found that shallow clouds that were able to transition into deep
clouds formed mainly over the dry patches. They attributed this to the secondary
circulation induced by the heterogeneity of the domain. They found that only
simulations with heterogeneity patch size greater than 5 km could induced such
circulations, highlighting the importance of the spatial scale of heterogeneity. A
similar study by Rieck et al. (2014) also showed that shallow clouds transition
faster into deep clouds over heterogeneous surfaces with large patch size compared

to those over homogeneous surfaces. However, similar cloud size distributions were



28

found regardless of the heterogeneity patch size simulated. While the above stud-
ies demonstrate the effect of heterogeneity of surface fluxes on the initiation and
transitioning of clouds, there are still outstanding questions as to whether and

how a heterogeneous surface affects the peak intensity of storms.

Here we perform series of relatively high resolution simulations aimed at assessing
the effects of varying SBR over both a homogeneous and heterogeneous domain on
the intensity of storms as measured by high percentile updraught velocity. We vary
the SBR by altering the moisture availability of the surface, guided by the available
literature and hypotheses on land surface features and storm intensity. For each
idealized RCE simulation, we are interested in finding the relationship between
the SBR, the cloud size distribution, the convective available potential energy
(CAPE), the dilution of the cloud core by environmental air (entrainment) and the
resulting convective strength. We also run simulations for different heterogeneity
patch sizes to assess whether the intensity of storms is affected by the size of the

heterogeneous surface.

Although simulations of RCE present their own limitations, RCE has been shown
to be an ideal tool for estimating convective processes and the sensitivity of deep
clouds to specific surface features (Rochetin et al., 2014). The idea here is to test
the response of the intensity of convective storms to different surface features. Our

approach therefore does not seek to replicate real-world convection scenarios.

The rest of the paper is structured as follows; we first describe the model setup and
simulations (section 2). We then present results for the intensity of updrafts and
its relationship to the cloud size distribution (section 3). We analyze the linkages
between the surface moisture availability and its heterogeneity and large scale
parameters like CAPE by applying a simple entraining plume representation of
convection (Section 4). We finally recap the main findings and present conclusions

(section 5).

3.3 Model description and setup

We run simulations to radiative-convective equilibrium (RCE) using version 6.11.2
of the System For Atmospheric Modeling (SAM; Khairoutdinov and Randall,

2003). All simulations are conducted with a horizontal grid spacing of 500 m over
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a doubly periodic domain of 128 km x 128 km and 64 vertical levels. The sim-
ulations are non-rotational and have no imposed background flow. Subgrid-scale
turbulence and microphysics are parameterised using a Smagorinsky SGS closure
and Morrison two-moment microphysics scheme, respectively. Surface fluxes are
evaluated using bulk aerodynamic formulas with transfer coefficients calculated
using Monin-Obukov similarity theory. These formulas are altered to introduce
variations in the moisture availability as described below.

Our simulations utilise the fully interactive Rapid Radiative Transfer Model scheme
(RRTM; Clough et al., 2005). There is no diurnal cycle in our simulations, we as-
sume a constant solar flux of 551.58 W m~2 and a zenith angle of 42.05°. All
simulations are run in 3D for a total of 50 days with statistics sampled at 30
minute intervals. Data from the last 20 days of the simulations are used in all

analysis.

3.3.1 Altering the available surface moisture

The first set of simulations follow the approach of Hansen and Back (2015) to
assess the effect of boundary layer depth on the intensity of convective storms
over a homogeneous surface. An important control of the tropical boundary layer
depth is the Bowen ratio, with the land surface generally having a higher Bowen

ratio and consequently a deeper boundary layer than the ocean surface.

Here we alter the Bowen ratio in our RCE simulations by the introduction of an
evaporative conductance parameter («) into the bulk equation for the latent heat
flux. The latent heat flux (LHF) is given by:

LHF = aC.|v|(¢s — q), (3.1)

where C, is the bulk transfer coefficient, |v| is the magnitude of wind speed, ¢; is
the surface saturated specific humidity, and ¢ is the near-surface specific humidity.
The « value so introduced increases or decreases the latent heat flux; a higher o

value results in higher latent heat flux and vice versa.
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3.3.2 Simulations

For our control simulation, we use an « value of 1 which represents a simulation
with higher latent heat flux (low SBR) typical of a tropical ocean-like surface
(hereafter, HOM). For our homogeneous land-like simulation (hereafter, HOML),

we use an « value of 0.25.

Extending the work of Hansen and Back (2015), we also run simulations over
heterogeneous land-like domains to assess the impact of horizontal gradients of
moisture availability and SBR on the intensity of convective storms. Heterogeneity
is imposed over our domain in a checkerboard pattern with alternating « values of
1 and 0.25 to represent low SBR (cool and wet patch) and high SBR (warm and
dry patch) regions respectively. We run four different simulations HET8, HET'16,
HET32 and HET64 to represent simulations over a heterogeneous land-like surface
with patch sizes of side length 8 km, 16 km, 32 km and 64 km, respectively. For
all land-like simulations, we devise an iterative approach to maintain a similar

free-tropospheric temperature profile in each simulation, as described below.

3.3.3 DMaintaining a similar free-tropospheric temperature

profile

As noted by Hansen and Back (2015), lowering the « value to differentiate simu-
lations over ocean and land surfaces result in cooling of the lower free troposphere
and therefore requires a corresponding increment of the SST to ensure a rela-
tively similar free-tropospheric temperature profile in the simulations. This is
important because the free-tropospheric temperature is known to influence the
intensity of storms (Singh and O’Gorman, 2015), and the tropics is known to have
a relatively weak horizontal gradient in free-tropospheric temperature. A similar
free-tropospheric temperature in all simulations is therefore achieved through an
iterative process that works to nudge the mean SST at every time step until the
lower-tropospheric temperature in the simulation is close to that of a reference

temperature profile.

Firstly, for our control simulation HOM, the SST is made to be interactive across
the model domain using a coupled slab ocean but a mean SST of 300 K is re-

tained at each time step. The time and domain-mean temperature profile of this
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simulation is then used as the reference profile for HOML and the heterogeneous
simulations. Next, we run the land-like simulations with a modified slab-ocean
lower boundary condition where there is marginal increment in mean SST at ev-
ery time step until a mid-tropospheric temperature profile similar to the referenced
profile from HOM is achieved. Specifically, the SST at each grid point is governed

by a local energy balance equation given by:

Cplh— F/

. ' — LHF' — SHF' + ¢, h6T (3.2)

Here F) is the net radiative flux into the surface, ¢, is the specific heat capacity
of liquid water, and h is the depth of the slab. The primes refer to anomalies
from the domain mean such that the energy imbalance over the entire domain
does not cause any change in the domain-mean SST. Rather, the evolution of the
domain-mean SST is governed by the final term, which is defined by a temperature

increment 67". The temperature increment is given by

6km T f6km

5T:
Hr

(3.3)

where T is the mean reference temperature profile from our control simulation, 7}
is the temperature profile for the current simulation at every time step, H = 4 km
and 7 = 6 hours. The above procedure allows the surface to locally respond to
energy imbalances to produce gradients in surface temperature, but it decouples
the mean SST from the surface energy balance. Instead, the domain-mean SST
evolves in such a way that the land-like simulations develop a similar temperature
profile in the lower free troposphere (between 2 and 6 km) as HOM. In this way
the free-tropospheric temperature remains almost equal between our low and high
Bowen ratio cases. After implementing the free troposphere warming approach
discussed above, the mean surface temperature for the homogeneous land-like
simulation (HOML) was found to be 304.5K and a mean SST value of 301.7K was
obtained for all the heterogeneous simulations. This results in a free-tropospheric

temperature similar to that of HOM for all cases as shown in Figure 3.1

3.4 Results
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FIGURE 3.1: Time-and domain-mean temperature profile for homogeneous
ocean-like case (HOM; blue), homogeneous land-like case (HOML; red), and
heterogeneous cases with patch sizes ranging from 8 km (HETS; orange) to 64

km (HET64; black).

TABLE 3.1: Surface and boundary-layer properties averaged over the domain
and for the last 20 days of each simulation. Boundary layer height hpy,, surface
Bowen ratio (SBR), and relative humidity at the first model level (RHgy).
Boundary layer height defined as the lowest level with a non-zero cloud fraction,
where cloudy grid points are taken as those with cloud water content greater

than 0.01 g kg !.

Case

hBL (IH)

SBR  RHgut (%)

HOM
HOML
HETS
HET16
HET32
HET64

598
1304
836
836
836
836

0.09 76
0.32 02
0.18 66
0.18 65
0.18 65
0.18 64

3.4.1 Boundary layer depth and cloud organization

As shown in Table 3.1, altering the moisture availability results in different bound-

ary layer depths (as measured by the height of the cloud base) for the different

simulations. Considering the two homogeneous cases, the land-like (HOML) sim-

ulation with an « value of 0.25 results in a relatively deeper boundary layer of

approximately 1300 m, more than twice the boundary layer depth of the control
case (HOM). The SBR for the HOML and HOM cases are 0.32 and 0.09 respec-

tively. The influence of the surface fluxes on the near surface moisture is clearly
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shown in the values of relative humidity at the first model level. The HOM case
has a relatively wet surface with a relative humidity of 76% compared to the rel-
atively dry HOML case with a mean near-surface relative humidity of 52%. For
the heterogeneous simulations, the boundary layer depth, SBR and surface rela-
tive humidity are all approximately independent of patch size, and their values
fall in-between those of HOM and HOML. The similar domain-and-time average
structure of variables within the boundary layer in the heterogeneous cases agree
with earlier findings of Liu et al. (2017) who concluded that domain-and-time av-
erages of state variables and fluxes in the boundary layer are insensitive to the
heterogeneity of the land surface. With the same evaporative conductance param-
eter () and mean surface temperature in the heterogeneous cases, similar surface
fluxes are set amongst the different simulations resulting in similar surface relative

humidity and ultimately similar cloud base heights.

Figure 3.2 shows the time-mean distribution and organisation of cloud water path
(CWP) in each simulation. This provides a sense of the arrangement of clouds over
both the homogeneous and heterogeneous surfaces. Clouds appear to form rela-
tively randomly in simulations with a homogeneous surface (HOM and HOML),
with little evidence of organization or aggregation behavior that is seen in some
previous RCE simulation studies (e.g: Bretherton et al., 2005). For the hetero-
geneous cases (HETS, HET16, HET32, HET64), clouds predominantly form over
regions with low evaporative fraction (dry patches), consistent with earlier findings
(e.g.: Kang and Bryan, 2011; Rieck et al., 2014; Wu et al., 2015a; Lee et al., 2018).

This may be explained by appealing to the mesoscale secondary circulation mech-
anism reported in various studies; the horizontal gradients in SHF over the hetero-
geneous domains result in horizontal pressure gradients which lead to the advection
of moisture from the cool and wet patches to the warm and dry patches (Giorgi
et al., 1997). The so-induced circulation results in vertical transport of moisture

and subsequent cloud formation over the dry patches.

3.4.2 Updraught Velocities

Figure 3.3 shows the updraught strength of the simulations as measured by the
99.99th percentile vertical velocity (Figure 3.3a) and the mean in-cloud vertical
velocity (Figure 3.3b) at each vertical level. Variations in the surface conditions

have a very weak effect on the intensity of storms. For both intensity metrics
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FIGUuRE 3.2: Time-mean cloud water path in each simulation. Upper row
gives homogeneous ocean-like (HOM) and land-like (HOML) cases, middle and
bottom row gives heterogeneous simulations with increasing patch size ranging
from 8 km (HETS) to 64 km (HET64) in side length.

considered, there appears to be no invigoration of the storms with boundary layer
depth. This agrees with similar findings by Rieck et al. (2014) and Hansen and
Back (2015). Indeed, our simulations show an in-cloud vertical velocity of about 1
ms~ ! higher over the ocean-like (HOM) simulation at the 500 hPa level compared
to the land-like simulation (HOML).

There is no definite pattern in our heterogenous simulations to support the hypoth-
esis that updraught velocity over a heterogenous surface increases with increasing
heterogeneity patch size. Again, there is no significant difference in the updraught
velocities between the homogeneous simulations and the heterogeneous simula-
tions. Hence, the hypothesis that a heterogeneous surface could invigorate storms

is not supported in our idealised simulations when the entire domain is considered.

3.4.3 Cloud Sizes

We explore our results further by assessing the sizes of clouds from the simulations.

Differences in cloud sizes, driven by variations in boundary layer depth, provides
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FIGURE 3.3: Profile of updraft velocities for homogeneous and heterogeneous
simulations as given in the legend. (a) 99.99th percentile vertical velocity at each
vertical level, and (b) cloud core vertical velocity at each vertical level, where

cloud cores are defined as any cloudy point with vertical velocity w greater than
1

1 ms™.
one possible mechanism by which the SBR may influence the intensity of storms
(Williams et al., 2005a). It is argued that the deeper boundary layer over land
leads to larger cloud sizes which are less affected by entrainment therefore achieving
higher buoyancies. To estimate cloud size, we define cloudy grid points as those
with a non-precipitating condensate value of 0.01 g kg™ or greater. We then form
clusters of cloudy points by taking 8-connected regions of clouds that occupy 8
grid-points or more. The size of the cloud is then given by the horizontal area of

a given cluster.

Figure 3.4 shows the distribution of cloud area between 2 and 5 km from each
simulation. For the homogeneous simulations, the land-like case (HOML) exhibits
a shift in the distribution from small clouds (< 5 km?) to larger clouds when

compared to the ocean-like case (HOM).

Considering the heterogeneous simulations, cloud area tends to increase with the
heterogeneity patch size; the largest clouds are twice as large in the simulation with
largest patch size (HET64) compared to the simulation with the smallest patch
size (HETS8). Although the cloud areas calculated in the heterogeneous simulations
increase with patch size, the difference in cloud area does not necessarily scale
with the difference in patch sizes. Furthermore, from our simulations, there is no
evidence to support the notion that clouds that form over heterogeneous surfaces
are larger than those that form over homogeneous surfaces. Indeed at the 99.99th

percentile (not shown), the largest clouds are over the homogeneous land-like case
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(HOML) albeit marginally wider than the heterogeneous case with large patch size
(HET64).
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F1GURE 3.4: Cumulative distribution function of cloud area for levels between
2 and 5 km in height. Cloud area is calculated based on 8-connected clusters
of cloudy grid points with non-precipitating condensate 0.01g kg~! or greater.
Cloud sizes at each model level between 2 and 5 km are considered separately
and then combined to form a single distribution.

3.5 Physical mechanisms

We have seen that neither boundary layer depth variations nor heterogeneity of
surface moisture availability result in substantial invigoration of convective storms
in RCE despite having some effect on the size distribution of clouds. We now at-
tempt to understand the physical basis for this lack of sensitivity. Specifically,
we examine the effect of convective entrainment on our simulations. Williams
and Stanfill (2002) hypothesized that wider clouds would experience less dilution
from entrainment, thereby achieving higher updraft speeds. However, Singh and
O’Gorman (2013) found that, in RCE, convective entrainment also plays a role in
setting the tropospheric lapse rate. They introduced a theoretical model for the
lapse rate based on a neutrally buoyant entraining plume that implies that CAPE
increases with the entrainment rate. Extending this work, Singh and O’Gorman
(2015) developed a two-plume model, in which the second plume represents the

most intense updrafts, to account for changes in updraft speeds with warming in
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RCE. According to this two-plume model, cloud updraft velocities are determined
by a measure of the width of the distribution of entrainment rates experienced by
different updrafts. Here, we examine to what extent these ideas are able to ex-
plain the results of our simulations with varying boundary-layer depth and varying

surface heterogeneity.

HOM HOML

99.999%

HET16 99.99%

-99.9%

HET32 7| 9%

90%

0%

40 50 60
MSE (kJ/kg) MSE (kJ/kg)

FIGURE 3.5: Cumulative distribution function of Moist Static Energy (MSE) at
each level (colours) in the homogenous (top row) and heterogenous (middle and
bottom row) simulations as labeled. White lines give domain- and time-mean
MSE %, thick black lines give domain- and time-mean saturated MSE " and
thin black lines give MSE profiles h), for plumes with entrainment rates as given
by the labels in units of km~! Grey dashed line marks the 5 km level.

3.5.1 Interpretation using spectrum of entraining plumes

To begin, we interpret our simulation results within a framework in which con-
vection is represented as a spectrum of entraining plumes. To do so, we consider
the distribution of moist static energy (MSE) at each vertical level within the
simulations. Here the MSE h is defined

h =c, T + gz + Ly, (3.4)
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where, ¢, is the isobaric specific heat capacity of dry air, T is the temperature, g is
gravity, z is the height above the surface, L, is the latent heat of vaporization, and
q is the specific humidity of water vapor. As shown in Figure 3.5, at most levels
within the free troposphere, the vast bulk of the MSE distribution is concentrated
close to the mean MSE h, but there are some gridpoints that have relatively
high MSE values, far in excess of i or even the mean saturation MSE &~ at that
level, and closer to the typical MSE values in the boundary layer. Since the MSE
is approximately conserved for adiabatic motions, we may interpret these high-
percentile MSE values as occurring in air that has experienced a relatively low

amount of entrainment as it has risen through clouds from the boundary layer.

To quantify the entrainment experienced by air parcels with different values of
MSE, we define a set of plumes with moist static energy h, governed by the
equation

% = —e(h, — h) (3.5)
with lower boundary conditions given by the mean MSE at the lowest model level,
and with a variety of different entrainment rates e. For simplicity, we use constant
values of the entrainment rate in the free troposphere and set ¢ = 0 within the
boundary layer. We may now define an effective entrainment rate for air parcels
within the free troposphere based on the value of € that gives h,(z;¢) = h(z) at a
given height z. The value of h,(z;¢) for a range of entrainment rates is shown by
the thin black lines on Figure 3.5.

Examination of Figure 3.5 reveals that different simulations have differing distri-
butions of the effective entrainment rate. For example, the 99.99th percentile of
the MSE distribution has an effective entrainment rate of roughly 0.2 km~! over
the lower troposphere in HOM, whereas for the same percentile the effective en-
trainment rate is closer to 0.15 km™! in HET64. The variation in SBR, and the
associated variations in boundary-layer depth and cloud size, appear to induce a
change in the distribution of entrainment across the simulations. Why does this

not lead to larger changes in updraught velocity?

To answer this question, we note that cloud buoyancy depends on the density of a
cloud compared to its environment, which is approximately a monotonic function
of the difference h* —E*, where h* is the in-cloud saturation MSE. Cloud buoyancy
therefore depends not only on high-percentiles of the MSE distribution but also the
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saturation MSE of the mean profile, and a model for both is needed to understand

convective intensity.

Singh and O’Gorman (2013) provided a model for the mean saturation MSE 1" in
RCE based on the assumption that convection remains neutrally buoyant relative
to an entraining plume initialized within the boundary layer. However, this zero-
buoyancy plume model cannot be used to estimate convective intensity, because it
neglects cloud buoyancy entirely and assumes h* — n=0. To remedy this, Zhou
and Xie (2019) extended the zero-buoyancy plume model to a spectrum of plumes,
with 7~ set by the plume that becomes neutrally buoyant at level z. Here we follow
Singh and O’Gorman (2015) and consider the simplest possible spectral approach
that considers only two entraining plumes. In this two-plume model, one plume
represents the bulk of the convective mass flux; the mean profile is assumed to be
neutrally buoyant to this plume with entrainment rate €,c,,. The second plume
represents high-percentile updrafts and has a correspondingly lower entrainment

rate.

We estimate these two entrainment rates for each of our simulations at a mid-
tropospheric level z,, = 5 km. The entrainment rate €yea, is given by the entrain-
ment rate such that A, (Zm; €mean) = B (2 ). This may be visualized as the entrain-
ment rate for which the thin black curves on Figure 3.5 intersect the saturated
MSE (thick black) curve at z,, = 5 km. The entrainment rate of high-percentile
updrafts €gg g9 is given by the entrainment rate such that h,(zm; €99.99) = hg9.99(2m ),
where hgg g9 is the 99.99th percentile MSE. This may be visualized as the intersec-
tion of the thin black curves on Figure 3.5 and the boundary separating yellow and
orange at the 5 km level. It is important to note that non-entraining plumes are
essentially absent in our simulations, since even for the highest MSE percentiles,

the effective entrainment rates remain substantial.

3.5.2 Cloud size and entrainment

Having diagnosed the bulk entrainment rate €., and the high-precentile entrain-
ment rate egg g9, we may now evaluate how they vary across the simulations. As
shown in Figure 3.6¢, both €0.n and €egg.99 decrease with increasing patch size in
the heterogeneous cases. The bulk entrainment of HETS is roughly double that of
HET64. On the other hand, for the homogenous cases, €yean is slightly larger in
HOML compared to HOM, while egg 99 has the opposite trend.
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TABLE 3.2: Analysis of key environmental parameters from the simulations.
The vertical mean relative humidity averaged between 2 to 3 km RHs3, the
pseudo-adiabatic CAPE, the entrainment rate for the bulk of the convective
mass flux €pean, the high-percentile entrainment rate egg 99, and scalings for the
CAPE and square of the updraught velocity w? according to the two-plume
model.

C&SQ RH23 CAPE €mean €99.99 6mean<1 — RHQg) (56(1 — RH23)

(k] kg™') (km~') (km~') (km ") (km ")
HOM 08I 179 0432  0.192 0.082 0.047
HOML 082 114 0455 0.171 0.082 0.051
HETS 0.84  1.94 0548  0.239 0.088 0.049
HET16 0.80  1.60 0437  0.185 0.087 0.050
HET32 0.78 145 0388  0.170 0.085 0.048
HET64 0.74 124 0301  0.135 0.078 0.043

Since the size of clouds increases with patch size, the entrainment variations in
the heterogenous cases are consistent with the hypothesis that wider clouds are
more protected from the environment and entrain less (Williams and Stanfill,
2002). For example, in the heterogenous cases, the bulk entrainment rate €pean
monotonically decreases with an increase in the size of clouds, as measured by the
99.9th percentile (Figure 3.6d). In the homogenous cases, the relationship between
cloud size and entrainment depends on the part of the cloud-size distribution
that is examined. HOML has fewer moderate sized clouds (~ 5 km?), but a
larger number of large clouds in excess of 10 km?. This is consistent with the
hypothesised relationship between cloud size and entrainment if one supposes that
the entrainment rate for the bulk of the convective mass flux is set by the more
numerous but relatively small sized clouds, while the entrainment rate of the most

intense updrafts is set by the largest clouds.

3.5.3 Effects of entrainment on CAPE and updraught ve-

locities

According to the two-plume model of Singh and O’Gorman (2015), the entrain-
ment rates €yean and €gg 99 respectively control the lapse rate and updraft distri-
bution of convection in RCE. Specifically, for a constant mean temperature and

depth of troposphere, the two-plume model suggests that the convective available
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potential energy (CAPE) scales as
CAPE ~ emenn(1 — RH), (3.6)

where RH is a measure of the tropospheric relative humidity. The equation above
is based on the fact that the deviation of the lapse rate from that of a moist adiabat
is due to the mixing of dry air into clouds as they rise toward the tropopause.
The effect of this mixing is proportional to the entrainment rate €pe., and the

subsaturation of the free troposphere (see Eq. (4) of Singh and O’Gorman, 2013).

To test the scaling (Equation 3.6), we diagnose CAPE in each simulation as the in-
tegral of the positive buoyancy of a parcel lifted pseudoadiabatically and initialised
with the mean temperature and specific humidity at the lifting condensation level
in each simulation. Ice processes are treated with a mixed-phase range between
233.15 and 273.15 K. The parcel buoyancy is then calculated with respect to the

domain-and time-mean virtual temperature.

In our heterogenous simulations, the CAPE, €,can, and the lower tropospheric RH
all decrease marginally with increasing patch size (Figure 3.6). Interpreting this
through the lens of the two-plume model, this suggests that changes in relative
humidity and entrainment have opposite influences on the CAPE, although the
effect of changing entrainment wins out, causing CAPE to decrease with patch
size. Indeed, as shown in table 2, the value of €pean(l — RHa3) where RHog is
the mean relative humidity between 2 and 3 km does decrease with patch size,
although the fractional decrease is smaller than that of the CAPE.

In the homogenous simulations, the CAPE decreases considerably as the SBR in-
creases, but the entrainment rate and relative humidity change only marginally and
in ways that would affect the scaling for CAPE in opposite directions. The two-
plume model therefore does not capture the behaviour of the CAPE in response
to a change in boundary layer depth. We do not at present have a full explana-
tion for this result, but we speculate that changing the depth of the boundary
layer affects turbulence characteristics within it, thereby affecting the properties
of air parcels that leave the boundary layer in clouds. Our calculation of CAPE,
however, neglects such effects; it assumes that the relevant parcel has the mean

properties of the lowest model level in all cases.

Finally, we turn to convective intensity itself. According to the two-plume model,

the buoyancy within the strongest updrafts depends on the difference between the
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entrainment rate relevant to the bulk of convection and the entrainment rate rele-
vant to high-percentile updrafts. Singh and O’Gorman (2015) derive an equation
for the temperature excess within such strong updrafts [see their Eq. (10)]. Based

on this, we may write a scaling relation for updraft velocity given by
w? ~ §e(1 — RH). (3.7)

Here w is a measure of updraft strength and de = €,6an —€99.99. This scaling relation
assumes that the free tropospheric temperature and the depth of convection are
invariant; owing to our free-tropospheric temperature relaxation approach, these

are good approximation in our simulations.

Consistent with the results for vertical velocity presented in the previous section,
the scaling (Equation 3.7) varies little across both the homogenous and heteroge-
nous simulations (table 2) except in the case of HET64. This is despite variations
in the entrainment rates €pean and €gg g9 and the subsaturation (1 — RHag) of the
order of 100%. The reason for this is two-fold. Firstly, in the heterogenous simu-
lations, €pean and €g9.99 vary together, and so their difference has relatively small
variations. As the patch size increases, all clouds become larger, reducing the
amount of entrainment into clouds. On its own, this would act to strengthen the
strongest updrafts. However, because the lapse rate itself is dependent on entrain-
ment, the atmosphere becomes more stable, reducing the instability. These two
effects offset each other and their effect on the updraft speed. Notwithstanding the
above offsetting effect, the simulations do exhibit some changes in the entrainment
difference de, particularly for the homogenous cases. However, we also find that
the environmental relative humidity tends to vary in such a way as to offset some
of these changes, resulting in weak changes in the vertical velocity scaling across

all simulations.

The scaling Equation 3.7 provides a mechanistic explanation for the insensitivity of
updraft velocity to SBR variations found in this and previous work (e.g., Hansen
and Back, 2015). Countervailing changes in entrainment and relative humidity
conspire to keep updrafts at a similar strength despite changes in cloud size and
changes in diagnosed entrainment rates. Whether this cancellation of the effect
of changes in entrainment and relative humidity across our simulations represents
a more fundamental control of updraft speed in moist convection is a tantalising

question that we hope to pursue in future work. Figure 3.7a shows the relationship
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of the undiluted undiluted CAPE calculated from mean profiles of the RCE sim-
ulations, and the scaling of CAPE (€pean(1-RH)) from the two-plume model. The
relationship of the square of mid-tropospheric mean vertical velocity (ws) and the

two-plume scaling of updraught velocity (de (1-RH)) is also shown on Figure 3.7b.
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FIGURE 3.6: (a) CAPE, (b) Relative Humidity averaged between 2 and 3 km
(RHas), (c) the high-percentile entrainment rate egg g9, and (d) the 99.9th per-
centile of the cloud size distribution between 2 and 5 km plotted as a function
of the bulk entrainment rate €mean-

2
75
@ u (b)
= HOM
[ |
— = HOML
o0
< f n
= ) . HETS
<15 8 60
a b - £ HET16
o o
= S HET32
@)
- HET64
| |
1 45 [ ]
0.076 0.08 0.084 0.088 0.04 0.045 0.05

6mcan(]-‘l:u—l) (kmil) 56(1-RH) (kl’nfl)
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vertical velocity and the simple two-plume scaling of updraught strength (de(1-
RH))

3.6 Summary and conclusions

This study explores the effect of two characteristic features of the land surface on

the intensity of storms in idealized RCE simulations using a cloud resolving model.
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Simulations of high and low SBR over both homogeneous and heterogeneous sur-
faces are run to test the hypothesis that the high SBR and heterogeneous nature
of the land surface controls the intensity of thunderstorms that form over land. It
is shown from the simulations that varying the SBR over a homogeneous surface
and on a surface with checkerboard pattern of varying SBR with different patch
sizes does not lead to significant changes in the intensity of storms as measured
by both the highest percentile in the vertical velocity and the in-cloud vertical

velocity.

Consistent with the hypothesis by Williams and Stanfill (2002), a deeper boundary
layer depth results in a shift toward more clouds of large spatial extent, eventu-
ally leading to differences in the distribution of entrainment, since wider clouds
tend to entrain less environmental air. However, in contrast to the hypothesis
and consistent with Hansen and Back (2015), the intensity of the convection does
not significantly change with changing boundary layer depth. Indeed from our
simulations, the cloud core vertical velocity is marginally higher in the case with
shallow boundary layer depth. For the heterogeneous simulations, cloud size in-
creases with increasing heterogeneity patch size, and therefore entrainment rate
decreases with increasing patch size, but as above, this has negligible effect on

measures of convective intensity such as updraft velocity.

In contrast to updraft velocity, CAPE does vary across the simulations, with the
highest CAPE found in the heterogenous simulation with the smallest patch size,
with CAPE systematically decreasing with increasing patch size. The disconnect
between the strong variations in CAPE and the lack of variation in convective
updraft velocity suggests that, consistent with previous modelling studies (e.g.,
Romps, 2011) undiluted cloud updrafts are virtually non-existent in our simula-

tions.

To understand the above results, we adopted a theoretical model of convection in
RCE as a spectrum of entraining plumes (Zhou and Xie, 2019). For simplicity,
we limited the spectrum to only two plumes, one representing the bulk of the
convective mass flux and the other representing the strongest updrafts. According
to this conceptual model, the CAPE and environmental relative humidity are set
by a characteristic “bulk” entrainment rate, while strong updrafts are maintained
by entraining plumes with relatively low values of the entrainment rate. The

magnitude of these strong updrafts are then dependent on the difference in the
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rate of entrainment between the bulk of convection and the strongest updrafts
(Singh and O’Gorman, 2015).

According to the two-plume model, the lack of variations in updraft velocity in
our simulations was a result of similar changes in the entrainment rates for the
bulk of the convective mass flux and for the strongest updrafts. In addition, varia-
tions in relative humidity that offset changes the effects of a changing entrainment
distribution also contributed to the insensitivity of updrafts to varying SBR and

varying patch size.

While the two-plume model gives a parsimonious explanation for updraft vari-
ations among our simulations, it should be noted that it failed to account for
variations in CAPE in our homogenous simulations. We speculate that this is
because our measure of CAPE did not sufficiently account for differences in the
properties of cloudy air parcels as they left the boundary layer that occur as the

boundary layer deepens.

Our results point to a limited effect of heterogeneity and boundary-layer depth
in invigorating convection in the setting of RCE. Based on our plume-spectrum
model, this insensitivity of updraft strength may be partially explained by the
sensitivity of the lapse rate (and therefore CAPE) in RCE to convective entrain-
ment. In the tropics, the lapse rate is not set locally but is rapidly homogenized
over large regions through the action of waves and the large-scale flow (Charney
and Eliassen, 1964). This may provide a mechanism by which spatial variations in
cloud entrainment, driven by spatial variations in surface properties, may be trans-
lated into more intense cloud updrafts. Exploring this mechanism using methods
to parameterize the large-scale flow (e.g., Sobel and Camargo, 2011; Kuang and

Bretherton, 2006) is a possible avenue for future work.

Finally, we note that while we have examined two possible surface properties that
may drive the observed land-ocean contrast in convective intensity, there are many
a number of other hypotheses for the origin of this contrast that are relevant. For
example, the large diurnal cycle of temperature over land compared to that of
ocean has been suggested as a possible reason for enhanced convective intensity
over land. However, a recent paper by Hansen et al. (2020) found this mecha-
nism not to be effective in explaining the land-ocean contrast in storm intensity.
Additionally, the effects of aerosols on invigorating convection have long been hy-

pothesized to contribute to the land ocean contrast because of the higher aerosol
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loading over land (Williams and Stanfill, 2002; Abbott and Cronin, 2021). A com-
prehensive account of the factors that control the land-ocean convective intensity

contrast therefore remains elusive.



Chapter 4

Diurnal cycle of temperature
control on intensity of

thunderstorms

4.1 Background

In this chapter, we investigate how the large diurnal cycle of surface temperature
is connected to the intensity of convective storms that form over land. The set
of experiments in this chapter are designed to address parts of research questions
one and two of this thesis. Idealized RCE simulations are run over two different
configurations of a land-like surface, and over an ocean surface. In line with the
objectives of the first two research questions of this thesis, we assessed differences
in updraught velocity, CAPE, and precipitation among the three simulations. We
show that differences in updraught velocity over land and ocean surfaces in our
simulations can be linked to a measure of CAPE, if only the parcels with the
strongest updraught are considered, and more importantly when the measure of
CAPE considers entrainment. The results from our set of simulations provide
some evidence that the large diurnal cycle of surface temperature has physical
connections with the intensity of continental thunderstorms but may not be the

main surface feature controlling the intensity of these storms.

47
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We first review the basis for the hypothesis that links the large diurnal cycle of
the land surface to the intensity of continental storms in Section 4.2, we then de-
scribe the model setup and experimental design for these simulations that test the
connection of the diurnal cycle of surface temperature to the intensity of storms in
Section 4.3, the key results and analysis of this experiment are presented in Sec-

tion 4.4, and the main conclusions of this experiment are discussed in Section 4.5.

4.2 Introduction

The characteristic large diurnal cycle of surface temperature over land surfaces
has been mentioned as a plausible control of the intensity of storms that form over
land, and possibly a physical explanation to the observed land - ocean contrast in
intensity of storms over the tropics (Williams and Stanfill, 2002; Christian et al.,
2003; Romps et al., 2018).

Diurnal cycle is a generic term usually used to describe any pattern that recurs
over a 24 hour period. In this context, the diurnal cycle of surface temperature is
just the daily variation of high and low surface temperatures of the land surface.
Surface and atmospheric variables such as temperature, wind, and sometimes pre-
cipitation over land surfaces seem to exhibit a near consistent diurnal pattern in
terms of when they peak and when they are minimal (Betts, 2003). Naturally, how
high or low the surface temperature over land surfaces is dependant on the on the
amount of solar energy received and the nature of the land surface (Sobel et al.,
2001). For example, diurnal variation of surface temperature over humid surfaces
are more moderated than over dry surfaces. Over deserts and arid land surfaces
where the land surfaces are dry and the air above are less humid, the diurnal tem-
perature range is greater compared to a more humid. land surface. The state of
the atmosphere also plays a key role in determining the total radiation that reaches
or leaves the earth’s surface, and the partitioning of the incoming solar radiation
into different heat fluxes depends on the nature of the surface. Comparatively,
the land surface has a larger diurnal temperature range than the ocean surface.
This is as a result of the difference in heat capacity between the land and ocean
surfaces(Betts, 2003). The ocean has a large effective heat capacity because the
energy absorbed in the surface skin layer is rapidly mixed downwards through the
mixed layers. Again insolation penetrates tens of meters into the ocean. This re-

duces the variability of the skin temperature of the ocean surface. The land surface
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however has a low heat capacity and minimal mixing within its layers, therefore
the skin temperature at the land surface increases rapidly in response to incoming
solar radiation that strikes the surface. Indeed, the extent of variability of the
the surface temperature over land depends greatly on the geographical state of
the land surface; whether it is a desert, forested, humid or dry (Sharifnezhadazizi
et al., 2019).

Over tropical land surfaces, there is an overall scientific agreement on the diurnal
pattern of surface temperature and near surface air temperature during the day.
In response to incoming solar radiation, near - surface temperature begins to rise
during sunrise as thermal fluxes of the surface interacts with the atmosphere above
it. Usually near surface air temperature peaks after noon and falls after sunset
establishing a significant temperature range during the day (Yang and Slingo, 2001,
Betts, 2003; Zhao et al., 2021). Such large range in surface temperature is not seen
over ocean surfaces. Betts (2004) in an observation study found that under light
wind conditions, the diurnal temperature range over tropical ocean surfaces can
go up to 1 K, but this is rarely achieved, and even if it is, the temperature range
is insignificant when compared to the large diurnal temperature range observed

over different land surfaces.

The idea that the large diurnal cycle of temperature could be the surface feature
that controls the intensity of storms over land is premised on the thermal difference
between land and ocean surfaces, and how the thermal fluxes interacts with the
relatively colder lower free-troposphere (Williams and Stanfill, 2002). As noted
by Charney (1963), there is a weak gradient in free-tropospheric temperature over
the tropics, as a result, the free-tropospheric temperature over land and ocean
surfaces are faily similar. Convection over the tropical ocean surfaces are said to
induces gravity waves that modulate the free tropospheric temperature over land,
maintaining a weaker gradient of free-tropospheric temperature over the tropics
(Sobel et al., 2001). According to the physics that support the large diurnal cy-
cle of surface temperature as a plausible candidate that controls the intensity of
continental storms, the warmer land surface continually interacts with the rela-
tively cold lower free troposphere during the day as surface temperature gets to
its maximum, this interaction between the surface and the lower free-troposphere
would result in a build up of CAPE that would support convection over the land
surface provided the relative humidity in the boundary layer does not become too

low (Hansen et al., 2020). The general expectation is that CAPE will continue to
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build up during the day until peak surface temperature is achieved, and that the
CAPE over land will be significantly higher than CAPE over the ocean surface.
However, observational analyses generally show no evidence to suggest larger val-
ues of CAPE over land compared to the ocean surface (Lucas et al., 1994; Matsui
et al., 2016). Indeed some studies (e.g.: Williams and Renno, 1993) found their

measure of storm intensity to be independent on mean CAPE.

A number of observation studies have shown a consistent diurnal cycle of precipi-
tation over land. Over tropical land surfaces, precipitation is seen to peak in the
late afternoon, while peak precipitation over tropical ocean surfaces are mostly ob-
served at night and early mornings (Betts and Jakob, 2002; Collier, 2004; Guichard
et al., 2004; Wei and Pu, 2022). Enhancement of precipitation and convection in
general have been reported in some studies with imposed diurnal cycle in their
experimental design. Using an idealized island experiment with a diurnal cycle
of insolation, Cronin et al. (2015) showed enhancement in the high percentiles of
vertical velocity at 500 hPa level and precipitation over the island region with a
low heat capacity relative to the ocean in their experimental setup. Lee et al.
(2018) and Harvey et al. (2022) both showed enhanced precipitation over the dry
regions of their heterogeneous domain in modelling simulations with imposed di-
urnal cycle. They imposed heterogeneity in a checkerboard pattern of alternating
low and high Bowen ratios. Given that updraught strength have been shown to
be independent on boundary layer depth in both homogeneous (Hansen and Back,
2015) and heterogeneous domains (Chapter 3 of this thesis), one can infer that
the imposed diurnal cycle in these studies may be a contributory factor for the en-
hanced updraught velocity and precipitation in these studies. Therefore to better
understand the relative effect of the different land surface features on the intensity

of continental storms, the surface features must first be tested individually.

There is a general thought that diurnal cycle of temperature enhances convection
over land surfaces. However, this enhancement has mostly been in the context
of enhanced precipitation rather than the a real measure of the updraft strength
for example; updraught velocity. Only a handful of studies have been dedicated
to establishing a physical link between the diurnal cycle of temperature and the
updraught strength of convective storms. Hansen et al. (2020) using a cloud-
permitting model simulation over an idealized island, a statistical sampling tech-
nique, and analysis of satellite and reanalysis data, studied the relationship be-

tween the diurnal cycle of temperature and intensity of deep convection and made
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the following conclusions;

1. Convective intensity is not affected by the diurnal cycle after controlling the
effect of large scale precipitation which appears enhanced over the island.

2. The intensity of the convective clouds did not increase because boundary layer
quasi equilibrium (BLQE) prevented CAPE from increasing in response to heating
of the land surface.

3. CAPE calculated from reanalysis data did not show a significant land-ocean
contrast to explain the contrast in the intensity of storms as observed over the two

surfaces.

Hansen et al. (2020) therefore suggests that the diurnal cycle of temperature over
islands does not impose strong control on thunderstorm storm intensity over land.
It is important to note that their study defined updraught intensity as the high
percentiles of vertical velocity at 500hPa level. However idealized modeling studies
on the response of updraught velocity to warming over tropical ocean surfaces
(e.g.: Singh and O’Gorman, 2015; Seeley and Romps, 2015; Muller and Takayabu,
2020) have shown that updraught velocity increases more rapidly at the upper
troposphere than the lower troposphere and middle troposphere when the surface
temperature increases. A look into how vertical velocity across all vertical levels
differ between land and ocean surfaces could perhaps give a different perspective
into this land surface feature in relation to the convective intensities of continental

storms.

A key finding of Hansen et al. (2020) was the mismatch between the peak times of
CAPE and updraught velocity during the day. They found that over the island,
CAPE peaks in the early morning but updraught velocity and precipitation peaks
some hours later. They concluded that the marginal difference in updraught ve-
locity between the land and ocean surfaces could not be attributed to difference
in CAPE between the two surface. Their estimation of CAPE was based an undi-
luted parcel lifted pseudo-adiabatically from the surface to 500 hPa level. However,
knowledge from the two-plume theory (Singh and O’Gorman, 2015) suggests that
the strongest updraughts are always associated with plumes that are weakly en-
trained compared to the bulk of the convective mass flux. Perhaps a different
approach to the calculation of CAPE would give a different perspective of this

mismatch.

In this study we aim to seek further answers on the influence of the large diurnal

cycle of temperature on the intensity of convective storms by exploring some of
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the outstanding questions from previous studies. Specifically, we take a similar
approach to Hansen et al. (2020) but rather than an island, we consider idealised
RCE simulations with a spatially uniform but temporally varying temperature.
Further, instead of only looking at the vertical velocity at 500 hPa, we are inter-
ested in knowing how much additional information can be obtained if we assess
vertical velocity across all vertical levels. We are also interested in exploring other
theories of CAPE and buoyancy available in literature and how it applies to the

mechanism being tested.

4.3 Experiment design and simulation

The general model description and setup discussed in Chapter 2.4 is applied here
with some adjustments made to suit the land surface feature being examined. The
approach is similar to the experimental design by Hansen et al. (2020) in terms
of the imposition of the diurnal cycle, and the diurnal temperature range but
deviate from their approach by imposing diurnal cycle of temperature over the
entire domain in our case. The goal here is to assess how much of the results of
Hansen et al. (2020) are still captured in our highly idealized configurations of the

boundary surface in our simulations.

Two different configurations of the land-like surface are explored in this experi-
ment; a case where we impose diurnal cycle of surface temperature over an ocean
surface (hereinafter DC), and a case where the ocean surface has both imposed di-
urnal cycle of temperature and reduced surface moisture (hereinafter HBR). These
two configurations represent the land-like cases in this study. The HBR config-
uration is primarily a surface with high Bowen ratio and imposed diurnal cycle
of temperature. The high surface Bowen ratio was achieved by introducing an
evaporative conductance parameter («) into the bulk equation of latent heat flux
in the CRM model, details of how this was done is seen in Section 3.3.1. An «
value of 0.5 was used in this particular experiment. As discussed in Section 3.3.1,
increasing the surface Bowen ratio (SBR) without a corresponding adjustment to
the surface temperature result in cooling of the free troposphere. In our experi-
ment that tested the response of thunderstorm intensity to changes in boundary
layer depth (Chapter 3), a temperature adjustment approach was implemented in

the CRM model to keep a similar free tropospheric profile for all simulations by
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a time-step increment in surface temperature until the free tropospheric temper-
ature profile was adjusted to a reference profile taken from simulations over an
ocean surface. Here we deliberately ignore this approach in order not to break
the setting of how the diurnal cycle is modelled. However, we set two extreme
cases of a land-like surface, with a much colder free-tropospheric temperature and
one with a relatively warmer free troposphere in comparison to an ocean surface.
Since the imposed diurnal cycle is over the entire domain, the free troposphere in
our case is not influenced by remote regions as would be the case in the real trop-
ics. Moreover, in the real world, land surfaces affect the atmosphere in a number
of ways. The goal here is not to reproduce real world scenarios but to test the

response of updraught strength to a single physical feature of the land surface.

All simulations are run with an initial mean surface temperature of 300 K. Since
our approach involves imposition of surface temperature, insolation is kept fixed,
and the simulations are non-rotational as Coriolis parameter is kept to zero. In
these simulations we use the single-moment microphysics scheme, the first-order
Smagorinsky SGS closure is used to parameterize sub-grid scale turbulence and
radiation is parameterized using the Rapid Radiative Transfer Model (RRTM:
Clough et al., 2005) as highlighted in Chapter 2. Simulations are run for a total
of 100 days, data from the last 30 days of the simulations are used in all analysis.
The domain size and resolution used in the previous chapter are retained for these

sets of experiments.

The SST of the ocean is made to be interactive across the model domain using a
coupled slab ocean but a mean SST of 300 K is retained at each time step, hence
there is no imposed diurnal cycle in simulations where the boundary surface is
considered as ocean in this study. For the DC and HBR cases, we impose diurnal
cycle of temperature over the lower boundary domain. Although the interactive
slab-ocean option was not turned off for the land-like cases, the modeling approach
of diurnal cycle of surface temperature make the surface domain far less interactive.
The imposed diurnal cycle in our simulations and the diurnal temperature range
are comparable to Hansen et al. (2020) in terms of the modeling of the imposed
diurnal cycle and the diurnal temperature range. Surface temperature is modelled
to vary sinusoidally and peak at the 1200 local standard time (LST). The surface
temperature varies between 295 K at midnight and 305 K at noon with a mean of
300 K during the day at 0600 LST and 1800 LST. The sinusoidal cycle of SST is

modelled as follows;
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SSTyy = SST; — Acos(rD/H) (4.1)

where SST,, is the domain mean surface temperature at every timestep, SST; is
the time-mean SST of 300 K, A is the amplitude of surface temperature which
peaks at noon, D is the time of the day and, H is the the time step at which
maximum surface temperature is achieved (12 hours in this case). Figure 4.1

shows the diurnal composite of the surface temperature as modelled.
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FIGURE 4.1: Diurnal variation of surface temperature for the land-like case
(red line) as modelled. Surface temperature reaches maximum at noon and

minimum at night times. The ocean case (blue line) retains a mean of SST 300
K.

4.4 Results

4.4.1 Thermodynamic structures at the lower and mid-

troposphere

In this section we examine some boundary layer thermodynamic variables from the
different simulations to formulate a basis for how CAPE and overall updraught
would be expected to vary during day over the DC and HBR cases. We specifically
consider the moist static energy (MSE), specific humidity(q), near surface air

temperature, and the mid-troposphere environmental relative humidity. We assess
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the diurnal variation of these thermodynamic variables and how it relates to the
physics behind the large diurnal cycle of surface temperature’s connection to the

intensity of continental storms.

We present a perspective of how domain- and time-mean of these thermodynamic
variables differ from their high percentile and what the difference represent in
terms of setting a conducive environment within which convection could thrive
in the atmosphere. Essentially we highlight on some key similarities of some
thermodynamic variables from our idealization of the land surface to the case of
Hansen et al. (2020) who had a well defined island and ocean surfaces setup over

their simulation domain.

We start by considering the simulated time-mean temperature profiles and their
99th percentile. Figure 4.2 shows the temperature difference of the DC (red line)
and the HBR (black line) cases relative to the ocean’s temperature profile. The
differences are calculated from the time-mean temperature profiles (Figure 4.2a),
and from the 99th percentile of temperature profile (Figure 4.2b) at noon. The two
plots are important for two reasons. First it shows the biases in our experimental
setup in terms of how different the free-tropospheric temperatures of the idealized
land cases are from a typical ocean’s free-tropospheric temperature. Secondly, it
represents two different cases; a colder free-tropospheric temperature of a tropical
atmosphere as one would expect over a typical dry land surface (HBR: black line),
and how the ocean surface would behave if it had land surface characteristics like
the large diurnal cycle of surface temperature (DC: red line). Figure 4.2a is there-
fore the temperature profile of the bulk of convecting parcels represented through
the time-mean in the DC and HBR cases relative to the ocean case, and Figure 4.2b
represents the temperature profile of the strongly convecting parcels in the land-
like simulations relative to the ocean from the two-plume model perspective. It is
important to note that the mean and high percentiles of temperature profile of the
DC case relative to the ocean is very comparable to the domain-mean temperature
profile, and temperature perturbation found over the island region in the study by
Cronin et al. (Figure 10-11; 2015) which involved a well defined island and ocean
regions, and a diurnal cycle of insolation. This gives us confidence that that our
idealization of the land surface is not in isolation and that the results shown here

is comparable to previous studies with island-ocean configurations.

A significant feature on these two plots is the transitioning of the HBR temperature

profile into a warmer phase relative to the ocean’s profile at the upper troposphere
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(~15 km), it is marginally seen in the mean profiles but is significantly enhanced
in the 99.99th percentile profile. This has an effect on the shape of profile of

buoyancy as we will see later in subsequent sections.

Mean 99th Percentile
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FIGURE 4.2: Plot showing how the simulated temperature profiles of the land-
like cases, DC (red line) and HBR (black line) vary from the (a) time-mean
and (b) 99th percentile of the ocean’s temperature profile (blue line) in our
simulations. The simulated ocean’s temperature profile is subtracted from the
profile of the two land cases in both instances.

4.4.1.1 Diurnal variation of thermodynamic variable

We interpret our results from the perspective of the two-plume theory of Singh and
O’Gorman (2015), and as highlighted in Chapter 3. Here the domain- and time-
means of the thermodynamic variables represent the strongly entraining parcels in
our simulations and the high percentiles represent the thermodynamic structure
of the strongly convecting parcels. Figure 4.3 shows near surface air temperature
(T), near surface moist static energy (MSE) and specific humidity (q), and mid-
troposphere relative humidity in the mean state (Figure 4.3a-d) and their 99th
percentile (Figure 4.3a-d) for the different simulations. The thermodynamic vari-
ables (except the mid-troposphere relative humidity) in the ocean and the DC
cases are significantly higher than the HBR case because of the differences in tem-
perature profiles as seen in Figure 4.2. The HBR case is a typical of dry land case

with a much colder atmosphere compare to the ocean and DC case.

As notice by Hansen et al. (2020) in their island experiment, the boundary layer
domain- and time-mean MSE and specific humidity in our land simulations fails

to increase correspondingly to increasing surface temperature during the day. In
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such conditions, CAPE is not expected to increase as the near surface MSE and
humidity clearly decrease during the day, with their minimum occurring in the
afternoon when surface temperature peaks. Hansen et al. (2020) attributed the
lack of increase in the MSE and CAPE over the island region in their studies to
boundary layer quasi-equilibrium (BLQE) resulting from convective downdrafts
and entrainment. In our simulations, the idealization of the land surface captures
similar diurnal patterns of mean boundary layer thermodynamic variables as those
found over the island region in the study by Hansen et al. (2020) in terms of
peak times of this variables and and how they fade off during the day. This is
evident that similar pattern of mean thermodynamic variables could exist over
both wet and dry land surfaces and results in mean CAPE peaking in the early
morning (more on this in later sections) and fading off during the day as surface
temperature increases. Hansen et al. (2020) found evidence of BLQE in their
analysis of observation data. In the midst however is the contribution of the high
percentiles of these thermodynamic variables to the debate of the large diurnal
cycle of temperature as a surface feature that controls intensity of convective
storms. Questions of how different the CAPE of the strongest convective parcels
are from their mean, and the possible effect of entrainment becomes important in
unraveling the actual contribution of the large diurnal cycle of surface temperature
to the intensity of continental storms. We address some of these questions in

subsequent sections.

A general look at the 99th percentiles of boundary layer MSE and humidity (also
true for higher percentiles) suggest a scenario where CAPE could increase during
the day as hypothesized. As seen in Figure 4.3f-g, MSE and specific humidity at
the boundary layer increases correspondingly to increasing boundary layer air tem-
perature in both the DC and HBR land cases. On a first guess, the diurnal pattern
of the mid-tropospheric environmental relative humidity in the mean state (Fig-
ure 4.3d) and the 99th percentile (Figure 4.3h) gives an ideal of how CAPE would
vary through the day in the two states if one thinks of the effect of entrainment and
saturation deficit in the estimation of CAPE. In the mean state, mid-tropospheric
environmental relative humidity (RH) peaks in the morning around 0900 LST for
both DC and HBR cases, with the HBR case being slightly higher than the DC
case. At noon where the diurnal maximum temperature is achieved as modelled,
the RH is at its lowest, indeed it decreases immediately after peaking at 0900 LST.
At certain times in the afternoon, the mid-tropospheric RH over the ocean is seen
to be higher than the DC case.
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On the argument of saturation deficit contribution to CAPE, once can infer that
CAPE over the land surface would peak just around the time of peak RH and sig-
nificantly reduce as the surface temperature increases during the day. Conversely,
the higher percentiles tells a different story, in this instance the mid-troposphere
environmental RH of the two land cases increases from the early morning, remains
fairly constant during the day and decreases later in the evening with the HBR
case being marginally higher than the DC case. Again, from the same argument
of saturation deficit and CAPE relationship, CAPE would be expected to peak
around 0900 LST and remain fairly constant during the day and reduce later in
the evening. We investigate how this is true in subsequent sections by considering
different theories of CAPE and how it explains the differences in the mean state

and the high percentile state as seen in our simulations.
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FIGURE 4.3: Diurnal composite of domain-mean profiles (a-d) and 99.9th per-
centile (e-h) of thermodynamic variables from the simulations with imposed di-
urnal cycle (DC: red line), imposed diurnal cycle and high Bowen ratio (HBR:
black line), and the simulation without diurnal cycle (ocean: blue line). Com-
posites are for the first model level (a&e) near-surface air temperature, (b&f)
moist static energy (MSE), (c&g) specific humidity, and (d&h) are the mid-
tropospheric (2-5 km) mean environmental relative humidity (RH). The 99th
percentiles are calculated from instantaneous 3D outputs from the simulations.
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4.4.2 Diurnal variation of updraught velocity in the differ-

ent simulations

To get a clearer picture of how the diurnal patterns of the different thermodynamic
variables shown earlier are actually reflected in the buoyancy of the convective
storms, we assess the evolution of vertical velocity during the day in the different
simulations. Here we show how the 99.99th percentile of vertical velocity changes
through time. We consider vertical velocity across all vertical levels to get a fair
perspective of the real influence the diurnal cycle of surface temperature on the

1

intensity of the storms. Only vertical velocities greater than 1 ms™" are used in

these analyses.

Figure 4.4 shows a time-height plane of the 99.99th percentile of vertical velocity
(Wgg.99) for the different cases. The simulation over the ocean surface by their de-
sign has no diurnal cycle hence deep convection is assume to be occurring at every
time of the day. We have plotted the time-height plane of it just for comparison
with the land-like cases. For the two land cases, wgg g9 peaks in the afternoon just
around the time of maximum surface temperature. There is a visible difference
in wgg 99 between the land-like cases and the ocean case at this time of the day.
At the height in the troposphere where wgg g9 is maximum (=~ 12 km into the
troposphere), wgg g9 in the land-like cases is about 10 ms™' higher than the ocean
case. At the 500 hPa level (marked as dash lines on Figure 4.4), the the 99.99th
percentile of vertical velocity (wsoo) over land is about 4 ms™! greater than that
of ocean surface. Cronin et al. (2015) and Hansen et al. (2020) found similar wsg
difference between the island and ocean surfaces in their island experiments. Be-
tween the DC and the HBR cases, wgg g9 at the upper troposphere is marginally
(~2 ms™1) higher in the HBR case. The DC case however has a marginally (~1
ms 1) higher wsq compared to the HBR case. Although the three case are hap-
pening in relatively different environment by virtue of the different setups, it is
still significant that the land-like cases have significantly higher vertical velocities

than the ocean case.

Considering the difference in higher percentiles of boundary layer temperature and
humidity as seen in Figure 4.3e&g, one would expect the DC case and indeed the
ocean case to have larger CAPE and result in stronger updraught if the parcels
were to remain moist adiabatic throughout their ascent according to the parcel

theory of CAPE. However, we see a situation where the HBR case with significantly
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lower temperature and humidity having higher updraught velocity at least at the
upper troposphere. A visual view of the wgg g9 in the different simulations reveal
that vertical velocity in the HBR goes deeper into the atmosphere than the DC
case, suggesting clouds in the HBR case could grow deeper and taller into the

tropopause.
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FIGURE 4.4: Time-height plane of 99.99th percentile of vertical velocity from
the ocean and land-like simulations. Composite show the diurnal variation of
99.99th percentile vertical velocity (w) at all vertical levels. Percentiles are cal-
culated from 3D output of vertical velocity of the last 30 days of the simulations.
Plots are for w>1.

4.4.2.1 Buoyancy and updraght velocity at specific times of the day.

To get a better perspective of how the high percentiles of vertical velocity differ
during the day, we assess the vertical profiles of the 99.99th percentiles of MSE,
buoyancy and vertical velocity at different times of the day, here we consider three
hours before and after the peak times of the vertical velocity as shown in Figure 4.4.
We therefore assess how the profile changes from 0900 LST through to noon, and
1500 LST in the afternoon. These times essentially capture the evolution of the
strongly convecting parcels during the day in the DC and HBR cases in comparison

to the ocean case.

As shown in Figure 4.5, there are visible differences in buoyancy and vertical ve-
locity for different times of the day considered. At 0900 LST (Figure 4.5a-c), the

buoyancy and vertical velocity are visibly greater in the DC case compared to



61

the HBR case, with the difference much apparent at the upper troposphere. This
is expected since the DC case has no restriction of moisture and hence respond
immediately to the imposed diurnal cycle. As surface temperature begins to in-
crease, the response time of the interaction between the surface and the lower
troposphere in the DC case is expected to be faster than the HBR case. At 1200
LST when the surface of the HBR case has been warmed enough, the buoyancy of
the convective region relative to their environment increases, and it’s reflected in
the much enhanced vertical velocity compared to the ocean case with no imposed
diurnal cycle. A similar feature is seen at 1500 LST. At this point the difference
in buoyancy and vertical velocity between the DC and HBR case is more visible.
One can only infer that the potential energy actually converted to kinetic energy
by the strongly convective region in the HBR case is higher and much sustained

during the day than the ocean and the DC case.

From the profiles of buoyancy and vertical velocity at the different times of the
day, it is shown that surfaces with imposed diurnal cycle of temperature would
have strongly convecting clouds that grows deeper into the troposphere, reaching
the tropopause. It can therefore be speculated that the imposed diurnal cycle of
temperature has a significant connection with the intensity of convective clouds

that form in our land-like simulations.

It can also be inferred that the mechanisms preventing the build up of CAPE as
suggested by the diurnal pattern of the mean MSE may be self-induced by the few
convective clouds that grow deeper into the troposphere and reach the tropopause.
The buoyant convecting parcels that reach the stable layers of the tropopause re-
sult in anvil clouds that are known to produce drowndraft which eventually dry
the surface and suppress further development of clouds. Hansen et al. (2020) found

downdrafts to be the main reason for the decrease in mean MSE during the day.

4.4.3 Diurnal pattern of diluted and undiluted CAPE in

the different simulations

The analysis of the simulation results of the different cases have so far revealed that

the land-like cases have stronger updraughts compared to the ocean case. However,
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FIGURE 4.5: Profiles of the 99.99th percentiles of (a,d&g) MSE, (b,e,&g) buoy-
ancy, and (c,f,&i) vertical velocity from the different simulations and at different
times of the day. Plots shown here are the 99.99th percentile of the profiles at
0900 LST (a-c), 1200 LST(d-f), and 1500 LST (g-i). Percentiles are calculated
from instantaneous 3D outputs from the ocean (blue line), DC(red line), and
HBR (black line) simulations.

there exist significant differences in the diurnal variation of the thermodynamic
structure for both the mean state and the high percentiles. To get a clearer
view of these results, we attempt to find a physical link between the intensity of
the convective storms as seen in the different simulations and CAPE. We start
by thinking generally of CAPE as the integral of positive buoyancy of a parcel
lifted pseudo-adiabatically with ice processes treated with a mixed-phase range
between 233.5 and 273.15 K. To stay consistent to our analysis of mean and high
percentiles, we initialize the parcel in the CAPE calculation with; first the domain-
and time-mean temperature and specific humidity at the surface, and also with
the temperature and humidity at each grid point within the first model level.
Here the buoyancy is integrated across all vertical levels. In our simulation, the
3D instantaneous snapshots were output every three hours, and the data of the
last 30 days from the simulations are used in all analysis. The second approach
therefore gives a horizontal map of CAPE at each time from which we calculate
the 99.99th percentile.

As show in Figure 4.6a-b, the undiluted mean CAPE and 99.99th percentile CAPE

reflects what we expected from assessing the mean and higher percentiles of the
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different thermodynamic variables (Figure 4.3). The mean CAPE over the land-
like simulations peak in the morning around the same time as the time-mean
boundary layer MSE and specific humidity. The diurnal variation of mean mid-
troposphere environmental RH (Figure 4.6¢) also has a similar diurnal pattern as
the mean CAPE.

Similarly, the 99.99th percentile CAPE in the land-like simulations show a sim-
ilar diurnal pattern as the high percentiles of MSE, specific humidity and mid-
tropospheric environmental relative humidity. This clearly shows that the strongly
convecting parcels as captured by the higher percentiles have a different CAPE
from the weakly convecting parcels. It can also be inferred that the physics sup-
porting the large diurnal cycle of temperature as a surface feature with potential
to influence the intensity of convective storms can be confirmed in our simulations
when the diurnal pattern of the high percentiles of undiluted CAPE and vertical
velocity are considered. The question that arises is, how much of the potential
energy available at the surface is actually translated as kinetic energy by the con-
vecting parcels. As seen from both the mean and 99.99th percentile of CAPE, the
HBR case has the least undiluted CAPE in both instances. However, as shown in
Figure 4.6, it has the strongest updraught during the day. The effect of entrain-
ment on the buoyancy of convective parcels is an obvious candidate in explaining
this mismatch between parcel buoyancy and attainable potential energy. We in-
vestigate how entrainment affect the buoyancies of the different simulations by

exploring some other theories of CAPE.

We follow a similar approach discussed earlier in Section 3.5.1 of this thesis to
estimate the entrainment rates of the bulk of the convective clouds and the strongly
convecting clouds. The approach is based on the the two-plume model (Singh and
O’Gorman, 2015) which argues that the updraught velocity of clouds is set by the
width of distribution of entrainment on a rising parcel. Here we determined the
entrainment rates of the strongly entraining parcels which represent the means
state of convection (€peqn) and the entrainment rates of the strongly convecting
parcels (€gg.g9). As seen in Figure 4.6e-f, €,,cqn, Which represents the entrainment
rate of the bulk of the parcels is highest in the morning and decreases as the land
surface temperature increases during the day. eg999 in the HBR and DC cases is
also high in the early morning but decreases sharply before the time of maximum
surface temperature. Putting the two together and relating it to how the diurnal

cycle of temperature was modelled, it is seen that the transitioning time of the peak
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entrainment rate is around 0600 LST, this is the time where mean temperatures of
the land cases and ocean case are equal (300 K). After this period of the day, both
the entrainment rates of the mean convecting parcels and the strongly convecting
parcels begin to decrease, and are lowest at the in the afternoon. eg999 however
decreases at a faster rate compared to €,,c0n. This can be understood from the
view point that, entrainment is highest over land during the morning when surface
temperature of the land surface are relatively low compared to the ocean surface.
In the morning when relative humidity over land peaks, and surface temperature
begins to rise, a favourable condition is set for the build up of CAPE. However,
there is a competition between entrainment and relative humidity in setting the
CAPE during the day. Entrainment eventually wins as environmental relative
humidity decreases and hence the mean CAPE decreases during the day as the
effect of further drying of atmosphere by downdrafts increases. The caveat here
however is, the strongly convecting parcels retains their buoyancy and are less
entrained, hence they develop into stronger storms that reach the tropopause as
seen in Figure 4.5. Downdrafts from these deep clouds with anvils over the land
surface further induce dryness over the land surface and suppress the buoyancy of
smaller clouds. Since the smaller cloud dominate compare to the deeper ones, any
estimation of the mean buoyancy in the different simulations would be appear to
be weak during the day due to the effect of downdrafts on convection over land
surfaces. This corroborates earlier findings that downdrafts play a leading role in
decreasing MSE and eventually CAPE over land (Hansen et al., 2020).

4.4.3.1 A simple scaling of CAPE and buoyancy using the two plume

model

Following the estimation of the mean and weakly entraining rates in the different
simulations, we test a simple scaling relationship for the strength of updraughts
and CAPE of the different simulations. This scaling relations are in tune with
the two-plume model (Singh and O’Gorman, 2015) which relates the buoyancy
of the strongly convecting parcels to the difference in entrainment rates of the
strongly entraining parcels (€meqn) and the weakly entraining parcels ( €gg.99) and
the subsaturation at the mid troposphere. The scaling of CAPE also relates CAPE
to the product of the bulk entrainment rate (€,;q,) and the mean mid-troposphere

subsaturation . These scaling approaches have been used in Chapter 3 of this thesis
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FIGURE 4.6: Diurnal composites of (a) mean CAPE, (b) 99.99th percentile of
CAPE, (c¢) mean mid-troposphere environmental RH, (d) 99.99th percentile of
RH, (e) entrainment rate of the strongly entraining parcel, and (f) entrainment
rate of the strongly convecting parcels.

to assess the strength of convective storms and CAPE over heterogeneous land-like

surfaces, and on homogeneous surface with different surface Bowen ratio.

The simple scaling relationships are giving as follow;

w? ~ 0e(1 — RH), 0¢ = €mean — €99.99 (4.2)
CAPE ~ €pean(l — RH), (4.3)

where w? is a measure of buoyancy of the convecting parcel, de is the difference
in the two entrainment rates (€mnean — €99.99), RH is the mean mid-troposphere
environmental relative humidity (2 - 5 km) and CAPE is the convective available

potential energy.

The results of the scaling relations are shown in Figure 4.7. As expected the scal-
ing of CAPE ( Figure 4.7a) shows a similar diurnal pattern as the mid-troposphere
relative humidity (Figure 4.6b) and the bulk entrainment rate (Figure 4.6¢). Al-
though the predicted CAPE from the two-plume scaling approach shows similar
diurnal pattern as the conventional undiluted CAPE (Figure 4.6a), there are sig-
nificant physical differences where the scaled CAPE of the HBR case is seen to
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be larger than the DC and ocean cases at least in the morning. This underscores
the significance of entrainment in the estimation of CAPE. There is a visible dif-
ference in the measure of buoyancy (Figure 4.7b) between the land-like cases and
the ocean case during the day with the HBR case being the highest. Most impor-
tantly, the buoyancy scaling confirms the diurnal pattern of updraught velocity
as seen in Figure 4.4. Therefore the difference in updraught velocity among the
different simulations are as a result of strongly convecting cloud parcels that are

less affected by entrainment.
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FIGURE 4.7: Simple scaling of (a) CAPE and (b) buoyancy from the two-plume
model. The buoyancy scaling relates the buoyancy of plumes to the difference
in entrainment rates of the strongly entraining plume (€,eq,) and the weakly
entraining plume (€gg.99), and the subsaturation of the mid-troposphere. The
CAPE scaling also relates CAPE to €4 and the mid-troposphere saturation
deficit (1-RH).

4.4.3.2 Entraining CAPE from the spectral plume model

We have seen so far that the high percentiles of CAPE support the idea that
the large diurnal cycle of surface temperature has some relationship with the up-
draught velocity of the DC and HBR cases. We have also shown that although the
high percentiles of CAPE give a picture of the available energy required for convec-
tion in the land-like simulations, it does not necessarily mean stronger updraughts
as the effect of entrainment and relative humidity controls the actual buoyancy of
the of the convective clouds. The scaling of buoyancy with the two-plume model
seem to provide an explanation for the difference in updraught velocity as seen in

the different simulations.

To better understand the relative importance of entrainment in setting the buoy-

ancy of the convecting parcels, we use a spectral plume model (Zhou and Xie,
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2019) to investigate the effect of entrainment and relative humidity in the differ-
ent simulations. The model predicts properties of updraughts from a spectrum of
entraining rates at different levels of the troposphere. In this model the environ-
ment is assumed to be neutrally buoyant to the entraining plumes and as such MSE
decreases monotonically with height in the lower troposphere. The model there-
fore predicts changes in environmental temperature(AT) as a function of change in
MSE (Ah) between the undiluted parcels (calculated from the mean temperature
and specific humidity from the simulations) and the MSE of the entraining plume
at every height. The model therefore predicts the undiluted buoyancy integral and
the buoyancy of each entraining plume within the spectrum. A significant feature
in the spectral plume model is its ability to estimate the buoyancy of the weakly

entraining plumes.

According to this plume spectrum model, changes in temperature and MSE at
different heights in the atmosphere is given by the following equations (equations:
8 &19 Zhou and Xie, 2019):

1
AT = —LTAh (4.4)
Lt REG
dAh L.,q*
— = AAh — 1— RH)—/—* 4.5
= eI~ RH) (15)
where % is the change in MSE with height for a particular plume with entrainment

€[z] at a particular height, Ah is the change in MSE of the entraining plume relative
to the mean (undiluted) MSE, A is a parameter which controls the changes in
MSE at different altitudes in response to the different entrainment plumes and
thus set the deviation of temperature of the plume from the environment, RH
is the environmental relative humidity, ¢* is the mean environmental saturation
humidity, L, is the latent heat of vaporization and C,, is the isobaric specific heat

capacity of air.

The spectral plume model is used to calculate the buoyancy integrals (CAPE) in
the different simulations to fully understand the effect of entrainment on CAPE
in the different cases. To also see the effect of relative humidity on the buoyancy
of the different simulations, we first initialize the spectral plume model with mean
temperature, specific humidity, and relative humidity from the different simula-

tions. We next initialize the model with mean temperature and specific humidity
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from the different simulations and a constant relative humidity of 80 %. This gives
the relative effect of just entrainment (when RH is fixed), and the coupled effect

of entrainment and RH (when model is initialized with RH from the simulations).

Figure 4.8 shows the results of the positive buoyancy integral of the undiluted air
parcel (CAPE,) and the positive integral of buoyancy of the weakly entraining
plume (CAPE,) calculated from the spectral plume model. When the relative
humidity is kept fixed, CAPE, (Figure 4.8a) and CAPE,, ( Figure 4.8b) show a
situation where the undiluted CAPE of the DC and ocean cases are higher than
the HBR case, and both CAPE,, and CAPE,, are similar to the diurnal pattern of
undiluted CAPE calculated from parcel theory (Figure 4.6a). Conversely, when
the mean surface temperature, specific humidity and relative humidity profiles
from the RCE simulation is used to initialize the spectral plume model, both
CAPE, and CAPE,, show a diurnal pattern of increasing CAPE during the day
time similar to what is seen in the 99.99th percentile of CAPE (Figure 4.6b),
CAPE,, in the HBR case is now seen to be marginally higher the DC and the
ocean case, which supports our initial scaling of buoyancy. This sets the premise

to link the updraught velocity differences seen in our simulations to entraining
CAPE.

Figure 4.9 shows the profiles of buoyancy from the RCE simulations of the dif-
ferent cases and that of the spectral plume model. The spectral plume model
effectively predicts the buoyancy of the different RCE simulations. The buoyancy
of the weakly entraining plume (Figure 4.9¢) reveals the difference in the various
simulations and essentially predicts the marginal difference between the 99.99th
percentile of buoyancy of the HBR case (black line) and the DC (red line) case
(Figure 4.9a) as seen from the RCE simulations. The undiluted buoyancy cal-
culated from parcel theory (Figure 4.9b) initialized with mean thermodynamic
profiles from the RCE simulation is also largely predicted by the spectral plume
model (Figure 4.9d).

The entraining plume model therefore places focus on the effect of entrainment
in reducing the the buoyancy of convecting parcels than might be stated by the
undiluted CAPE. It can be concluded that the large diurnal cycle of surface tem-
perature indeed lead to enhancement of CAPE. However, entrainment is key to de-

termining the buoyancy and eventual updraught strength of the convective storms.
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FIGURE 4.8: Diurnal variation (a,c) undiluted CAPE and (b,d) weakly en-
training CAPE calculated from the spectral plume mode initialized with mean
profiles from the simulations. (a,b) are calculated assuming a fixed RH of 80%
for all simulations and (c,d) are initialized with mean RH from the simulations.

4.4.4 Precipitation increases in response to the diurnal cy-

cle of temperature

Finally, we assess the diurnal precipitation rates in the different simulations. As
shown in Figure 4.10a, there is a stark difference in precipitation rate between
the land-like cases and the ocean case. As expected, the DC case with readily
available moisture at the surface has enhanced evaporation represented through
the latent heat flux, and as a result records the highest precipitation few hours
after local noon. The peak precipitation rate for the DC case is 9.7 mmday !, with
a daily-mean of 2.9 mmday~!, the HBR case follows in terms of the maximum
precipitation rate during the day with a peak of 8.2 mmday ' and a daily-mean
of 2.1 mmday~!. The ocean case has a mean precipitation of 2.8 mmday~!. The
daily-mean precipitation rates do not vary much between the land-like cases and
the ocean case. As seen in Figure 4.10a, precipitation over the land only start
after 0600 LST when it has the same mean surface temperature as the the ocean.
The diurnal pattern of the vertical mean cloud fraction (Figure 4.10b) shows that

large number of clouds form over the land-like surfaces during the day as compared
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FIGURE 4.9: Buoyancy profiles from the RCE simulations and and the spectral
plume model. (a) 99.99th percentile of buoyancy from the simulations, (b)
undiluted buoyancy calculated as a pseudo-adiabatic parcel with mean profiles
from the RCE simulations (c¢) buoyancy of the weakly entraining plume, (d)
undiluted buoyancy calculated by the spectral plume model.

to the ocean surface. Figure 4.10c shows the mean cloud fraction at noon. The
land-like cases clearly have enhanced anvil clouds during the day which supports

the argument that downdrafts could be enhanced over land.

4.5 Discussion and chapter conclusion

The linkage between the large diurnal cycle of surface temperature and updraught
strength of convective storms that form over land surfaces has been explored with
a set of highly idealized RCE simulations using a cloud resolving model (CRM).
The approach involved imposing a sinusoidal diurnal cycle of temperature over the
lower boundary of the simulation domain, where surface temperature is forced to
peak at noon and be minimum at midnight. Simulations were run over a surface
with only the imposed diurnal cycle of surface temperature (DC case), and over a

surface with both imposed diurnal cycle of temperature and high surface Bowen
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FIGURE 4.10: Plots showing the (a) domain -and time-mean precipitation, (b)
vertical mean cloud fraction, and (c) the vertical profile of cloud fraction at
noon. Cloud fraction is calculated from cloudy grids with non-precipitating
condensate greater than 0.01 gkg™!

ratio (HBR case). Simulation results of these two land-like configurations are
compared to a simulation over an ocean surface with no imposed diurnal cycle of
temperature. This approach deviates from the usual island configuration that has
been used to explore differences in convection over land and ocean surface (e.g.,
Cronin et al., 2015; Hansen et al., 2020). Instead we impose the diurnal cycle of
temperature over the entire domain for the different land configurations (DC and
HBR), this allows us to study the surface temperature diurnal cycle mechanism
from two extremes. The HBR case with deep boundary layer has a relatively
colder free-tropospheric temperature profile compared to the ocean, and the DC
case has a marginally higher free-tropospheric temperature profile relative to the
ocean case, and is comparable to the mean free-tropospheric temperature profile

over the island region in the study by Cronin et al. (2015).

Guided by earlier argument by Williams and Stanfill (2002) on the inaccuracies of
parcel theory in estimating the buoyancies of convective clouds, and the study of
Hansen et al. (2020) who found no evidence of daytime increases in CAPE over
the island region in their study. We approach the analysis of our simulations from

the standpoint that a different measure of CAPE or buoyancy would be required
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to establish any connection between the diurnal cycle of surface temperature and
the intensity of convective storms. In view of this, we assessed the simulation
results by comparing the diurnal pattern of the domain-and time-mean of different
thermodynamic variables to their high percentiles. This allowed for a two-point
argument and investigation of the dynamics that favor or deny the connection
between the large diurnal cycle of temperature and the intensity of continental

storms.

Firstly, analysis of the simulation output for the two land-like cases showed a
similar diurnal pattern of mean boundary layer MSE and specific humidity as
that seen in Hansen et al. (2020), the mean boundary layer MSE peaked in the
early morning as near surface air temperature begins to rise and continues to
decrease during the daytime. As a result the mean undiluted CAPE assumes
a similar pattern, peaking in the morning and decreasing during day. However,
when an argument is made based on the two-plume theory, we find a situation
where the land-like simulations show the strongest updraught velocity and high
percentiles of undiluted CAPE that peak as the surface temperature peaks, in line
with the hypothesis that supports the large diurnal cycle of temperature’s control

of continental storms.

To answer the question of whether the highest percentile of undiluted CAPE should
be main focus when estimating the relationship between the large diurnal cycle of
temperature and the intensity of convective storms. We presented two cases of sim-
ulations over land-like surfaces; the DC case with only the imposed diurnal cycle
of temperature, and the HBR case with both imposed diurnal cycle of tempera-
ture and deeper boundary layer. Comparing the highest percentiles of undiluted
CAPE, the DC case had significantly higher CAPE than the HBR case, However,
the HBR case had marginally higher updraught velocity than the DC case. A
scaling relation based on a two-plume model (Singh and O’Gorman, 2015) was
used to show the dependance of buoyancy on entrainment. The scaling relation
was able to reproduce the marginal difference in buoyancy between the two cases.
Results of the scaling was confirmed by a spectrum of entraining plume model
(Zhou and Xie, 2019) that calculates both the undiluted CAPE and the CAPE of
the entraining plume which represents the parcels with strongest buoyancy. This
highlights the importance of entrainment to the overall debate on thunderstorm

intensity. Since entrainment is such a complex parameter to study in the real
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world, it becomes increasingly difficult to make a solid claim for any surface mech-

anisms whose connection to the intensity of convective storms is centred around

the build up of CAPE.

The evidence of boundary layer quasi-equilibrium (BLQE) in the real world as
found by Hansen et al. (2020) largely suggests that the lack of contrast in CAPE
found in real world might be self induced by convection over the land surface itself.
As shown earlier, the few strongest storms in the land-like simulations represented
through the high percentiles of buoyancy, grow deeper into the troposphere reach-
ing the tropopause and forming anvil clouds. Enhanced downdrafts from these
anvil clouds could essentially suppress the buoyancy of other developing clouds by
drying the surface and enhancing entrainment. Hence the bulk of the convecting
parcels would have weaker buoyancy. This is a plausible reason for the largely ob-
served contrast in updraught strength between land and ocean surface, but little

evidence of a contrast in CAPE between the two surfaces.

It is still possible that some other land surface features may have a stronger control
on the intensity of continental storms than the mechanism tested in this study.
Abbott and Cronin (2021) for example found significant invigoration of convective
storms in response to increasing aerosol concentration in a WT'G experiment, and
explained that the high concentration of aerosols increased environmental humidity
leading to more buoyant clouds. The results of our study largely support the
significance of environmental humidity in the debate of how buoyancy is sustained
over the tropics and the eventual updraught strength of convective clouds over

tropical land surfaces.

Finally, we conclude on the note that from a modeling perspective, the large di-
urnal cycle of surface temperature as tested in this experiment has some physical
connections to the intensity of convective storms in terms of providing the po-
tential available energy required for convection. However, the actual buoyancy
of the convective clouds is determined by the environmental humidity and the
entrainment. A better perspective to this work would be to replicate this diur-
nal cycle experiment with parameterized large-scale dynamics based on the weak

temperature gradient (WTG) approximation.



Chapter 5

Response of updraught intensity
of thunderstorms to surface

warming over a conceptual land
surface in RCE.

5.1 Background

In this chapter we investigate the response of moist convection to different tem-
perature regimes using RCE simulations over a highly idealized land surface. This
chapter seek to address the third research question which asks: How does the
intensity of convective storms over a conceptual land surface respond
to different temperature regimes? Here, our idealized land surface is only
loosely defined as a surface with imposed diurnal cycle of surface temperature,
and a high boundary layer. This idealization of the land surface follows earlier
findings in Chapter 4 of this thesis where we found some connections between the
large diurnal cycle of surface temperature and the intensity of storms that formed
over the idealized land surfaces. The high surface Bowen ratio is employed to
make a distinction between a wet and dry land surface. This allows for a side-by-
side comparison of the response of convection over an idealized wet and dry land

surfaces.
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For warming simulations over both wet and dry land surfaces, we assess changes
in precipitation, udraught velocity and CAPE. We also explore how some known
lightning proxies respond to warming over wet and dry land surfaces. Specifically,
the CAPE xP, PW10, ICET (IFLUXT) and IxG are assessed in this study. We
show how these different metrics differ in the various simulations. Detailed de-
scription of these metrics, and how they are calculated in this study is given in
Section 5.3.1.

5.2 Introduction

Moist convection is a significant aspect of the earth’s climate. It is the main mech-
anism for the distribution of energy and momentum between the earth’s surface
and the atmosphere. Thunderstorms resulting from convective processes produce
a significant percentage of precipitation across different climatic zones, especially
the tropics and the subtropics. Notwithstanding the strategic importance of moist
convection, it remains one of the most complicated and least understood part of
the earth’s climate (Bony et al., 2015) primarily because they occur at scales too
fine to be resolved by conventional global climate models (GCMs). This places
considerable restraint on our ability to fully understand and predict storms formed
out of these convective processes. The clearest pathway around this conundrum
is presented by the continues improvement in the abilities of cloud reserving mod-
els (CRMs). Most CRMs are now set on geographical grids and can be used to
study moist convection on global scales. Full scale studies of convective processes
on global scale with the so-called global cloud resolving models (GCRM) are now
emerging. However, the so-called small domain configuration of CRMs has been
used to great effect in studying different aspect of convection over the tropics, and

over different surfaces.

Muller et al. (2011) for example, used a relatively high resolution CRM simu-
lations to study the response of precipitation extremes to increases in mean sea
surface temperatures (SST). In their warming simulations, they found significant
increases in extreme precipitation in response to warming over a tropical ocean
surface. They identified three factors that contributed to the increase in magnitude
of the extreme precipitation. In order of relative importance they identified that
the extreme precipitation increase roughly scales with; changes in concentration

of water at the surface, changes in vertical velocity at the convection region and
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precipitation efficiency. These features represent the thermodynamic, dynamic,
and microphysics contributions respectively. They contended that the microphys-
ical contribution represented through the precipitation efficiency remains largely
unchanged with warming, but there are significant changes in the concentration of
surface water vapour and updraft velocity to enhance precipitation as temperature
increases. Their results corroborated findings of a similar study by Romps (2011),
who also showed that the increases in precipitation scales with increases in water
vapour gradient in response to warming. Romps (2011) approach used a higher
resolution over a much smaller domain compared to the domain size and resolu-
tion used in the case of Muller et al. (2011). Again their warming approach was
by increasing the concentration of carbon di-oxide (CO,), which is different from
the case of Muller et al. (2011) where the warming approach was by increasing
the mean SST. Notwithstanding the marked differences in the two studies, their
results agreed on many grounds in respect to how moist convection over tropical
ocean surfaces response to warming. Romps (2011) posited that fluxes of global
and local precipitation obeys the Clausius-Clapeyron (CC) approximation at a
fractional rate of 3% K~ and 7% K~! respectively. Similar increases in precip-
itation in response to warming have been reported in a number of studies (e.g,
Jeevanjee and Romps, 2018; Meredith et al., 2019).

The intensity of convective storms is mostly tied to the potential danger the storm
poses to life and property. High percentiles of vertical velocity within a convective
storm is a simple but yet direct measure of the storm’s intensity (Del Genio et al.,
2007). The vertical velocity within convective clouds form the basis of the dynamic
contribution to the enhancement of precipitation extremes (Muller et al., 2011).
The vertical flow of air within convective clouds especially at the mixed ice-liquid
phase level speeds up the collision of ice particles, and thus enhance electrical
charges within clouds which are represented as lightning flashes in thunderstorms.

A vertical velocity threshold of about 10 ms™*

is known to trigger significant cloud
to ground lightning (Zipser and Lutz, 1994). Lightning from intense storms is a
perpetual danger to the natural habitat of plants and human alike. Therefore
central to the study of moist convection is to understand the mechanisms that
influences the intensity of convective storms and to investigate how these intensities

might change in the future.

There have been substantial progress made towards understanding how updraught

intensity might change in response to warming especially over tropical ocean
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surfaces. Singh and O’Gorman (2015) for example investigated the response of
updraught velocity to warming and found that updraught velocity of convective
storms and CAPE increases with mean SST. They found that, the largest frac-
tional increase in the updraught velocity were more noticeable at the upper atmo-
sphere. They argued that the vertical velocity increases at a lower magnitude than
might be implied by CAPE, and attributed this to the effect of entrainment on
updraft within the convective clouds. Their explanation was based on a two-plume
model where the weakly entrained plume represented the strongest updraughts,
and the strongly entraining plumes represented parcels with weaker updraughts.
The CAPE increment in their study was also attributed to saturation deficit which
also increases with warming. Romps (2011) also found similar increases in CAPE
and vertical velocity in their warming studies. They found a 6% - 7% increase
in CAPE in response to doubling the concentration of CO, in their simulations.
Again, most of these warming studies and theories that focuses on convective up-
draughts have mainly been explored over tropical oceans, and not much have been

done over land mainly because of the complicated nature of the land surface.

Most studies on extreme precipitation changes to warming over these small-domain
CRM simulations have mostly focused on the ocean surface, and not much have
been done over land surfaces. Given that extreme precipitation are mostly from
intense thunderstorms, which are more prevalent over land surfaces, it becomes
extremely important to replicate some of these studies over land surfaces. Zhang
and Zhou (2019) have shown that, there has been significant increases in precipita-
tion over the global land monsoon regions in the last decade attributable to global
warming during this period. The question of how much these changes will vary
going into a warmer future still remain to be explored in GCRMs or understood

in simple frameworks using CRMs.

There is a growing scientific interest to isolate the main features of the land surface
that are key to enhancing convection over land. Identifying this features would
allow for simplification of the land surface for such warming simulations. There
has however not been enough consensus amongst studies that investigate these
land surface features and their connection to the intensity of convective clouds.
For studies that have found some of these surface features of the land surface to
be connected to continental storm intensity (cloud base height: Williams et al.,

2005a), (aerosol concentration: Abbott and Cronin, 2021), these connections have
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not been explored over warming simulations to know how the relationship of such

surface features hold under different temperatures.

In the previous Chapter 4 of this thesis, we found the large diurnal cycle of surface
temperature over the land surface to have some physical connections with the
intensity of convection over land. Based on this, we explore how a conceptual
land surface defined by its anomalous diurnal heating responses to warming. To
give a better perspective, we assess these warming simulations over wet and dry
idealized land surfaces. We make comparison of how the different surfaces respond

to warming.

The rest of the chapter is structured as follows: We highlight the specific exper-
iment design for the RCE simulations run towards addressing the third research
question in Chapter 5.3. We discus come common metrics used as proxies for
lightning in some studies and how they have being applied in this study. The dif-
ferent proxies of lightning considered in this study and their governing equations
are presented in Section 5.3.1. The main findings of the warming simulations and
analysis are presented in Chapter 5.4. We discuss our findings further and make

conclusions of this chapter in Chapter 5.5.

5.3 Experiment design and simulations

We run simulations to radiative-convective equilibrium (RCE) over a land-like sur-
face with imposed diurnal cycle of temperature and high surface Bowen ratio. The
high surface Bowen ratio is only forced over our conceptual land surface to estab-
lish how wet and dry surfaces of the land surface respond warming. We maintain
the general model setup describe in Section 2.4 with little alterations to suit the
objectives of this experiment. Here the imposed diurnal cycle of temperature is
the same as the approach described in Section 4.3, where a sinusoidal variation of
surface temperature as imposed by Equation 4.1. For this warming experiment,
all simulations are run over a doubly periodic homogeneous domain. We used the
SAM one-moment microphysics scheme. All simulations are run for a total of 100
days with time-mean statistics collected every 30 minutes and 3D instantaneous
snapshots collected every 3 hours. The same radiation and sub-grid parameter-
ization schemes used in the previous chapters are unchanged. We also maintain

the same domain size and resolution as previous chapters of this thesis. The last
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30 days of the simulations are considered in the analysis shown in the subsequent

sections.

To distinguish between wet and dry land surface, we moderate the available mois-
ture at the boundary surface by using two different evaporative conductance pa-
rameter («) values in the bulk latent heat equation of the CRM model. This
approach is already explored in this thesis as detailed in Section 3.3.1. We use «
of 0.25 for simulations described as dry, and 0.5 for simulations described as wet.
For each case we run simulations with mean surface temperature of 300 K, 305 K
and 310 K.

5.3.1 Estimation of updraught intensity from our simula-

tions

Consistent with the earlier chapters, the main metric for estimating the intensity
of the convective storms in the various simulations is the highest percentile of
updraught velocity across all vertical levels. We specifically use the 99.99th per-
centile of vertical velocity calculated from instantaneous 3D outputs of the last
30 days of our simulations. The 99.99th percentile calculated here represents the
near-highest velocity over the entire domain at all times, and at each vertical level.
In line with the diurnal configuration in this study, percentiles are calculated for

each time of the day separately.

In this chapter we consider the four proxies used by Romps (2019a) in estimating
lightning rates in convective storms in response to warming over ocean surface.
We therefore test the response of these proxies to warming over our conceptual
land surface. In line with our experiment design, we assess the diurnal variation
of these proxies in response to warming. We deviate slightly from the approach
of Romps (2019a) by considering both high percentiles of these proxies as well as

their time-means.

5.3.1.1 Lightning proxies

The four proxies of lightning used in the work of Romps (2019a) to assess the
changes in lightning rates in response to warming over tropical ocean surfaces
are; CAPExP, PW10, I[FluxT (hereinafter ICET) and IxG. Here we present the
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theoretical basis and the governing equations of these proxies as explained in

various literature, and we highlight on how they are being used in this study.

CAPExP

CAPEXP is simply the product of CAPE and precipitation rate at the surface as
shown in Equation 5.1. It has been shown to reproduce and explain a significant
percentage of variance in total lightning flash rates over continental United States
(Romps et al., 2014). The proxy is grounded on the idea that higher values of
CAPE are required for stronger updraught and faster lofting of water into the
atmosphere. In this sense, CAPE provides the energy for the lifted mass of wa-
ter vapour which condenses to form clouds and later fall as precipitation. The
assumption here is that there is a high conversion rate of evaporated water into
condensates and the energy of the lifted mass of water vapour is transferred to
the condensates. Precipitation falling from these condensates therefore assumes
kinetic energy enough to trigger lightning in the atmosphere. Here, we calculate
both the high percentiles and time-means of CAPExP. High percentiles of CAPE
are calculated as a pseudo-adiabatic parcel initialized with first model level tem-
perature and specific humidity from 3D instantaneous outputs from the different
simulations. The 99.99th percentile of the integrated buoyancy of this parcel is
then calculated. Higher percentiles of precipitation rate (P) are also calculated
from the instantaneous precipitation flux at the surface. We also calculate mean
CAPExP using CAPE calculated from mean temperature and humidity profiles,
and mean P is the calculated time-average precipitation rate. In both cases, we
show the diurnal composite of CAPEXxP. The simple governing equation of the
CAPEXP proxy is as detailed below:

CAPE x P=CAPE(z,y,t)P(z,y,1), (5.1)

Here, CAPE is the convective available potential energy, P is precipitation rate in
energy units. X, y, z, and t are domain horizontal, vertical dimension, and time

respectively.

PW10

The PW10 proxy is very similar to the CAPEXP in terms of the theoretical
meaning and underlying physics. It is defined as the average precipitation rate in
regions where the maximum vertical velocity in a column is greater than 10 ms™!.

This proxy is similar to the theory for CAPE x P, if one assumes that higher
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vertical velocity is as a result of higher CAPE. The CAPE should be high enough

1

to produce vertical velocity of at 10 ms™ somewhere in the atmospheric column

above the surface domain. High values of vertical velocity have been linked to
precipitation extremes (Muller et al., 2011), and vertical velocity of about 10 ms™!
appears to be the good threshold for the generation of lightning in the atmosphere
(Zipser and Lutz, 1994). We therefore calculate high percentiles of PW10 from

L vertical

the instantaneous precipitation flux at the surface scaled by the 10 ms™
velocity threshold. We also calculate domain- and time-mean of PW10 guided by

the equation below:

PW10 = P(z,y,t)[w > 10ms™'], (5.2)

where PW10 is precipitation rate (P) at the horizontal surface (with dimensions x
and y) constrained by vertical velocity (w) of 10 ms™' or higher within the cloud

column over the domain.

IxG

The IxG is the product of mass concentration of ice and graupel in the atmosphere.
This proxy is premised on the fact that electrical charges in the atmosphere are as
a result of collision of hydrometeors particularly ice particles and graupel in the
atmosphere. The general assumption is that, a higher concentration of ice and
graupel in a particular cloud would have a high collision rate to release enough
electrical charges that are represented in the atmosphere as lightning. As shown
in Equation 5.3, IXG is calculated as the integral of the product of the mass
concentration of ice and graupel in the entire cloud column. Similar to other
proxies, we calculate high percentiles and mean of [XG from instantaneous profiles
of ice and graupel integrated from the surface to the top of the cloud, and the time-

means are calculated from mean ice and graupel output from the simulations.

[XG:/inm%%ﬂ%@%%ﬂ, (5:3)
0

where IxG is the product of concentration of ice and graupels, p; and p, are
densities of ice and graupels respectively, and dz is the vertical column of the

atmosphere being integrated.
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ICET

The ICET (IFLUXT) proxy is based on the relationship between ice and electrifi-
cation and subsequent lightning of the atmosphere. As the name suggests, it is a
measure of the mass flux of ice at a particular temperature ”T”. This proxy has
evolved from studies (e.g., Finney et al., 2016) that considered the mass flux of
ice pegged at a particular isobar, to estimation of ice flux at a particular isotherm
(e.g., Romps, 2019a). The argument in support of the estimation of ICET at a
particular isotherm instead of isobar is that, as the atmosphere warms in response
to increasing temperature at the surface, isotherms are shifted further upwards
and the mixed-phase level where ice are expected to be concentrated shifts ac-
cordingly. Restricting the estimation of the ice flux to a particular isobar would
therefore risk the ability of the proxy to capture the level where ice are concen-
trated and may underrepresent lightning as the atmosphere warms. As shown in
Equation 5.4, the updraft flux of ice is calculated as the product of density of ice
and vertical velocity at the 260 K isotherm in a particular simulation. The caveat

here is that vertical velocity should be greater than 1 ms™!

since we are only in-
terested in updraft flux of ice. From the temperature profiles in our individual
simulations, we loop through to identify 260 K isotherm level, we then calculate
the high percentiles and mean updraft flux of ice at that particular level in the

different simulations.

ICET = pi(z,y, 2, t)w(z,y, 2, t) [w(z,y, 2/, ) > 1], (5.4)

Here ICET is the updraft flux of ice at 260 K isotherm level 7', p; is the density

of ice at the specific isotherm level and w the vertical velocity.

5.3.1.2 Calculation of fractional rates of change

In this chapter, the fractional rate of change (6X) has been used to estimate
changes in different variables in response to warming. We test how much a variable,
X, at a new temperature, Ty has changed from its initial state, X; and previous
temperature, Ty. This gives a measure of the change in the variable (X) per unit
change in temperature. The fractional change is mostly expressed in percentage

terms and is always written as X% K~1.
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The fractional change is given by the equation below:

X5) —log(X1)
T — 1T,

5x = Lot

(5.5)

5.4 Results

5.4.1 Response of convective storms to warming over wet

land surface

In this section we present results of various aspects of convection in response to
warming over a wet land surface. Here the wet land surface is loosely defined
as a surface with a relatively low surface Bowen ratio, and with imposed diurnal
cycle of temperature. An evaporative conductance parameter (a) value of 0.5
is used in the wet case as described in Section 5.3. Changes in precipitation,
updraught velocity and CAPE are assessed for the individual idealized simulations
run at different temperatures. The key differences and basis for the changes are
highlighted. We finally present results for an alternative metric for assessing the
intensity of convective storms. Here four proxies of lightning known in literature

are explored and their response to warming described.

5.4.1.1 Precipitation increases in response to warming over wet land

surface.

TABLE 5.1: Summary of domain-mean precipitation and evaporation rates from
the simulations over wet land surface. P, and Epg, the daily maximum
precipitation and evaporation rates respectively, P,eqan and E;,cqpn are the daily
mean precipitation rate and evaporation rates respectively.

Case Pras Pmean Emaz Emean

(K)  (mmday™!) (mmday™') (mmday™!) (mmday™!)
305 wet 8.2 2.1 4.2 2.1
305 wet 114 2.7 5.7 2.7
310 wet 15.5 3.4 8.0 3.4

Changes in precipitation and evaporation rates in response to warming in simula-

tions with a relatively wet surface are presented here. As shown in Figure 5.1a,
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hourly precipitation rates increases significantly with warming. The peak times of
precipitation are mostly in the afternoon, and it does not change much across the
different temperatures. Precipitation starts just around the same time in all tem-
perature regimes except for the case run with the highest mean temperature (310
K) which have a few hours delay in the start time of precipitation. The increases

in precipitation are mainly as a result of enhanced evaporation with warming.

As seen in Figure 5.1c¢, mean evaporation rates increase at almost the same frac-
tional rate as precipitation and peak at the same time as surface temperature
maxima. However as shown in Table 5.1 the daily maximum precipitation rate
far exceeds the daily maximum evaporation rate at their peak times (noon) which
suggest that precipitation minus evaporation (P-E) increases during the day in
response to warming. Increases in P-E during day time is a common feature over
wet land surfaces (Koster and Suarez, 2001). The daily change in mean P-E is
almost zero across the different temperatures as expected, given that simulations

are run to steady-state RCE.

We also see significant increases in extreme precipitation rates with warming over
the wet land surface. Figure 5.1b shows the 99.99th percentile of instantaneous
precipitation from the warming simulations over the wet land surface. The ex-
treme precipitation across the different temperatures peaks around noon and has
very similar start and end times. At their peak times, the 99.99th percentile of pre-
cipitation increases at a fractional rate of about 8%-9% K~!, Muller et al. (2011)
found a fractional increase of 7.4% K~! in their assessment of the high percentiles

of precipitation extremes over tropical ocean surfaces.

The fractional changes in daily mean and daily maximum precipitation rates are
shown in Figure 5.1d. Both the daily mean (red colour) and the daily maximum
precipitation (blue line) increases linearly with temperature. The daily mean
precipitation increases at a fractional rate of about 5% K~!, while the daily max-
imum precipitation also increases at a fractional rate of 8% K=!. A summary of
the daily-maximum and daily-mean precipitation and evaporation rates are shown
in Table 5.1.
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FIGURE 5.1: Diurnal composite of (a) domain- and time-mean precipitation
rate, (b) 99.99th percentile of precipitation, and (c) domain- and time-mean
evaporation rates from the warming simulations over wet land surface. Plot (d)
shows the relationship between daily mean (red line), daily maximum precipi-
tation (blue line) and mean surface temperature.

5.4.1.2 Updraught velocity increases with warming in RCE simula-

tions over wet land surfaces

We now present results for the analysis of the high percentiles of updraught velocity
across the different temperatures. First we assess the diurnal variation of the
99.99th percentiles of vertical velocity (wgg.g9) across all vertical levels in response
to warming in a time-height plane. We also make a determination of the changes
in vertical velocity at the upper troposphere where they are maximum (wy,,;) and
the daily-maximum of the 99.99th percentile of vertical velocity at the 500 hPa

level (wspp) in response to warming.

Figure 5.2 shows a time-height plane of the 99.99th percentile of vertical velocity
(Wgg.99) in warming simulations over a relatively wet land surface with relatively
low surface Bowen ratio (SBR). It is clearly seen that the wgg g9 increases signifi-
cantly with warming. When the mean surface temperature is 310 K, its vertical
velocity in the upper troposphere is about twice (~ 2 x) as high as in the case
with mean surface temperature of 300 K. In addition, the vertical velocities reach

higher altitudes in the troposphere possibly overshooting into the stratosphere as
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mean surface temperature over the wet land surface increases. There is also a
visible increase in wsgo (estimated at the point of the dash lines on the plot) with
warming. At the peak time of the maximum velocity across the different mean

temperatures, wso in the 310 K case is about 5 ms™! higher than the 300 K case.

It has already been shown in idealized modeling simulation studies (e.g., Singh
and O’Gorman, 2015) over tropical ocean surfaces that vertical velocity increases
in response to warming, and the fractional increase is most noticeable at the upper
troposphere. The marginal increase in vertical velocity at the lower troposphere in
warming simulations has been shown to only play a secondary role in the overall
contributions of extreme precipitation over tropical ocean surfaces (Muller et al.,
2011). For the warming simulations shown here, the apparent increases in ver-
tical velocity at the middle troposphere could mean an increase in the dynamic
contribution to precipitation extremes. The visible vertical depth reached by the
vertical velocities in the different cases also suggests clouds overshooting into the
tropopause might be prevalent in the future over wet land surfaces, this might
have implications for the thermodynamic structure of the tropopause as noted

by previous studies done over tropical ocean surfaces (e.g., Singh and O’Gorman,
2015).
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FIGURE 5.2: Time-height plane of the 99.99th percentile of vertical velocity in
warming simulations over a wet surface with imposed diurnal cycle of tempera-

ture. Plots shown here are for simulations run with mean surface temperature
between 300 K to 310 K as labeled on the plots.

A clearer picture is shown in Figure 5.3 where we compare the maximum vertical
velocity profiles during the day and a diurnal pattern of the maximum vertical
velocity everywhere in the troposphere at a particular time of day. Figure 5.3a
shows the vertical profile of wgg g9 at noon. The 310 K case clearly has the strongest

updraught, followed by the 305 K case, with the 300 K having the lowest updraught
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speed. A similar picture is revealed by the diurnal pattern of vertical velocity
estimated across all vertical levels at a particular time of the day (Figure 5.3b). In
the early morning, the maximum vertical velocity across the different temperatures
remain largely similar, at noon there is almost an exponential increase in the
maximum vertical velocity between the 300 K case and the 310 K case. The
maximum wgg g9 retains a fairly similar diurnal pattern with warming. This might
be as a result of how the imposed diurnal cycle of temperature is modelled but
essentially the plots show increases in updraught velocity in the day in response

to warming.

We finally show how the maximum wgg g9 estimated across all vertical levels and at
their peak time changes with warming (Figure 5.3c: red line). The daily maximum
Wog.99 Which is starkly seen at the upper troposphere increases at a fractional rate of
about 4-6% K~!. The maximum wsg (Figure 5.3c: blue line) increase at relatively

lower fractional rate of 1-3% K.

It is seen from these plots that the vertical velocity of convective storms increases
significantly with warming over an idealized land surface with a relatively lower
boundary layer (wet case), and the fractional increases are more noticeable in
the upper troposphere where there is almost an exponential increase in vertical
velocity with warming. It can also be inferred that deeper and taller clouds would

form over relatively wet land surfaces in the future.
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FI1GURE 5.3: Plots of daily maximum of the 99.99th percentile of vertical veloc-
ity (wogg.99) shown as; (a) profile of wgg g9 at each vertical level of the atmosphere
for the different temperatures, (b) the diurnal variation of maximum wgg g9 with
respect to warming. Plot (c¢) shows how maximum wgg g9 (red line) and maxi-
mum wsoo (blue line) changes with temperature.
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5.4.1.3 Increases in CAPE with warming in simulations over a wet

land surface

In Figure 5.4a we show the diurnal variation of the buoyancy integral estimated
from the 99.99th percentile of buoyancy from the simulations. First we calculate
the 99.99th percentile of buoyancy from the instantaneous 3D outputs from the
simulations, and integrate across all vertical levels of the troposphere. There is an
almost uniform increment in the maximum buoyancy integral with warming as seen
in Figure 5.4b. Across the different temperatures, the integrated buoyancy peaks
at noon. At the peak time, the buoyancy integral from the simulations increases at
a fractional rate of 4-5% K~!, and scales fairly well with the maximum updraught

speed from the simulations.

We also show the undiluted CAPE (buoyancy integral) calculated from the spectral
plume model. As shown in Figure 5.4c, undiluted CAPE increases significantly
with warming and at all times of the day. The daily maximum undiluted CAPE
calculated from the spectral plume model also increases at a fractional rate of

4-5% K~ with warming as seen in Figure 5.4d.

The results so far points towards enhancement in convection over wet land surfaces
in response to warming. There is a visible increase in precipitation, updraught
velocity, and CAPE in response to warming over the idealized land surface with
relatively lower surface Bowen ratio. Although the approach to these simulations
are highly idealized, The results here gives a fair view of how convection might

behave over wet land surfaces.

5.4.1.4 Lightning proxies response to warming over wet land surface

We assess how the different lightning proxies described in Section 5.3.1.1 respond
to warming over the wet land surfaces. The 99.99th percentiles and domain-
and time-mean of the proxies are shown for the different simulations. As shown
in Figure 5.5, all the proxies except the ICET proxy point towards increases in
lightning flash rates with warming over the wet land surface in our simulations.
The CAPE x P proxy that relies on CAPE and precipitation showed significant
increase with warming in both the time-mean and highest percentile. This is
expected because both undiluted CAPE and precipitation increases significantly
with warming. Similarly to the CAPE x P proxy, the PW10 which is premised on
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FIGURE 5.4: Diurnal composite of the (a) integral of the 99.99th percentile of
buoyancy from simulations, (b) undiluted CAPE calculated from the spectral
plume model. (c) shows the relationship between the maximum buoyancy in-
tegral of the day and the maximum updraught speed found for the different
simulations. (d) show similar relationship between maximum undiluted buoy-
ancy calculated from the spectral plume model and the maximum updraught
speed from the simulations

precipitation constraint by vertical columns in the troposphere with a minimum
updraught velocity of 10 ms™! also increases with warming. As seen earlier, the
vertical velocities in our simulations increases significantly with warming, hence it

1

is easy to find precipitating regions with the 10 ms™ vertical velocity threshold .

The IxG proxy which is the integral of the product of mass concentration of of
ice and graupel also increases with warming in our simulations. The increase is
however more noticeable in the 99.99th percentile compared to the mean. In the
study of Romps (2019b), the mean IxG proxy showed a decreasing tendency in
response to warming over tropical ocean surfaces. It can therefore be inferred that

there might be more ice and graupel in storms over wet land surfaces in the future.

Finally, as found by Romps (2019b) over tropical ocean surfaces, the ICET (IFLUXT)
proxies show a decreasing trend with warming in our simulations. The ICET proxy
is founded on the ice flux at the 260 K isotherm.
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FIGURE 5.5: Diurnal composite of CAPE x P for simulations over the ocean
(blue line) and the land - like simulations with increasing maximum temperature
from 305 K (red line) to 311 K (black line). CAPE x P is the product of
entraining CAPE (ECAPE) and mean precipitation rates in energy units.

5.4.2 Response of convection to warming over a dry land

surface

We also assess the response of convection to warming over dry land surface. Here,
the dry land is defined as a surface with relatively higher surface Bowen ratio
(deeper boundary layer), and an imposed diurnal cycle of surface temperature.
Similar to the approach described earlier for the wet case, an evaporative con-
ductance parameter (a) value of 0.25 is used to give the dry cases a significantly
higher surface Bowen ratio compared to the wet case. We assess the response
of precipitation, updraught velocity and CAPE to simulations with mean surface
temperature of 300 K, 305 K and 310 K. We highlight the differences seen in these

parameters in response to warming over our idealized dry land surface.
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TABLE 5.2: Summary of domain-mean precipitation and evaporation rates from
the simulations over dry land surfaces. P,,.: and E., the daily maximum
precipitation and evaporation rates respectively, Peqan and Eq,eqn are the daily
mean precipitation rate and evaporation rates respectively.

Case Pz Pmean Enmaz Emean

(K) (mmday~!) (mmday~!) (mmday™') (mmday™!)
305 dry 5.2 14 2.7 14
305 dry 6.0 1.8 3.6 1.8
310 dry 8.5 2.6 4.8 2.5

5.4.2.1 Changes in precipitation rates in response to warming over dry

land surfaces

Over the idealized dry land surface, the hourly precipitation rate does not vary
much across the different temperatures, at their peak times, the precipitation rate
of the 310 K case is is only about 3 mmday ! higher than the 300 K case. There are
also visible differences in the start and peak times of the domain- and time-mean
precipitation rate. The precipitation rate in the warmest case (310 K) appears to
start earlier than the colder cases, and the 300 K case has the latest start time
(Figure 5.6a). The extreme precipitation rates shown in Figure 5.6b also shows
a similar diurnal pattern, although the extreme precipitation rates show larger
increment in response to warming than the domain- and time-mean precipitation
rates. In terms of the fractional changes, the daily maximum precipitation rate in
the dry land case changes at a rate 3-6% K~!, while the daily mean precipitation
rate changes by 5-7% K™! in response to warming. A summary of daily maximum

and daily mean precipitation and evaporation rates are shown in Table 5.2.

The fractional increases in daily mean precipitation rates in the dry cases are
largely comparable to the fractional changes in the wet cases. However, the frac-
tional increase in the maximum precipitation in the dry cases is significantly lower
than the wet cases. This suggests that at warmer temperatures precipitation would
be much enhanced over wet land surface than a dry surface with deeper boundary
layer depth. The difference in precipitation rates between the wet and dry case
is mainly as a result of the available surface moisture in the wet case. At the
same surface temperature, one would expect enhanced evaporation over wet land

surfaces and eventual enhancement of precipitation.
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FIGURE 5.6: Same as Figure 5.1 but for warming simulations over dry land
surfaces.

5.4.2.2 Changes in updraught velocity in response to warming over

dry land surfaces

We also assess the diurnal evolution of the higher percentile of vertical velocity
found in the warming simulations over the dry land surfaces by first looking at the
diurnal pattern and later focusing on the maximum profiles and their fractional

changes in response to warming.

Figure 5.7 shows the time-height plane of the 99.99th percentile of vertical veloc-
ity in the different simulations. While the vertical velocities of the warmer cases
reach into deeper levels in the troposphere suggesting deeper clouds that reaches
the tropopause, the differences in the vertical velocities at their peak levels in the
upper troposphere are very marginal. The maximum updraught velocity in the
310 K is only about 2 ms™! higher than the 300 K case, and almost the same as
the 305 K case.

As earlier seen in the time-height plane, the maximum profiles of the higher per-
centiles of vertical velocity changes only marginally with warming as seen in Fig-

ure 5.8a-b. The 310 K and 305 K cases have almost the same maximum velocity at
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FIGURE 5.7: Same as Figure 5.3 but for warming simulations over dry land

surfaces.

the upper troposphere, and are only marginally higher than the 300 K case. There

are also marginal differences in the 99.99th percentile of vertical velocity at the

500 hPa level (wsq0), as shown in Figure 5.8c. wsgo increases at a fractional rate

of about 2% K~!. The peak vertical velocity at the upper troposphere increase

just about the same fractional rate as wsgg, and begins to decrease with further

warming.

The dry cases largely appear to have relatively weaker storms in comparison to the

wet cases. While the 99.99th percentile of vertical velocity increases significantly

in response to warming over the wet surfaces, there is only a marginal increase in

the dry cases.
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FIGURE 5.8: Same as Figure 5.4 but for warming simulations over dry land

surfaces.
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5.4.2.3 Changes in CAPE in response to warming over dry land sur-

faces

We also assess the response of CAPE to warming over dry land surfaces. As
shown in Figure 5.9a, the buoyancy integral calculated from the 99.99th percentile
of buoyancy from the RCE simulations increases with warming over the dry land
surface. The increases are largely seen in the early morning and a noon when they
peak. There are periods in the afternoon where the 305 K case had marginally

higher buoyancy than the 310 K case.

The undiluted CAPE in the dry cases are very comparable to the wet cases in
terms of the huge increases in CAPE in response to warming. Given that at the
same temperature, the wet cases have significantly higher updraught than the dry
case can only be explained by the presence of mechanisms that that acts to reduce
buoyancy of convective parcels in the atmosphere. As seen in Figure 5.9a, the dry
cases have significantly lower buoyancies compared to the wet cases (Figure 5.4a).
Entrainment and downdrafts are the two most likely candidates for the reduced

buoyancy in the dry cases.
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FIGURE 5.9: Same as Figure 5.5 but for warming simulations over dry land
surfaces.
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5.4.2.4 Lightning proxies in warmer over dry land surfaces

Finally, we assess how the high percentiles and domain- and time-means of the
different proxies respond to warming over dry land surfaces. As shown in Fig-
ure 5.10, both CAPE xP and PW10 show a possibility of enhanced lightning over
dry land surfaces in response to warming. The high percentiles and time-mean of
IxG however points towards different directions. While the high percentile suggest
increase in lightning in response to warming, the time-mean suggests a decrease
in lightning flash rates over dry land surfaces at higher temperatures. This is dif-
ferent from the wet surface case, where both the high percentile and time-mean of
the IxG proxy predicted increases in lightning in response to warming. Just like
the wet case, the ICET predicted decreases in lightning over dry land surface in

response to warming.
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FIGURE 5.10: Same as Figure 5.5 but for warming simulations over dry land
surfaces.
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5.5 Discussion and summary of chapter

In this chapter, idealized RCE simulations were run to assess the response of
thunderstorm intensity to warming over an idealized wet land and dry land surfaces
with imposed diurnal cycle of temperature. The wet and dry surfaces were set by
controlling the moisture available to the surface. This was achieved by introducing
an evaporative conductance parameter («) into the bulk equation of latent heat
in the simulation model. In line with this, an a value of 0.5 and 0.25 were used to
represent two conceptual land surfaces with relatively lower surface Bowen ratio
(wet case), and relatively higher surface Bowen ratio (dry case) respectively. This
approach was motivated by findings in previous chapters of this thesis where we
found the high Bowen ratio of the land surface to be unrelated to continental
storms (Chapter 3), and some increases in updraught velocity in simulations with
imposed diurnal cycle of temperature (Chapter 4). The goal of this chapter was
therefore to assess how different aspects of moist convection respond to warming

over our highly idealized land surfaces.

We showed that in both the dry and wet cases in our simulations, hourly precip-
itation rates and extreme precipitation increase with warming. In both the wet
and dry case, the daily mean precipitation increases at a fractional rate of 5-7%
K~!. However, the daily maximum precipitation rate in the wet case increases at
a fractional rate of 8-9% K~! compared to the dry case which only increase at a
rate of 3-6% K™t

Again, we found that over the idealized wet land surface, the high percentiles
of velocity increases significantly with warming, and with more noticeable differ-
ence at the upper troposphere consistent with earlier findings over tropical ocean
surfaces (Singh and O’Gorman, 2015). The dry cases on the other hand showed
only marginal increase in the high percentiles of vertical velocity in response to
warming. An assessment of the undiluted CAPE and the integral of the 99.99th
percentile of buoyancy revealed that, at the same temperature, both the dry and
wet cases have comparable undiluted CAPE but significantly different buoyancies.
We conclude that mechanisms such as entrainment and downdrafts, may be the
potential cause for the reduced buoyancies in the dry case. These mechanisms
could be explored further in future research to ascertain the apparent difference

in precipitation rates and updraught strength between the wet and dry cases.



97

Some proxies that have been used to predict lightning over tropical ocean surfaces
(Romps, 2019b) were also explored in this study. Here we tested how these prox-
ies predict lightning in our idealised simulations. We found that all the proxies
explored predicted enhanced lightning with warming except the ICET(IFLUXT)
proxy which predicted a decrease in lightning. In the study of Romps (2019b) ,
the IFLUXT proxy also predicted a decrease in lightning flash rates in response

to warming over tropical ocean surfaces.

While this study only sought to compare convection over highly idealized wet and
dry land surfaces, the results presented here provide grounds for further research.
Further investigation is required to ascertain the reasons for the reduced buoyancy
in the dry cases, and why there are only marginal differences in their updraught
velocities. It will also be interesting to fully study the coupled effect of the large
diurnal cycle of temperature and the land surface Bowen ratio, to determination
the points at which they result in enhancement of convection and at which point

convection is slowed.



Chapter 6

Thesis discussion and conclusions

This thesis had two main objectives all aimed at understanding moist convection
over tropical land surfaces. The first objective was to investigate the physical
connections between some land surface features and the intensity of convective
storms that form over land. The lead to this objective was founded on some
hypotheses that link the intensities of continental storms to characteristic features
of the land surface. The second objective was to test the response of the intensity of
moist convection over land to changes in mean surface temperature, synonymous
to a warming climate. These objectives were explored through idealized model
simulations of deep convection with a high resolution cloud resolving model (CRM)
run in the radiative-convective equilibrium (RCE) framework. The surface features
tested in this thesis are; the high boundary layer depth of the land surface (high
surface Bowen ratio), the heterogeneity of surface fluxes, and the large diurnal
cycle of surface temperature. We have tested these surface features individually
in idealized RCE model simulations where our conceptual land surface is defined
only by the specific surface feature being tested, and their linkages to updraught

intensity have been assessed.

The thesis was structured around three broad research questions. The first and
second research questions formed the basis for the third research question. Re-
search questions one and two sought to identify and establish physical connections
between the surface features studied in this thesis and the intensity of storms that
form over land in our idealized simulations. The third question broadly sought
to find how the intensity of convective storms over our idealized land surface re-

sponse to warming. In this sense, the results captured in this thesis are mainly to
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understand convectively processes over land surfaces but not a true reflection of

convection in the real world.

In this chapter, we present how the research questions one and two were addressed
with respect to the individual surface features investigated in this thesis, we de-
scribe how the third research question was addressed, and the key inferences made.
We highlight the significance and limitations of this thesis and give a general con-

clusion of the processes studied in this thesis.

6.1 Addressing the first and second research ques-

tions

The first and second research questions were addressed concurrently in Chapter 3
and Chapter 4 of this thesis. The first research question was; Which of the land
surface features considered in this study is connected to the intensity
of storms that form over land?. This fact-finding question simply sets a
first condition for the surface feature being tested. For a surface feature to be
considered as having any connection with the intensity of continental storms in
our simulations, it should be able to show increases in updraught intensity. We
use the 99.99th percentile of vertical velocity as a measure of the intensity of the
convective storms. Here, we compare high percentiles of vertical velocities in our
idealized land surface cases to that of a control case (simulation over an ocean
surface) to make a determination of the success or failure of the land surface

feature tested.

The second condition is then set by the second research question which asks;
Are there physical linkages between the surface feature and large-scale
environmental parameters like CAPE, known to favour thunderstorm
development?. The second condition that a surface feature being tested must
meet is; it should be able to physically result in higher CAPE in comparison
to the ocean simulation (control case). These two conditions of having stronger
updraught velocity and higher CAPE in comparison to the ocean case is used as
a threshold to decide on the relative connection between the surface features we

tested and the intensity of convective storms in our simulations.
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We present below conclusions drawn from the different surface features tested in

an attempt to address research questions one and two.

6.1.1 The homogeneous high boundary layer perspective

Based on the conditions set by research questions one and two in this thesis, the
high boundary layer over the homogeneous land surface failed the test in terms of

its connection to the intensity of convective storms over land surface.

As detailed in Chapter 3, simulations over the idealized homogeneous land surface
with higher Bowen ratio (hereinafter HOML) failed to show stronger updraughts
than the ocean case. The ocean simulations on the other hand, had marginally
stronger updraughts than the HOML case. We found evidence of larger clouds
in the HOML case relative to the ocean case. A key argument that supports the
deeper boundary layer of the land surface, as a surface feature that controls the
intensity of continental storms is premised on the fact that, clouds that form over
such surfaces with deeper boundary layer are relatively bigger, and have higher
cloud base height. These big clouds experience minimal entrainment leading to
sustained buoyancy and stronger updraught Williams and Stanfill (2002). While
our simulation in the HOML case showed bigger clouds than the ocean case, it
did not result in stronger updraughts as earlier hypothesized. Our analysis of
entrainment also showed comparable entrainment rates between the HOML and
the ocean case. We also found the ocean case to have higher CAPE and marginally

higher precipitation rates than the HOML case.

One the grounds of the lack of increase in updraught velocity and CAPE in the
HOML case in comparison to the ocean case, we concluded that the intensity
of convective storms in our idealized simulations is insensitive to the boundary
layer depth over a homogeneous land surface. Our results therefore corroborate
the earlier study by Hansen and Back (2015) who also found the intensity of

continental storms to be independent of the high surface Bowen ratio.

6.1.2 The heterogeneity of surface fluxes perspective

The heterogeneity of surface fluxes over land surface also failed to meet the condi-

tions set by this thesis to assess the connection between surface features and the
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intensity of convective storms found in our simulations.

As detailed in Chapter 3 of this thesis, heterogeneity was imposed in a checker-
board pattern of alternating high and low surface Bowen ratios over the surface
boundary. This approach imposed a heterogeneous pattern of dry (hot) and wet
(cold) patches over the simulation domain. Such horizontal gradient in surface
fluxes is hypothesized to result in more buoyant clouds with stronger updraughts.
Our set of heterogeneous simulations however did not show such invigoration
of convection. The widely known effect of land surface heterogeneity inducing
mesoscale circulations over the hot patches was found in our heterogeneous sim-
ulations, as clouds mainly formed on the dry patched regions of the simulation
domain. However when the higher percentiles of vertical velocity over these het-
erogeneous surfaces were assessed, it had similar values as the ocean case and
were not significantly stronger than the homogeneous land surface with high sur-
face Bowen ratio. Again, the heterogeneous cases failed to show larger CAPE

values when compared with the ocean case.

We also explored the argument that larger patch sizes of heterogeneity would
lead to stronger storms over continental surfaces. By using idealized simulations
with imposed heterogeneity of different patch sizes, we found no invigoration of
convection over domains with relatively large heterogeneity patch size. But we did

find increases in cloud sizes with increasing heterogeneity patch size.

Since the heterogeneous simulations with different patch sizes did not show in-
creases in the high percentile of vertical velocity in comparison to the ocean case,
we concluded that the intensity of thunderstorms over land is insensitive to the

heterogeneity of surface fluxes over land within the RCE framework.

6.1.3 The large diurnal cycle of temperature perspective

For the surface features tested in this thesis, only the large diurnal cycle of surface
temperature showed some physical connections with the intensity of thunderstorms

in our idealized simulations.

We investigated the connection between the intensity of thunderstorms and the
large diurnal cycle of surface temperature in Chapter 4 of this thesis using ide-
alized RCE simulations over surfaces with imposed diurnal cycle of surface tem-

perature. We analyzed the results of the simulations by identifying conditions by
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which cloud buoyancy could be enhanced. We showed that the high percentiles
of boundary layer temperature, moist static energy (MSE) and specific humidity
set a favourable condition for enhancement of buoyancy of the convective clouds.
We also showed that the high percentiles of undiluted CAPE increased during the
day in response to the diurnal evolution of surface temperature as earlier hypoth-
esized. We found significant differences in the high percentiles of vertical velocity
between the idealized land surfaces and the ocean surface, the difference was most
noticeable at the upper troposphere. A conceptual model of CAPE was used to
show the effect of entrainment in setting the mean CAPE which had a different
diurnal pattern from the high percentile of CAPE.

Since simulations with imposed diurnal cycle of surface temperature showed stronger
updraught and relatively larger CAPE when the high percentiles of CAPE are con-
sidered, we concluded that the large diurnal cycle of surface temperature has some
physical connections with the intensity of thunderstorms in our idealized simula-
tions. We however make note of the effect of entrainment and downdrafts which
affect the bulk of the convective parcels, resulting in reduced buoyancy of the mean

cloud parcels during the day.

6.2 Addressing the third research question

The third research question broadly asks; How does the intensity of convec-
tive storms over a conceptual land surface respond to different tempera-
ture regimes? We addressed this question in Chapter 5 of this thesis. Following
our investigation of land surface features and their connection to thunderstorm
intensity in Chapter 3 and Chapter 4 of this thesis. We run warming simulations
over two idealized land surfaces with an imposed diurnal cycle of surface temper-
ature. We explored the response of convection over idealized wet land and dry
land surfaces to changes in mean surface temperature. We distinguish between
wet land and dry land surfaces by controlling the available surface moisture over
the model domain. The wet and dry surfaces only differed by the evaporative
conductance parameter used to imposed different surface Bowen ratios for the two
cases. We found that the precipitation increased significantly with warming over
the idealized wet land surface at much higher fractional rates as compared to the

increases in the dry land surface.
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We also found that updraught velocity increased significantly with warming over
the wet surface, with more noticeable fractional increase at the upper troposphere.
The dry surface on the other hand, showed marginal increases in updraught veloc-
ity in response to warming. We noticed that the wet cases had similar undiluted
CAPE as the dry case, but at the same temperature, the wet cases had stronger
buoyancy than the dry case. We concluded that mechanisms like entrainment and

downdraft could be the reason for the reduced buoyancy in the dry cases.

6.3 Implication of the study

The results presented in this thesis has potential impact on the overall understand-
ing of the controls of intensity of thunderstorms over land. It also sets the basis

for more refined approach to predict future thunderstorms over land surfaces.

6.3.1 The diurnal cycle of temperature of the land sur-
face has physical connection to the intensity of land

thunderstorms

It is the position of this study that, from a modeling perspective, the large diurnal
cycle of surface temperature over land exerts significant control on the intensity
of continental thunderstorms. While it might not be the main or only feature
controlling the intensity of continental thunderstorms, it could be a key lead to
understanding the differences in the intensity of thunderstorms over land and ocean

surfaces.

6.3.2 Significant increase Updraught velocity and precipi-

tation

The idealized warming simulations explored in this thesis point towards enhanced
convection over wet land surfaces, and an almost suppressed convection over dry
land surface in the future. Although this findings are from a highly idealized
perspective, it plays into the wet-get-wetter paradigm. Future thunderstorms over

islands and wet land surfaces could be stronger than they currently are. This
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could mean more lightning, heavier precipitation and enhanced gusty winds which

could be detrimental to human life and property.

6.4 Limitations of the study

This study investigates only three land surface features and their connection to
the intensity of storms over land. There are still a number of land surface features
that could be key to the intensity of convective storms over land. Our work here
is therefore incomplete from the view point of the number of land surface features

not considered in this thesis.

The results presented in this thesis are those of a very idealized land surface which
only captures the specific land surface feature been tested. Essentially, what we
call land or land-like in this thesis is only an ocean surface made to assume land
surface characteristic. Since we study each surface feature individually, the lower
boundary in our simulations may still retain some ocean-like characteristics that

could introduces biases in our results.

Finally, the land surface features and processes tested in this thesis have not
been replicated in realistic model simulations to assess their realism in the earth’s
land surface, hence the results highlighted in this thesis are only to broaden our
theoretical understanding of land surface mechanisms and their connections with
thunderstorm intensity over land surfaces. It is very possible that other parallel
studies that test the same surface features tested here may have comparable or
contradicting results from the ones presented here. This is because, idealization
studies such as the one adopted in this thesis can be sensitive to the experimental
design and setup, the numerical framework used and even the metric for assessing

the intensity of the convective storms. .

6.5 Concluding points of the study

The two main points that sums up findings in this thesis are:

1. The large diurnal cycle of temperature exerts some control on the intensity

of thunderstorms, and this control could be further amplified in a future warmer
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climate. While this surface feature might not be able to entirely explain the land-
ocean intensity contrast in thunderstorm intensity, it is key to understanding land
surface processes and convection over land. Therefore, there should be further
investigation of this land surface feature to better understand its connections with

convection over land.

2. The second point which is loosely posited is that, future thunderstorms over
island regions and wet land surfaces would be much enhanced. Hence, the dangers

thunderstorms pose to life and property could be severer.



Chapter 7

Future outlook

The focus of this thesis was to identify land surface features that are physically
connected to the intensity of convective storms that form over land, and to in-
vestigate how the intensity of storms that form over land changes under different
temperature regimes. The fact finding approach adopted in this thesis presented
us with the opportunity to focus on only surface features found to exert some con-
trol on the intensity of thunderstorms in our simulations. In this sense, the land
surface features considered in this study were investigated individually in simpli-
fied idealized simulations. For the three surface features studied (High boundary
layer depth, heterogeneity of surface fluxes, and diurnal cycle of temperature)
only the diurnal cycle of temperature was able to show significant increases in
updraught velocity and as well show increase in CAPE. The result in this thesis
in only a motivation to further explore the connections between the land surface
and the intensity intensity convective storms to address some of the shortcomings
of this thesis, and to enrich our understanding of land surface properties and their

connection to moist convection.

Findings in this thesis are far from being conclusive on the surface features that
could potentially control the intensity of storms over land. It is important to
study all the different land surface features mentioned in literature as potential
candidates for the invigoration of convective storms over land. It is also important
to explore the relationship of some of these surface features and convective intensity
in current observation data. This will form the basis to link some of these idealized
studies back to real world scenarios and present a better perspective to the results

found in idealised simulation studies as the one employed in this thesis.
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We therefore present a future outlook of this research area broadly in three sections.

7.1 Storm intensity and other land surface fea-

tures

The hypotheses linking the features of the land surface to thunderstorm inten-
sity inadvertently makes every single distinguishing feature of the land surface a
potential candidate for controlling of the intensity of continental storms. So far
only a handful of the characteristic features of the land surface have been studied
in literature and in this thesis. Perhaps some of these features not yet explored
are key to the enhancement of convection over land. Features such as orography;,
surface roughness have seen less attention in this current debate. There are still
unresolved questions on some of these surface features explored in different stud-
ies. Contrasting results have been found in studies that examine the same surface
feature using perhaps different models and experimental setups. There might be
a number of reasons for these contrasting results. Indeed basic details such as the
metric of assessing the intensity of the convective storm can influence the results
of these studies. A more consistent approach would be to study at least all the
main surface features with the same model and numerical framework, and with
the same intensity metric. This is a slow but necessary process to understanding
the relationship between features of the land surface and storms that form over
land. Aerosol loading for example was not studied in this thesis, but there are
studies (e.g., Abbott and Cronin, 2021) that report increases in the intensity of
thunderstorms at higher concentration of aerosols. There are other studies that

contradict this conclusion.

How a land surface feature is defined in model simulations can also be a major
source of bias. For example in this thesis, the heterogeneity of the land surface was
imposed as a surface with checker-board pattern of alternating high and low surface
Bowen ratio. Our results from this setup did not show increases in updraught
intensity over the domain. However, evidence of convection being predominant
on the warm and dry patch was found and there were marginal differences in the
updraught velocity between the heterogeneous cases and the homogeneous case.
This raises the question of how different our result would be if we increased the

available moisture at the dry patch. Going forward, some of these options can be
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explored further to better understand the relative role these surface features play
in enhancing continental storms. It will be interesting to further investigate the
diurnal cycle of temperature over land in simulations where the solar constant is
made to vary instead of the fixed solar constant in this current study. Additionally,
some of these theories can be assessed using different numerical frameworks. We
can for example use the weak temperature gradient (WTG) framework to restudy
the effect of the diurnal cycle of temperature over land. This would allow for the
effect of remote regions on the tropospheric temperature profile, an effect that is

neglected in this thesis.

7.2 Realistic model simulations

A key approach to understanding the results in this thesis is to compare results
of the idealized simulations explored in this thesis to a more realistic simulation
study of convection in the real world. The design and objective of this realistic
simulations would be to find a replication of the ideas tested in the idealized
simulations in the real world. In the context of the findings of this thesis, a realistic
simulation can be run to assess the connection between updraught intensity, CAPE
and the large diurnal cycle of surface temperature. The availability of surface
moisture which have been found to be key in defining both CAPE and precipitation
amounts can also be explored in this realistic simulations. In terms of moisture
availability, two simulations can be run over two different climatic regions of the
tropics; for example, an island region where moisture is readily available and a
desert region where available water at the surface is relatively low but temperatures
are significantly hight. Such case studies would give an all round understanding
of these land surface processes and some of the theories explored in idealized

simulations.

The ultimate goal in the long term would be to run realistic global warming
simulations over land surfaces guided by our understanding of continental moist
convection from theories developed in idealized model simulations and confirmed
in realistic case studies of convection. This approach would answer most questions
of moist convection over land and help reduce the apparent difficulty in predicting
future storms over land and ultimately provide evidence based explanation for the

largely observed land-ocean contrast in updraught intensity.
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7.3 The observation perspective

A natural next step to this process testing approach employed in this study is
to find corroborating evidence of the hypothesis and theories being studied in the
real world. Analysis of observation and reanalysis data can be used to characterise
various aspects of convection of the past and current climate to give perspective of
changes in the past decade for example. The diurnal composite of precipitation,
CAPE and updraught intensity over land can be analysed from and their results
compared to results of the variation of these variables as found in this thesis.
This can help identify areas where the model simulation differ or is similar to

observations and to make adjustments to the model setup if necessary.
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