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Abstract

Aerosol—cloud interactions are an essential feature of the Earth’s climate system. How-
ever, aerosol effects on deep convection are highly uncertain. Different conceptual models
for the effects of aerosols on deep convective clouds have been proposed, and assessments
based on both models and observations show a wide range of results. This thesis aims at
unravelling the cloud microphysical pathways involved in these interactions using a hier-
archy of different model simulations and novel analysis tools. A detailed pathway ana-
lysis based on microphysical process rates for individually tracked clouds is developed
and applied to idealised supercell simulations with three different microphysics schemes
in a cloud-resolving model (CRM). This reveals both consistent responses between the
schemes, e.g. a suppression of warm rain formation and elevated freezing, and signific-
ant differences between the schemes due to the definition of hydrometeor classes and
microphysical processes. The cloud tracking framework tobac is developed to provide
a consistent way to perform analyses resolving the time evolution of individual clouds
in a wide range of datasets. Its application is demonstrated for both CRM simulation
results and geostationary satellite data. The cloud tracking and the pathway analysis are
combined to investigate deep convective clouds in a large case study simulation and their
aerosol response for two different CRMs. Separating the tracked clouds into different
categories and compositing along a relative time axis allows for a detailed assessment
of the cloud microphysics that resolves the time evolution of the clouds. Despite some
similar aerosol responses like a suppression of warm-rain formation and surface precipit-
ation, the analyses highlight significant differences in the cloud types and cloud evolution
simulated by the two models, especially regarding the mixed- and ice-phase processes.
The detailed investigation of the microphysical evolution of individually tracked clouds
reveals important pathways for aerosol effects on deep convective clouds and substantial
uncertainties that arise from the representation of microphysical processes in numerical

models.
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1. Introduction and motivation

Aerosols and clouds are key components of the Earth’s climate system with strong im-
pacts on the energy budget and the hydrological cycle of the atmosphere (Boucher et al.,
2013). The interactions between aerosols and clouds, however, are highly complicated
and not understood well. Consequently, aecrosol-cloud interactions have been singled out
as one of the primary sources of uncertainty in our ability to quantify the anthropogenic
radiative forcing leading to global warming (IPCC, 2013a). The limited understanding af-
fects both the conclusions that we draw from analyses of observational data from the last
century and our understanding of future changes, e.g. due to the limited representation of
crucial processes in global climate models that are essential to projections of the climate
system on the scale of the coming decades.

Since aerosols play a crucial role in the formation of clouds by acting as cloud condens-
ation nuclei or ice nuclei, indirect effects of changes in aerosols on the climate system
through their interactions with clouds have been proposed and studied for decades. Much
of the work based on seminal studies like Twomey (1977a) and Albrecht (1989) has fo-
cused on liquid clouds in the lower parts of the troposphere and has lead to an increased
understanding of the physical processes involved, especially in the case of stratiform
clouds (Boucher et al., 2013). Aerosol effects on convective clouds, however, remain
highly uncertain, as highlighted in the last assessment report of the Intergovernmental
Panel on Climate Change (IPCC) (IPCC, 2013a) and several recent review articles (Tao
et al., 2012; Altaratz et al., 2014; Rosenfeld et al., 2014a; Fan et al., 2016). This can
be mainly attributed to the poor understanding of mixed- and ice-phase cloud microphys-
ics and the comparatively localised spatial scale on which the relevant physical processes
occur and vary (Tao et al., 2012). Global climate models, as well as assessments based

on satellite retrievals or field measurements, face severe problems in accurately repres-
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enting aerosol-convection interactions and the resulting influence on the climate system
(Boucher et al., 2013). High-resolution model simulations with cloud-resolving models
(CRMs) allow for a more accurate representation of the physical processes by explicitly
simulating the convection in individual clouds based on grid spacings of a few hundred
meters to a few kilometres (Fan et al., 2016). However, significant uncertainties in the
representation of cloud microphysical processes in numerical models and the complexity
of deep convective clouds lead to a wide range of different results regarding the response
of deep convective clouds to changes in aerosols in studies based on this kind of model,
too. Recent review papers (Tao et al., 2012; Altaratz et al., 2014) have stressed the im-
portance of assessing aerosol effects on convective clouds and microphysical processes at
the spatial and temporal scale of individual convective clouds.

The role of a possible invigoration of deep convective clouds due to increases in aerosols
has been discussed extensively based on different conceptual ideas (e.g. Rosenfeld et al.,
2008) and observational evidence (e.g. Andreae et al., 2004; Koren et al., 2010a) over
the recent decade without leading to a consensus on the relevance of aerosol effects on
deep convective clouds for the global climate system (Fan et al., 2016).

This thesis aims to answer the following research questions:

* How does uncertainty in the representation of convective cloud microphysics in nu-

merical models affect the assessment of aerosol effects on deep convective clouds?

* What are the main impact pathways of aerosol perturbations on the microphysical

evolution of deep convective clouds?

* How does the effect of aerosols on individual deep convective clouds shape the

response of an entire cloud field?

These questions are addressed based on several modelling studies with two different
CRMs, WRF (Weather and Research Forecasting Model, Skamarock et al., 2008) and

RAMS (Regional Atmospheric Modelling System, Saleeby and van den Heever, 2013).
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This includes both idealised model simulations of individual clouds and large case study
simulations of entire freely evolving cloud fields. Novel analysis methods are developed
to assess the detailed microphysical processes at the spatial and temporal scale of indi-
vidual clouds.

The following section will give a short overview of the individual chapters of the thesis.

1.1. Structure of the thesis

Chapter 2:

This chapter provides an overview of the relevant scientific concepts and the current state
of the research on aerosol—cloud interactions and the effects of aerosols on deep con-
vective clouds. The role of clouds and aerosols in the climate system is discussed with
a specific focus on the implementation of the relevant physical processes in numerical

models.

Chapter 3:

The propagation of aerosol-induced perturbations of the cloud liquid phase through the
convective cloud microphysics in numerical models is investigated with a detailed mi-
crophysical pathway analysis. Simulations for two different idealised cases of supercell
convection with WRF and are performed for three different microphysics schemes. The
analysis focuses on individually tracked convective cells for a targeted assessment of the
time evolution and morphology of the clouds. This includes detailed microphysical pro-
cess rate diagnostics and the assessment of bulk cloud properties like cloud mass and

cloud centre of gravity.

Chapter 4:
In this chapter, the cloud-tracking framework tobac developed as a new flexible tool that
works on a large variety of different types of datasets. It is set up modularly to incorporate

a range of different tracking algorithms. The application of tobac is demonstrated for
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two example use cases based on high-resolution model output and geostationary satellite

retrievals.

Chapter 5:

The microphysical pathway analysis developed in Chap. 3 and the tracking framework to-
bac presented in Chap. 4 are combined to analyse the effect of changes in aerosols on deep
convective clouds in a freely evolving cloud field in a large case study simulation. This
work has been carried out as part of a model intercomparison study with several CRMs
simulating the aerosol response of isolated deep convection around Houston, Texas. Sim-
ulations using two of the models (WRF and RAMS) are investigated to reveal how the
differences in the response to changes in aerosols can be related to the microphysical

pathways in individual clouds and changes in the cloud types simulated by the models.

Chapter 6
The results from the individual chapters are summarised and combined into general con-
clusions. This includes an overview of new research questions that arise from the results

of the thesis or that could be explored with the analysis methods developed as part of it.



2. Background

In this chapter, I introduce the most important background aspects of the research ques-
tions addressed in the individual chapters of the thesis. I first give an overview of the role
of atmospheric aerosols (Sect. 2.1), clouds (Sect. 2.2) and their interactions (Sect. 2.3 and
Sect. 2.3.1) in the climate system. As the thesis mostly relies on the analysis of simula-
tions performed with cloud-resolving models (CRMs), I will introduce how the relevant
physical processes are represented in numerical models using different conceptional ap-
proaches (Sect. 2.2.2). This includes how numerical models treat clouds and aerosols
in general, and a specific focus on the representation of cloud microphysics and aero-
sol—cloud interactions in the models used in the following chapters of the thesis, WRF
(Weather and Research Forecasting Model, Skamarock et al., 2008) and RAMS (Re-
gional Atmospheric Modelling System, Saleeby and van den Heever, 2013). Sect. 2.3.1
gives a detailed overview of the current state of research in understanding the effects
of aerosols on deep convective clouds and presents a comprehensive introduction to some
theoretical concepts for these interactions that will be referred to in the individual chapters

of the thesis.

2.1. Atmospheric aerosols

Atmospheric aerosols are defined as any type of solid or liquid particles suspended in the
atmosphere. Suspended liquid and frozen water is not considered as part of this definition
due to their importance and specific behaviour as cloud hydrometeors which is discussed
in more detail in Sect. 2.2.2.

Aerosols are important in the natural state of the atmosphere (Boucher et al., 2013;

Carslaw et al., 2013; Seinfeld and Pandis, 2016) both through their direct radiative effects
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and in their role as cloud condensation nuclei (CCN). However, research on the role of
aerosols in the climate system is of particular relevance as substantial amounts of aerosols
are emitted due to human activity (Charlson et al., 1992; Lamarque et al., 2010). Due to
their radiative effects and impacts on the evolution of clouds in the form of aerosol-cloud
interactions, these additional aerosols impact the climate system by exerting a radiative
forcing (RF), which is defined as a measure of the net change in the energy balance of
the Earth system in response to the external perturbation (Charlson et al., 1992; Stocker
et al., 2013). Aerosol emissions are the second-largest anthropogenic influence on the
radiative balance of climate system after the well-known emission of greenhouse gases
(predominantly carbon dioxide and methane) as evident from the assessment of anthropo-
genic radiative forcing from the last assessment report of the Intergovernmental Panel on
Climate Change (IPCC)(IPCC, 2013a) shown in Fig. 2.1. The greenhouse gases have long
lifetimes of years to centuries and are thus relatively well mixed within the atmosphere
(IPCC, 2013a; Seinfeld and Pandis, 2016). In contrast, aerosols have a comparably short
lifetime in the troposphere of no more than days to weeks due to effective removal by
sedimentation and scavenging by clouds and precipitation (Seinfeld and Pandis, 2016).
This leads to a substantial variation in both the spatial and temporal patterns of aerosols
in the atmosphere (Schutgens et al., 2017), ranging from the scale of individual emission
sources or individual weather systems to large-scale variations and transport (Anderson
et al.,, 2003; Weigum et al., 2016). Furthermore, recent decades have shown a major
shift of anthropogenic aerosol emissions from the traditional industrialised countries of
Europe and North America to emerging economies, especially in Asia (Boucher et al.,
2013; Klimont et al., 2013).

Natural emissions of aerosols include dust from deserts and arid regions, sea salt suspen-
ded at the ocean surface, carbonaceous particles from wildfires and secondary organic
aerosols formed from biogenic emissions, especially from temperate and tropical forests
(Andreae, 2007; Carslaw et al., 2013; Hamilton et al., 2018). Biogenic emissions such

as organic carbon formed from gases emitted by tropical and boreal forests, bacteria and
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fungi or dimethyl sulphate emissions from plankton in the ocean have become a strong
focus of research in recent decades (Poschl et al., 2010). Moreover, volcanic eruptions,
such as the recent Icelandic eruption of 2014/15 (Gettelman et al., 2015; McCoy and
Hartmann, 2015), emit aerosols and aerosol precursors into the atmosphere, particularly
forming sulphate aerosols. Anthropogenic aerosol emissions primarily include sulphates
and black carbon from the burning of fuels (Boucher et al., 2013; Hoesly et al., 2018).
Furthermore, human activity affects other types of aerosols, e.g. through land-use change
that impacts emissions of dust (Tegen et al., 2004) or through anthropogenic wildfires and
agricultural burning (Werf et al., 2010). Nitrate aerosols are both impacted by natural and
anthropogenic emissions and have become an important focus of research (Bouwman et
al., 1997; Myhre et al., 2013a; Hopfner et al., 2019), especially since their role could be-
come more important with an expected decrease in the emissions of other anthropogenic
aerosols (Boucher et al., 2013; Hauglustaine et al., 2014).

The entanglement of natural and anthropogenic aerosol emissions and the related problem
of estimating pre-industrial aerosol loading of the atmosphere is one of the main factors
contributing to the uncertainty in estimates of the radiative forcing from anthropogenic
aerosols (Carslaw et al., 2013; Hamilton et al., 2018). In combination with the limited
scientific understanding of the indirect aerosol effects that will be discussed in more detail
in Sect. 2.3, this leaves aerosol-induced anthropogenic forcing of the climate system as
one of the main sources of uncertainty in the assessment of current and future anthropo-
genic climate change (see error bars in Fig. 2.1).

Aerosols play an important role in the radiative balance of the Earth’s atmosphere. They
affect the radiative fluxes by both scattering and absorption of radiation, depending on
the size and composition of the particles and the wavelength of the light. This results in
a combination of warming and cooling in the atmosphere as a complex superposition of
different radiative effects in different regions and at different heights in the atmosphere
(Boucher et al., 2013). Aerosol optical thickness (AOT) 1, is related to the extinction of

incoming irradiance Iy by aerosol particles along a path through the atmosphere according
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Figure 2.1: Major components of anthropogenic radiative forcing of the climate system
over the period from 1750 to 2011. Error bars denote the uncertainty in the estimates and
letters in the column on the right denote confidence level. The lack of understanding the
two types of aerosol effects contributes strongly to the uncertainty of the total estimated
anthropogenic forcing, with the forcing due to aerosol—cloud interactions pointed out as
the only component with a low (L) confidence level (from IPCC, 2013b).

to

[=Ie ™ (2.1)

1
7, =1In <I_o) . (2.2)

The aerosol optical depth (AOD) describes the AOT in a vertical column in the atmo-
sphere from the surface to the top of the atmosphere. AOD is generally assumed to be

representative of the aerosol mass concentrations in the atmosphere (Seinfeld and Pandis,
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2016). However, it is also often used as a proxy for the CCN concentrations, €.g. in many
satellite-based studies on aerosol—cloud interactions discussed in Sect. 2.3 (Koren et al.,
2008; Boucher et al., 2013). It is important to note that this quantity is based purely on
the radiative effect of the particles and does not provide any information on the vertical
distribution of aerosols in the column.

The most important aerosol type that absorbs incoming shortwave radiation is black car-
bon (Bond et al., 2013). The absorption can be significantly enhanced due to the coating
of particles with soluble species such as sulphate or organic matter (Schwarz et al., 2008;
Boucher et al., 2013).

Scattering of incoming solar radiation is dominated by sulphates, sea salt, specific types
of organic aerosols and mineral dust (Seinfeld and Pandis, 2016). The effect of aerosols
on the radiative balance due to absorption of longwave radiation is considerably smaller
than for shortwave radiation and restricted to large aerosol particles such as mineral dust
or sea salt (Boucher et al., 2013). It generally leads to a warming of the atmosphere.

In this thesis, however, the focus is on the important indirect effect of aerosols on the
radiative budget of the atmosphere through their impact on clouds as discussed in de-
tail in Sect. 2.3. In the most recent IPCC report (Boucher et al., 2013; Myhre et al.,
2013b), the direct and indirect effects of aerosols on clouds have been combined into
the effective radiative forcing from aerosol-radiation interactions ERF,;; and from aer-
osol—cloud interactions ERF,; (Fig.2.2). Estimates of the ERF,; are highly uncertain,
ranging from strongly negative forcing of up to —1.6 Wm™2 to almost no effective for-

cing at all (Boucher et al., 2013).

2.1.1. Representation of atmospheric aerosols in numerical models

The representation of aerosols in numerical models of the atmosphere varies significantly
in complexity depending on the specific application. The approaches can be divided into
three main groups, with the size distribution of the aerosol particles either described by

sectional bins (bin schemes), individual modes represented by a size distribution function
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Figure 2.2: Contributions to aerosol radiative forcing from aerosol-radiation interactions
(ERF,;) and aerosol—cloud interactions (ERF,;, discussed in Sect. 2.3) in the terminology
of the last IPPC report (from Boucher et al., 2013).

(modal schemes) or predefined categories (bulk schemes) (Mann et al., 2012; Seinfeld
and Pandis, 2016). Bin schemes allow for a more physically based description of the
aerosol microphysics, but are computationally expensive, especially when taking into ac-
count a large number of different aerosol species (Mann et al., 2012). It has been shown
that most aerosol size distributions can be well described by a superposition of modes
following a log-normal distribution representing the number concentration of aerosols N

as a function of the particle radius » (Whitby, 1978; Heintzenberg, 1994).

dN(r (Inr—InF)?

exp | ———% 2.3
dlnr Z\/annol 21n?o; @.3)

Each mode i of the total modes / in the model is characterised by three moments: the
number concentration »;, the number median radius 7; and the standard deviation ;. The
associated surface area, volume and mass distributions take a significantly different form
due to the quadratic or cubic dependence of these quantities on the particle radius.

Typical aerosol distributions in the atmosphere can be separated into four distinct modes
(Seinfeld and Pandis, 2016) as illustrated in Fig. 2.3. The nucleation mode with second-

ary aerosol particles below 10 nm diameters formed from nucleation in the atmosphere
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Figure 2.3: The four aerosol modes of a typical aerosol distribution represented through
their number and volume size distributions. The contributions of the individual modes
are shown with dashed lines and combine to the total distribution given by the solid line
(from Seinfeld and Pandis, 2016).

and the Aitken mode with diameters of up to 100 nm dominate the number distribution of
aerosols, but only contribute a small fraction to the total aerosol mass. The accumulation
mode (100nm to a few um) is a significant sink for the smaller aerosol modes due to
coagulation processes. The coarse mode with micron-sized aerosols consists mainly of
mineral dust and sea salt (Porter and Clarke, 1997; Boucher et al., 2013).

The chemical composition of aerosols from different substances adds additional complex-
ity to the models, as the contribution of individual species has to be prescribed for each
mode or size bin. However, in this thesis, no fully interactive aerosol scheme including
aerosol microphysics and chemical composition is used. In Chap.3, the effects of aerosols
are represented through a variation of the cloud droplet number concentration (CDNC) in
the microphysics scheme. In the simulations in Chap. 5, the aerosol distribution is repres-
ented by a single aerosol mode with a chemical composition represented through setting
the k value for the hygroscopicity (Sect. 2.1.2) and without including any of the direct

radiative effects of aerosols.
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2.1.2. Aerosols as cloud condensation nuclei (CCN)

Water vapour does not spontaneously condense into liquid cloud droplets in the atmo-
sphere by homogeneous nucleation as condensation nuclei in the form of aerosol particles
to are required to initiate this process. In contrast, ice clouds can form based on homo-
genous ice nucleation (Pruppacher and Klett, 2010). The processes leading to a formation
of droplets in the presence of a soluble particle can be described by so-called Kohler the-
ory (Kohler, 1936). It combines the two different physical effects of curvature and solute
content on the vapour pressure over a forming cloud droplet.

The curvature of the droplet surface for a droplet diameter D affects the ratio of the vapour

curv
N

"™ (D) 20 B A
i o (omper) =0 (5) o

pressure over the droplet e$*™ (D) to that over a flat surface eg(oo)

with the curvature factor

20
RypwT’

A= (2.5)

dependent on the surface tension of water o, the temperature 7', the density of water
pw and the universal gas constant Ry. Theoretically, this would allow for homogeneous
nucleation of water droplets from random clustering of water molecules. However, this
would require water supersaturation ratios that are orders of magnitude beyond the super-
saturations of up to a few percent that actually occur in the Earth’s atmosphere (Lohmann
et al., 2016). Homogeneous droplet nucleation can thus be ruled out for droplet formation
in clouds in the Earth’s atmosphere.

However, if droplet formation takes place on an aerosol particle that includes some soluble
material, the saturation vapour pressure over the curved water surface is lowered substan-

tially. Raoult’s Law describes this change in hygroscopicity due to the added solute from
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the aerosol in the droplet with a diameter D on the saturation vapour pressure ¢%°' (D)

e (D) B
=1 = (2.6)
es(D) D
with the hygroscopicity parameter
p— "My 2.7)
TPy

where n denotes the number of solute ions, while M,, is the mass of water in the droplet.

The two effects can be combined to calculate the activation curve of a forming droplet
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A Taylor expansion of the exponential function leads to
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where the term featuring the inverse forth power in the diameter can be neglected based
on the small diameters of forming droplets in the range of up to a few tens of microns,

This leads to the Kohler equation

e (D) A B
~l4+—=—-— 2.12
es() " D D% ( )
The saturation ratio
D A B
s=o) A B (2.13)
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follwing from this can be transformed into a supersaturation ratio
s=8S—1~—-——. (2.14)
Finding the maximum of this curve by setting the derivative to zero leads to the critical

diameter D needed for a droplet to grow.

3B
De= 7 (2.15)

Inserting this into equation (2.14) leads the critical supersaturation S

A B A B 1\ /A3
1——) i (2.16)

VA Y
[4A3
=\ — 2.17
27B ( )

for the formation of cloud droplets on a CCN.

SC‘:

Fig. 2.4 illustrates the effect of the solute on the formation of a cloud droplet according
to the Kohler equation (2.8) for three solute (ammonium sulphate) particles of different
size.

This dependence of activation on the supersaturation shows that CCN are not a fixed
range of particles, but a dynamically changing subset of the aerosol population depending
on both the aerosol properties and the surrounding environment (vertical velocity, humid-
ity, temperature) that determines the vapour pressure and the supersaturation S (Andreae
and Rosenfeld, 2008). CCN concentrations are therefore measured or diagnosed in mod-
els as CCN at a specific supersaturation or a set of different supersaturation values to be
meaningful (Miller and Bodhaine, 1982; Gryspeerdt et al., 2017; Schmale et al., 2017).
The activation of CCN into cloud droplets does not only affect the cloud evolution but is
also important for the development of the aerosol distribution itself. As activated particles

are removed from the interstitial aerosol distribution and integrated into cloud droplets,
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Figure 2.4: Vapour pressure equilibrium between a forming droplet and the environment
due to the counteracting effects of Kelvin’s equation and Raoult’s law according to Kohler
theory. The curves are shown for three different ammonium sulphate particles with dif-
ferent dry radii. The dashed black line shows the minimal supersaturation of 0.15 percent
that has be exceeded to activate the 0.1 um particle into a cloud droplet (from Andreae
and Rosenfeld (2008) after Seinfeld and Pandis (2016)).

they are subject to cloud processing of aerosols. Subsequently, these particles can be re-
released due to evaporation or sublimation of cloud hydrometeors leading to a changed
size and chemical composition. Furthermore, the aerosol distribution is affected by the
clouds due to the removal by wet scavenging (Seinfeld and Pandis, 2016) or convective
transport of aerosols into higher atmospheric layers (Cui and Carslaw, 2006).

In addition to their role as CCN during the development of the cloud in the warm phase,
certain aerosol types can also act as ice nuclei (IN) and facilitate the formation of ice
particles within the cloud (Vali, 1996; Kanji et al., 2017). The ice-nucleating properties
of aerosol particles are still poorly understood and have been related e.g. to a suitable
lattice structure, specific crystal defects in dust particles or specific proteins in a range of
biogenic particles (Kanji et al., 2017). IN can accelerate both the deposition of ice from

the vapour phase and the freezing of cloud droplets upon contact with these particles or
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with the particles immersed in existing droplets. In this thesis, however, I will solely fo-
cus on the effects of aerosols through their role as CCN and not assess any effects due
to a variation of aerosols acting as IN. All model simulations are thus conducted with a
constant impact of IN on the freezing and deposition processes based on different para-

metrisations described in Sect. 2.2.2.

2.1.3. Representation of droplet activation in numerical models

The activation of aerosols to cloud droplets is described in different ways in numerical
models, which often depends on the horizontal and vertical grid spacing and the treat-
ment of supersaturation in the microphysics scheme of the model (see Sect. 2.2.2). Ghan
et al. (2011a) give an overview of several existing droplet activation parametrisations. In
most of the parametrisations, the vertical velocity is used in combination with other envir-
onmental conditions to calculate the maximum supersaturation within the air parcel (Ghan
et al., 2011b). In high-resolution simulations, the explicitly calculated vertical motion can
be used in the calculation of droplet activation, while numerical simulations with larger
horizontal grid spacings, e.g. for applications in general circulation models (GCMs), re-
quire assumptions about the subgrid-scale vertical velocity variation (Ghan et al., 2011a).
Kohler theory (Sect. 2.3) and the dry aerosol properties can be used to derive the critical
supersaturation and radii for the aerosol particles to determine the fraction of particles ac-
tivated into cloud droplets. A typical parametrisation of this process in a numerical model
assuming a distribution of the aerosols in log-normal modes for a single type of aerosol
is described in Abdul-Razzak et al. (1998) and has been extended to multiple different

concurrent aerosol species within the modes in Abdul-Razzak and Ghan (2000).

2.2. Clouds

Clouds are an ever-present feature of the Earth’s atmosphere, covering about 70 percent of

the Earth’s Atmosphere at any given time (King et al., 2013; Warren et al., 2015). Des-
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pite their common appearance, a formal definition of what actually constitutes a cloud
has proven to be a challenging question. The International Cloud Atlas defined clouds as
“a visible aggregate of minute particles of water or ice, or both, in the free air.” (World
Meteorological Organization, 1956), which captures the main aspect, but does not strictly
determine, e.g. how much these particles have to be present to speak of a cloud or where
the precise boundaries of individual clouds are located. This definition puts the focus on
the individual cloud particles, hydrometeors, that make up the cloud. Aerosol effects on
clouds are strongly linked to the evolution of these cloud hydrometeors occurring at the
scale of the particles ranging from micrometres to a few centimetres, which are collect-
ively described as cloud microphysics .

A slice through a deep convective cloud from the perspective of a numerical model is
shown in Fig. 2.5 in visualisations that have been developed for a complete picture of the
microphysical evolution in convective clouds as part of the analysis in this thesis. It shows
a depiction of the individual cloud hydrometeors represented in the model microphysics
and the microphysical processes transferring water mass and latent energy in the clouds
as part of the microphysical evolution, which will be introduced in more detail in this
chapter.

Clouds play a key role in the Earth system, controlling numerous important processes in
the atmosphere. The distribution and composition of clouds have a strong impact on the
radiation budget of the Earth. Clouds reflect incoming shortwave radiation from the Sun,
resulting in a cooling effect of about (45-50) Wm™2, and trapping longwave radiation
from the Earth’s surface which leads to a warming on the order of (25-30) Wm™?2 (Loeb
et al., 2009; Trenberth et al., 2009; Stephens et al., 2012). Furthermore, cloud feedbacks
to increasing atmospheric temperature (Bony et al., 2006; 2015) and aerosol—cloud inter-
actions (Sect. 2.3) constitute two of the largest sources of uncertainty in our understanding
of present and future anthropogenic radiative forcing (Boucher et al., 2013). Furthermore,
clouds are a major element of the hydrological cycle in the atmosphere and thus hugely

important in our understanding of the formation of precipitation and precipitation patterns
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Figure 2.5: Hydrometeor mixing ratios (a) and grouped microphysical process rates (b)
in a deep convective cloud. The area of each colour in the pie charts is proportional to
the hydrometeor mixing ratio in (a). For the microphysical processes in (b), the area of
each colour represents the mass water transfer in each group of processes. However, a
non-proportional scaling has been used here to depict processes that differ by orders of
magnitude. Mass mixing ratio contour lines at 1 gkg™! are depicted as solid lines for
liquid water (blue) and frozen water (grey), while the red line denotes the melting level
in the cloud. Arrows depict the winds, featuring red colours for updrafts and blue colours
for downdrafts.

on Earth (Yau and Rogers, 1989). Changes in precipitation due to anthropogenic climate
change are highly uncertain (Collins et al., 2013), but will most certainly constitute the
most substantial impact of global warming on humanity (IPCC, 2014). The understanding
of clouds and cloud processes is also crucial to numerical weather forecasting, and deep
convective clouds play an important role in different types of high-impact weather events

such as storms, flooding or hail (Doswell, 2001; Gensini and Mote, 2014).
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Since the early days of the scientific research on the nature of clouds (Lamarck, 1802;
Howard, 1803), they have been roughly separated into three different categories, derived
mainly from their visual appearance (Lohmann et al., 2016). Although these classifica-
tions have been extended over the last two centuries, as evident in the current edition of
the International Cloud Atlas (World Meteorological Organization, 2017), a separation
into these three main classes still holds for the most important aspects.

Different types of stratiform clouds, such as stratus, are characterised by a large hori-
zontal extent compared to their vertical thickness, which means that they appear in the
form of extended cloud layers often covering large areas (Houze, 2014). The vertical
motions in these clouds are small, resulting in long lifetimes and limited precipitation
(Wood, 2015). Although stratocumulus form due to convective processes, these types of
clouds are capped under a strong inversion taking on a horizontally extended form that
makes them similar to stratus clouds in many aspects (Wood, 2012; Lohmann et al.,
2016). Extended stratocumulus decks cover large areas of the subtropical oceans (Wood,
2012). Due to their low altitude, they exhibit a strong cooling effect on the climate system
and are extensively studied concerning aerosol-cloud—climate interactions (Stevens and
Feingold, 2009; Boucher et al., 2013) as discussed in more detail in Sect. 2.3.

Cirrus clouds occur in the form of thin, wispy strands and are made up almost entirely
of ice particles (Dowling and Radke, 1990). These clouds can form by deposition of wa-
ter vapour due to synoptic or orographic forcing (Sassen et al., 2008). Cirrus are often
directly interlinked with deep convective clouds, as they can form from the outflow of
the anvils of deep convective clouds reaching the troposphere and spreading out laterally,
especially in the tropics (Mace et al., 2006; Sassen et al., 2008) .

In contrast to the horizontally spread-out nature of the cirrus and stratus clouds, convect-
ive clouds are much more localised with a vertical extent of a similar order of magnitude
to their horizontal extent. They are characterised by strong vertical motions and a rapid
vertical evolution (Houze, 2014) leading to much shorter lifetimes than for the stratiform

clouds. Convective clouds can be classified into different categories based on the evolu-
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tion of their vertical extent. Updrafts are formed through the increase in buoyancy of air
parcels that experience latent heat release due to condensation on activated cloud droplets.
Shallow cumulus clouds are driven entirely by these warm-phase processes. These clouds
generally have short lifetimes of a few tens of minutes (Isaac, 1986; Jiang et al., 2006).
Apart from their appearance as typical “fair-weather clouds” in our temperate latitudes,
they cover most of the trade wind regions over the subtropical oceans (Stevens and Fein-
gold, 2009). Cumulus congestus are characterised by stronger vertical motions in the
cloud and the development of individual towers reaching further up into higher levels or
the lower troposphere but are still mainly consist of liquid water droplets (Rangno, 2015).
If the buoyant air reaches the layers of the atmosphere with temperatures below 0°°C,
further latent heat can be released due to the freezing of liquid water and the clouds can
grow further into fully developed deep convective cumulonimbus clouds (Cotton et al.,
2010; Rangno, 2015). As I focus on aerosol effects on these deep convective clouds in
this thesis, I will describe the most important aspects of their structure and evolution in
more detail in the following Sect. 2.2.1, before introducing the most important aspects
of the detailed microphysical processes and their implementation in numerical models in

Sect. 2.2.2.

2.2.1. Deep convective clouds

Deep convective clouds play a crucial role in the global climate system due to their ef-
fects on the vertical transport of moisture to the upper troposphere and into the strato-
sphere (Emanuel, 1994; Cotton et al., 2010). In the tropics, deep convection is crucial
to the vertical structure of the atmosphere and influences globally important large scale
atmospheric processes such as the formation of the Hadley cell (Emanuel, 1994). Fur-
thermore, deep convective clouds have major importance to key features of the climate
system such as the Madden-Julian Oscillation (MJO) or El Nifio - Southern Oscillation
(ENSO) dynamics, along with its crucial role in the formation of tropical cyclones (Tory

et al., 2006). Deep convection also plays an important role in mid-latitude weather and
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climate (Andrews, 2010) as the main cause of several types of severe weather events,
such as tornadoes or flooding (Kunkel et al., 2012; Gensini and Mote, 2014). Large
regions of the globe depend predominantly on precipitation from deep convective clouds
for their supply of water (Yang and Smith, 2008). Due to their highly localised nature,
cumulus clouds are not explicitly represented in numerical models at coarser scales, but
can only be included in the form of convective parametrisations describing the overall
effect of all convective clouds in a grid box on the large scale variables (Arakawa, 2004).
The limitations in the representation of deep convection in current models used for both
weather forecasting and climate research is seen as one of the main sources of uncertainty
on modelling assessments on various important research questions (Boucher et al., 2013;
Neumann et al., 2019).
In contrast to the moderate vertical wind speeds of up to a few metres per second in shal-
low cumulus clouds (Houze, 2014), the updrafts in severe deep convective clouds reach
vertical velocities of several tens of metres per second (Heymsfield and Hjelmfelt, 1984;
Miller et al., 1988). When the towering cumuli reach the tropopause at around 10 to
17 km (Gettelman et al., 2002), mainly depending on the geographic latitude, the airmass
transported upwards in the updrafts cannot penetrate further up into the stratosphere. The
cloudy air thus spreads out laterally and forms extensive anvils made up of ice-phase hy-
drometeors, that can cover areas much larger than the individual updraft towers feeding
them. However, the inertia of the updraft can lead to an overshooting of the convective
cloud tops, which plays an important role in the transport of water vapour into the lower
stratosphere, especially in the tropics (Liu and Zipser, 2005; Dauhut et al., 2018).
During the mature stage of a deep convective cell, the upward motion in the updraft
starts to get compensated by downdrafts that acquire negative buoyancy from condens-
ate loading and latent cooling, e.g. due to melting processes. In the decaying stage of
the cell, the updrafts weaken further and the vertical motion in the cell is dominated by
the downdrafts, which terminates the active stage of the cell (Byers and Braham, 1948;

Hobbs and Biswas, 1979).
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When the negatively buoyant air in the downdrafts reaches the surface, it is forced to
spread out horizontally and propagates as a gravity current. This forms cold pools made
up of dense masses of air colder than the surrounding boundary layer, which spread out
in a circular shape. The edges of these cold pools push up the unstable surrounding air,
thus triggering the initiation of new cumulonimbus clouds, predominantly in the leading
edge of storms (Thorpe et al., 1982; Tompkins, 2001).

The dominant structure of the individual confined updrafts in deep convective clouds
means that they can be identified as individual characteristic cells (Byers and Braham,
1948; Lilly, 1975). Depending on the environmental conditions, the convective cells can
either exist in an isolated fashion or organise into more complex entities. Isolated single-
cell thunderstorms have lifetimes of up to a few tens of minutes (Lilly, 1975). However,
thunderstorms also occur in clusters as multi-cell storms, e.g. arranged in a linear struc-
ture in so-called squall lines along or ahead of cold fronts (Hane, 1973). Deep convection
can organise into even larger clusters of thunderstorms and form mesoscale convective
systems (MCS) with a diameter of 100 km and more. These systems are more long-lived
with lifetimes of several hours up to an entire day (Laing and Fritsch, 1997; Houze Jr.,
2004; Houze, 2018). In this thesis, I mainly focus on isolated convective clouds in the
form of supercell storms (Chap. 3) and scattered single-cell convection (Chap. 5).

Deep convective clouds generally occur as thunderstorms with intense lightning due to
charge separation between the different hydrometeors, especially involving falling graupel
and hail particles (Humphreys, 1914; Heymsfield and Hjelmfelt, 1984; Cotton et al.,
2010). Detection of lightning through ground-based or space-borne instruments is an
important tool in the identification of deep convection and can be used for the assess-
ment of regional or global statistics of thunderstorms and deep convection (Orville et al.,
2001; Steiger et al., 2002; Cecil et al., 2015). Radar observations, both from the op-
erational networks in many industrialised countries and from dedicated research radars
as part of measurement campaigns, have long been one of the most important techniques

for our understanding of deep convective clouds (Hitschfeld, 1986; Stith et al., 2018).
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In-situ measurements of cloud properties from aircraft are crucial for the understanding
of the cloud microphysical processes (Heymsfield and Hjelmfelt, 1984). The danger to air
traffic from the hazardous conditions in deep convective storms due to the strong vertical
motions and the danger of aircraft icing (Cao et al., 2018) has been one of the main drivers
for detailed research on the cloud microphysics, but also inherently limits the availability

of this type if of in-situ measurements (Wendisch et al., 2016).

2.2.2.  Cloud microphysical processes and their representation in nu-
merical models

In this thesis, the evolution of deep convective clouds is primarily addressed from the per-
spective of the microphysical processes transferring mass and energy between the cloud
hydrometeors and to the environmental air (Fig. 2.5b). This section thus provides a de-
tailed overview of the most important cloud microphysical processes. This is focused
on the processes in convective clouds and their representation in simulations with cloud-
resolving models.

The microphysical processes in clouds consist of the transformation between water va-
pour and different types of hydrometeors, their transport and their evolution in the cloud.
These processes act at length scales down to the size of the hydrometeors in the range of
micrometres to centimetres. Therefore, they have to be parametrised in almost all practical
applications of numerical models of the atmosphere, which ranges from high-resolution
large eddy simulations (LES) with grid spacings of tens of metres to global model simu-
lations with grid boxes of a few hundred kilometres in size (Khain et al., 2015). Fig. 2.6
visualises the most important microphysical processes discussed in more detail in this
section. The cloud microphysical evolution is closely interlinked with other physical pro-
cesses, which includes bidirectional influences from the microphysical developments on
other processes and from these processes back on the microphysical evolution. These

processes strongly depend on the thermodynamic and dynamical state of the atmosphere
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Figure 2.6: Some of the most important cloud microphysical processes described in this
section: (a) condensational growth, (b) depositional growth, (c¢) collision—coalescence, (d)
aggregation, (e) riming, ice multiplication due to (f) shattering by hailstones or (g) rime
splintering (Hallett-Mossop process), (h) Wegener—Bergeron—Findeisen process (from
Lohmann et al., 2016).

but also exhibit feedbacks to the dynamical evolution of the clouds through the release of
latent heat and changes in cloud buoyancy (Cotton et al., 2010; Pruppacher and Klett,
2010; Khain et al., 2015). Furthermore, the resulting hydrometeor mixing ratios are
passed to the model radiation scheme. The lack of information transfer about the hydro-
meteor sizes in model radiation schemes contributes to the uncertainty in the assessment
of aerosol effects from modelling studies (White et al., 2017).

The calculations in almost all numerical microphysics schemes are based on a separation

of the hydrometeors into different empirical classes such as cloud droplets, raindrops,
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pristine ice, snow, graupel or hail. The separation of hydrometeors into fixed categories is
necessary to take into account the strongly differing physical properties like density and
shape, that affect important parameters and processes like fall speeds in the sedimentation
or collision cross-sections. However, the slightly arbitrary semi-empirical nature of this
separation into different classes, which can only map the complexity of the hydrometeor
evolution in a limited way, is often criticised as a primary source of uncertainty (Khain
et al., 2015; White et al., 2017). Several approaches towards partially overcoming those
concerns will be touched upon in the more detailed descriptions of the individual imple-
mentations.

The main approaches to treat hydrometeors in model schemes can be divided into bulk
microphysics schemes and bin microphysics schemes (Khain et al., 2015), similar to the
approaches used for the representation of aerosols in numerical models (Sect. 2.1). Bulk
microphysics schemes assume that the hydrometeors can be described by distinct classes
(e.g. cloud droplets, rain, snow, cloud ice) each represented by a particle size distribu-
tion. Earlier modelling approaches used exponential size distributions for droplets or
log-normal size distributions like the one shown for the aerosol particles in equation (2.3)
(Pruppacher and Klett, 2010). Most current bulk schemes make use of a modified gamma
function for the number of particles N dependent on the hydrometeor diameter D (Khain

et al., 2015; Lohmann et al., 2016; Khain and Pinsky, 2018)
N(D) = NyDHe P, (2.18)

with the intercept Ny, the slope parameter A, and a shape parameter U.

Single-moment bulk microphysics schemes only take into account one moment of the
hydrometeor distribution describing the mass mixing ratio of an individual hydrometeor
class. Double-moment bulk schemes include a prognostic treatment of a second moment
of the hydrometeor size distributions describing the number mixing ratio. This inclusion

of the number concentrations of hydrometeors in the microphysical processes is crucial
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for capturing the effects of aerosols acting as CCN or IN on the cloud microphysical evol-
ution (Igel et al., 2014; Khain et al., 2015). Some bulk microphysics schemes include a
third moment of the distribution that can include further information about the shape of
the hydrometeors, e.g. describing the radar reflectivity (Milbrandt and Yau, 2005a; b).
However, these triple-moment schemes have not entered widespread use in atmospheric
models. Recent developments such as the Predicted Particle Properties (P3) microphysics
scheme (Morrison and Milbrandt, 2014; Morrison et al., 2015) have focused on overcom-
ing the strict, and sometimes slightly arbitrary classification of the different hydrometeors
in bulk microphysics schemes by using one single ice class with smoothly varying para-
meters like density or riming fraction.The bulk microphysics schemes studied in more
detail in this thesis (Thompson et al., 2008; Morrison et al., 2009; Saleeby and van den
Heever, 2013) are all double-moment microphysics schemes prognostic in a different set
of hydrometeor mass and number concentrations.

Bin microphysics schemes (e.g. Reisin et al., 1996a; b; Lynn et al., 2005a; b; Lebo and
Seinfeld, 2011) represent the different hydrometeor classes by resolving the size distribu-
tion for a large number of discrete size bins, which leads to a more flexible representation
of particle size distributions. This more detailed approach allows for a more realistic rep-
resentation of numerous physical processes such as the variety of collection processes.
The main advantages arise from the treatment of the liquid phase, which does not require
the artificial separation into cloud droplets and raindrops necessary in bulk schemes. The
ice-phase hydrometeors are generally separated into individual classes similar to the bulk
schemes due to their complex shape and properties (Khain et al., 2015). However, the
more detailed description of the size distributions makes these schemes computationally
far more expensive than e.g. double-moment bulk schemes, because of the calculation of
a large number of microphysical interactions and an increased number of advected pro-
gnostic variables. This limits the use of bin microphysics in most applications involving
extensive model domains and long simulations as well as routine applications, e.g. for

numerical weather forecasts (Khain et al., 2015).
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The limitations of these two types of microphysics schemes can be partly overcome by us-
ing bin-emulating schemes such as the RAMS microphysics scheme (Walko et al., 1995;
Saleeby and Cotton, 2004; Saleeby and van den Heever, 2013) used in Chap. 5. These
schemes include a representation of the hydrometeor size distributions through individual
size bins similar to a full bin microphysics scheme for some of the actual microphysical
process rate calculations while reducing the size distribution back to a double- or triple-

moment formulations for the advection of the variables.

Warm-phase microphysical processes

Although warm-phase processes are generally much better understood than the processes
in the mixed and ice phase of clouds, there are several important challenges in the rep-
resentation of warm-phase processes in numerical models (Pruppacher and Klett, 2010;
Khain et al., 2015). This is especially important when studying aerosol—cloud interactions
since several proposed effects of aerosols on clouds, including deep convective clouds, are
based on the role of changes in CCN in clouds with a warm cloud base (Rosenfeld et al.,
2008; Stevens and Feingold, 2009).

One major aspect in which current microphysics schemes differ strongly is the representa-
tion of condensation and evaporation of cloud droplets. Numerous models circumvent the
explicit calculation of condensation and evaporation rates by assuming a thermodynamic
equilibrium between cloud droplets and water vapour inside the clouds. This allows us-
ing a simple approximation called saturation adjustment (Lebo et al., 2012). For this
approach, the supersaturation or subsaturation that has built up in a model time step is
calculated as the difference between the vapour pressure and saturation vapour pressure
over water. Subsequently, the amount of water vapour is adjusted to saturation with the
difference in water mass transferred in the form of evaporation or condensation includ-
ing the respective release of latent heat. Microphysics formulations that do not make use
of saturation adjustment describe the condensation of cloud droplets explicitly through a

solution of the diffusion equation (Khain et al., 2015). In bin-resolving or bin-emulating
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microphysics schemes, these calculations take into account the number of cloud droplets
in the individual size bins (Khain et al., 2015). For bulk schemes, different formulations
have been presented, relying either on a bin-emulating formulation (Saleeby and van den
Heever, 2013) or on approximate solutions of the diffusion equation (Morrison and Mil-
brandt, 2014).

Models prognostic supersaturation allow for the build-up of larger supersaturations in
strong updrafts, where the adiabatic expansion of the air produces supersaturation faster
than it can be depleted due to condensation of cloud droplets, notably where the num-
ber of droplets has significantly decreased due to collision-coalescence processes (Khain
et al., 2012; 2015). Lebo et al. (2012) found that larger CDNC due to a higher number
of aerosols acting as CCN can significantly increase condensational growth of droplets
in supersaturated regions of the cloud and similarly lead to higher evaporation rates in
sub-saturated parts of the clouds when using microphysics scheme with prognostic super-
saturation. These two effects are not represented when using saturation adjustment, thus
muting an essential aspect of aerosol effects on cloud microphysics (Lebo et al., 2012).
Supersaturation adjustment often leads to an overestimation of condensation and hence
latent heat release, especially in the lower parts of the clouds (Lebo et al., 2012; Khain
et al., 2015).

In this thesis, the simulations with the two bulk microphysics schemes in WRF (Chap. 3,
4, 5) make use of saturation adjustment, while the WRF simulations with the spectral-
bin microphysics scheme (Chap. 3) and the RAMS model (Chap. 5) feature a prognostic
treatment of supersaturation as well as condensation and evaporation processes.
Evaporation of raindrops plays an essential role in determining the thermal state of the
sub-cloud layer through evaporative cooling, which determines the formation of cold
pools and strongly affects the subsequent evolution of a cloud or surrounding clouds.
Thus, raindrop evaporation is parametrised explicitly in the two WRF bulk microphysics
schemes used in this thesis. In contrast, condensation on raindrops is generally negligible

due to the small relative surface area of the large raindrops compared to cloud droplets
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rain

Figure 2.7: Schematic illustration of the collection processes in the warm phase paramet-
rised as autoconversion of cloud droplets (au), accretion of cloud droplets by rain (ac) and
self-collection of cloud droplets and raindrops (sc). The size distribution is shown related
to the mass as f(m) with m* denoting the mass separating cloud droplets from raindrops
(from Khain et al. (2015) after Beheng (2012)).

(Cotton et al., 2010; Pruppacher and Klett, 2010).

The formation of raindrops due to collision-coalescence of cloud droplets is the essential
processes for the formation of precipitation in liquid clouds (Kessler, 1969; Berry and Re-
inhardt, 1974b; Pruppacher and Klett, 2010). The description of the collision-coalescence
in microphysics schemes is crucial for the representation of aerosol—cloud interactions in
numerical models (Khain et al., 2015) due to the effect of aerosols on the CDNC. In
bin schemes and bin-emulating schemes, these processes can be represented through nu-
merical solutions to the collection equation (Khain et al., 2015) for the combinations of
the different size bins. As opposed to the resolved treatment in bin schemes, collisions-
coalescence processes between individual cloud droplets or between cloud droplets and
raindrops have to be parametrised in bulk microphysics schemes, since cloud droplets and
raindrops are represented by two individual size distributions (Fig. 2.7).

The parametrisation of so-called autoconversion describes collisions between cloud droplets

to form raindrops (Pruppacher and Klett, 2010). Most current parametrisations in bulk
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microphysics schemes are based on solutions to the collision-coalescence equation using
a regression to simulation results from detailed bin-microphysics simulations to derive
the respective parameters. In the Morrison scheme used in Chap. 3 and Chap. 5, a semi-
empirical formulation based on a solution of the collection equation based on results from
LES simulations with a bin microphysics formulation from (Khairoutdinov and Kogan,
2000) is used for the transfer of mass Q¢ and number Ny, in the autoconversion para-

metrisation

Qaue = 135074 N 172, (2.19)

with the cloud water mixing ratio g. and CDNC denoted as N;. The changes of droplet
and rain number concentrations follow from the mean mass of cloud droplets and the

mass of the smallest possible raindrop of radius r..

Nc,aut = Qqacut (2.20)
o
Mmzéé% 2.21)
gﬂ:pwl"c

In the Thompson microphysics scheme used in WRF model simulations in Chap. 3, auto-
conversion follows a relationship from Berry and Reinhardt (1974a,b) and another com-
monly used parametrisations has been derived in (Beheng, 1994) and (Seifert and Beheng,
2001). Although these parametrisations of the autoconversion process differ in their de-
tailed form, they all lead to an increased transfer from droplets to rain with increased cloud
water content, but a decrease with increased CDNC. These relationships represent the re-
duced probability of small cloud droplets colliding and forming a droplet large enough to
represent a transfer to the hydrometeor class of raindrops. Differences in the autoconver-
sion parametrisation constitute a significant factor of uncertainty in the representation of
warm-phase microphysics in bulk schemes (White et al., 2017). Self-collection of cloud

droplets, which describes the collision of two droplets to form a larger droplet still smal-
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ler than the separation radius between cloud droplets and raindrops, is not represented
in the two bulk microphysics schemes in WRF (Morrison and Thompson) used in this
thesis. Once raindrops have formed, they can be very effective in collecting the smaller
cloud droplets (Berry and Reinhardt, 1974c; Yau and Rogers, 1989; Pruppacher and
Klett, 2010). This process is parameterised as droplet accretion by rain in most bulk
microphysics schemes. The simulations with the Morrison microphysics scheme use the

formulation from Khairoutdinov and Kogan (2000).

Qacc = 67 (QCNC)LIS (2.22)

The Thompson microphysics scheme uses an accretion formulation based on Berry and
Reinhardt (1974a,b). Accretion of cloud droplets by rain reduces the number concentra-
tion of cloud droplets but leaves the number of raindrops unchanged, while transferring
water mass from droplet class to the rain class.

Once active, the process is much more effective at turning cloud water into rain than the
autoconversion of droplets and contributes the majority of warm-rain formation in bulk
microphysics schemes (Hill et al., 2015). However, the onset of this process is dependent
on the existence of precipitation size droplets in the cloud, which can stem from either the
autoconversion of cloud droplets described before or melting of ice-phase hydrometeors.
This way the dependence of the autoconversion process on the droplet number concentra-
tion, and thus impacts from aerosol number concentrations, can significantly control the
timing of the onset and the magnitude of surface precipitation from warm-phase processes
in model simulations using bulk microphysics (Hill et al., 2015; White et al., 2017).

Bin microphysics schemes do not include the artificial split of liquid water drops into
small cloud droplets and larger raindrops. Accretion of droplets of different size can thus
be described directly through the stochastic collection equation for the different size bins
of liquid water drops. The microphysics scheme used in RAMS in Chap. 5 makes use of

a bin-emulating formulation for the warm-phase processes (Saleeby and Cotton, 2004).
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Mixed- and ice-phase microphysics

As opposed to the cloud droplets and raindrops in the liquid phase, the frozen hydro-
meteors in clouds show a wide variety in shape and density. This leads to significant
challenges in representing the different formation and evolution pathways in a numerical
model (Pruppacher and Klett, 2010). In most microphysics schemes, the frozen hydro-
meteors are separated into several different categories, for example, pristine ice particles,
snowflakes, graupel or hailstones.

The two bulk microphysics schemes in WRF used in this thesis include ice, snow and
an additional dense hydrometeor category forming either graupel or hail. The RAMS
microphysics scheme (Saleeby and Cotton, 2004; Saleeby and van den Heever, 2013)
used in Chap. 5 stands out from most other bulk microphysics schemes by the number of
different ice hydrometeor classes, which include pristine ice, snow, aggregates, graupel
and hail. The spectral-bin microphysics scheme in WRF exists in two versions that differ
in the number of hydrometeor classes in the ice phase apart from the number of size bins
in each hydrometeor category. The simulations in this thesis make use of the full SBM
scheme (Lynn et al., 2005a; Khain and Lynn, 2009) which includes three different cat-
egories of pristine ice particles (columns, dendrites and plates) along with snow, graupel
and hail.

The freezing of liquid hydrometeors, cloud droplets and rain, can be separated into several
different freezing mechanisms depending on temperature and the availability of suitable
IN (Vali, 1996; Vali et al., 2015). Homogeneous freezing describes the freezing of cloud
droplets without a specific nucleating particle which only occurs at very low temperatures.
Typical temperatures used in microphysics schemes are -40 °C (Morrison et al., 2005) or
-38 °C (Thompson et al., 2004). In the presence of ice-nucleating particles, heterogen-
eous freezing allows supercooled droplets and raindrops to freeze at significantly higher
temperatures (Lohmann et al., 2016). In the case of immersion freezing the freezing is
initiated due to the presence of an IN suspended in the liquid droplet, while contact freez-

ing happens on the collision of a supercooled droplet with a suitable dry aerosol particle
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such as dust. Condensation freezing describes the formation of an ice particle during the
activation of an aerosol particle. Furthermore, water vapour can be directly deposited on
the surface of IN in the form of deposition nucleation. In contrast to the relatively numer-
ous aerosol particles acting as CCN, only a small number of aerosols can act as efficient
IN. Generally only one in every 103 to 10° aerosol particles acts as an IN, mainly specific
types of dust and biological particles such as bacteria or fungal spores (Kanji et al., 2017).
The simulations in this thesis all focus on the role of aerosols acting as CCN, thus IN con-
centrations are not coupled to the aerosol variations, but described by parametrisations
that are held fixed for all simulations.

Fracturing and shattering of existing ice particles in secondary ice formation (also called
ice multiplications) can increase the initial number of ice particles by several orders of
magnitude (Mossop et al., 1972; Choularton et al., 1978). These processes often oc-
cur during the formation of the ice particles, i.e. during freezing or due to sublimation
processes or in collisions between different hydrometeors (Choularton et al., 1978; Prup-
pacher and Klett, 2010). An important component to the secondary ice production is the
so-called Hallett-Mossop process in mixed-phase clouds (Hallett and Mossop, 1974), that
describes the splintering of supercooled droplets or raindrops upon freezing in riming
processes. The process mainly occurs in a temperature range between -3 °C and -8 °C and
with substantial concentrations of large cloud droplets with larger frozen hydrometeor
particles such as graupel. This provides a large number of additional small ice particles
that can significantly affect the microphysical evolution of the cloud (Lohmann et al.,
2016). This process is explicitly parametrised in most cloud microphysics schemes (see
also Tab. 3.2 and Tab. 3.3 in Chap. 3).

Riming describes the accretion of supercooled cloud droplets and raindrops by frozen
hydrometeors (Pruppacher and Klett, 2010). This can lead to a transfer of hydromet-
eors between frozen hydrometeor classes and plays an important role in the formation of
graupel and hail from snow or pristine ice.

Melting of ice-phase hydrometeors plays an important role in the feedback of the micro-
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physics on the cloud dynamics, especially in the formation of downdrafts (Knupp and
Cotton, 1985; Srivastava, 1987). The melting of the different ice-phase hydrometeors is
described with varying levels of complexity in microphysics models. The simplest ap-
proaches assume instantaneously melting of small hydrometeors such as pristine ice at
temperatures exceeding 0 °C. More complex calculations take into account the diffusion
of heat through a liquid layer surrounding the core of a larger frozen hydrometeor such
as hail, shedding of water from melting particles or size-resolved melting in bin micro-
physics schemes (Fan et al., 2012; Khain et al., 2015). Collisions between raindrops
and frozen hydrometeors can be separated into two different cases. Depending on the
size of the particles involved and the ambient temperature either riming of rain similar to
the cloud droplets results in frozen hydrometeors or subsequent melting of the resulting
hydrometeors leads to larger raindrops.

Once formed in a cloud, ice-phase hydrometeors can gain or lose water mass due to de-
position and sublimation processes, depending on the saturation vapour pressure over ice
(Pruppacher and Klett, 2010). This leads to a relatively smoothly varying latent heating or
cooling in the upper layers of the cloud (McGee and van den Heever, 2013). In contrast to
the condensation/evaporation for the liquid phase, these diffusional growth processes of
ice-phase hydrometeors are explicitly calculated in all microphysics schemes used in this
thesis. The bin schemes allow for a size resolving evaluation of the diffusional growth
equations, while bulk schemes use a specific parametrisation of these processes for each
hydrometeor class (Khain et al., 2015). Thus, shifts in the prevalent ice hydrometeor class
can strongly affect the deposition and sublimation processes in the cloud.

If the vapour pressure in mixed-phase clouds reaches a value in between the saturation va-
pour pressure over ice and water surfaces, the ice hydrometeors can grow rapidly through
deposition transfer on the expense of supercooled droplets. This is known as the Wegener-
Bergeron-Findeisen (WBF) process (Wegener, 1911; Findeisen, 1938; Findeisen et al.,
2015; Storelvmo and Tan, 2015). In the case of a small number concentration of frozen

hydrometeors, this can lead to rapid growth of relatively large particles that contribute
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significantly to the cold-rain precipitation. However, recent studies have shown, that the
WBEF process as described here is not always active in mixed-phase clouds (Korolev,

2007).

2.2.3. High-resolution simulations of deep convection

In GCMs with grid sizes of a few tens to hundreds of kilometres, convective processes
have to be parametrised due to their scale of only hundreds of metres to a few kilometres
(Betts, 1997). Most global models make use of simple bulk mass flux schemes such as
Tiedtke (1989). Additionally, the convective cloud microphysics in GCMs are often relat-
ively basic, e.g. in the form of single-moment schemes with usually no representation of
aerosol—cloud interactions, or in some recent parameterisations a limited representation
of aerosol—cloud interactions (Zhang and Song, 2016). Therefore, the effects of aerosols
on convective clouds are only represented in a limited way in most current climate mod-
els (Lohmann, 2008; Rosenfeld et al., 2014b; Fan et al., 2016). There are, however,
parametrisation approaches for GCMs that aim at taking these effects into account, e.g.
by simulating a spectrum of convective clouds instead of a single formulation for an av-
erage convective cloud (Wagner and Graf, 2010; Kipling et al., 2017; Labbouz et al.,
2018), by representing probability density functions (PDF) for the subgrid variations of
large-scale variables (Guo et al., 2015; Zhang et al., 2017) or in the form of superpara-
metrisations resolving the subgrid-scale evolution in an embedded two-dimensional high-
resolution model (Grabowski, 2001; Khairoutdinov and Randall, 2001; Khairoutdinov
et al., 2005). Simulations with high-resolution limited-area models can be divided into
so-called convection-permitting simulations with grid spacings of a few kilometres that
allow for the resolution of the most important features of strong deep convective clouds
and cloud-resolving modelling (CRM) that explicitly resolves the most important features
of deep convective clouds (Langhans et al., 2012; Guichard and Couvreux, 2017). In

recent years, convection-resolving models have started to be used for global simulations
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(Satoh et al., 2017; Neumann et al., 2019) or long-term analyses on a continental scale
(Ban et al., 2014). However, these simulations are characterised by extensive computa-
tional expenses, which will prevent their use in most research projects for many years to
come (Neumann et al., 2019).

It has been shown that simulations with grid spacing of only tens to a few hundred metres
(and thus effective resolutions well below the kilometre scale) are very beneficial in fully
resolving the convective dynamics in cumulus clouds, especially when looking at second-
ary updrafts, smaller cumulus clouds, cold pool dynamics and entrainment of environ-
mental air at the cloud edges (Bryan et al., 2003; Khairoutdinov et al., 2009; McGee and
van den Heever, 2013). Simulations at these grid lengths are called large eddy simulations
(LES) since the largest eddies of the boundary layer turbulence are explicitly resolved.
The main difference in the parametrisations to CRM modelling is that the boundary layer
turbulence is treated three-dimensionally in these simulations, compared to the separation
in the boundary layer parametrisations used for convection resolving simulations at grid
lengths of more than a few hundred metres. Nevertheless, these simulations still have
to parametrise a wide range of sub-scale physical processes including the cloud micro-
physics (Khairoutdinov et al., 2009). (Mason, 1989; 1994). LES studies are usually
performed on relatively small domains with idealised setups such as periodical domains,
which does not allow for the evolution of structures on a larger scale or the interaction
of the convective evolution with variations on a synoptic scale (Guichard and Couvreux,
2017). While most LES models have been used with a focus on warm-phase processes
for a long time, there has been a dedicated focus on studying mixed-phase clouds with
LES models in recent years (Khairoutdinov et al., 2009; Ovchinnikov et al., 2014; Savre
etal., 2015; Heath et al., 2017).

In this thesis, simulation are performed at the CRM scale with horizontal grid spacings of

1 km in Chap. 3 and 500 m in Chap. 5.
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2.2.4. Cloud tracking and time-resolved analyses of deep convection

The effects of aerosols over the life cycle of convective clouds have been pointed out to be
of major importance for our understanding of aerosol-convection interactions (Tao et al.,
2012; Altaratz et al., 2014; Fan et al., 2016). Assessing the time evolution of clouds and
possible impacts of changes in aerosol conditions based on observational data or model
simulations requires methods that identify and track individual clouds in the datasets and
provide means to extract relevant quantities over the course of the cloud lifecycle. These
types of analyses are generally addressed as cloud tracking and have played an import-
ant role in a wide range of applications in the atmospheric sciences based on different
types of datasets over recent decades (Menzel, 2001). The algorithms developed for these
analyses generally consist of a similar combination of the following individual analysis
steps. First, relevant cloud features are identified in the dataset, e.g. based on specific
threshold values or the identification of relative maxima or minima. Subsequently, these
identified features are linked up into consistent cloud trajectories, which can be performed
based on different types of algorithms, e.g. by using overlap assumptions or forecasting
cloud motion from previous time steps. Quantitative analyses often require determining a
representative area or volume of the individual clouds to derive representative statistical
quantities from cloud properties in the input datasets.

Tracking of convective clouds in radar retrievals has been performed for decades (Crane,
1979; Rosenfeld, 1987), mainly with a focus on different types of severe weather implica-
tions, such as tornados, flash floods or hailstorms (Dixon and Wiener, 1993; Lakshmanan
and Smith, 2009b). Geostationary satellite observations have been used extensively with
cloud tracking analyses and object-based analyses, e.g. for understanding the initiation
and evolution of different types of cumulus clouds (Mecikalski and Bedka, 2006; Me-
cikalski et al., 2011; Senf et al., 2015). By using a combination of different channels
on geostationary satellite imagers, specific tracking algorithms have been developed to
investigate deep convective clouds over their time evolution (Zinner et al., 2008; Autones

and Moisselin, 2013; Zinner et al., 2013). Tracking clouds and their horizontal motion
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has also been used extensively in deriving horizontal wind fields from geostationary satel-
lite retrievals for the use in numerical weather forecasting or the validation of forecasts
(Menzel et al., 1983; Schmetz et al., 1993; Nieman et al., 1997).

Tracking of individual clouds in three-dimensional output of high-resolution model sim-
ulations at LES or CRM scale has often focussed on understanding shallow convective
clouds. (Zhao and Austin, 2005a; b; Heus et al., 2009; Heus and Seifert, 2013; Heiblum
et al.,, 2016a; b). Only a few studies have focussed on using these kinds of approaches
to study deep convective clouds in the output of three-dimensional cloud-resolving model
simulations (Terwey and Rozoff, 2014; Chen et al., 2017). Chap. 4 gives a more detailed
overview of existing cloud tracking approaches for different applications and presents the
development of the new tracking algorithm tobac that is applied for the analysis of CRM

simulations in Chap. 5.

2.3. Aerosol-cloud interactions

Due to the important role of aerosols in cloud formation (Sect. 2.1.2), aerosol—cloud inter-
actions play an important role in the climate system. Changes in cloud radiative properties
and cloud cover due to anthropogenic changes in aerosols are of very important for the
total anthropogenic radiative forcing of the climate system (Boucher et al., 2013) and
generally referred to as aerosol indirect effects on climate (Lohmann and Feichter, 2005).
The effects of changes in atmospheric aerosols on clouds are complex, since they involve
an entire chain of different physical processes, such as the formation of suitable CCN
or IN, droplet activation (Sect. 2.1.2) and the microphysical pathways of these changes
through the cloud microphysical evolution (Sect. 2.2.2). Furthermore, the interactions
between aerosols and clouds are strongly dependent on the cloud type and are entangled
with the dynamical and thermodynamical evolution of the clouds (Fan et al., 2016). As-
sessments based on both satellite observations (Penner et al., 2011) and global model

simulations (Lohmann and Feichter, 2005; Penner et al., 2006; Quaas et al., 2009;
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Lohmann et al., 2010) have not been able to significantly narrow down the possible range
of the effect of aerosol—cloud interactions on total radiative forcing. Thus, aerosol-cloud
interactions have explicitly been pointed out as the aspect of anthropogenic radiative for-
cing with the most substantial uncertainty and the lowest level of confidence (Fig. 2.1 in
the Sth assessment report of the IPCC (IPCC, 2013a; Myhre et al., 2013b).

The effects of aerosols on clouds have been most extensively studied based on pathways
that are based on aerosols acting as CCN (Sect. 2.3) and subsequently changing the num-
ber of cloud droplets in liquid clouds (Rosenfeld et al., 2014b). Assuming no change in
the total liquid water content in the clouds, this change in CDNC is associated with a
change in the radius of cloud droplets, which has significant implications for the cloud
evolution that are best understood for liquid clouds. The so-called first aerosol indirect
effect on clouds and the climate system is based on the change of the cloud albedo due to
the smaller and thus optically brighter cloud droplets, first investigated by Twomey (1974)
and Twomey (1977b).

The same changes to CDNC and cloud droplet radius are also investigated for their impact
on the cloud extent and cloud lifetime. These possible changes to the clouds constitute
the so-called second aerosol indirect effect or cloud lifetime effect on the radiative bal-
ance of liquid clouds, which was first proposed by Albrecht (1989). Due to the smaller
radius, the cloud droplets are less prone to grow into precipitation-size raindrops and rain
out, which leads to a longer-lasting cloud and thus an effect on the overall cloud radiative
balance. However, this effect is interlinked with a wide range of processes in the evolu-
tion of the cloud over time (Sect. 2.2.2). In mixed- and ice-phase clouds, cloud lifetimes
can be affected by similar changes to the effective radius of ice particles due to aerosols
acting as CCN or IN (Ekman et al., 2007; Fan et al., 2010). However, this effect involves
a wider range of microphysical and dynamical processes as well as a different radiative
forcing due to the longwave emission at higher altitude (Koren et al., 2010b) and will be
discussed in more detail for deep convective clouds in the following section 2.3.1.

These two types of aerosol indirect effects have been studied extensively for specific
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types of warm stratiform clouds, e.g. in the stratocumulus decks of the subtropical oceans
(Wood, 2012). The effects of changes in aerosols on different types of convective clouds,
however, are much harder to assess (Stevens and Feingold, 2009; Fan et al., 2016) and
will be discussed in more detail in Sect. 2.3.1.

Several studies have shown that the relationships between of CCN concentrations, CDNC,
cloud fraction, liquid water path and cloud albedo are strongly interconnected (Gryspeerdt
et al., 2014; Feingold et al., 2016; Gryspeerdt et al., 2018), which leads to a much more
complex picture of aerosol—cloud interactions from what is implied by simple compos-
ition into first and second aerosol indirect effect. Using AOD as a proxy for CCN to
investigate the impact of aerosols on deep convective clouds by microphysical processes
introduces challenges due to the effects of hygroscopic growth of aerosols (Altaratz et al.,
2013). Furthermore, there are limitations in the scaling between the number of aerosols
acting as CCN and the total radiative effect of the aerosol column (Shinozuka et al., 2015).
In addition to the microphysical effects on clouds through aerosols acting as CCN or IN,
aerosol can also impact clouds through their direct influence on the radiative fluxes in
the atmosphere (Sect. 2.1). These changes impact the environment in which clouds de-
velop and thus affect the evolution and radiative effects forming the semi-direct aerosol
effect on clouds (Hansen et al., 1997; Ackerman et al., 2000). This includes the radi-
ative impact of both aerosol particles that are effective short-wave absorbers, e.g. black
carbon, and short-wave scattering aerosols like sea salt or sulphate. Both can change the
incoming solar radiation available for heating the surface layer of the atmosphere and al-
ter the thermal profile in the atmosphere. The impact has been assessed based on satellite
observations (Koren et al., 2004; 2008) and numerical models simulations at different
scales (Lohmann and Feichter, 2001; Johnson et al., 2004, e.g.). Many studies find that
increased absorption due to absorbing aerosols such as soot in the lower troposphere leads
to weaker convection and decreased cloudiness (Koren et al., 2004; Feingold et al., 2005),
which could act as one of the mechanisms that can effectively buffer the microphysical

impacts of aerosols on clouds (Stevens and Feingold, 2009). There are also possible
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pathways to an increase in cloud cover and thickness, e.g. in the case of aerosols above
stratocumulus clouds (Johnson et al., 2004; Wilcox, 2010). The terminology of the last
IPCC report (Boucher et al., 2013) includes the semi-direct effects as an adjustment in the
effective radiative forcing from aerosol-radiation interactions ERF,; (Fig. 2.2).

All aerosol—cloud interactions described until this point covered the effects of aerosols
on clouds. However, there are also important feedbacks from clouds back on the aer-
osol distribution. The removal of aerosols from the atmosphere, especially for smaller
particles, happens predominantly through activation scavenging in clouds and wet scav-
enging by precipitation (Seinfeld and Pandis, 2016). Therefore, cloud processes strongly
determine the size distribution and chemical composition of atmospheric aerosols. This,
in turn, affects the evolution of subsequent clouds through the processes describes before,
which leads to a closely coupled system between atmospheric aerosols and clouds. These
feedbacks have been included in many model simulations and can significantly impact
assessments of aerosol—cloud interactions and their effects on the climate system (Ekman
et al., 2011). In this thesis, however, simulations do not resolve such two-way feedbacks

between aerosols and clouds in a fully coupled model setup.

2.3.1. Aerosol effects on deep convective clouds

Despite a dedicated focus of research on mixed- and ice-phase microphysics during the
last decades, aerosol effects on deep convective clouds and a range of atmospheric pro-
cesses involving convective clouds are still poorly understood (Boucher et al., 2013;

Lohmann et al., 2016). This is mainly due to the wide range of competing and interacting
processes involved in the development of deep convective clouds (Stevens and Feingold,
2009; Seifert et al., 2012; Lohmann et al., 2016). Furthermore, the relatively small spa-
tial scale of tens or hundreds of metres to a few kilometres relevant in convective clouds
and the evolution on comparatively short timescales of minutes (Cotton et al., 2010;

Houze, 2014) pose significant challenges to the representation of these effects in different
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types of numerical models and observational assessments (Boucher et al., 2013). Over
recent years, several review articles (Tao et al., 2012; Altaratz et al., 2014; Rosenfeld
et al.,, 2014a; Fan et al., 2016) have summarised the most important aspects of aerosol
effects on clouds with a focus on deep convective clouds.
Different mechanisms leading to a strengthening of deep convective clouds, e.g. in the
form of stronger updrafts and higher cloud tops, have been proposed over recent decades
and are actively discussed as different pathways leading to a convective invigoration due
to increases in atmospheric aerosols. (Rosenfeld et al., 2008; Stevens and Feingold,
2009; Lebo and Seinfeld, 2011). These concepts generally rely on the effect of an in-
creased CDNC and thus smaller cloud droplet effective radius as discussed for the aerosol
effects on liquid clouds in Sect. 2.3. The pathway to the invigoration of deep convective
clouds through latent heating from additional freezing (Williams et al., 2002; Rosenfeld
et al., 2008; 2014b) has been discussed extensively over the last decade and is shown
schematically in Fig. 2.8. This conceptual idea is based on the delay or suppression of
precipitation in the warm phase of the cloud due to increased CCN concentration, which
allows for increased transport of condensate through the freezing level and subsequent
increases in the latent heat release from freezing. This would lead to a more vigorous
development of the ice phase of the cloud and increased surface precipitation due to the
associated cold-rain processes. Rosenfeld et al. (2008) point out in their assessment that
the subsequent off-loading of the additional ice-phase hydrometeors and latent cooling
due to melting in lower layers contributes to the invigoration effect. This chain of effects
is suggested to be strongest for clouds with a relatively warm cloud base, where the delay
in the onset of precipitation allows for an accumulation of additional cloud water lifted to
the freezing level (Li et al., 2011; Fan et al., 2012; Rosenfeld et al., 2014b).

However, the idea of convective invigoration does not strictly require the involvement
of ice-phase processes. Stevens and Feingold (2009) postulate a pathway to the invigor-
ation of warm cumulus clouds due to an increase in condensed water and smaller cloud

droplets, which lead to increased evaporation at the cloud top. This further destabilises
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Figure 2.8: Convective invigoration through additional heat release from freezing has
been proposed as a hypothesis for aerosol effect on deep convective clouds. The top
panel shows the development of a deep convective cloud for a low CCN environment, the
bottom panel for a high CCN environment. The increase in CDNC for the higher CCN
concentrations leads to a suppression of the warm rain processes, which allows more
condensate to be transported above the level of freezing. Additional freezing increases
the latent heat release, leading to a stronger development of the deep convective cloud
(adapted from Rosenfeld et al., 2008).

the cloud-top region and leads to an additional lifting of the cloud tops. Several stud-
ies have pointed out the strong role of warm-phase invigoration (Lebo, 2014; Sheffield
et al., 2015; Lebo, 2018; Miltenberger et al., 2018a) based on increased condensation
on smaller but more numerous cloud droplets, which can have a stronger effect than the
cold-phase invigoration. The additional condensate loading from increased condensation
and the decreased removal of hydrometeors due to precipitation can substantially reduce
the buoyancy of the rising air parcels in the convective updrafts and has been pointed out
(Grabowski and Morrison, 2016) as a major factor reducing the effective changes in the

dynamical evolution of the cloud based on the invigoration mechanisms discussed before.
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There have been several observational studies that indicate the presence of convective
invigoration in deep convective clouds. Andreae et al. (2004) used in-situ aircraft meas-
urements to show that intense pollution from biomass burning aerosols leads to an invig-
oration of deep convection over the Amazon rain forest in the form of higher cloud tops
and increased precipitation. Similar results were obtained from satellite-based (Lin et al.,
2006) and ground-based radar and lightning analyses in the same region (Williams et al.,
2002). Studies using extensive ground-based measurements (Li et al., 2011; Yan et al.,
2014) in the Southern Great Plains (SGP) of the United States reported clear signals of
convective invigoration for clouds with warm cloud bases and cold cloud tops. Based on
satellite observations across most of the globe. Koren et al. (2012) showed an increase
in precipitation and cloud top height for increased AOD, both for continental and mar-
ine settings, and found results for specific regions of the tropical oceans in Koren et al.
(2014). This was confirmed based on different satellite retrievals in Storer et al. (2014)
for the tropical Atlantic.

There are, however, several recent studies that question some of the observed relation-
ships or their interpretation as manifestations of the invigoration hypothesis in observa-
tions (Engstrom and Ekman, 2010; Wall et al., 2013; Nishant and Sherwood, 2017;
Varble, 2018). Nishant and Sherwood (2017) revisited the analyses in Koren et al. (2014)
with additional model simulations and showed that the observed relationship between
aerosols and clouds could be explained by coexisting but independent variations between
surface winds and both clouds and aerosols, while the apparent convective invigoration
could be reproduced in the absence of any aerosol variations. Similar findings were repor-
ted in Engstrom and Ekman (2010). Boucher and Quaas (2013) argue that the relationship
between AOD and precipitation found in Koren et al. (2012) could be explained by the
direct impact of humidity on both variables. Varble (2018) scrutinised observations from
the ARM SGP site in the Southern Great Plains used in Li et al. (2011) and Yan et al.
(2014) and showed that most of the relationships interpreted as convective invigoration

are either insignificant or can be put down to an increase in rainfall preceding the deep
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convective events.
In the recent decade, there has been a wide range of previous studies using CRM simula-
tions to investigate the impact of changes in aerosols acting as either CCN or IN on deep
convection (Khain et al., 2004; 2005; Grabowski, 2006; Seifert et al., 2006; Fan et al.,
2007; wvan den Heever and Cotton, 2007; Fan et al., 2009; Khain et al., 2009; Khain
and Lynn, 2009; Grabowski and Morrison, 2011; Lebo and Seinfeld, 2011; Morrison
and Grabowski, 2011; van den Heever et al., 2011; Kbhain et al., 2012; Lebo et al.,
2012; Morrison, 2012; Fan et al., 2013; Grant and van den Heever, 2014; Kalina et al.,
2014; Lebo and Morrison, 2014; Sheffield et al., 2015; White et al., 2017; Fan et al.,
2018). Studies based on two-dimensional simulations include many of the earlier studies
on aerosol effects on deep convection (Khain et al., 2005; Grabowski, 2006; Tao et al.,
2007; Fan et al., 2009; Grabowski and Morrison, 2011), simulations run on extended
domains for long time (van den Heever et al., 2011; Sheffield et al., 2015) and studies
with large ensembles (Morrison and Grabowski, 2011). Numerous studies have simu-
lated different three-dimensional idealised setups, such as squall lines (e.g. Lebo, 2014;
Lebo and Morrison, 2014) or supercells (e.g. Seifert and Beheng, 2006; Khain and Lynn,
2009; Lebo and Seinfeld, 2011; Lebo et al., 2012; Morrison, 2012; Kalina et al., 2014,
White et al., 2017). Recently, there have been more and more studies based on larger
three-dimensional model domains simulating the effect of changes in aerosols on entire
populations of deep convective clouds (Fan et al., 2013; White et al., 2017; Miltenberger
et al., 2018a; b).
Many of these high-resolution modelling studies found indications for convective invig-
oration in the form of increased updrafts and mass transport (van den Heever et al., 2006;
Storer and van den Heever, 2013; Miltenberger et al., 2018a) or precipitation (Khain
et al., 2011; Storer and van den Heever, 2013; Miltenberger et al., 2018a). However,
this manifestation of invigoration was often restricted to specific clouds types or envir-
onmental conditions (Khain et al., 2008; Fan et al., 2009; Kalina et al., 2014). There

are also many studies that did not find significant responses in either convective updrafts
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Figure 2.9: Aerosol effects on precipitation from deep convection under different envir-
onments compiled by Khain et al. (2008).

or precipitation that would correspond to a convective invigoration (Seifert and Beheng,
2001; Storer et al., 2010; White et al., 2017). The complex interactions between the
cloud microphysical effects and dynamical changes in the clouds or cloud systems are
pointed out as a complicating factor (Khain et al., 2005; van den Heever and Cotton,
2007; Storer et al., 2010; van den Heever et al., 2011) for example due to compensations
between the aerosol effects on different modes of tropical convection (van den Heever
et al., 2011) or due to role of cold pools in the mediation of aerosol effects (Kalina et
al., 2014; Lebo and Morrison, 2014). Furthermore, there is a strong control on the ef-
fect of aerosols by the environmental conditions such as humidity (Khain et al., 2008;

Kalina et al., 2014; Lebo and Morrison, 2014) or wind shear (Fan et al., 2009; Storer
et al., 2010; Storer and van den Heever, 2013; Lebo and Morrison, 2014).Khain et al.
(2008) provided an overview of the effects of increased aerosol concentrations on pre-

cipitation for different clouds types that is shown in Fig. 2.9. Fan et al. (2018) recently
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pointed out how ultra-fine particles can affect the evolution of deep convection, which
had been investigated before for marine deep convection in Khain et al. (2012). How-
ever, this study focused on the centre of the Amazon rainforest during the wet season,
which is characterised by a very clean aerosol background sometimes described as the
“green ocean” (Andreae et al., 2004). It is thus unclear, how representative this effects
is for other places around the world with a higher background concentration in aerosol
particles suitable to act as CCN. Grabowski and Morrison (2016) have not found a sig-
nificant effect of additional small particles through thermodynamic changes in the cloud,
with changes restricted to the number distribution of ice particles and a subsequent de-
crease in the strength of convection.

Several studies using CRMs have investigated the effect of different microphysics schemes
on the aerosol effects on deep convection in the same modelling framework (Lebo and
Seinfeld, 2011; Lebo et al., 2012; Wang et al., 2013; White et al., 2017) and found sig-
nificant differences between the modelling schemes, often larger than the differences due
to the variation in aerosols or aerosol proxies (White et al., 2017) as well as contrasting
responses to aerosol perturbations (Lebo et al., 2012).

The effects of aerosol-radiation interactions on clouds in the form of semi-direct effects
can possibly have an important impact on the evolution of deep convective clouds (Jiang et
al., 2018). Particularly for strongly absorbing aerosols, the suppression of convection due
to the change in the environmental temperature profile can counteract a possible invigora-
tion due to increases in CCN (Koren et al., 2004; Rosenfeld et al., 2008). Several studies
have found an optimal aerosol number concentration for which the effect of invigoration
of aerosols due to microphysical effects has the strongest impact, before the suppression
of convective activity takes over for very polluted aerosol conditions due to stabilisation
of the environment and reduction in the triggering of convective activity (Rosenfeld et al.,
2008). In most of these studies the strongest convective invigoration was found for aer-
osol number concentrations around 1000 cm? (Rosenfeld et al., 2008) and in a range of

AOD around 0.25 (Koren et al., 2008; Rosenfeld et al., 2008).
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Impacts of aerosols on the development of the ice phase in the cloud anvil can have par-
ticularly significant effects on the cloud radiative balance. Several studies (Storer et al.,
2010; Morrison and Grabowski, 2011; van den Heever et al., 2011) found an increase
in both the albedo and the height of the anvils of tropical convective clouds, which would
have an impact on the total radiative budget of the Earth. Fan et al. (2013) showed that
the effects of aerosols on the cloud microphysics can induce changes in the cloud anvils
without leading to an invigoration of precipitation. Changes in the anvils can impact the
cloud evolution and lead to a weakening of convection due to changes in the radiative
profile of the atmosphere (Morrison and Grabowski, 2011). Koren et al. (2010b) found
an increase in the altitude of tropical anvils in combination with an optical thinning in the
shortwave associated with increased aerosol loading, which combines to a strong radiat-
ive warming effect on the climate.

The large discrepancies between the different assessment of a possible convective invig-
oration due to increases in aerosol loading is partially rooted in the variation of the choice
of variables that are used to define the strengthening of the convective activity, which in-
clude updraft speeds, cloud top height, cloud fraction or surface precipitation (Lebo et al.,
2012; Altaratz et al., 2014; Lebo, 2018). Furthermore, assessments based on changes
in vertical velocity are significantly complicated by the large natural variability in cloud
updraft speeds (Lebo, 2018).

The assessment of aerosol effects on deep convective clouds is inherently affected by the
chaotic nature of the evolution of the atmospheric processes. This particularly affects
studies that compare single realisations of a clean and a polluted case (Altaratz et al.,
2014; Fan et al., 2016). Over recent years, different approaches were used to overcome
this, e.g. based on model ensembles (Morrison and Grabowski, 2011; Miltenberger et al.,
2018b). Another recent approach is the so-called “piggybacking” method (Grabowski,
2015; Grabowski and Morrison, 2016), which allows for the realisation of the micro-
physical evolution in a simulation that is based on the dynamical realisation of a previous

simulation and can be applied vice-versa for different aerosol conditions. However, this
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method is limited in its representation of feedbacks between the microphysics and other
physical processes in the simulation.

A recent review on aerosol effects on convective clouds (Altaratz et al., 2014) pointed
out the particular importance of assessing the effects of aerosols on convective clouds in
a way that takes into account the temporal evolutions of the cloud at time scales relevant
for the evolution of deep convection. Chap. 4 and 5 present a way to disentangle the mi-
crophysical effects on clouds from the inherently chaotic evolution of a numerical model

simulation based on analyses focused on the evolution of individually tracked clouds.






3. The propagation of aerosol effects
through convective cloud
microphysics

In this chapter, idealised simulations of deep convective supercells are used to investigate
the propagation of perturbations in the cloud droplet number concentration (CDNC) due
to changes in aerosols through the microphysical evolutions of the clouds. The micro-
physical pathway analysis is based on the implementation of detailed diagnostic output
of the process rate of the individual microphysical process (Sect. 2.2.2) different model
microphysics schemes in the Weather Research and Forecasting Model (WRF). The ana-
lysis is applied to individually tracked updrafts and cloud volumes in the simulation. This
allows for an analysis that takes the time evolution of the microphysical evolution and
bulk cloud properties into account, which is not the case for the usual approaches in the

analysis of numerical model simulations as discussed in Sect. 2.3.1.

This chapter is based on an article published in Atmospheric Chemistry and Physics (ACP)
with slight adaptions:

Heikenfeld, M., White, B., Labbouz, L. and Stier, P (2019). “Aerosol Effects on Deep
Convection: The Propagation of Aerosol Perturbations through Convective Cloud Micro-
physics”. Atmospheric Chemistry and Physics 19 (4): 2601-2627. https://doi.org/10.
5194/acp-19-2601-2019.

I implemented the microphysical pathway diagnostics in WRF together with Bethan White
and developed the pathway analysis based on that. I designed the study together with the
co-authors. I performed the simulations and developed the data analysis including the
tracking algorithm. I wrote the manuscript and completed the peer-review process with
contributions and final approval by the other co-authors.

51


https://doi.org/10.5194/acp-19-2601-2019
https://doi.org/10.5194/acp-19-2601-2019

52

Abstract The impact of aerosols on ice- and mixed-phase processes in deep convective
clouds remains highly uncertain, and the wide range of interacting microphysical pro-
cesses is still poorly understood. To understand these processes, we analyse diagnostic
output of all individual microphysical process rates for two bulk microphysics schemes
in the Weather and Research Forecasting model (WRF). We investigate the response of
individual processes to changes in aerosol conditions and the propagation of perturbations
through the microphysics all the way to the macrophysical development of the convective
clouds. We perform simulations for two different cases of idealised supercells using two
double-moment bulk microphysics schemes and a bin microphysics scheme. The sim-
ulations cover a comprehensive range of values for cloud droplet number concentration
(CDNC) and cloud condensation nuclei (CCN) concentration as a proxy for aerosol ef-
fects on convective clouds. We have developed a new cloud tracking algorithm to analyse
the morphology and time evolution of individually tracked convective cells in the simula-
tions and their response to the aerosol perturbations.

This analysis confirms an expected decrease in warm rain formation processes due to
autoconversion and accretion for more polluted conditions. There is no evidence of a
marked increase in the total amount of latent heat, as changes to the individual compon-
ents of the integrated latent heating in the cloud compensate each other. The latent heating
from freezing and riming processes is shifted to a higher altitude in the cloud, but there
is no substantial change to the integrated latent heat from freezing. Different choices in
the treatment of deposition and sublimation processes between the microphysics schemes
lead to strong differences including feedbacks onto condensation and evaporation. These
changes in the microphysical processes explain some of the response in cloud mass and
the altitude of the cloud centre of gravity. However, there remain some contrasts in the
development of the bulk cloud parameters between the microphysics schemes and the two
simulated cases.
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3.1. Introduction

Deep convective clouds are an important feature of the Earth’s atmosphere, ranging from
widespread convection dominating the atmosphere in the tropics to mid-latitude convect-
ive systems (Emanuel, 1994). The impact of aerosols on ice- and mixed-phase processes
in convective clouds remains highly uncertain (Tao et al., 2012; Varble, 2018), which has
implications for determining the role of aerosol—cloud interactions in the climate system.
Representing these effects in global climate models poses additional challenges due to the
relatively small length scales often less than a few kilometres at which convective clouds
develop and because of limitations in the representations of microphysical processes in
the convective parametrisations (Tao et al., 2012; Boucher et al., 2013; Sullivan et al.,
2016) with only few models explicitly representing the effects of aerosols on deep con-
vective clouds (e.g. Song and Zhang, 2011; Guo etal., 2015; Kipling et al., 2017; Zhang
et al., 2017; Labbouz et al., 2018). The highly localised nature of convective processes
also leads to major challenges in observations both from satellites and aircraft measure-
ments (Rosenfeld et al., 2014b).
Over recent years numerous studies using cloud-resolving model simulations (CRM) have
investigated aerosol-convection interactions in various setups, ranging from case study
simulations to idealised simulations of squall lines or supercells like the cases used in
this study (Seifert and Beheng, 2006; Storer et al., 2010; Morrison, 2012; Kalina
et al., 2014). The results, however, vary strongly between many of these studies. The
differences can be attributed to the simulation of different types of convection, different
environmental conditions like humidity or wind shear, but are also related to differences
between the models or modelling approaches used (Tao et al., 2012; Fan et al., 2016;
White et al., 2017). These challenges in modelling are strongly related to numerous
interacting physical processes (Fan et al., 2016) in cloud microphysics and to the inter-
action between clouds and other processes in the atmosphere on different scales (Tao

et al., 2012). In addition to the analysis of process rates in numerical simulations, ana-
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lytical evaluations of the microphysical rate equations of the microphysics schemes can
give important insights into the propagation of aerosol effects in the cloud microphys-
ics (Glassmeier and Lohmann, 2016). This kind of analytical approach works well for
warm-phase clouds but is less conclusive for the response of mixed-phase clouds, espe-
cially deep convective clouds, due to many compensating effects and the complexity of
the processes involving ice-phase hydrometeors (Glassmeier and Lohmann, 2016).

Convective invigoration (Andreae et al., 2004; Rosenfeld et al., 2008; Lebo and Seinfeld,
2011) has been proposed as a mechanism by which aerosols impact the development of
deep convective clouds. A higher number concentration of aerosols suitable for acting as
cloud condensation nuclei (CCN) can lead to more but smaller cloud droplets, which are
less likely to be processed into rain and precipitated out of the cloud. This would lead
to more water reaching the freezing level in the cloud where subsequent freezing leads to
additional latent heating in the higher levels of the cloud, enhancing the strength of the
convection with higher updraft speeds and cloud-top height. Other studies point out the
additional impact of the larger number of aerosols, and subsequently cloud droplets, lead-
ing to smaller ice particles which then favours increased cloud fraction, cloud-top height,
and cloud thickness (Fan et al., 2013) due to reduced fall speeds of the ice particles.
This implies a significant radiative effect on the climate system through enhanced anvils
(Koren et al., 2010b). Grabowski and Morrison (2016) argue that the effects can be purely
attributed to the effects of smaller droplets and ice crystals with negligible effects of the
thermodynamic enhancement proposed in Rosenfeld et al. (2008). Some of the differ-
ences in the assessments of convective invigoration due to aerosols are actually caused
by the difference in the definition of both changes in aerosol and the quantification of the
strength of convection based on different variables such as surface precipitation, updraft
speeds or cloud-top heights (Lebo et al., 2012; Altaratz et al., 2014). Significant mech-
anisms buffering the impact of aerosols on clouds and precipitation, both with a focus on
warm-phase processes (Stevens and Feingold, 2009) and for mixed-phase and ice clouds

(Fan et al., 2016), have been proposed. However, recent studies question the attribution
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of observed relationships between aerosol concentrations and cloud-top height to aerosol
microphysical effects (Nishant and Sherwood, 2017; Varble, 2018). It is, therefore, one
of the main goals of this paper to investigate whether and how these proposed mechan-
isms of convective invigoration, especially the proposed invigoration of convection due
to additional latent heat release from freezing, manifest themselves in numerical simula-
tions.

Many studies have pointed out the representation of cloud microphysics in models as
one of the main sources of uncertainty in high-resolution model studies of aerosol-cloud
interactions or cloud feedbacks to a warming climate, especially for mixed-phase and ice-
phase clouds (Tao et al., 2012; Khain et al., 2015; White et al., 2017). This also holds for
the role of the microphysics schemes in global model simulations of both convection and
aerosol—cloud interactions (Lohmann and Feichter, 2005; Gettelman, 2015; Malavelle
etal., 2017).

Most currently used cloud microphysics schemes can be separated into two approaches,
bulk microphysics schemes and bin microphysics schemes (Khain et al., 2015). Bulk
microphysics schemes assume a specific size distribution for a range of different hydro-
meteor classes and describe their evolution and interactions based on a certain number
of moments of these distributions. Double-moment schemes with both prognostic mass
and number concentrations of the hydrometeors are the current standard and necessary to
meaningfully represent aerosol—cloud interactions (Igel et al., 2014; Khain et al., 2015).
The separation of the hydrometeors into individual hydrometeor classes in microphysics
schemes brings with it specific challenges in resolving the microphysical processes. In
bulk schemes, liquid water in the cloud is separated into cloud droplets and raindrops.
The collision-coalescence processes leading to the formation of rain from cloud droplets
have to be parametrised through the artificial process of droplet autoconversion and a sim-
plified treatment of accretion of droplets by raindrops. The semi-empirical nature of these
parametrisations has been shown to be an important source of uncertainty in the assess-

ment of aerosol—cloud interactions in numerical model simulations (Khain et al., 2015;
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White et al., 2017). In the ice phase, most current microphysics schemes separate the hy-
drometeors into a number of different classes such as pristine ice, snow, hail or graupel.
The equations and parameters for the calculation of the microphysical process rates as
well as important physical properties of the hydrometeors, such as shape, density or the
specific form of the size distribution are specified for each individual hydrometeor class.
These choices additionally impact important physical processes such as the fall speeds of
hydrometeors in the calculation of sedimentation or the radiative properties of the hydro-
meteors. This can lead to abrupt changes to the evolution of the cloud due to a change in
the partition between the hydrometeor classes in the ice phase of the cloud (Morrison and
Milbrandt, 2014). There have been developments towards overcoming the separation of
ice hydrometeors into fixed individual classes (Harrington et al., 2013a; b; Morrison and
Milbrandt, 2014; Morrison et al., 2015) by treating ice-phase hydrometeors as one single
class with smoothly varying physical properties, which have been implemented in both
cloud-resolving models and in global climate models. Nevertheless, most current applica-
tions rely on microphysics schemes performing the separation into different hydrometeor
classes. Better understanding the possible effects and causes of shifts in the hydrometeor
partitions through the comprehensive analysis of the microphysical pathways in the two
bulk microphysics schemes is thus a main focus of this paper.

Bin microphysics schemes represent the different hydrometeors in the cloud through a
number of individual size bins per hydrometeor class, thus allowing for more flexible rep-
resentation of the actual size distribution and the interaction between the different size
bins (Khain et al., 2015). Due to the large number of simulated variables, however, this
approach results in high computational cost. One of the main benefits is avoiding the
artificial separation between cloud droplets and raindrops that causes challenges in bulk
microphysics schemes for example in the form of a parametrisation of the autoconversion
processes (Khain et al., 2015). The representation of ice-phase hydrometeors in typical
bin microphysics schemes, however, is based on separate hydrometeor classes as in the

bulk schemes, each individually resolving their size distribution through a number of bins
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(Khain et al., 2015). While many studies have proposed that bin-resolving microphys-
ics schemes are necessary to reliably represent possible microphysical aerosol effects on
convective clouds (Khain et al., 2004; Fan et al., 2012; 2016) in model simulations, a
large range of studies and applications, e.g. routine numerical weather prediction (NWP),
coupled simulations with complex aerosols and chemistry and global climate model sim-
ulations as well as a large number of CRM-based studies of aerosol—cloud interactions
apply bulk microphysics schemes.

This study aims to unravel the underlying microphysical mechanisms responsible for the
large diversity of simulated aerosol effects on convection through a comprehensive ana-
lysis of the propagation of aerosol perturbations through microphysical pathways in dif-
ferent microphysics schemes.

Tracking individual convective cells in the simulation makes it possible to draw direct
conclusions about the behaviour of individual convective cells in the simulations, e.g.
regarding their time evolution or the response to changes in simulation parameters that go
beyond the bulk average over the simulation domain or the sum of all cloudy areas in the
simulation. The analysis of tracked cumulus clouds has been applied in previous studies
Dawe and Austin (e.g 2012), Heus and Seifert (2013) and Heiblum et al. (2016a,b) with
a focus on various aspects of convective clouds including the effects of aerosol perturba-
tions on deep convection (Terwey and Rozoff, 2014).

We have implemented detailed microphysical process-rate diagnostics for pathway ana-
lysis in the two double-moment microphysics schemes of Morrison et al. (2009) and
Thompson et al. (2004). We analyse the cloud morphology and the spatial structure of
the microphysical processes in individual tracked convective cells. We display the mi-
crophysical process rates in the form of scaled pie charts. This has been inspired by
previous studies using this type of visualisation of the spatiotemporal development of
physical processes for other applications. Schutgens and Stier (2014) performed a path-
way analysis for the aerosol processes in a global climate model (ECHAM-HAM). Chang

et al. (2015) applied a microphysical pathway analysis including a similar visualisation
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of process rates to simulations of pyro-convective clouds, however, using a much simpler
two-dimensional model for highly idealised individual clouds.

In addition to the detailed process-rate diagnostics, we derive important bulk cloud prop-
erties, such as the total cloud mass or the altitude of the centre of gravity and analyse their
evolution over the life cycle of the tracked cells. Our approach goes beyond previous stud-
ies with a similar setup (Morrison et al., 2009; Kalina et al., 2014) that mainly focussed
on domain average properties and only a specific subset of microphysical processes.

We use a well-documented idealised supercell setup based on Weisman and Klemp (1982)
and Weisman and Klemp (1984), which was applied in previous studies (e.g. Khain and
Lynn, 2009; Morrison et al., 2009; Kalina et al., 2014), to create a well-defined devel-
opment of a strong convective cell, allowing us to focus on the microphysical evolution
of individual convective cells. To test the representativeness of our results from this first
case, we include simulations for a second idealised supercell case based on the meas-
urements and model setups from Kumjian et al. (2010), Naylor and Gilmore (2012) and
Dawson et al. (2013).

We represent idealised aerosol perturbations through changes to a fixed cloud droplet
number concentration (CDNC) in each simulation with the two bulk microphysics schemes.
This allows us to isolate the actual cloud microphysical pathways from uncertainties in
the representation of the activation of CCN in numerical models (Ghan et al., 2011b;
Simpson et al., 2014; Rothenberg et al., 2018). Simulations are performed for a com-
prehensive range of CDNC for each microphysics scheme ranging from values repres-
entative of very clean, maritime conditions (CDNC=50 cm~3) to very polluted situations
(CDNC=2500cm ).

We compare the results to simulations performed with a bin microphysics scheme (HUJI
spectral-bin scheme) for a subset of the analyses to investigate whether the effects in-
vestigated in more detail through the microphysical pathway analysis for the two bulk
microphysics schemes agree with the response of a bin microphysics scheme to perturb-

ations of aerosol proxies.
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3.2. Methods

3.2.1. Model setup

The simulations are performed with the Weather and Research Forecasting model (WRF)
version 3.7.1 (Skamarock et al., 2008). We use the two-moment microphysics schemes
from Thompson et al. (2004, 2008), denoted as THOM, and from Morrison et al. (2005,
2009), called MORR 1in our figures and tables. To isolate the role of cloud microphysics
for aerosol effects on deep convection from additional uncertainties in model-simulated
aerosol fields, we apply a fixed cloud droplet number concentration (CDNC) in the two
bulk microphysics schemes for each simulation. In each of the schemes, the CDNC is
reset to the chosen value at the end of each model time step in all cloudy grid points. We
vary this CDNC value between different simulations as a proxy for aerosol number con-
centration. There are versions of both bulk microphysics schemes that include the activa-
tion of a fixed CCN spectrum or even interactive aerosols (Wang et al., 2013; Thompson
and Eidhammer, 2014). However, the implementation of both the cloud droplet activation
and the representation of the aerosol distributions is very different between the two micro-
physics schemes, which would add additional differences between the schemes compared
to representing the perturbations in the form of a varying CDNC.

The detailed analyses of the process rates in this paper are carried out for simulations us-
ing the two bulk microphysics schemes. To investigate how the results obtained from the
detailed analysis of the two bulk microphysics schemes hold for a bin cloud microphysics
scheme, we also include additional simulations with the Hebrew University cloud model
(HUCM) spectral-bin microphysics scheme (Khain et al., 2004; Lynn et al., 2005a; b),
called SBM in the rest of the paper. We perform a subset of the analyses for this micro-
physical scheme, excluding the detailed microphysical process-rate analysis but including
the analysis of changes to the hydrometeor mixing ratios and the bulk cloud properties.
We use the full version of the spectral-bin microphysics scheme in WRF (Khain et al.,

2012) and perform a variation of CCN number concentration.
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Both bulk microphysics schemes make use of saturation adjustment, removing all water
vapour exceeding the saturation vapour pressure in each time step and instantaneously
condensing it to cloud water at each time step. This prevents a build-up of supersaturation
in strong updrafts and can thus impact the effects of perturbations in the microphysics
(Lebo et al., 2012). The bin microphysics scheme (SBM) includes an explicit calculation
of supersaturation in the microphysics at each time step and allows for a build-up of su-
persaturation in strong updrafts over several time steps.

We simulate two different idealised supercell cases. The first set of simulations (CASEI)
is based on the default WRF quarter-circle shear supercell case representative of a super-
cell case over the southern Great Plains of the United States (Khain and Lynn, 2009;
Lebo and Seinfeld, 2011). This case uses an initial sounding described in Weisman and
Klemp (1982) with a surface temperature of 300 K and a surface vapour mixing ratio of
14 gkg~!. The wind profile is taken from Weisman and Rotunno (2000) and features a
wind shear of 40ms~! made up of a quarter-circle shear up to a height of 2km and a
linear shear further up to 7 km height. The initiation of convection is triggered by a warm
bubble with a magnitude of 3 K in potential temperature centred at 1.5 km height in the
centre of the domain with a radius of 10 km horizontally and 1.5 km vertically in which
the perturbation decays with the square of the cosine towards the edge of the bubble (Mor-
rison, 2012). This type of setup has been used for a number of similar studies in the past
(Morrison and Milbrandt, 2010; Storer et al., 2010; Morrison, 2012; Kalina et al., 2014).
To test the representativeness of the results for different cases of idealised deep convec-
tion, a set of simulations for a second supercell case (CASE2) is based on an observed
supercell storm over Oklahoma in 2008 (Kumjian et al., 2010). In contrast to the first
case, the initial profiles are from observations used in the model experiments in Dawson
et al. (2013). This case features a drier initial profile with a surface temperature of 308 K
and a surface water vapour mixing ratio of 16 gkg~! along with wind shear of similar
magnitude to CASEI. The initiation of convection in this case is created by forced con-

vergence near the surface based on nudging the vertical velocity over the same volume
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that is used for the warm bubble in CASE1. The methodology is described in detail in
Naylor and Gilmore (2012) and we use an updraft speed peaking at 5 ms~! at the centre
of the volume.

All simulations are performed without an explicit boundary layer scheme. Furthermore,
the simulation does not include any calculations of surface fluxes or radiation fluxes. The
horizontal grid spacing of the simulations is 1 km to sufficiently resolve the main features
of the simulated supercell. We use a model domain size of 84 grid cells in each horizontal
dimension and open boundary conditions on each side of the modelling domain. The ver-
tical resolution of the 96 model layers varies from about 50 m at the surface to 300 m at the
top of the model. Simulations are performed with a time step of 5 seconds. The standard
model diagnostics and the microphysical pathway diagnostics (Section 3.2.3) are output
every 5 minutes to sufficiently resolve the development of the microphysical processes

during the life cycle of the deep convective clouds.

3.2.2.  Variation of aerosol proxies: CDNC or CCN

We analyse the effects of varying the CDNC in the two bulk microphysics schemes to
isolate the impact of microphysical pathways. We use a CDNC of 250 cm ™3 as a baseline
simulation. Simulations are performed for two CDNC values corresponding to a cleaner
environment than the baseline simulation (50 cm™3 and 100 cm™—3) and five values rep-
resenting more polluted conditions (500 cm 3, 1000cm—3, 1500 cm—3, 2000 cm 3and
2500 cm ™).

For the simulations with the spectral-bin microphysics scheme, activation of aerosols to
cloud droplets is calculated from a CCN spectrum following the equation N = N - S,
with the prognostic supersaturation S, the particle number concentration Ny and an expo-
nent k. The exponent is k = 0.5 in all simulations, while Nj is set to a fixed value in the
range from 75 cm ™3 to 6750 cm 3 for each simulation and held constant over the simula-
tion period. This yields cloud droplet number concentrations with median values spanning

a similar range to those chosen for the two bulk microphysics schemes (Table 3.1).
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Figure 3.1: a) Illustration of the result of the tracking and watershedding methodology
after 90 minutes of simulation time with the total water path field in blues and contours of
column maximum vertical velocities in greens. The filled circles represent the tracked up-
draft cores, while the empty circles show the position of the centre of gravity determined
by the watershedding algorithm. Crosses denote the slices along/across the line of travel
of the cell that are used for the analysis of the cloud morphology. The coloured contour
lines represent the projection of the respective cloud mask for each cell to the surface. b)
Three-dimensional rendering of the 1 gkg~! condensate mixing ratio threshold of the two
tracked cells in the simulation at the same point in time including the horizontal location
of the tracked updraft (cross) and centre of gravity (dot).

3.2.3. Pathway analysis

We have extended two double-moment bulk microphysics schemes, the Morrison scheme
(Morrison et al., 2005; 2009) and the Thomson scheme (Thompson et al., 2004; 2008)
in WRF 3.7.1, by writing detailed microphysical pathway diagnostics at each output time
step. This includes all individual process rates for both hydrometeor mass and hydro-
meteor number mixing ratio as well as individual latent heating rates for the three phase
transitions (liquid—vapour, liquid—ice, ice—vapour) and the hydrometeor mass and number
tendencies for the individual hydrometeor classes (cloud water, rain, cloud ice, graupel,
snow) are diagnosed at every output time step.

For most analyses in this study, the individual microphysical processes are grouped into a
consistent set of classes according to their contribution to the hydrometeor mass transfer

in the model. This includes the six different phase transitions between frozen hydromet-
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Table 3.1: Overview of the 52 simulations performed in this study, including the two
cases simulated and the different CDNC/CCN values for each of the microphysics
schemes. The CDNCs for the SBM simulations are the median values for grid points

with a cloud water mixing ratio larger than 10 gkg .

Case Microphysics CDNC (cm™?) CCN (cm™)
50, 100, 250,
MORR 500, 1000, 1500,
CASE1 Morrison et al. (2005, 2009) 2000, 2500 -
Weisman and Klemp (1982) 50, 100, 250,
Weisman and Klemp (1984) THOM 500, 1000, 1500,
Thompson et al. (2004, 2008) 2000, 2500 -
12,28,5 67.5, 135, 270,
SBM 128, 419, 648, 540, 1350, 2025,
Khain et al. (2004) 870, 1310, 1753, 2700, 4050, 5400,
Lynn et al. (2005a,b) 2194 6750
50, 100, 250,
MORR 500, 1000, 1500,
CASE2 Morrison et al. (2005, 2009) 2000, 2500 -
Naylor and Gilmore (2012) 50, 100, 250,
Dawson et al. (2013) THOM 500, 1000, 1500,
Kumjian et al. (2010) Thompson et al. (2004, 2008) 2000, 2500 -
12, 25, 47, 67.5, 135, 270,
SBM 171, 393, 603, 540, 1350, 2025,
Khain et al. (2004) 819, 1239, 1657, 2700, 4050, 5400,
Lynn et al. (2005a,b) 2078 6750

eors, water drops and water vapour (condensation, evaporation, freezing including riming,
melting, deposition and sublimation) as well as the warm rain formation due to autocon-
version and accretion of cloud droplets and all processes that transfer mass between the
different frozen hydrometeors as ice processes. For some of the more detailed analyses,
this grouping is performed in a more detailed way, e.g. separating freezing and riming
processes or splitting them up by the specific hydrometeor class involved in the transfer.
A collection of all the individual microphysical process rates represented in the two bulk
microphysics schemes including the grouping discussed here is given in the Appendix
(Table 3.2 for the Morrison microphysics scheme and in Table 3.3 for the Thompson mi-

crophysics scheme).
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3.2.4. Convective cell tracking

We have developed a tracking algorithm focussed on the tracking of individual deep con-
vective cells in CRM simulations, but flexible enough to be extended to other applications,
e.g. simulations of shallow convection or based on geostationary satellite observations
using brightness temperature data. The initial tracking of features is performed on the
column maximum vertical velocity at each output time step using the Python tracking lib-
rary trackpy (Allan et al., 2016). These features are then filtered and linked to consistent
trajectories. The trajectories are extrapolated to two additional output time steps at the
start and at the end to allow for the inclusion of both the initiation of the cell and the
decaying later stages of the cell development.

Based on these trajectories, a three-dimensional watershedding algorithm given by mor-
phology.watershed from the Python image processing package scikit-image (Walt et al.,
2014), is applied to the total condensed water content field (mass mixing ratio of all hy-
drometeors) at each output time step to infer the volume of the cloud associated with the
tracked updraft. We use a threshold of 1 gkg™ to define the core cloudy grid points in
the simulations. A variation of this threshold by up to an order of magnitude to 0.1 gm ™3
only showed minor changes to the results of the study.

A separate watershedding is performed for both liquid water content (cloud droplets and
rain drops) and ice water content (all ice hydrometeors). This allows for the determination
of the centre of gravity and the mass, for the entire cloud as well as for the in-cloud liquid
and frozen phases, respectively. The evolution of the centre of gravity has been studied
mainly for warm convective clouds (e.g. Koren et al., 2009; Dagan et al., 2015; Dagan
et al., 2017; 2018) and with a focus on the warm phase of deep convective clouds (Chen
etal., 2017).

The tracking algorithm does not explicitly treat splitting and merging of convective cells.
In all simulated cases in this study, the initial convective cell splits into two separate
counter-rotating cells early into the simulations. In CASE] this leads to a relatively sym-

metric situation with similarly strong individual cells. In both cases, one of the cells de-
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velops more directly out of the initial cell, in CASE] this is the right-moving cell, while
in CASE2 this is the stronger left-moving cell. In each simulation, this stronger cell gets
picked up as a continuation of the initial cell by the tracking algorithm. The second cell
has been analysed following the same methodology and showed very similar results in all
major aspects. We have thus decided to focus on the analysis of the first cell in this paper
and to not discuss the results from the second cell in more detail.

Microphysical process rates, latent heating rates and other cloud microphysical paramet-
ers such as hydrometeor mixing ratios are summed up for regularly spaced altitude in-
tervals in the volume of the individual cells to get representative profiles for each cloud.
We interpolate the microphysical process rates and other variables used in the analysis to
slices along and perpendicular to the line of travel of the cell (Fig. 3.1) to visualise and
analyse the morphology of the cells for different simulation setups and at different stages

of the cloud life cycle.

3.3. Results

3.3.1. Baseline simulations

The simulations with CDNC =250cm™> for both bulk microphysics schemes (Fig. 3.2
and Fig. 3.3) are used as a baseline simulation representative of intermediate aerosol load-
ing. As for all the following figures for CASE], these analyses are based on a combination
of the initial stage of the cell and the right-moving cell after the cell split. We use three
different points in time (15 minutes, 25 minutes and 60 minutes) to illustrate the micro-
physical evolution of the cell in simulations with the two different microphysics schemes.
During the initial phase of the formation of the convective cloud in the simulation using
the Morrison bulk microphysics scheme (Fig. 3.2a,d,g), the two major microphysical pro-
cesses are condensation to form cloud droplets and rain formation from these droplets,
while the top of the cloud at around 7.5 km is already influenced by freezing and rim-

ing processes. The simulation with the Thompson microphysics scheme shows a similar
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Figure 3.2: Cloud microphysical morphology along a slice parallel to the cell track for a
cloud droplet number concentration of 250 cm > for the Morrison microphysics scheme.
The area of each specific colour in the pie charts is proportional to the water turnover
(a-c) in kg m~3s73 and latent heating (d-f) in Wm 3 for the process rates and to the mass
mixing ratio for the hydrometeors (g-i). Contour lines denote the mixing ratio threshold
of 1 g/kg for liquid (blue) and frozen (grey) water content as well as the melting level
(0°C isotherm). Arrows denote the wind field with updrafts in red and downdrafts in blue.

development during the initial cloud stage (Fig. 3.3a,d,g). The initiation of freezing at
the top of the cloud is slightly delayed in comparison to the simulation with the Mor-
rison scheme. During the next 10 minutes, the cell quickly intensifies, dominated by the
development of rain formation (autoconversion of cloud droplets and accretion of cloud
droplets by rain) between 4 and 7 km. Freezing occurs at a height of about 7-8 km. After
an hour of simulation, the cell has developed into a mature supercell with hail dominating

the mass mixing ratio in the ice phase. A substantial amount of cloud droplets extends
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Figure 3.3: Cloud microphysical morphology along a slice parallel to the cell track for a
cloud droplet number concentration of 250 cm™—> for the Thompson microphysics scheme
as in Fig. 3.2.

up to 10km height. Rain formation and freezing occur in the region of the strongest up-
draft with a width of about 5 km for both microphysics schemes. During the later stage,
the freezing in the simulation using the Morrison microphysics scheme takes place over
a substantial vertical range and is strongest at both edges of the mixed-phase region of
the cloud at around 8 km and 10 km altitude (Fig. 3.2c). The Thompson scheme instead
shows a more confined region of freezing. In both bulk microphysics schemes, condens-
ation processes dominate the latent heat release in the cloud for all stages of the cloud
development (Fig. 3.2d-f, Fig. 3.3d-f). In the mature stage of the cell, the main difference

in the hydrometeor classes between the two microphysics schemes is an enhanced pres-
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Figure 3.4: Cloud microphysical morphology along a slice through the cloud parallel
to the track of the cell for simulations with three different CDNC values (left: 50 cm ™3,
middle: 2500 cm™3 right: 2500 cm~3) after 60 minutes of simulation using the two bulk
microphysics schemes (top: Morrison, bottom: Thompson).

ence of snow both in the core and in the anvil for the Thompson microphysics scheme

(Fig. 3.2i and Fig. 3.3i).

3.3.2. Effects on cloud morphology and microphysical process rates

We first investigate changes to the right-moving cell in CASE1 due to a variation of
CDNC. We focus on three different CDNC values (clean, baseline, polluted; see Fig. 3.4)
after 60 minutes of simulations using the two bulk microphysics schemes. In the micro-
physical process rates, a decrease in rain formation from droplets (autoconversion and
accretion) with increasing CDNC is evident in the core of the cell for both bulk micro-
physics schemes. For both bulk schemes, the freezing and riming processes are shifted
upwards with increasing CDNC. The mixed-phase region of the cloud, indicated by the

liquid water mixing ratio contour in Fig. 3.4, extends about 1-2 km higher in the polluted
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case for each bulk scheme.

In the hydrometeor mass mixing ratios (Fig. 3.5), an increase in cloud droplet mass at the
expense of raindrops for increasing CDNC is evident in both bulk microphysics schemes
and the spectral-bin microphysics scheme, particularly in the mixed-phase region of the
cloud at around 6-8 km). In the Thompson scheme, most of the ice-phase hydrometeor
mass is present in the form of snow for the high CDNC simulation (Fig. 3.5d), especially
towards the cloud top and in the anvil region, while graupel dominates except in the anvil
for the cleanest case (Fig. 3.5¢). In contrast, the ice phase in the Morrison scheme shows
a high hail mixing ratio for low and high CDNC values (Fig. 3.5a,b) and additional ice
particles, but only small amounts of snow in the simulation with the highest CDNC value.
The simulations using the spectral-bin microphysics scheme (Fig. 3.5e,f) show a stronger
increase in cloud droplet mass mixing ratio than the two bulk schemes for increased CCN.
Graupel and hail, the predominant ice-phase hydrometeors in the cleanest simulation, get
replaced by cloud-ice particles for the highest CCN value. However, it has to be taken into
account that the definition of the hydrometeor classes differs between the three different
microphysics schemes.

Fig. 3.6 provides a vertically resolved view of the time evolution of the microphysical
process rates over the life cycle of the right-moving cell for the two bulk microphysics
schemes under the cleanest and most polluted conditions. For both schemes, a strong
decrease in the warm rain formation processes (autoconversion of cloud droplets and ac-
cretion of cloud droplets by rain) with increased CDNC can be observed. This even leads
to a complete shut-down of warm rain production in the Thompson scheme, which is also
evident in the absence of rain hydrometeors in Fig. 3.5. As a result, evaporation in the
lowest model levels decreases strongly for the high CDNC value in the simulations with
the Thompson scheme. Both microphysics schemes show a substantial decrease in the
total amount of melting of frozen hydrometeors below the melting line at about 4 km
height. The strong cooling due to evaporation and melting in the cleanest cases for the

simulations with the Thompson scheme (Fig. 3.6c) can explain that the lifetime of the
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cell is about 10 to 20 minutes shorter than for the more polluted cases and the other bulk
scheme. The dominant region of freezing processes is lifted from around 8 km height in
the low CDNC case to around 10 km for the high CDNC case height in both schemes.
While deposition on ice hydrometeors is an important process for all values of CDNC
for the Morrison scheme, it becomes more enhanced for the most polluted simulation us-
ing the Thompson scheme, related to the change in the dominant ice-phase hydrometeor
class to snow (Fig. 3.5). Condensation onto cloud droplets is present in all simulations
up to 10 km height in comparable amounts and dominates the latent heating due to the
large energy transfer involved. Deposition processes onto ice hydrometeors are important
for both the cleanest and the most polluted simulation in the Morrison scheme, while the
Thompson scheme shows much more deposition in the most polluted case, which can be
related to the changes in the hydrometeor composition (Fig. 3.5). The decrease in the total
amount of microphysical mass transfer in all simulations around 55 minutes into the sim-
ulations is caused by the splitting of the tracked cell into two individual cells. However,
no clear change to the relative proportions of the different processes can be observed at
this stage.

A more detailed analysis of the processes involved in the formation of rain over the
lifetime of the cell in the different cases (Fig. 3.7) reveals that autoconversion of cloud
droplets to rain for the highest CDNC values in both bulk schemes is almost negligible,
with only very little autoconversion in the Morrison scheme, even for the smallest CDNC
value. Accretion of cloud droplets by rain is strongly depressed for high CDNC in both
microphysics schemes. Melting of ice hydrometeors contributes substantially to the pro-
duction of rain in both bulk schemes and is reduced for the high CDNC case, especially
in the Thompson scheme.

The processes transforming liquid to frozen water can be further broken down into pro-
cesses representing the freezing of individual cloud droplets or raindrops and riming pro-
cesses, in which existing ice-phase hydrometeors accrete liquid water (Fig. 3.8). For both

bulk microphysics schemes, freezing of raindrops and cloud droplets occurs in two separ-
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Figure 3.5: Hydrometeor mass mixing ratios in a slice along the line of travel of the cell
for the cleanest (left) and most polluted (right) simulations after 60 minutes of simulation
for the three microphysics schemes in CASE].
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Figure 3.6: Time evolution of the microphysical process rates for the cleanest (left) and
most polluted (right) simulations and the two bulk microphysics schemes (Morrison: top,
Thompson: bottom) in CASE1. The pie charts denote mass transfer summed up over the
volume of the cloud in each altitude interval for the different groups of microphysical
process rates with the area of each colour proportional to the mass transfer. The red line
shows the height of the 0°C isotherm.

ate layers, with freezing of raindrops at around 8 km and freezing of cloud droplets above
a height of 10km up to 14km. In both microphysics schemes, freezing of raindrops is
strongly decreased for increased CDNC (Fig. 3.8b,d), while freezing of cloud droplets is
increased by about a factor of 3. This is not related to the parametrisation of the freez-
ing processes (described in more detail in Appendix 3.B), which does not include any
information about cloud droplet effective radius and raindrop effective radius through the
number concentrations. Instead, these changes are purely a result of the shift in the abund-
ance of cloud droplets and raindrops (Fig. 3.5).

The riming processes are spread out over a much larger altitude range in the cloud,
between the melting level at about 4km and about 11 km height for riming of cloud

droplets and below 9km for the riming of raindrops. Riming is markedly stronger at
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all CDNC values in the simulations with the Morrison scheme (Fig. 3.8a,b). In the Mor-
rison scheme, riming of rain droplets is strongly decreased for higher CDNC and mainly
restricted to around 5 km height. In the Thompson microphysics scheme (Fig. 3.8c,d),
raindrop riming is also strongly decreased for high CDNC, but still occurs over the same
height range as in the low CDNC case. Both microphysics schemes show a slight increase
in droplet riming with higher CDNC over the entire altitude range. We can thus explain
the shift in freezing and riming processes observed in Fig. 3.6 by a decreased riming of
rain droplets at lower altitudes and a shift from the freezing of raindrops to the freezing
of cloud droplets occurring at higher altitudes.

The evolution of the deposition and sublimation processes (Fig. 3.9) shows substantial dif-
ferences between the two bulk microphysics schemes and a strong response to a variation
of CDNC. The calculation of deposition and sublimation in the microphysics scheme is
explicitly parametrised for each hydrometeor class, taking into account detailed informa-
tion on the size distribution of the hydrometeors (Thompson et al., 2004; Morrison et al.,
2005). In the Morrison scheme (Fig. 3.9a,b), the increase in CDNC leads to a decrease
in both deposition and sublimation over the entire height of the cloud. These processes
dominantly occur on hail for the cleanest case and are more distributed over hail, snow
and pristine ice in the polluted case, which agrees with the shifts in the hydrometeor mix-
ing ratios (Fig. 3.5a,b).

In the simulations with the Thompson microphysics scheme (Fig. 3.9¢,d), deposition and
sublimation processes show a very different behaviour. The strong increase in snow in the
cloud with increasing CDNC (Fig. 3.5¢,d) leads to a strong increase in both deposition
and sublimation on snow. Deposition on ice is of the same order of magnitude for the
cleanest case, but is not strongly affected by a change in CDNC. Sublimation of graupel
only occurs around and below the melting layer and is substantially reduced by increasing
CDNC. As deposition on graupel is prohibited in this microphysics scheme, there is no
decrease in deposition on graupel associated with the changes in the hydrometeor ratio

compensating the increase in deposition on snow. This leads to a strong increase in total
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Figure 3.7: Time evolution of the microphysical process rates relevant for rain form-
ation processes (autoconversion, accretion of cloud droplets by rain and melting of ice
hydrometeors) as in Fig. 3.6.

deposition with increased CDNC as the main response in the Thompson scheme.

Latent heating constitutes a key feedback of the microphysics scheme onto the model
dynamics along with changes to the buoyancy due to changes in condensate loading. The
vertically resolved latent heating over the lifetime of the tracked cell in CASEL1 is shown
in Fig. 3.10 for all three microphysics schemes and split up into the individual phase
changes for the two bulk microphysics schemes in Fig. 3.11.

Latent heat release from condensation is the dominant contribution to the latent heating
and about a magnitude stronger than the other contributions, thus determining the general
shape of the latent heating profile (Fig. 3.10 and Fig. 3.11a,g). The changes to condens-
ation due to changes in CDNC in the two bulk microphysics schemes are comparatively
small, which can be explained by the use of saturation adjustment in the calculation of
the condensation, which does not include an effect of changes in droplet radius on the

condensation.
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Figure 3.8: Time evolution of the microphysical process rates of freezing and riming
processes as in Fig. 3.6.

The same limitation applies to the evaporation of cloud droplets, which also cannot show
any direct effect from changes in CDNC due to the use of saturation adjustment. However,
the evaporation shows much stronger differences between the two microphysics schemes
and also a stronger effect of a variation in CDNC (Fig. 3.11b,h). The strong changes
in the evaporation at higher levels in the mixed-phase region of the cloud, especially for
the Thompson scheme, can be explained with the changes in deposition on frozen hy-
drometeors (Fig. 3.11e.,k). The increased deposition with increasing CDNC through the
changes to the frozen hydrometeors could lead to a further decrease in the saturation va-
pour pressure over water in the water-subsaturated regions of the cloud and thus additional
evaporation. There is also a noticeable decrease in condensation in the higher layers of the
mixed-phase region of the cloud at around 10 km for the Thompson scheme (Fig. 3.11g),
which could be similarly related to the increase in deposition. The evaporation in the

lower layers is associated with the evaporation of raindrops. The differences between the
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Figure 3.9: Time evolution of the microphysical process rates of deposition and sublim-
ation as in Fig. 3.6.

two schemes and the variation with changes in CDNC can be directly related to the dif-
ferences in the amount of rain, which is both higher and more strongly decreasing with
increasing CDNC in the Thompson scheme than in the Morrison scheme.

All three microphysics schemes show a small shift of latent heating to higher altitudes
superimposed on that in the range between 7 km and about 10 km for increasing CDNC
(Fig. 3.10), which can be associated with the shifts in freezing and riming (Fig. 3.11d,1),
described in more detail in Fig. 3.8. The decrease in latent cooling from melting pro-
cesses in the lowest layers is stronger in the Thompson scheme than in the Morrison
scheme (Fig. 3.11b,h).

There are large differences between the microphysics schemes in the latent heating and
cooling from sublimation and deposition and their response to changes in CDNC. The
Morrison scheme shows a clear decrease in both sublimation and deposition with in-

creased CDNC (Fig. 3.11e,f). Apart from changes due to the shift in hydrometeors from
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hail to snow and cloud ice (Fig. 3.5 and Fig.3.9), these decreases can be related to the
lower amount of ice hydrometeors in the mixed-phase region of the cloud. Although
these two changes cancel each other to a large extent in the integrated latent heating, the
two processes occur at different heights, which results in a shift of latent heating to lower
levels, opposing the changes to the freezing and riming processes (Fig. 3.11c). Further-
more, this strong decrease in sublimation leads to a decrease in water vapour near the
cloud base, which could cause the consistent decrease in condensation at around 5 km
altitude in the Morrison scheme (Fig. 3.11a).

In the Thompson scheme, sublimation of ice hydrometeors is weak and barely affected
by changes in CDNC (Fig. 3.111). However, increases in CDNC lead to an increase in
deposition in the higher parts of the cloud (Fig. 3.11k). This effect can be explained by
the observed shift in hydrometeors from graupel to cloud ice and snow since deposition
on graupel is turned off in the Thompson microphysics scheme, while it occurs on both
snow and cloud ice. This increase in deposition could be the main reason for the changes
observed in evaporation of cloud droplets as it increases the sub-saturation over water in
the mixed phase in regions that are supersaturated with respect to ice. This can be inter-
preted as a manifestation of the Wegener—Bergeron—Findeisen process (Wegener, 1911;
Findeisen, 1938; Findeisen et al., 2015; Storelvmo and Tan, 2015), transferring water
mass from liquid hydrometeors to the frozen hydrometeors. This constitutes an additional
feedback from the changes in the ice phase back on the liquid-phase hydrometeors.

In contrast to the increased latent heating from freezing or melting, changes in condens-
ation and evaporation, as well as in sublimation and deposition, are linked to a change
in condensate loading, which affects the buoyancy of the cloud and thus at least partially
buffers the impact of latent heating and cooling on the dynamics of the clouds.

The changes to the vertically integrated latent heating in the cloud for all three micro-
physics schemes do not show a clear trend with increasing CDNC (Fig. 3.10d,e,f). The
Thompson scheme shows slightly higher integrated latent heating for the two simulations

with the highest CDNC content, but no consistent trend over the rest of the simulations
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Figure 3.10: Profiles of the sum of latent heating over the lifetime of the dominant tracked
cell for the three microphysics schemes in CASE1.

(Fig. 3.10e). The SBM simulations show a slightly decreasing trend of integrated latent
heating for the highest CDNC values above 1000 cm™— but no consistent trend over the
entire range of values (Fig. 3.10f) . Despite the change to the altitude of freezing there
is no systematic change in the integrated latent heat release from freezing for both bulk
microphysics schemes that would contribute to an invigoration of the cloud. In the Mor-
rison scheme, the strong changes in deposition and sublimation almost entirely cancel out
when integrated vertically. In the Thompson microphysics scheme, the increase in the
integrated latent heat release from deposition cancels out the decrease in the integrated

evaporation of cloud droplets and rain.

3.3.3. Effects on cloud mass and centre of gravity

The tracking and watershedding allow for a determination of the cloud mass inside the

identified cloud volumes and the centre of gravity of the hydrometeors in the cloud. These
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where the cell splits into two individual cells.
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Figure 3.13: Altitude of the centre of gravity of the cloud and the individual phases in the
analysed right-moving cell for the three different microphysics schemes (Morrison: left,
Thompson: middle, SBM: right) in CASEI.

analyses are also performed separately for the liquid-phase and ice-phase hydrometeors
in the cloud, which allows us to relate the changes in the properties for the entire cloud to
changes in the individual phases.

The evolution of the cloud mass and the mass of the two water phases in the cloud
(Fig. 3.12) in the three microphysics schemes is similar, with a maximum cloud mass
of about 2-10' kg for all microphysics schemes before the splitting of the cell and then
about 1.5-10'% kg for the two bulk microphysics schemes (Fig. 3.12a,b) and slightly higher
cloud masses of up to 1.8-10'%kg in the spectral-bin microphysics scheme (Fig. 3.12c).
The cloud mass and also the difference between the bulk schemes and the bin scheme
are dominated by the ice-phase hydrometeors, while the liquid-phase mass is very similar
in all three different microphysics schemes, making up about 20-25% of the total cloud
mass.

There are, however, marked differences in the response to changes of the aerosol proxy

between the microphysics schemes. The Morrison scheme shows a decrease in total cloud
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mass and ice-phase mass by about 10-15% over the range in which we increase the CDNC
and no substantial changes in the liquid phase. This decrease in ice-phase mass can be
directly linked to the changes in the microphysical process rates analysed in Sec. 3.3.2.
The shift of freezing to higher altitudes leads to a reduction in frozen hydrometeors in the
mixed phase of the cloud and thus less growth of the ice phase through vapour deposition.
In the Thompson scheme, however, increased CDNC leads to an increase in ice-phase
and total mass and a small increase in cloud liquid mass. This increase agrees well with
the increased deposition due to the changes in the ice hydrometeor partition in the cloud
discussed in Sec. 3.3.2. In the simulations using the SBM scheme, the two phases show
a differing response to the aerosol proxy with increased liquid hydrometeor mass and a
decrease in ice-phase mass for increasing CCN.

The altitude of the centre of gravity is affected by the choice of microphysics scheme,
with an overall higher centre of gravity for the SBM scheme (Fig. 3.13c) compared to the
two bulk microphysics schemes (Fig. 3.13a,b).

There is a consistent response in the cloud heights for all three microphysics schemes.
The microphysics schemes show an increase in the height of the centre of gravity of the
entire cloud, which is more pronounced using the Thompson scheme (about 1.5 km) than
in the Morrison scheme(about 0.5-1 km). This includes an upward shift in both the liquid
and frozen water in the cloud. The increased height of the liquid phase can be directly
related to the decrease in the formation of warm rain (Fig. 3.6) and the more numerous
cloud droplets reaching higher up in the cloud in the polluted case compared to the dom-
inating raindrops in the cleanest case (Fig.3.5). The increase in the altitude of the ice
phase in the cloud with increased CDNC can be related to the changes in the altitude of
the freezing processes. However, it can also be a result of the lower fall speeds of the ice
and snow hydrometeors dominating in the polluted case instead of graupel and hail in the
cleanest cases. As for the bulk microphysics schemes, there is an increase in the height
for both phases in the simulations using the SBM scheme, which is more pronounced in

the liquid phase of the cloud.
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Figure 3.14: Temporal evolution of the microphysical process rates in CASE2 for
the cleanest (left) and most polluted (right) simulations and the two bulk microphysics
schemes (Morrison: top, Thompson: bottom). The pie charts denote the different groups
of microphysical process rates with the area proportional to the sum of the microphysical
process rates in the specific altitude interval inside the cloud volume.

All three microphysics schemes show a clear saturation in the effect of changes in the
CDNC/CCN concentration. Variations above 2000 cm ™2 in the bulk schemes and above
1350 cm™3 in the SBM simulations only lead to small effects on both the cloud mass and

the altitude of the centre of gravity of the different phases.

3.3.4. Sensitivity test: a second idealised supercell case (CASE2)

To investigate the representativeness of the results and the response of the deep convective
clouds to the variation of aerosol proxies CDNC and CCN, the same set of simulations
and analyses have been performed for a second idealised supercell case (CASE2) with
different forcing and initial conditions (Section 3.2.1).

The time evolution of the cloud-averaged process rates for the two bulk microphysics
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Figure 3.15: Total water mass, liquid water mass and frozen water mass in the analysed
left-moving cell for the three different microphysics schemes (Morrison: left, Thompson:

middle, SBM: right) in CASE2.
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Figure 3.16: Altitude of the centre of gravity of the cloud and the individual phases in the
analysed left-moving cell for the three different microphysics schemes (Morrison: left,
Thompson: middle, SBM: right)in CASE2.
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schemes (Fig. 3.14) shows that the total microphysical water transfer is much weaker in
CASE?2 than in CASEI1, with process rates about a factor of 3 smaller. This case shows
much stronger differences between the two bulk microphysics schemes in the general
evolution of convection. For the Morrison microphysics scheme, a development of the
convective cloud in two stages occurs. After an initial maximum in the microphysical
processes after around 30 minutes of simulation time, the convective activity becomes
weaker before picking up again after about an hour of simulation time. For the Thompson
microphysics scheme, this second episode of development in the tracked cell is com-
pletely absent for all simulations, with the cloud dissipating after about 60 minutes of
simulation time, which is about 25 minutes earlier than using the other two microphysics
schemes. This is potentially related to the substantially higher cooling at and below cloud
base due to the evaporation of rain and the melting of frozen hydrometeors. The cooling
can substantially weaken the convective updraft and thus prevent the further development
of the cell that takes place in the simulations using the two other microphysics schemes.
This finding agrees with a shorter lifetime of the cleanest case for the simulations with
the Thompson scheme in CASEI (Fig. 3.6).

Despite these differences in the evolution, CASE2 shows very similar changes in the
microphysical processes due to a variation of CDNC to CASE]1 for both microphysics
schemes. The formation of rain due to autoconversion of cloud droplets and accretion
by rain is smaller and restricted to lower heights in the polluted case using the Morrison
microphysics scheme. For the Thompson microphysics scheme, the formation of rain is
decreased and shifted to higher levels in the model under polluted conditions. Further-
more, the freezing and riming processes predominantly occur at higher altitudes than in
the clean case for both bulk microphysics schemes.

In line with these changes to the microphysical process rates, the evolution of the cloud
mass in CASE2 (Fig. 3.15) is smaller than in CASE1 for the two bulk microphysics
schemes, with about half as much hydrometeor mass in the cloud up to about 5-10° kg.

The ice phase is more dominant, with the liquid phase of the cloud only accounting for
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less than a quarter of the total cloud mass. The simulation with the spectral-bin micro-
physics scheme shows a larger cloud mass than the two bulk schemes for this case, only
about 30% smaller than in CASE1 (Fig. 3.15a,b,c), which includes much more frozen
hydrometeor mass than the two bulk microphysics schemes (Fig. 3.15d,e,f), while liquid-
phase mass is similar between the three microphysics schemes (Fig. 3.15g,h,1).

The effects of a variation of CDNC are quite similar to the ones seen in CASEI for
the two bulk microphysics schemes (Fig. 3.15a,b). The simulations with the Morrison
scheme show a relatively small decrease in cloud mass, while cloud mass increased by
about 15% for the Thompson microphysics scheme. These changes are almost entirely
due to changes in the ice phase of the clouds with no marked effects of a variation in the
liquid phase (Fig. 3.15g,h) for both bulk schemes. The simulations with the spectral-bin
microphysics scheme, however, show an opposite response compared to CASE1, with an
increase in cloud mass of a similar magnitude to the variation in the two bulk microphys-
ics schemes (Fig. 3.15c), which is dominated by changes in the ice phase (Fig. 3.15f).
There is an increase of almost 50% in cloud liquid mass in the earlier stages of the cloud
evolution (Fig. 3.151) at around 25 minutes of simulation time between the cleanest and
the most polluted simulations with the SBM scheme. This coincides with a delayed evol-
ution of the ice phase during that period of the developing cloud.

The changes in the altitude of the centre of gravity show less clear relationships with
changes in the aerosol proxies CDNC/CCN in this case for the two bulk microphys-
ics schemes. The Morrison scheme (Fig. 3.16a,d,g) has the strongest variation in the
time evolution of the altitude of the centre of gravity but generally shows a decrease in
the altitude for both the liquid and ice phases in the cloud. In the Thompson scheme
(Fig. 3.16b,e,h) increased CDNC leads to an increase in the height of the centre of gravity
of the entire cloud and of both phases of water in the cloud. Similarly, increasing CCN in
the spectral-bin microphysics scheme (Fig. 3.16c,f,1) leads to a strong increase in the alti-
tude of the cloud mass and the individual phases, with the COG of total mass about 1.5 km

higher in the most polluted case (6750 cm ) compared to the clean case (67.5 cm ) and
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an even stronger shift of up to 2km in the liquid phase. All the SBM simulations with a
higher CCN value than about 1500 cm ™~ lead to relatively similar results, which means

that the aerosol effects saturate at this value.

3.4. Conclusions and outlook

We investigated the effects of changes in cloud droplet number concentration (CDNC)
and cloud condensation nuclei (CCN) concentrations on the development of idealised
simulations of deep convection to test proposed aerosol effects. This includes different
mechanisms of convective invigoration (Rosenfeld et al., 2008; Lebo and Seinfeld, 2011;
Fan et al., 2013; Grabowski and Morrison, 2016). A combination of cell tracking and
detailed process-rate diagnostics was used to investigate the evolution and structure of
the microphysical processes in individual deep convective cells. We used three different
cloud microphysics schemes (two bulk schemes and one bin scheme) to investigate how
the choice of microphysics scheme affects these results. By covering a wide range of val-
ues of CDNC/CCN representative of conditions from very clean to very polluted, we were
able to look for consistent responses of the clouds to changes in these aerosol proxies and
thus go beyond a simple comparison of just clean and polluted conditions.

An increase in cloud droplet number concentration from values representing clean con-
ditions (CDNC=50 cm ) to strongly polluted conditions (CDNC=2500 cm ) leads to a
shift of freezing processes to higher levels in both bulk microphysics schemes. Detailed
analyses of the individual process rates confirmed that this is indeed related to a shift from
freezing of rain to freezing of cloud droplets and a decrease in riming of raindrops due to
larger amounts of liquid water in the form of cloud droplets instead of rain. This, in turn,
can be related to the changes in autoconversion and accretion in the warm-phase region
of the cloud. This is in line with the first step of the mechanisms proposed for convect-
ive invigoration of deep convection due to an increase in aerosols acting as CCN (e.g.

Rosenfeld et al., 2008; Lebo and Seinfeld, 2011; Fan et al., 2013; Altaratz et al., 2014).
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These changes are concurrent and linked to changes in the prevailing hydrometeors in the
different parts of the clouds. Both bulk microphysics schemes showed a strong increase
in cloud droplet mass mixing ratio at the expense of raindrops for increased CDNC. This
shift leads to an increase in the height of freezing and riming processes, which shifts
the latent heat release from freezing upwards by about 2 km. This response is consistent
between the different microphysics schemes and confirms earlier studies that stated the
importance of changes in the partition between rain and cloud droplets in determining the
evolution of freezing and riming (Seifert and Beheng, 2006; Kalina et al., 2014). The
simulations with the SBM scheme show an upward shift in latent heating that is very sim-
ilar to the one observed for the two bulk schemes and associated with the lifting of the
freezing and riming processes. This confirms that the effect is not just an artefact of the
separate treatment of raindrops and cloud droplets in the bulk microphysics schemes or
the application of saturation adjustment. In the ice phase of the clouds, there is a clear
shift from mainly graupel or hail in the low-CDNC simulations to larger fractions of snow
and ice crystals in the high-CDNC simulation.

A more detailed analysis of the different components of the latent heating for the two bulk
microphysics schemes shows a complex superposition of changes to the different phase
changes in the tracked cells. This confirms results from previous studies on the effects of
aerosols on supercells (Khain et al., 2008; Morrison, 2012; Kalina et al., 2014) and other
deep convective clouds (Ekman et al., 2011) that pointed out a range of compensating
processes limiting convective invigoration and a strong dependency on the environmental
conditions in which the cloud develops. Condensation and evaporation are the largest
contributions to latent heating and cooling in the cloud. The relative changes in these two
processes due to changes in the aerosol proxies are comparatively small, except for the
changes in the evaporation of rain due to the strong decrease in the formation of rain. This
is to be expected, as condensation and evaporation of cloud droplets in the two bulk mi-
crophysics schemes are represented using saturation adjustment, which does not include

the effect of changes in cloud drop radius on the condensation and evaporation processes.
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Saturation adjustment has the potential to mask the effects of aerosols in highly supersat-
urated strong convective updrafts as described, e.g. in Lebo et al. (2012) and Fan et al.
(2018). Lebo et al. (2012) argue that saturation adjustment, as used in both bulk micro-
physics schemes in this study, leads to an artificial increase in condensation in the lower
levels of the clouds, which would limit the effects of aerosol concentrations on buoyancy
in mid and high levels.

There are marked differences between the two bulk schemes in the profiles of sublimation
and deposition as well as in the response of these processes to changes in CDNC. This
can be attributed to different parameter choices in the schemes. The strongest differences
result from the fact that deposition onto graupel hydrometeors is not allowed to occur in
the Thompson microphysics scheme, which leads to a strong increase in deposition due to
the replacement of graupel by the other ice-phase hydrometeors on which deposition oc-
curs. This strong increase in deposition additionally drives changes in condensation and
evaporation in the mixed-phase region of the cloud via the Wegener—Bergeron—Findeisen
process. By effectively removing water vapour, this leads to a noticeable feedback on
the evaporation and condensation on cloud droplets that are intrinsically not affected by
changes in CDNC because of the use of saturation adjustment. It was also shown that the
melting of frozen hydrometeors contributes substantially to the formation of raindrops,
especially under high CDNC conditions, which forms an additional important feedback
of changes in the ice-phase on the warm-phase processes.

The changes to the individual components of integrated latent heating in the cloud due to a
variation of CDNC compensate each other in the two bulk microphysics schemes. Hence,
there is no clear change in the total integrated latent heating in the cloud with changes in
CDNC/CCN and no thermodynamic invigoration from changes in the microphysics due
to the change in the aerosol proxies. This result is confirmed in the SBM simulations, that
also do not show any substantial changes in vertically integrated latent heating for a vari-
ation of CCN. Therefore, the absence of convective invigoration in the bulk microphysics

schemes cannot be solely attributed to the application of saturation adjustment.
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The analysis of the clouds with respect to the total cloud mass and the altitude of the centre
of gravity showed some contrasting results between the different microphysics schemes.
There is a clear signal of a lifting of all parts of the clouds to higher altitude under polluted
conditions, probably associated with the changes in the ice-phase hydrometeor partition.
This agrees with findings from, e.g. Fan et al. (2013), reporting substantial changes to
cloud height and even in the absence of convective invigoration in the form of increased
total latent heating in the cloud. However, the analysis of cloud mass revealed opposing
trends in the response between the three microphysics schemes. There is no clear pattern
in the different responses to CDNC/CCN with regard to these bulk cloud properties, with
variations between the two bulk microphysics schemes often as large as between the bulk
schemes and the spectral-bin microphysics scheme, which confirms the strong differences
between microphysics schemes found in previous studies (Lebo et al., 2012; Khain et al.,
2015; White et al., 2017).

The results for the first case (CASE1), based on Weisman and Klemp (1982), are suppor-
ted by the analysis of a second idealised supercell case (CASE2), based on Kumyjian et al.
(2010) and Dawson et al. (2013). The microphysical process-rate diagnostics revealed
similar changes in rain formation and the altitude of freezing and riming processes for
the two bulk microphysics schemes in this second case. All three microphysics schemes
showed that the effects of a variation of CDNC or CCN saturate above a threshold value in
both simulated cases. Variations above a CDNC of around 2000 cm > in the bulk schemes
and above a CCN concentration of 1500 cm ™3 in the bin microphysics scheme do not lead
to any further changes in the convective clouds with regard to cloud condensate mass or
altitude. This confirms results from previous studies such as Kalina et al. (2014) that re-
ported saturation of the aerosol effects at similar values.

The pathway analysis developed for this study also includes the process rates for the
number concentrations of the different hydrometeors. This includes processes like ice
multiplication that could play an important role to better understand some of the possible

pathways of aerosol effects on convective clouds (Fan et al., 2013; 2016).
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This work focused on the analysis of microphysical pathways of aerosol effects on deep
convective clouds in an idealised framework. To test the robustness of the results under
realistic scenarios, including potential buffering mechanisms, we are currently applying
our analysis framework to large case study simulations of isolated convection over the
area around Houston, Texas, as part of the ACPC initiative (Aerosol, Cloud, Precipitation,
and Climate Working Group, http://www.acpcinitiative.org) . We apply the cell tracking
algorithm and the analysis of the detailed process-rate output developed in this study for
a range of different cloud-resolving models and contrasting aerosol conditions. In these
simulations, the individual deep convective clouds in the cloud field evolve and interact
freely, which allows for a thorough analysis of important aspects such as the impact of
aerosol conditions on the cell lifetimes or the statistics of the cloud size spectrum. The
introduction of parameters describing the entire convective cell such as cloud mass and
the position of the centre of gravity can contribute to a meaningful analysis of cloud-field
simulations with a large number of individual clouds.

The understanding of the detailed structure of microphysical processes in individually
tracked deep convective clouds and the analysis of the pathways through which aero-
sol perturbations affect the deep convective clouds advance our understanding of aero-
sol—cloud interactions. This can be used to inform the parametrisation of microphysical
processes and aerosol-convection interactions in global climate models. Recent develop-
ments in the use of global cloud-resolving models in climate research (e.g. Ban et al.,
2014; Seiki et al., 2014; Sato et al., 2018) further motivate a detailed understanding of
the pathways of aerosol effects on convective clouds and the uncertainties in their repres-

entation in numerical models.

3.A. Convective cell tracking and cell-based analysis

The tracking algorithm tracks individual convective cells and their volume based on the

model output fields of vertical velocity and total condensate mixing ratio. The tracking
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of maxima in the column vertical velocity field is performed using trackpy (Allan et al.,
2016). The algorithm from trackpy that is used to identify the updraft features requires
an initial assumption for the size of the tracked object. We chose a diameter of 15km
to represent the large convective updrafts in the supercell cases. Tracked updrafts are
required to exist for six output time steps, i.e. 30 minutes, to be included in the analysis,
which helps to exclude spurious features in vertical velocity and thus focus on the analysis
of properly developed deep convective cells. We extrapolate by two time steps at the
beginning and at the end of each tracked trajectory to include a representation of the
initial development of the convective clouds and the evolution after the weakening of the
central updraft.

The volume of the convective clouds is determined by a watershedding algorithm using
a fixed threshold to determine the extent of the individual clouds based on the tracked
updrafts. We use a threshold of 1 gcm™> for the total water content in this study and a
variation of this threshold by an order of magnitude to 0.1 gcm > showed that choosing a
lower threshold did not have a strong impact on the cloud volume and cloud mass or any

of the more detailed process analyses.

3.B. Microphysics schemes and process-rate diagnostics

Table 3.2 and Table 3.3 give an overview of the microphysical process rates for the hydro-
meteor masses as they are implemented in the two bulk microphysics schemes (Thompson
et al., 2008; Morrison et al., 2009) studied in this paper.

In the Thompson scheme, some of the process rates are defined as signed variables rep-
resenting two opposed processes. In these cases, we have used the process-rate variable
with the positive sign for the respective process and ignored the values with the negative
sign, which are covered by the opposing process (e.g. PRG_RCG for riming of rain on
graupel and PRR_RCG for melting of graupel due to the collection by rain). Condensa-

tion/evaporation processes and deposition/sublimation processes are only defined through
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one combined process-rate variable in the code. We have thus added the process rates with
a negative sign as a variable in our diagnostics (e.g. E PRW_VCD for the evaporation of
droplets in addition to PRW_VCD for condensation) to allow for independent analyses of
these, e.g. when aggregating the variables in space or time.

Ice multiplication according to the Hallet—-Mossop process is implemented differently in
the two bulk microphysics schemes. In the Morrison scheme, this is implemented as a
direct transfer of water mass from the liquid phase to ice particles and considered to be
contributing to riming. In the Thompson scheme, however, it forms a transfer from the
frozen hydrometeor to new ice particles and is thus part of the “ice processes”. Hence,
these processes are found in different categories in the two tables presenting the process
rates. As the actual mass transfer is negligibly small this difference between the schemes
is not relevant for the analyses performed in this study.

In the Morrison microphysics scheme as used in this study, the autoconversion of cloud
droplets and accretion by rain are parametrised based on Khairoutdinov and Kogan (2000)
and ice nucleation is based on Cooper (1986) and (Rasmussen et al., 2002). The Thompson
scheme applies an autoconversion parametrisation based on Berry and Reinhardt (1974a),
while the different freezing modes follow Bigg (1953), Cooper (1986) and Koop et al.
(2000).

The two bulk microphysics schemes differ in important parameters regarding the differ-
ent hydrometeor classes. The Morrison microphysics scheme is used in its configuration
that treats the dense frozen hydrometeors as hail with a density of 900 kgm 3, while the
simulations with the Thompson microphysics used graupel with a density of 500 kgm 3.
The density of cloud ice, however, is higher in the simulations with the Thompson scheme
890 kgm 3 compared to the Morrison scheme (500 kgm—2), while snow density is set to
100kgm™3 for both schemes. The Thompson scheme has a more complex treatment of
the snow hydrometeor class compared to the Morrison scheme, making use of a com-
bination of two size distributions and thus allowing for a variation of the density over

its evolution (Field et al., 2005; Thompson et al., 2008). The fall speed calculations
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are based on different equations in the two microphysics schemes, all parameters for the

hydrometeor classes are left at their default values.
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3.B. Microphysics schemes and process-rate diagnostics

Table 3.2: Mass transfer process rates for the Morrison microphysics scheme (Morrison

et al., 2009).
Variable Description from to Grouping
PCC Condensation on droplets vapour  droplets Condensation
EPCC Evaporation of droplets droplets vapour  Evaporation
PRE Evaporation of rain rain vapour
PRC Autoconversion droplets  rain Rain formation
PRA Accretion droplets  rain
MNUCCC  Contact freezing of droplets droplets ice Freezing
MNUCCD  Primary ice nucleation droplets ice
QICF Homogeneous freezing of droplets droplets ice
MNUCCR  Contact freezing of rain rain ice
QGRF Homogeneous freezing of rain rain graupel
QNIRF Homogeneous freezing of rain rain SNow
PSACWS Riming on snow droplets  snow Riming
PSACWI Riming on ice droplets ice
PSACWG Collection of droplets by graupel droplets  graupel
PGSACW Collection of droplets by snow droplets  graupel
PRACS Rain-snow collection rain Snow
PIACR Ice-rain collision rain graupel
PIACRS Ice-rain collision rain SNOw
PRACG Collection of rain by graupel rain graupel
PGRACS Collection of rain by snow rain graupel
QMULTG Ice multiplication droplets and graupel droplets ice
QMULTS Ice multiplication droplets and snow droplets ice
QMULTRG  Ice multiplication rain and graupel rain ice
QMULTR Ice multiplication rain and snow rain ice
PGMLT Melting of graupel graupel  rain Melting
QIIM Melting of ice ice droplets
PSMLT Melting of snow SNOw rain
PRD Deposition on ice vapour  ice Deposition
PRDS Deposition on snow vapour  Snow
PRDG Deposition on graupel vapour  graupel
EPRDG Sublimation of graupel graupel  vapour  Sublimation
EVPMG Graupel melting and evaporating graupel  vapour
EPRD Sublimation of ice ice vapour
EPRDS Sublimation of snow SNOwW vapour
EVPMS Snow melting and evaporating SNOwW vapour
PRAI Accretion of cloud ice by snow ice Snow Ice processes
PRCI Autoconversion of cloud ice to snow ice sSnow
PRACI Ice—rain collection (ice to graupel) ice graupel
PRACIS Ice—rain collision (ice to snow) ice SNOW
PSACR Collection of snow by rain SNow graupel
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Table 3.3:

Mass transfer process rates for the Thompson microphysics scheme
(Thompson et al., 2008).
* denotes processes that are implemented but disabled in the microphysics scheme.

Variable Description from to Grouping
PRW_VCD Condensation vapour  droplets Condensation
PRV_REV Evaporation of rain vapour  droplets Evaporation
E_PRW_VCD Evaporation of cloud droplets droplets  vapour

PRR_WAU Autoconversion droplets  rain Rain formation
PRR_RCW Accretion droplets rain

PRI_.WFZ Freezing of cloud droplets droplets ice Freezing
PRI_RFZ Freezing of rain to ice rain ice

PRG_RFZ Freezing of rain to graupel rain graupel

PRS_SCW Collection of droplets by snow droplets  snow Riming
PRG_SCW Collection of droplets by snow droplets  snow

PRG_.GCW Collection of droplets by graupel droplets  graupel

PRG_RCG Collection of rain by graupel rain graupel

PRR_RCS Collection of rain by snow rain SNow

PRR_RCS Collection of rain by snow rain graupel

PRR_RCI Collection of ice by rain rain graupel

PRW_IMI Melting of ice ice rain Melting
PRR_GML Melting of graupel graupel  rain

PRR_RCS Collection of snow by rain sSnow rain

PRR RCG Collection of graupel by rain graupel  rain

PRS_SDE Deposition on snow vapour  Snow Deposition
PRS_IDE Deposition on ice to snow vapour  Snow

PRI_IDE Deposition on ice vapour  ice

PRG_GDE*  Deposition on graupel vapour  graupel

PRI_LINU Ice nucleation vapour  ice

PRI_THA * Freezing of aqueous aerosols vapour  ice

E_PRS_SDE Sublimation of snow snow vapour  Sublimation
E_PRI_IDE Sublimation of ice ice vapour

E_PRG_GDE Sublimation of graupel graupel  vapour

PRS_SCI Collection of ice by snow to graupel ice graupel  Ice processes
PRS_IHM Hallet—-Mossop process snow ice

PRS_TIAU Autoconversion of ice to snow ice Snow

E_PRS_RCS Collection of snow by rain SNow graupel

PRI_RCI Collection of ice by rain ice graupel

PRG_IHM Hallet—-Mossop process graupel ice






4. tobac: A flexible framework for
tracking clouds in diverse datasets

The analysis of individually tracked clouds for their microphysical evolution and bulk
cloud properties presented in Chap. 3 enabled a detailed analysis of the evolution of mi-
crophysical process rates and bulk cloud properties over the life-cycle of individual deep
convective clouds. However, this analysis was developed for the use with a specific nu-
merical model for a specific scientific application. The same limitation applies to most of
the previously developed tracking analyses for clouds in high-resolution model simula-
tions (Dawe and Austin, 2012; Heus and Seifert, 2013), which restricts the applicability
to other applications and the ability to compare different approaches for the same data-
sets. An important application of a more flexible approach is the simultaneous analysis
of model simulations and observational data for the evaluation of model performance or
intercomparison studies comparing different numerical models for the same simulation
case. The relatively small and short idealised cases simulated in Chap. 3 did not pose sig-
nificant challenges to the computational performance of the analysis. However, memory
usage and processing time are crucial once large datasets, e.g.from numerical model sim-
ulations with extended domains or retrievals from geostationary satellite retrievals, are
analysed for extended periods of time.

To overcome these limitations, the tracking approach developed in Chap. 3 is extended
into the tracking and analysis framework tobac (Tracking and Object-Based Analysis of
Clouds) in this chapter. The application of fobac is presented using two different ex-
amples including both high-resolution model results and geostationary satellite retrievals.
The framework is applied based on two different physical quantities to show the flexibility

of the software that can be used with every spatially resolved time-evolving dataset.
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This chapter is based on a journal article in discussion for Geoscientific Model Develop-
ment (GMD) as:

Heikenfeld, M., Marinescu, P.J.,Christensen, M., Watson-Parris, D., Senf, F., van den
Heever, S. C. and Stier, P., “tobac v1.0: towards a flexible framework for tracking and
analysis of clouds in diverse datasets”. 2019. Geoscientific Model Development Discus-
sions, May, 1-31. https://doi.org/10.5194/gmd-2019-105.

I have conceptualised and developed tobac as a lead developer with input and contribu-
tions from the other co-authors. Matt Christensen has downloaded and processed the
GOES-13 satellite data for use in the second example application. I have conceptual-
ised and performed the data analysis. I have written the manuscript with input and final
approval from all coauthors. tobac is currently extended by additional tracking and ana-
lysis routines by Fabian Senf (TROPOS Leipzig, Germany) and Will Jones (University
of Oxford, UK). The software package is publicly available in a GitHub repository at
https://github.com/climate-processes/tobac.

Abstract We introduce tobac (Tracking and Object-Based Analysis of Clouds), a newly
developed framework for tracking and analysing individual clouds in different types of
datasets, such as cloud-resolving model simulations and geostationary satellite retrievals.
The software has been designed to be used flexibly with any two- or three-dimensional
time-varying input. The application of high-level data formats, such as iris cubes or xarray
arrays, for input and output allows for convenient use of metadata in the tracking analysis
and visualisation. Comprehensive analysis routines are provided to derive properties like
cloud lifetimes or statistics of cloud properties along with tools to visualise the results in
a convenient way. The application of tobac is presented in two examples. We first track
and analyse scattered deep convective cells based on maximum vertical velocity and the
three-dimensional condensate mixing ratio field in cloud-resolving model simulations.
We also investigate the performance of the tracking algorithm for different choices of
time resolution of the model output. In the second application, we show how the frame-
work can be used to effectively combine information from two different types of datasets
by simultaneously tracking convective clouds in model simulations and in geostationary
satellite images based on outgoing longwave radiation. tobac provides a flexible new way
to include the evolution of the characteristics of individual clouds in a range of important
analyses like model intercomparison studies or model assessment based on observational
data.
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4.1. Introduction

Clouds are a major feature of the Earth’s atmosphere and control many critical processes
in the Earth’s energy and water budgets (Trenberth et al., 2009). Different types of con-
vective clouds play important but distinct roles in many regions of the globe. Shallow cu-
mulus clouds are widespread over the subtropical trade-wind latitudes and have a strong
impact on the radiative balance of the atmosphere, including a potential for strong feed-
backs from anthropogenic perturbations of the climate system (Stevens and Feingold,
2009). Deep convective clouds are a defining element of the atmosphere over most of
the tropics (Nesbitt et al., 2006), driving both local weather dynamics and larger scale
circulation patterns, which has impacts on the entire climate system (Emanuel, 1994).
Furthermore, deep convective clouds play a major role in extreme weather events all over
the globe (Doswell, 2001; Gensini and Mote, 2014). Therefore, clouds and their interac-
tions with other aspects of the climate system are an essential aspect of many important
challenges in our understanding of the Earth’s atmosphere and current changes due to
anthropogenic influences (IPCC, 2013a). The nature of convective clouds is highly loc-
alised. Individual convective cells undergo rapid dynamic development over relatively
short timescales of minutes to hours (Orlanski, 1975), while organised convective fea-
tures, such as mesoscale convective systems (MCS), can persist for many hours or even
days (Orlanski, 1975; Laing and Fritsch, 1997; Fritsch and Forbes, 2001; Feng et al.,
2018). Further advances in understanding the physical processes underlying the devel-
opment of these clouds require analysis techniques that go beyond the usual approaches,
which are often based on bulk statistical properties over larger regions in space and time,
such as entire modelling or observational domains. Model intercomparison studies with
cloud-resolving model (CRM) simulations have mostly relied on the comparison of do-
main and time-averaged quantities or similar statistics (Varble et al., 2011; 2014a; b;

Fan et al., 2017). This generally limits the investigation of differences between the mod-

els on the scale of individual convective cells or analyses that take the temporal evolution
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of individual clouds into account.

Any analysis focused on the properties of individual clouds in larger databases containing
numerous cloud elements and aimed at including the time evolution over their devel-
opment cycle requires some form of cloud tracking technique. A large body of work
exists on tracking individual clouds in different types of data, ranging from ground-based
radar and geostationary satellite retrievals to model simulations at a range of different
resolutions. We now present a short but certainly not exhaustive overview of existing ap-
proaches. This will be used to show the capabilities of the existing software and to discuss
drawbacks or limitations which motivated the development of the more flexible software
framework tobac (Tracking and Object-Based Analysis of Clouds) presented here.
Tracking of individual convective clouds in radar data has been performed for decades
(Crane, 1979; Rosenfeld, 1987). These efforts were often motivated by their use in now-
casting of severe weather warnings, e.g. for flooding due to convective precipitation, dam-
age from hail or impacts of high wind speeds such as tornadoes (Dixon and Wiener, 1993;
Lakshmanan and Smith, 2009a). Satellite-based tracking of convective clouds has been
performed both with a similar focus on nowcasting convection and for long-term analysis
in climate research (Menzel, 2001; Sieglaff et al., 2012). Special tracking algorithms
that combine information from different wavelength bands of imagers on geostationary
satellites, such as Cb-TRAM (Zinner et al., 2008; 2013) and RTD (Autones and Mois-
selin, 2013) have been developed as tools to identify and track deep convective clouds
throughout their development cycle, including the initial stage of rising cumulus towers.
However, both products have been developed for a specific application that strongly lim-
its a more general adaption of the software by the user. Several other studies have used
geostationary satellite data to investigate the growing phase and glaciation of deep con-
vective clouds (Mecikalski and Bedka, 2006; Mecikalski et al., 2011; Senf et al., 2015;
Senf and Deneke, 2017). Other applications have specifically focused on the analysis of
long-lived MCSs over different regions of the globe (Machado et al., 1998; Feng et al.,
2012; Hagos et al., 2013; Feng et al., 2018).
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Tracking of individual cloud objects in high-resolution CRM simulations and large-eddy
simulation models (LES) has been developed alongside the evolution of these simulations
in recent decades. Earlier studies on tracking shallow convection in high-resolution model
simulations (Zhao and Austin, 2005a; b; Heus et al., 2009) strongly relied on manual de-
tection techniques. Subsequently, Dawe and Austin (2012) and Heus and Seifert (2013)
presented automated methods of tracking shallow convection that rely on a continuous
release of a decaying tracer from the model as described in Couvreux et al. (2010). How-
ever, the functionality of the tracer release and advection must be specifically implemen-
ted in each model and restricts the use of this technique to output of high-resolution mod-
els. Cloud tracking algorithms applied online during the actual model simulations (Plant,
2009) have the advantage of direct access to the relevant model fields at the model time
step and thus the highest possible time resolution. However, these online algorithms must
also be implemented separately in a specific model.

Moseley et al. (2013, 2016) tracked precipitation patterns for investigations of deep con-
vective clouds and convective invigoration. Davis et al. (2006) and Davis et al. (2009)
presented an object-based analysis of rainfall patches, including tracking capabilities,
which was applied to precipitation on a relatively large regional scale. Heiblum et al.
(2016a,b) developed and applied a tracking algorithm for warm convective clouds that
determines cloud volumes from the condensate mixing ratio field and then propagates the
clouds based on the velocity of the cloud centre of mass. This algorithm allows for cloud
splits and merges to form complex cloud entities possibly involving numerous individual
clouds. Only a few studies have focused on tracking individual deep convective clouds
in model simulations in a way that takes into account the actual cloud volumes (Chen
et al., 2017). Terwey and Rozoff (2014) developed a tracking algorithm for individual
convective updrafts and applied it to CRM simulations of hurricane cases with two differ-
ent models. However, this effort has not been provided to the community as a generalised
software package aimed at more widespread use cases. Several other approaches that in-

cluded the tracking of individual updrafts in different types of cumulus clouds in a very
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detailed manner (Sherwood et al., 2013; Hernandez-Deckers and Sherwood, 2016) would
not be easily transferable to data with a lower temporal and spatial resolution.

Despite these advances in developing detailed cloud tracking approaches for use in highly
resolved model simulations, most current studies are performed with model grid spacings
of several hundreds of metres to a few kilometres, especially when using larger domains
or simulations for longer time periods. Providing adequate ways of performing track-
ing and object-based analyses for different types of clouds, including deep convection, in
these kinds of simulations provides a key pathway to better understanding the underlying
physical processes.

This overview clearly shows the wide range of extensive efforts that went into the de-
velopment of elaborate software and analysis tools to track clouds in different types of
datasets. However, it also highlights the problem of limited compatibility between the
different existing approaches and implementations, especially regarding the intended use
of tracking clouds based on different data sources using the same algorithms and analysis
tools.

To address some of these limitations of existing approaches and provide a more functional
tool with increased flexibility for different applications, we have developed tobac as a new
flexible software tool for the identification, tracking and analysis of clouds. This approach
certainly does not intend to replace the existing tools in their specific applications, but is
rather aims to provide a flexible framework that can be used for a wide range of different
datasets and also allows the future integration of some of the existing approaches dis-
cussed here.

tobac is designed in a modular way that includes the following basic steps, which are

described in detail in the following sections 4.2.1-4.2.5:

1. Data input and output

2. Feature detection

3. Segmentation of cloud areas/volumes
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4. Trajectory linking

5. Object-based analysis and visualisation

tobac provides a framework that allows for a convenient application to output from a wide
range of model simulations and observational products, as long as it is provided with suf-
ficient temporal and spatial resolution and contains output variables that can be used to
identify individual clouds. Therefore, the software package can be used for a range of im-
portant applications like model intercomparison studies, which generally rely on simpler
analysis methods that do not capture the evolution of individual clouds. These capab-
ilities also allow for comparative studies between model simulations and observational
datasets, e.g. from satellite retrievals, using the same underlying statistical methods. Due
to the modular structure, tobac is set up for the integration of existing or newly developed
algorithms for the different steps in the analysis chain. The implementation in Python
provides tobac with access to numerous more specialised existing software libraries for
different aspects of the software, such as data input/output, memory usage and the existing
functionality from the field of image processing. We also show how we can leverage an
existing Python library from an entirely different field of the physical sciences to perform
integral parts of the linking step in our application. Furthermore, the choice of Python for
tobac makes the package more easily accessible to users as it allows for easier integration
into existing analysis workflows and also stimulates the integration of additional compon-
ents in the modular workflow of the package.

To show the advantages of tobac in practical applications, we present two different ex-
amples of using the framework in tracking and analysing deep convective clouds. In the
first application, the detection of features is performed on the column-maximum vertical
velocity at each output time interval from a CRM simulation. A three-dimensional water-
shedding algorithm is applied to the updraft field and to the total condensed water content
field (mass mixing ratio of all hydrometeors) at each step in time to infer both the volume

of the individual updrafts and the clouds associated with the tracked updrafts. These fea-
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tures are then filtered and linked into consistent trajectories. We use the tracking results
to assess the distribution of cloud lifetimes and the requirements for the model output
temporal resolution. In the second application, we perform a simultaneous analysis for
model and satellite data. Similar vertically resolved data as used in the other example are
usually not available from satellite imagers. The information in most satellite retrievals of
cloud properties is limited to two-dimensions. With a multi-spectral selection of channels
from the satellite instrument, cloud-top height and radiative properties can be retrieved
(McGarragh et al., 2018). An analysis of model-simulated and satellite-retrieved fields
of outgoing longwave radiation is presented to demonstrate the flexibility of the tobac
approach. By making use of the framework consistently across different datasets like
this, we can compare the tracked clouds in both data sources by examining the statistical
properties of the resulting population of convective clouds, thereby facilitating model-

observation comparisons.

4.2. Software description

In this section, we describe the general design and workflow of the software package as
illustrated in Fig. 4.1 for the two example applications presented in Sect. 4.3 and Sect. 4.4.
The implementation of the individual analysis steps described here reflects an example
combination of analysis steps currently implemented in tobac. Due to the modular setup
of the package, different parts of the workflow can be combined in a different way or

replaced by future additions to the framework.

4.2.1. Data input and output

The input data for the framework are provided in a high-level format of either Iris cubes
(Met Office, 2018) or xarray DataArrays (Hoyer and Hamman, 2017), which include

detailed metadata for each data variable, such as units and coordinates. The algorithm
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Example A: Example B:
Updraft tracking Outgoing longwave radiation (OLR)

w (vertical velocity) OLR ..
(Outgoing longwave radiation)
1. Data input TWe ]
[Input Data iris.cube.Cube ] (condensate loading)

3. Segmentation

[ Mask iris.cube.Cube ]

4. Trajectory Linking

| Trajcetories pandas.DataFrame]

5. Visualisation & analysis ]

Figure 4.1: Schematic overview of the general workflow of the tobac tracking analysis
framework and of the two examples presented in this manuscript.

can thus automatically use these metadata, and the tracking setup can be controlled inde-
pendently of the temporal resolution, spatial resolution or dimensions of the input data.
Tracking parameters representing physical properties like distances or time periods can
be set in physical units and are automatically converted to pixel-based values needed for
the underlying calculations. Scientific data are provided in a vast variety of different file
formats and data structures. Implementing a way of loading the data into the right format
for an application often proves to be a significant limitation to the use of new datasets
and generally consumes an unjustifiable amount of time and effort, apart from providing
an important source of implementation errors. The Python library Community intercom-
parison Suite (CIS) (Watson-Parris et al., 2016) overcomes this challenge and provides
a convenient way to automatically load a vast array of observational datasets into Iris-
compatible objects for direct use in tobac.

Both Iris and xarray make use of so-called "lazy loading” based on the dask package
(Rocklin, 2015; Dask Development Team, 2016) for efficient memory usage. The initial
loading of data from a file only creates a place-holder. Then, individual operations on the

data are combined and evaluated once the final result is to be saved, printed or plotted.
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Only at this stage are data actually loaded from disk into the physical memory of the com-
puting machine and individual calculations performed. Based on these capabilities, the
entire tobac framework is written with a focus on limiting instantaneous memory usage
by splitting up calculations into chunks, e.g. along the time dimension. Hence, even large
datasets with individual fields much larger than the memory available on the computing
system can be conveniently processed without special adaptation by the user.

The output of the tracking analysis is given in commonly used high-level Python data
format as pandas DataFrames (McKinney, 2010) for a table containing the tracked cell
centres and trajectories and as Iris cubes or xarray DataArrays for the masks of cloud
volumes or areas. This output is automatically amended with the same metadata as the in-
put data like coordinates (e.g. time, longitude, latitude), along with additional information
from the tracking process, e.g. a time coordinate relative to the initiation of an individual
convective cell. This allows for the convenient and direct use of the output for visualisa-

tion and further analyses.

4.2.2. Feature detection

The feature detection can work with any two-dimensional field either present or derived
from the input data. In the first example, we use maxima in the maximum vertical ve-
locity in each column of the three-dimensional high-resolution model output to identify
individual updrafts (see Sect. 4.3). In the second example, minima in outgoing longwave
radiation from satellite retrievals and model output are used in the feature detection (see
Sect. 4.4).

To identify the features, contiguous regions above or below a threshold are determined
and labelled individually. Smoothing the input data, e.g. with a Gaussian filter, makes this
step much more reliable. Erosion of the labelled regions by a specified length or number
of pixels leads to more robust detection of individual features as described in Senf et al.

(2018).
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To describe the specific location of the feature at a specific point in time, we have investig-
ated the use of different spatial properties describing the identified region. The geometric
centre can be strongly affected by changes in the shape of the boundary, which is de-
termined based on the selected threshold value. Instead, we have found that a weighted

mean

Xmean = Z WiX; 4.1)

1

with weights w; given by the difference between the values of the chosen field at the

individual points V; and the threshold value Viearre

Wi = Vl - erature ( 4.2)
Zj Vl - erature

has proven to perform best in determining a robust feature position. We can interpret
this position as the centre of mass of the component of the field exceeding the chosen
threshold value.

Using a single threshold to identify features can lead to problematic results in two dif-
ferent ways. A very restrictive threshold means that clouds with weak vertical velocities
or clouds during their initial and decaying stage will not be captured. On the other hand,
a weakly restrictive threshold can lead to spurious results as it might lead to large un-
confined regions around deep convection being selected, or to an unwanted merging of
several distinct cloud features into one. To resolve these conflicting requirements arising
in the case of a single threshold value, we have developed a step-wise approach with a
range of threshold values (Fig. 4.2). These threshold values have to be chosen specific-
ally for each application of tobac. The choice can be based on a detailed analysis of the
data used for tracking to determine where the features separate from the background, e.g.
based on histograms as shown in Sect. 4.4, or using empirical values from previous stud-
ies of the specific phenomena. The feature identification starts with labelling the regions

for the least restrictive threshold. For each threshold value, features are identified in the
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same way (Fig. 4.2b,d,f) and replace existing features that were found based on a less
restrictive threshold value in the surrounding region (Fig. 4.2e,g).

This combination of different thresholds allows tobac to detect lower intensity features
representing weaker convective clouds or clouds in their initial or decay stage but identify
localised features with stronger updrafts or colder cloud tops within the weaker-threshold
areas. In the first example application (Sect. 4.3), consecutive maximum updraft threshold

values of 3, 5 and 10ms~!

were used, while tracking based on OLR in the second ex-
ample (Sect. 4.4) was performed with consecutively smaller threshold values (250, 225,

200, 175 and 150 Wm™?2).

4.2.3. Segmentation

Once features and feature centres are identified, segmentation techniques are used to as-
sociate areas or volumes to each identified feature. In the current version of the tobac
framework, we have implemented segmentation using watershedding techniques from the
field of image processing (skimage.morphology.watershed from the scikit-image library
(Soille and Ansoult, 1990; Walt et al., 2014) with a fixed threshold value Viegmentation-
This value has to be set specifically for every type of input data and application, as ex-
plained in more detail for the two example applications in Sect. 4.3 and Sect. 4.4. Wa-
tershedding segmentation treats the input field as a topographic map and separates the
input into individual regions similar to individual watersheds or catchment basins along a
dividing ridge in a geological context (Meyer, 1994). These techniques are widely used
in several existing cloud tracking and analysis algorithms described in Sect. 4.1, such as
Heiblum et al. (2016b), Fiolleau and Roca (2013) and Senf et al. (2018).

This segmentation routine can be performed for both two-dimensional and three-dimensional
data. At each time step, a marker is set at the position (weighted mean centre) of each
feature identified in the detection step in an array otherwise filled with zeros. In the case
of the three-dimensional watershedding, all cells in the column above the weighted mean

centre position of the identified features fulfilling the threshold condition Viegmentation are
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Figure 4.2: Schematic illustration of the multi-threshold feature detection approach using
three different threshold values.
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set to the respective marker. The algorithm then fills the area (2D) or volume (3D) based
on the input field starting from these markers until reaching the threshold Viegmentation- If
two or more cloud objects are directly connected, the border runs along the watershed
line between the two regions. This procedure creates a mask of the same shape as the
input data, with zeros at all grid points where there is no cloud or updraft and the integer
number of the associated feature at all gridpoints belonging to that specific cloud/updraft.
This mask can be conveniently and efficiently used to select the volume of each cloud
object at a specific time step for further analysis or visualisation.

The structure of tobac allows for the future implementation of other algorithms for the
segmentation step, e.g. replacing the watershedding approach by random walk techniques

(Grady, 2006; Wang et al., 2019) or other image processing tools.

4.2.4. Trajectory linking

The individual features and associated area/volumes identified in each time step have to be
linked into cloud trajectories to analyse the time evolution of cloud properties for a better
understanding of the underlying physical processes. For this step, we have implemented a
linking method that makes use of trackpy (Allan et al., 2016), a Python library originally
developed for tracking particles and cells in microscopic images. The linking determines
which of the features detected in a specific time step (see Sect. 4.2.2) is identical to an
existing feature in the previous time step. For each existing feature, the movement within
a time step is extrapolated based on the velocities in a number of previous time steps. The
algorithm then breaks the search process down to a few candidate features by restricting
the search to a circular search region centred around the predicted position of the feature
in the next time step. For newly initialised trajectories, where no velocity from previous
time steps is available, the algorithm resorts to the average velocity of the nearest tracked
objects.

The parameter v,y restricts how much the future position of a feature is allowed to de-
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viate from a linear extrapolation of the trajectory over time. It thus has the units of a
velocity and describes the dependency of the circular search range d on the output time

step At in the data used for the tracking

d = vmaxAt. 4.3)

In the applications (Sect. 4.3 and 4.4), we set this value to vy ax=10 ms~!, which results
in a search range of 600 m around the projected position for 1 minute data input and 3 km
for 5 minute data input. Variations in the shape of the regions used to determine the po-
sitions of the features can lead to quasi-instantaneous shifts of the position of the feature
by one or two grid cells even for a very high temporal resolution of the input data, po-
tentially jeopardising the tracking procedure. To prevent this, tobac uses an additional
minimum radius of the search range d;, (2 km, equivalent to four times the grid spacing
in Sect. 4.3) that specifies a lower limit for the size of the search region. Both these para-
meters are given as physical quantities and then converted into pixel-based values used in
trackpy. This allows for cloud tracking that is controlled by physically-based parameters
that are independent of the temporal and spatial resolution of the input data. We make use
of this for cloud tracking with different model output frequencies for the same simulations
in the example application in Sect. 4.3.

Features can be allowed to be missed for a certain number of time steps (memory) and
still get linked into a trajectory. However, this option should be used with caution, as it
can lead to erroneous trajectory linking, especially for data with low time resolution. For
example, convective clouds can produce outflow boundaries that initiate new convective
clouds nearby, and the newly-formed clouds are more likely to be linked to the original
clouds with this option. The trajectories can also be extrapolated to additional output time
steps at the start and at the end of the tracked path. This allows for the inclusion of both
the initiation of the cell and the decaying later stages of the cell development that may

have been unidentified based on the chosen thresholds. Furthermore, a threshold for the
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minimum lifetime of the tracked objects can be used to exclude the analysis of clouds that
have only been tracked for a very short period and are likely to be spurious features. Such
tracked objects can contaminate analyses focusing on the cloud lifetime and associated
quantities.

The trajectories are recorded in a pandas DataFrames. This enables filtering the resulting
trajectories, e.g. to reject trajectories that are only partially captured at the boundaries of
the input field both in space and time.

The current version of the linking step does not include an explicit treatment of the split-
ting and merging of clouds, as implemented in several of the cloud tracking algorithms
reviewed earlier (Dawe and Austin, 2012; Heus and Seifert, 2013; Heiblum et al.,
2016b). Instead, the algorithm creates a continuous track for the cloud that most directly
follows the direction of travel of the preceding or following cell path. However, we have
structured the implementation of tobac in a way that allows for the future addition of more
complex tracking methods recording a more complex network of relationships between

cloud objects at different points in time.

4.2.5. Object-based analysis and visualisation

To make use of the results of the previous steps, we provide detailed tools to analyse and
visualise the tracked objects. We provide a set of routines that enable performing analyses
and deriving statistics for individual clouds, such as the time series of integrated properties
and vertical profiles. We also provide routines to calculate summary statistics of the entire
population of tracked clouds in the cloud field like histograms of cloud areas/volumes or
cloud mass and a detailed cell lifetime analysis (see Fig. 4.5 and Fig. 4.9).

These analysis routines are all built in a modular manner. Thus, users can reuse the most
basic methods for interacting with the data structure of the package in their own analysis
procedures in Python. This includes functions performing simple tasks like looping over

all identified objects or cloud trajectories and masking arrays for the analysis of individual
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cloud objects. Plotting routines include both visualisations of the entire cloud field and

detailed visualisations for individual convective cells and their properties.

4.2.6. Advantages of the implementation in Python

While the majority of the existing tracking approaches reviewed in Sect. 4.1 are imple-
mented either in Fortran, C and C++ or in proprietary programming languages like MAT-
LAB, we have chosen to use Python for our tracking framework for several practical reas-
ons. Python has become the go-to standard for data analysis in many fields of scientific
research, including the atmospheric sciences in recent years (Lin, 2012; Perkel, 2015).
This makes it possible to develop software that is accessible and modular, which allows
for the successful addition of user-contributed algorithms or the adoption or application of
the workflow for cases beyond those presented here. The use of libraries in the scientific
Python ecosystem including NumPy, SciPy, and matplotlib (Hunter, 2007; Walt et al.,
2011), along with a large stack of existing and optimised libraries providing image pro-
cessing features (Walt et al., 2014), means that the package is based on actively developed
open-source projects. This ensures an accurate, effective and tested implementation of
the individual calculations as well as the continuous integration of new developments and
improvements. Most of these Python libraries use Fortran or C for the actual underlying
calculations, which means that many of the individual operations within tobac make use
of the increased computational speed of these languages. The use of Python also means
that even users without extensive programming experience will be able to easily adapt
existing procedures into the workflow or contribute additional algorithms to the modular
structure of the tobac tracking framework.

The implementation in Python also enables the use of Jupyter notebooks (Perez and
Granger, 2007; Kluyver et al., 2016) as an innovative way of developing, visualising
and sharing scientific data analyses. We provide examples of the analyses presented here
as Jupyter notebooks provided in the software package.

Memory limitations have been cited as a significant challenge for the application of many
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of the presented algorithms (Dawe and Austin, 2012; Heus and Seifert, 2013). The use
of modern memory management techniques such as “lazy data loading” in the underly-
ing Python libraries Iris (Met Office, 2018) or xarray (Hoyer and Hamman, 2017), which
both rely on the dask data types (Rocklin, 2015), allows for clear and concise source code

while sparing the users of having to deal with memory-related considerations themselves.

4.3. Example A: tracking of convective cells in high-reso-
lution model simulations based on updraft velocities
and condensate mixing ratios

In the first example, we apply the tracking framework to CRM simulations of scattered
deep convection. Deep convective clouds are characterised by regions of strong vertical
motions which are concentrated in relatively confined updraft cores that dominate the dy-
namics of the cloud evolution (Cotton et al., 2010). Hence, the updraft cores are well
suited to be used for identifying and tracking individual convective cells. We use the total
condensate mixing ratio, i.e. the total amount of liquid and frozen water per mass of dry
air, to associate the identified updraft cores with the respective cloud volume at each time.
We make use of simulations that were performed as part of a larger model intercomparison
case study in the deep convection working group of the Aerosol, Clouds and Precipitation
(ACPC) initiative (van den Heever et al., 2017) aimed at understanding the response of
scattered convection over the region around Houston, Texas to changes in aerosol number
concentrations. The tracking algorithm presented here will be used as part of the analysis
for the model intercomparison study using several different three-dimensional CRMs.
Here we use model results from simulations with the Weather Research and Forecasting
(WRF) model (Skamarock et al., 2005) with a horizontal grid spacing of 500 m and ver-
tical grid spacing of 50-300 m. The model time stepping is 2 s for the outmost domain and
1.5 s for the two inner domains. The simulations use the Morrison microphysics scheme
(Morrison et al., 2005; 2009) and the Rapid Radiative Transfer Model (RRTMG) short

and longwave radiation scheme (Iacono et al., 2008). The simulations are performed in
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a nested setup with three domains using grid spacings of 4.5 km, 1.5 km and 500 m. Ini-
tial conditions for all domains and boundary conditions for the outermost domain were
provided by the GDAS-FNL reanalysis NCEP (2015). The simulations have been per-
formed for 24 hours from 12:00 UTC on the 19 June 2013 to 12:00 UTC on the 20 June
2013. The simulations setup is described in more detail in Chap. 5 and in van den Heever
et al. (2017). In this example, we use data from the innermost domain with a 500 m grid
spacing and 500 grid cells in each horizontal direction. The simulation results are output
at a frequency of 1 minute for an extended part of the simulation period (3 hours, 21:00
UTC — midnight) and at a frequency of 5 minutes for 12 hours of the simulations (16:00
UTC — 04:00 UTC). The outermost domain of the same nested simulation setup is used
for the comparison with satellite data presented in Sec. 4.4.

We use a combination of the three-dimensional fields of vertical velocity and total con-
densate mixing ratio in this application to track individual convective clouds. The indi-
vidual steps of the analysis are visualised for a specific point in time and a subset of the
model domain in Fig. 4.3. The three-dimensional vertical velocity field is reduced to the
maximum updraft velocity in each model column over a mid-tropospheric range of geo-
potential height (3000 m to 8000 m) (Fig. 4.3a). This avoids the impact of strong vertical
motions both in the lower troposphere, that may be associated with outflow boundaries,
and also gravity waves in the upper troposphere. A Gaussian filter with a variance of
o0 = lkm is used to filter the input in the feature detection step (Fig. 4.3b) to create a
smoother field that assists in the feature detection. This two-dimensional field is then
used to identify individual deep convective updrafts in the simulation. The feature identi-
fication following Sect. 4.2.2 is performed with a set of three updraft velocity thresholds
of 3ms™!, 5Sms™! and 10ms~! (Fig. 4.3¢c) and yields the individual features marked in
Fig. 4.3d. Segmentation is performed on the condensate mixing ratio using the water-
shedding technique (see Sect. 4.2.3) with a threshold of 0.5 gkg~! to identify the cloud
volumes corresponding to the individual identified updrafts. The cloud volumes derived

with watershedding from the condensate mixing ratio field of each of the identified up-
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Figure 4.3: Schematic overview of the individual steps of the tracking algorithm for an
example subset of the domain used in example A including the input mid-tropospheric
velocity field. The input data (a) are smoothed with a filter (b) before regions above or be-
low a set of thresholds are determined (c) to identify the individual features (d). (e) shows
the surface projection of the associated cloud volumes determined in the segmentation set
and (f) shows the entire trajectories of the cells present at this time step, including the
surface projection of the cell volume at the start (dashed) and at the end (solid) of the
trajectory.

drafts is represented by the surface projection of the 3D volumes (Fig. 4.3e). Note that
the intersecting lines in Fig. 4.3e represent instances where cloud volumes associated with
different updraft cores may be present in the same column but at different altitudes. Tra-
jectories are formed by linking up the individual features and are shown including the
surface projection of the cloud volumes at the initial and final time step of each tracked
cell (Fig. 4.3f). A smaller subset of the data and analysis for this example including the
tracking analysis and visualisation is available as a Jupyter notebook as part of the pack-

age source code.
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4.3.1. Time resolution requirements for cloud tracking

The cloud tracking framework presented here can be applied to model output from any
atmospheric model simulation with sufficient resolution to resolve the features intended
to be studied. However, successful tracking of individual clouds in the simulation output
requires sufficiently high spatial and temporal resolution. However, writing output data at
high frequency from numerical model simulations drastically increases the computational
expense of the simulations and the size of the output datasets. For observational data, such
as geostationary satellite data, the available time resolution might be limited by technical
restrictions such as scanning time or data transmission. It is thus important to determine
the necessary input frequency for the successful tracking of a specific type of dataset.
The tracking step (Sect. 4.2.4) uses trackpy, which is based on the tracking methods de-
veloped for in Crocker and Grier (1996). The algorithm has been originally developed for
microscopic particles; however, all considerations apply equally to the tracked features
we regard here in tobac. In their development of the algorithm, the authors state that
successfully linking objects into trajectories is only feasible if the typical displacement
of a particle during one time step is smaller than the typical inter-particle spacing. To
assess how valid these assumptions are for our application, we investigated the nearest-
neighbour distances for individual cells and the typical displacement of the tracked objects
within one time step. Distances between cloudy updrafts (Fig. 4.4a) were most frequently
around 5 km with a substantial tail of up to 30 km representing more isolated cells. This
distribution is independent of the chosen output time step as it represents an instantaneous
relationship between cells at individual points in time. The updraft propagation velocities
derived for tracking with a 1 minute output time step (Fig. 4.4b) were most frequently at
around 4 ms~! with more than 90 % of the velocities below 10ms~!.

Using the output time step and these velocities, we can calculate the displacement of the
clouds within one tracking time step and compare that to the nearest-neighbour distances
(Fig 4.4c). In addition to the time step of 1 minute, the displacements that would result

from lower output frequencies of 5, 10, 15 and 30 minutes based on these velocities were
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calculated (Fig 4.4c). While there is no clear overlap between the nearest-neighbour dis-
tance distribution and the displacement distribution for an output time step of 1 minute, the
tails of the distributions start overlapping for 5-minute input data, although the peaks are
still distinctly separate. For lower output frequencies of 15 minutes and 30 minutes, how-
ever, there is a clear overlap between the nearest-neighbour distance distribution and the
distributions of displacement within one time step. Therefore, these frequencies would
be outside the range postulated for the successful application of the tracking algorithm
used by trackpy. Hence, when applying this tracking algorithm, it is important to under-
stand both the spatial distribution of the desired tracked features and their propagation
velocities to ensure that the output time step is sufficiently frequent. For the simulations
assessed here, both 1-minute and 5-minute output frequencies would be acceptable for
tracking cloudy updrafts, with 1-minute output likely to provide more successful and ac-
curate tracks.

The cloud lifetimes (Fig. 4.5) are analysed for the same 3-hour period using the two dif-
ferent time resolutions (1 minute and 5 minutes) and agree well for clouds with lifetimes
larger than about 15 to 20 minutes. For shorter lifetimes, the 1-minute input data yield
substantially more tracked cells. It is obvious that we can only properly represent and
analyse cloud lifetimes for clouds that exist over a certain number of output time steps in
this framework. An individual cloud that is tracked for 5 to 10 minutes based on 1-minute
output allows for robust conclusions about the evolution of the cloud in that period. The
same time would merely lead to two or three individually identified objects for 5-minute
data output, which would be the minimum to draw any useful conclusions about the life-

times or time evolution of the clouds.
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Figure 4.4: (a) Distributions of the distance to the next identified object for all identified
objects and (b) velocities for tracked cloud objects at each time step of the trajectories.
(c) The distribution of derived travel distances of individual clouds during one output
time step (shaded colours) resulting from these velocities in (b) is shown together with
the distribution of the minimal distance to the nearest-neighbour for individual objects as
shown in (a).

4.4. Example B: tracking of deep convective clouds in
model simulations and geostationary satellite data
based on outgoing longwave radiation (OLR)

Satellite retrievals are an important tool in climate and weather research as they are an
effective way of obtaining observation-based quantities over greater spatial scales in the
atmosphere. Specifically, geostationary satellites offer continuous coverage in space and
time for a specific region and can, therefore, be used for understanding the temporal evol-

ution of atmospheric phenomena. Direct comparisons of model simulations with satellite
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Figure 4.5: Cell lifetimes for tracking and analysis using two different output time steps
(1 minute and 5 minutes) showing both total counts (a) and the PDF (b).

retrievals for the same area and time period are an important means of assessing the mod-
els’ capabilities to successfully represent atmospheric processes in the real world. Using
a tracking framework for the analysis allows us to investigate the representation of clouds
in the model in a way that takes the development of individual clouds within the popu-
lation of clouds into account as opposed to relying on temporal and spatial statistics of
the cloud field. Using the same tracking framework for both model and observation data
allows for a more robust comparison between them.

Here, we use satellite data from the Geostationary Operational Environmental Satellite
(GOES) system, specifically GOES-13 (Hillger and Schmit, 2007), and WRF model sim-
ulation results from the ACPC deep convection case study (van den Heever et al., 2017).
The satellite data were downloaded from the NOAA Comprehensive Large Array-data
Stewardship System (CLASS) (NOAA, 2019) for the Continental United States (CONUS)
area in NetCDF format. The NOAA Weather and Climate Toolkit (WCT) (National Cli-
matic Data Center, NESDIS, NOAA, 2019) was used to convert pixel counts to radiances
and brightness temperatures for the two channels used in the analysis here. The satellite

data used in this example has an average horizontal spacing of about 4 km.
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The model simulation comprises the outermost nested grid of the nested WRF simulation
setup described in Sect. 4.3 as well as in Chap. 5. This outer domain covers a much larger
area, encompassing most of Texas and the surrounding states of the southern USA, as
well as neighbouring areas of northeastern Mexico. It features a grid spacing of 4.5 km
and a width of 400 grid cells, equivalent to 1800 km in each horizontal direction. The
simulation results were output at a time resolution of 15 minutes for the entire 24-hour
simulation period from 12:00 UTC on 19 June 2013 to 12:00 UTC on 20 June 2013.
Although the temporal and spatial resolution of the input data can be arbitrary for the use
in tobac, a meaningful comparison of the two datasets requires that the analysis covers
the same region at a similar temporal and spatial resolution. The spatial resolution of the
two datasets is reasonably similar (around 4 km for the satellite data and 4.5 km for the
model output) and both datasets use a regular 15-minute interval, with a difference of up
to a minute due to the scan time of the satellite data. The satellite data were restricted to
the same temporal and spatial extent as the model output.

Top of the atmosphere outgoing longwave radiation (OLR) is used to track individual deep
convective clouds in both model simulations and satellite retrievals. OLR is a standard
model output for most high-resolution simulations and is often used as a diagnostic for
simulated deep convection (Pearson et al., 2010; Russo et al., 2011). OLR retrievals also
have the benefit that they do not depend on other aspects of a complicated radiative trans-
fer model, which require, amongst other assumptions, that pixels are assigned as either
cloud or cloud-free for the radiative retrieval of several optical (effective radius and op-
tical depth) and thermal (cloud top temperature and height) cloud properties (McGarragh
et al., 2018). For the satellite data, we use an empirical conversion derived in Singh et al.
(2007) to convert the radiances L from two channels in the GOES-13 measurements, the

water vapour channel (WV, 5.8 to 7.30 um) and a channel in the infrared window (WIN,
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10.2 to 11.2 um), to OLR.

9.11L
OLR =11.44 Lywyn +9.04 Lywv + Z WY
Lwin
86.36
- —0.14 Ly + 111.12. (4.4)
Lwin

Singh et al. (2007) report an uncertainty from these conversions within 2.5 Wm~2,
The distribution of OLR for the model simulations and the satellite retrievals show a very
similar shape (Fig. 4.6). The satellite-retrieved OLR features a larger number of pixels
characterised by lower OLR values in the range between 100 and 250 Wm~2 correspond-
ing to deep cloud tops. The range covered and the peak position of OLR, corresponding
to cloud-free and low cloud regions around 290 Wm™2, agree well between the model
simulation and the satellite retrieval.
We use these histograms to choose the threshold values for the feature detection and the
segmentation steps in the tobac routine. The threshold for the outline of the convective
clouds in the segmentation step (250 W m~2) reflects the lower tail of the peak of OLR in
both the model simulations and the satellite retrievals. The additional thresholds used in
the feature detection algorithm (250, 225, 200, 175 and 150 Wm~2) are distributed over
the range of OLR values in the part of the distribution representing the deeper clouds.
The individual steps of the tracking analysis for the model data are shown in Fig. 4.7,
but the same steps are applied equally to the satellite-retrieved data. The outgoing long-
wave radiation field (Fig. 4.7a) is filtered with a Gaussian filter with a standard deviation
of 0 = 4.5km, equivalent to the grid spacing of the model data (Fig. 4.7b). The fea-
ture identification following Sect. 4.2.2 is performed with the set of five OLR thresholds
of 250, 225, 200, 175 and 150 Wm~2(Fig. 4.7c,d). The segmentation is performed us-
ing the watershedding technique (Sect. 4.2.3) with an OLR threshold of 250 Wm™?2 to
identify the area of the individual clouds leading to the cloud areas shown in 4.7e. The
complete linked trajectories of all clouds present at the specific time step, as illustrated

in the other sub-figures, are shown in Fig. 4.7f with the cloud extent at the start (dashed)
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Figure 4.6: Probability density function of OLR for the model simulation and the satel-
lite retrievals including the thresholds (vertical dashed and dotted lines) set for feature
detection and segmentation.
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Figure 4.7: Schematic overview of the individual steps of the tracking algorithm for an
example subset of the domain used in example B based on outgoing longwave radiation.
The input data (a) are smoothed with a filter (b) before regions above or below a set
of thresholds are determined (c) to identify the individual features (d). (e) shows the
associated cloud areas determined in the segmentation step and (f) shows all individual
clouds present at the time step over their entire life cycle, including outline the cloud area
at the start (dashed) and at the end (solid) of the trajectory.
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Figure 4.8: Identified and tracked objects at two specific points in time (19/06/2013 18:55
UTC and 22:55 UTC) based on outgoing longwave radiation for the WRF simulations
with 4.5 km grid spacing on the left (a, ¢) and the outgoing longwave radiation derived
from the combination of two GOES-13 channels following Singh et al. (2007) on the right
(b, d).

and end (solid) of the lifetime of the cloud. A smaller subset of the data and analysis
for this example including the tracking analysis and visualisation is available as a Jupyter
notebook as part of the package source code. The tracked clouds for both the model simu-
lation and the satellite retrieval are visualised for two different times in Fig. 4.8. Both the
model simulations and the satellite retrieval show many individual convective clouds in a
region north of the coastline, especially towards the east of the analysed domain around
the Mississippi River Delta and further inland in Texas. In addition, larger connected

regions of clouds occur both towards the southern end of the analysed domain over the
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Figure 4.9: Distributions of cloud lifetimes obtained from the tracking of model data and
satellite retrievals, shown as total counts (a) and frequency (b). The distribution of cloud
areas is shown as the distribution of total area resulting from the sum in each area bin (d)
and as a pdf of cloud area (c). Both these distributions are plotted against the equivalent
radius of a circular cloud of the same area.

Gulf of Mexico and in the form of a large organised storm system entering the domain
from the north-west. The propagation of this large system is not represented accurately in
the model simulation, as it shows a lag of several hours and is smaller in magnitude than
in the satellite retrievals. The lifetime distribution of the clouds identified and tracked
from the model simulations and from the satellite retrievals show a similar distribution

(see Fig. 4.9a). However, more clouds are identified in the satellite data than in the model
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data. When normalised for total number, the lifetime distributions agree better between
the two different data inputs (Fig. 4.9b). Most cloud objects are tracked for periods of
up to an hour, but in both the model simulations and the satellite retrievals there are nu-
merous cloud objects tracked for up to several hours. The distributions of the cloud areas
(Fig. 4.9¢,d) show that the total cloud area for both model and satellite data is made up of
two types of identified objects, smaller tracked clouds with a radius of up to 100 km and
large tracked features with a radius of a few hundred kilometres. Due to the larger number
of tracked clouds, there is more total cloud area in the tracked clouds in the satellite data.
The distribution of cloud sizes is relatively similar between the two datasets. The satel-
lite data show more small clouds below 100 km equivalent radius. Furthermore, the size
of the largest tracked objects is larger in the satellite data than in the model data, which
corresponds to the large MCS propagating through the domain of interest (Fig. 4.8), and
which is not represented properly in the model simulations with respect to both timing
and total size.

An analysis of the cloud velocities and nearest-neighbour distances as described in
Sect. 4.3.1 is presented in Fig. 4.10. The distribution of both the nearest-neighbour dis-
tances (Fig. 4.10a) and the cloud displacement velocities (Fig. 4.10b) agree well between
the model simulations and the satellite retrieval. The peak of the nearest-neighbour dis-
tances appears around 20 km. The propagation velocities peak at around 8 ms~!, with
most of the velocities below 20ms~!. A comparison of the nearest-neighbour distances
and the displacements per input time step that would result for different temporal resolu-
tion (1, 5, 15 and 30 minutes) shows that the 15-minute time step used here already shows
some overlap in the distributions. Longer time steps of 30 minutes or more would prob-
ably lead to problems in the tracking, while shorter time steps of a few minutes would
be expected to improve the tracking further. However, output at similarly high temporal
frequencies is not always feasible or simply not available for a lot of data sources, e.g.
for the GOES-13 geostationary satellite retrievals used in this study. The newest genera-

tion of geostationary satellite imagers such as the GOES-R series (GOES 16/17) that has
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Figure 4.10: (a) Distributions of the distance to the next identified object for all identified
objects and (b) velocities for tracked cloud objects at each time step of the trajectories for
both the model simulations and the satellite data. (d) The travel distance per input interval
resulting from different time resolution of the input based on these velocities (b) is shown
together with the distribution of the minimal distance to the nearest-neighbour in (a) for
the model data in (c¢) and for the satellite data.
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replaced the GOES-13 satellite used here, as well as Himawari-8 (Bessho et al., 2016)
and the future Meteosat Third Generation (MTG) satellites (Stuhlmann et al., 2005) all
feature substantially higher temporal and spatial resolution.

The scattered convective cells of differing depths over the area of Houston that were the
focus of the analysis in the first application example (Sect. 4.3) are not clearly resolved in
these two datasets. The lower spatial resolution of the simulations and satellite retrieval
(around 4 km compared to 500 m in the high-resolution simulations used in Sect. 4.3)
limit the spatial scale of cloud features that can be resolved to more than a few tens of
kilometres in radius. The use of outgoing longwave radiation as a variable for feature
identification does not include as much information as the three-dimensional model out-
put fields used in Sect. 4.3, however, it provides complementary information to compare

model simulations with satellite retrievals.

4.5. Conclusions

We have presented tobac, a new framework for object-based analysis and tracking in-
dividual convective clouds in different types of input data. The workflow of the soft-
ware package consists of the detection of suitable features, segmentation of the areas or
volumes representative of an individual cloud object and subsequent linking of objects at
individual time steps into trajectories. All individual steps are implemented in a modular
way, thereby allowing for the implementation of different algorithms for each of the steps,
should the need arise.

We have developed a feature detection algorithm based on identifying regions above/-
below a defined sequence of thresholds in two-dimensional input fields. Cloud volumes
or cloud areas are associated based on a watershedding technique featuring a single spe-
cific threshold value on two- or three-dimensional input fields.

We have shown how we can leverage another open-source Python package trackpy, ini-
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tially developed for application in microscopy, in the tobac framework to link up cloud
objects at individual time steps into consistent cloud trajectories. These cloud traject-
ories allow for an analysis of cloud lifetimes and the time evolution of cloud properties
and physical processes in the clouds over the lifetime of the cloud. The analysis routines
provided as part of the package can be applied to derive cloud properties and statistics
for individual clouds over their life-cycle as well as for the entire population of clouds in
the analysed cloud field. The built-in visualisation routines allow for a convenient way to
assess the performance of the analysis and evaluate the choice of parameters for the dif-
ferent steps of the analysis framework. The automatically created animated visualisations
of individual tracked cells can guide users in the development of further detailed analyses
based on the analysis tools provided in the framework.

The implementation of the tracking framework in Python enables the use of extensive
and actively developed open source libraries for scientific computing. We have shown
that this provides numerous advantages, e.g. for memory management, data structures
and visualisation. The rapid development of the underlying libraries means that tobac can
profit from future advances without any further development of tobac and any require-
ments on the side of the user. The modular structure of the framework allows for the
inclusion of other existing or newly developed methods for the individual steps of feature
detection, object segmentation and tracking into the software package in the future. These
capabilities enable the use of different tracking algorithms in parallel for evaluation and
comparisons as well as tracking based on different types of input data in a single analysis
framework.

We have presented two application examples of the use of tobac for the study of deep
convective clouds. In the first application (example A), we have tracked scattered deep
convective cells based on a combination of the vertical velocity and total condensate mix-
ing ratio fields from CRM simulations with WRF over the area around Houston, Texas.
The simulations were performed with a grid spacing of 500 m, and thus represent a typical

application of a CRM. The tracking framework is currently being applied to other CRMs
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for the same case study as part of the ACPC deep convection case study (van den Heever
et al., 2017) to investigate the response of deep convective clouds in models to changes in
aerosols. We have performed the tracking for different output frequencies to evaluate the
dependency of the tracking performance on the time resolution of the input data. The out-
put resolutions of 1 minute and 5 minutes lead to comparable tracking results for scattered
convective cells. This result can be confirmed using an analysis of typical displacement
velocities of the clouds and nearest-neighbour distances between the individual identified
cloud objects.

In a second application (example B), we have presented a simultaneous tracking of deep
convective cloud features and larger convective systems based on outgoing longwave ra-
diation output from model simulations with convection-permitting grid spacing (4.5 km)
and outgoing longwave radiation derived from geostationary satellite retrievals (GOES-
13) in the same region. The 15-minute time resolution available from the satellite retrieval
is shown to be sufficient for successful tracking performance. The analysis also demon-
strated that the model simulations and the satellite retrieval feature clouds with a similar
lifetime distribution. The distribution of cloud areas in model and satellite data shows a
similar combination of smaller convective cells and larger systems. The main differences
occur for the largest tracked systems, which are stronger in the satellite retrievals. This
can be explained by the limited representation of the propagation of two large organised
storms within the model domain. This would have been more challenging to assess from
a bulk analysis of the domain-wide averaged properties.

The newest generation of geostationary satellites, such as Himawari-8 or GOES-16/17,
provide substantially higher spatial and temporal resolution (Bessho et al., 2016; Schmit
et al., 2016). These advances will strongly improve the applicability of this type of satel-
lite data for use in object-based tracking and analyses with tobac, and also allows for a
wider range of applications, e.g. by capturing smaller scattered cells such as the ones in-
vestigated in Sect. 4.3.

The ability of tobac to be used for both models and observations as shown in these ex-
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amples helps to compare models with observations more directly, and therefore, better
understand the differences between the two types of data.

Although we have focused on tracking and analysing deep convection here, there are nu-
merous other applications that tobac can be used for without much additional work. There
are a large number of existing data products, such as high-resolution radar data, e.g. from
NEXRAD over the United States or similar networks in several other regions of the world
(Reed et al., 2017), that would be most suited for the use with tobac. Furthermore, the
application of tobac is not strictly limited to the analysis of clouds, and it can also be
applied to study other features of the Earth system that can be identified as well-defined
time evolving regions, such as distinct aerosol plumes in the atmosphere or plankton in
the surface layer of the ocean.

We are currently working on implementing additional algorithms for the modular steps of
the framework, e.g. based on the analyses developed in Senf et al. (2018). Additionally,
we are implementing a more flexible representation of the links between cloud objects at
specific points in time, which will allow for a proper treatment of more complex splitting
and merging of cells. We invite the community to contribute to the future development
of tobac both through the implementation of existing algorithms into the common frame-

work and by using the framework as a basis for new developments.






5. A Lagrangian view of microphysics
and aerosol effects on deep convec-
tion

The microphysical pathway analysis developed in Chap. 3 allowed to infer a detailed un-
derstanding of the propagation of aerosol-induced changes to cloud droplet number con-
centration (CDNC) through the microphysics of deep convective clouds. This analysis
revealed important mechanisms that control the differences in the response for different
microphysics schemes in a single cloud-resolving model (CRM). These simulations have
been performed for a particular type of deep convective clouds in the form of supercells.
The idealised simulation setup only allowed for limited interaction between the cloud and
its environment compared to an entire cloud field in reality. The tracking analysis used
for these simulations in Chap. 3 has been extended into the complete tracking and ana-
lysis framework tobac in Chap. 4. This allows for effective use of the analyses focused
on individual clouds in different types of datasets including large numbers of convective
clouds. Its application has been demonstrated for both high-resolution model simulations
and geostationary satellite retrievals.

In this chapter, the analyses developed in the two previous chapters are combined to ana-
lyse the response of deep convective clouds in a large, freely developing cloud field in
a case study simulation. The analysis is performed for two different CRMs to extend
the investigation of the role of numerical model representation in the assessment of aer-
osol—convection interaction from Chap. 3 beyond the effect of different microphysics

schemes.
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The text of this chapter is based on a manuscript in preparation for submission to a peer-
reviewed journal with several co-authors as:

Heikenfeld, M., Marinescu, P. J., White, B., van den Heever, S. C. and Stier, P. “A Lag-
rangian view of microphysics and aerosol effects on scattered deep convection”

The simulations with the two CRMs were performed as part of the model intercomparison
study in the framework of the Aerosol, Cloud, Precipitation, and Climate (ACPC) Work-
ing Group. I was strongly involved in the development of the case study setup for the
intercomparison study together with Peter J. Marinescu, Susan C. van den Heever (both
Colorado State University), Bethan White (Monash University), Ann M. Fridlind (NASA
Goddard Institute for Space Studies) and Philip Stier (University of Oxford), which has
been documented in (van den Heever et al., 2017). I have performed the simulation with
WREF and Peter J. Marinescu performed the simulations with the RAMS model as part of
the ACPC intercomparison. I have created of domain-wide precipitation assessment of
all CRMs in the intercomparison for a more general publication about the entire model
intercomparison study that is currently in preparation. I have designed the analysis based
on the analysis methods developed in the two other chapters of the thesis (Chap. 3 and 4).
I have written the manuscript with input and feedback from the other co-authors.

Abstract Aerosol—cloud interactions remain one of the main uncertainties in our un-
derstanding of the Earth’s climate system. Aerosol effects on deep convective clouds are
particularly uncertain due to large uncertainties in the representation of mixed- and ice-
phase microphysics in model microphysics schemes. Simulations of scattered convective
cells have been performed with the two cloud-resolving models WRF and RAMS as part
of the ACPC deep convection intercomparison study over the area around Houston, Texas.
The simulations for a clean and a polluted case were used to assess the impact of changes
in aerosols on the cloud microphysics and the evolution of the convective cloud field.
Domain-wide average analyses of surface precipitation and cloud properties show large
differences between the two models including more surface precipitation and a more vig-
orous development of the ice phase in the clouds in RAMS compared to WRE. However,
the response of the two models to an increase in aerosols is consistent, both showing sup-
pression of warm rain formation and surface precipitation. We extend the analysis based
on tracking individual updraft cells in the simulations and performing analyses that take
the time evolution of the cells into account. Classification into different categories of
convective clouds enables a separation of the model response into contributions from dif-
ferent cloud types. This reveals differences in the total number of cells, cell lifetimes and
also the partition between shallow warm-phase cumulus clouds and mixed-phase deep
convective clouds between the two models. Analyses of the hydrometeor composition
and microphysical process rates for composites of the tracked clouds showed that there
is good agreement between the two models for warm-phase processes and the response
of shallow convective clouds. However, the two models exhibit substantial differences in
the strength of the deep convective clouds and the evolution of the mixed- and ice-phase
processes between the two models.
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5.1. Introduction

Deep convective clouds are an essential feature of the Earth’s atmosphere. However, the
impact of aerosols on mixed- and ice-phase microphysical processes in convective clouds
remains highly uncertain (Tao et al., 2012; Varble, 2018). This has important implic-
ations for determining the role of aerosol-cloud interactions in the climate system (Fan
et al., 2016). The highly localised nature of convective processes leads to significant chal-
lenges in observational assessments and in the representation in models at different scales
(Rosenfeld et al., 2014b). Modelling studies have found a wide range of responses of con-
vective clouds to changes in aerosol conditions, from suppression of convective strength
and precipitation to invigoration of convective activity (Khain et al., 2008; Tao et al.,
2012; Altaratz et al., 2014; Fan et al., 2016). These differences in the aerosol response
of the clouds have been related to the simulation of different types of convection and dif-
ferences in the environmental conditions like humidity or wind shear (Khain et al., 2008;
Tao et al., 2012). However, differences between the models or modelling approaches
used in the individual studies play an important role in the results (Tao et al., 2012; Fan
et al., 2016; White et al., 2017). The challenges in modelling the effects of aerosols on
deep convection are strongly related to the large number of interacting physical processes
(Fan et al., 2016) in the cloud microphysics. Furthermore, there are complex interactions
between the cloud microphysics and other physical processes at different scales, such as
cloud dynamics or large scale circulations (Tao et al., 2012).
Convective invigoration due to increased aerosols (Andreae et al., 2004; Rosenfeld et
al., 2008; Lebo and Seinfeld, 2011) has been suggested in the form of a number of re-
lated effects that would cause a strengthening of convective activity as a result of higher
aerosol number concentrations, e.g. based on an increase of the latent heat release from
freezing. However, several recent studies question the attribution of observed relation-
ships between aerosol concentrations and convective strength to aerosol microphysical

effects (Nishant and Sherwood, 2017; Varble, 2018) due to the existence of multiple con-
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founding factors. A larger number of aerosols and subsequently smaller effective droplet
radii can also lead to smaller ice particles. This causes a reduction in fall speeds, which
favours increased cloud fraction, cloud top height, and cloud thickness (Fan et al., 2013).
This results in a potential radiative effect on the climate system through enhanced anvils
(Koren et al., 2010b; Storelvmo et al., 2011) along with changes in the cloud albedo
(Storelvmo et al., 2011). Different mechanisms that could significantly buffer the impact
of aerosols on cloud development and precipitation have been proposed, originating from
both warm-phase processes (Stevens and Feingold, 2009) and mixed- and ice-phase pro-
cesses (Fan et al., 2016). Large differences between different microphysics schemes and
different cloud-resolving models (CRM) have been found in several previous intercom-
parison studies (Fridlind et al., 2012; Varble et al., 2014a; b; Wang et al., 2015; White
et al., 2017). It has been pointed out that it is particularly challenging to decide whether
a specific model or microphysics scheme performs better than others based on limited
observational data or to determine whether the agreement between a specific model sim-
ulation and observations is actually based on the correct reasons (Fridlind et al., 2012;
Varble et al., 2014a; b; Fridlind et al., 2019).

The Aerosol, Cloud, Precipitation, and Climate initiative (ACPC, http://acpcinitiative.
org/) has designed a model intercomparison study to investigate the response of scattered
deep convective clouds to changes in aerosols for different CRMs. The case study domain
around Houston is characterised by a large source of aerosols both from urban emissions
and the large concentration of petrochemical industries, while the coastal location also
allows periods with relatively clean air masses advected from the Gulf of Mexico. This
creates a natural laboratory where, depending on the prevailing inflow direction, con-
trasting aerosol conditions representative either of mildly polluted conditions or strongly
polluted air masses occur. These conditions are represented in the models by simulating
a clean case (CLN) and a polluted case (POL). Preliminary analyses we performed for
the ACPC model intercomparison show large differences in the simulations with the dif-

ferent CRMs, e.g. in domain-averaged accumulated precipitation (Fig. 5.1) that differs by
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Figure 5.1: Domain-averaged accumulated precipitation over the entire simulation period
for all ACPC CRMs for the clean and polluted cases.

almost an order of magnitude between the individual models. Furthermore, the models
do not agree on the response to changes in aerosols, both in sign (suppression or invig-
oration) and in magnitude. Further analyses have shown similar differences for several
other variables such as updraft speeds or condensate loading (not shown). The domain-
wide differences between the individual models are more pronounced than the effects of
changes in the aerosol conditions in individual models.

The case study area around Houston has been in the focus of several previous studies
on clouds and aerosol—cloud interactions. Enhancement of convection above and down-
wind of the urban area of Houston has been observed in the form of both precipitation
(Shepherd and Burian, 2003; Shepherd, 2005; Tao et al., 2012) and an enhancement of
lightning strikes (Orville et al., 2001; Steiger et al., 2002). This response is attributed
to the combination of a microphysical impact through aerosols from urban pollution and
the additional surface heating due to the built-up areas of the urban area (Orville et al.,
2001; Shepherd and Burian, 2003). Fan et al. (2007) and Fan et al. (2008) used a two-

dimensional CRM to investigate the effects of aerosol chemical and optical properties on
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deep convective events over Houston. They found an increase in convective activity and
surface precipitation due to aerosol indirect effects, but a suppression due to semi-direct
effects of absorbing aerosols through the radiative heating of the lower troposphere. Li
et al. (2008) performed three-dimensional simulations for a summertime convective event
in the same region, however, using a comparatively small domain and grid spacing of
2 km. The response to increases in CCN was an increase in surface precipitation over the
range of clean to reasonably polluted conditions but suppression of surface precipitation
for highly polluted conditions beyond CCN concentrations of 5000 cm™>. Carri6 et al.
(2010) and Carri6é and Cotton (2011) used RAMS, one of the two CRMs used in this
study, to simulate the effect of the growth of the Houston urban area on convection in a
similar modelling domain to the one used here. Their results suggest convective invigor-
ation due to increased latent heat release from freezing, but a non-monotonic response of
surface precipitation due to the interaction of different processes.
Most previous CRM intercomparison studies (Fridlind et al., 2012; Varble et al., 2014a;
b) have focused on the analysis of spatially-averaged properties in order to be repres-
entative of a given area or a specific type of ground-based observation. This allows rep-
resenting the time evolution of cloud properties at the scale of, e.g. the diurnal cycle or
changes over several hours. However, these approaches preclude an investigation of the
time evolution of individual clouds in more detail, which limits the understanding of spe-
cific aerosol effects, e.g. on the lifetime of the clouds. Altaratz et al. (2014) concluded in
their review on aerosol—cloud interactions that assessing the time evolution of convective
clouds is crucial in understanding aerosol effects on convective clouds.
In this study, we focus on two of the models in the ACPC intercomparison study, the
Weather Research and Forecasting (WRF) model (Skamarock et al., 2008) and the Re-
gional Atmospheric Modelling System (RAMS, Saleeby and van den Heever, 2013). The
ACPC deep convection model intercomparison was specifically set up to allow for a
detailed investigation of the microphysical effects of aerosols and the evolution of the

scattered convective cells in the domain. In Chap. 3 (Heikenfeld et al., 2019b), the
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propagation of changes in cloud droplet number concentration (CDNC) due to aerosol
perturbations through the model microphysics was investigated in idealised simulations
of supercell storms. This analysis revealed shifts in microphysical process rates and hy-
drometeor composition associated with changes to CDNC and major differences due to
the use of different microphysics schemes. However, it is important to go beyond ideal-
ised cases for single clouds to investigate the response of entire cloud fields to changes
in aerosols. Therefore, we extend this type of analysis for tracked convective clouds in
an interactively developing cloud field in a large simulation domain. The tracking and
analysis framework tobac (tracking and object-based analysis of clouds) established in
Chap. 4 (Heikenfeld et al., 2019a) is used in this study to identify individual convective
updrafts and associate cloud volumes based on the total condensate mixing ratio. This al-
lows us to derive numerous temporally and spatially resolved quantities over the evolution
of the individually tracked clouds. Using a categorisation into different types of clouds,
e.g. liquid-phase shallow convection or clouds that undergo the entire evolution of a de-
veloping deep convective thunderstorm, allows us to separate the domain-wide response
into the contributions from different types of convective clouds. Cloud composites allow
for a temporally and vertically resolved evaluation of time evolution cloud microphysical
development, which helps to reveal differences between the models or the detailed path-
ways of aerosol effects. This establishes a framework for future analyses of the model

results from the different CRMs in the ACPC deep convection intercomparison study.

5.2. Methodology

5.2.1. Model setup

We perform simulations with two CRMs, WRF and RAMS, which are contributions to
the ACPC model intercomparison study focusing on scattered deep convection around

Houston, Texas (van den Heever et al., 2017). The model setups are kept as similar as
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possible in terms of the domain setup, initial, boundary and aerosol conditions, while dif-
ferences in the parametrisation of physical processes between the models are retained to
investigate the uncertainty due to the spread of responses in two state-of-the-art CRMs.
The simulation setup includes periods with high-frequency output (5-minute output for 12
hours and 1-minute output for 3 hours) and detailed microphysical process output from all
participating models. This enables a detailed focus of the analyses of the microphysical
pathways in the convective clouds and their time evolution. The most important aspects
of the model setup are summarised in Table 5.1 and Table 5.2.
WREF is used in version 3.7.1 (Skamarock et al., 2008). The simulations use the RRTMG
scheme (Iacono et al., 2008) for both short and longwave radiation. The YSU scheme
(Hong et al., 2006) is used for the boundary layer parametrisation. The cloud micro-
physics in the WRF simulation is based on the Morrison scheme (Morrison et al., 2005;
2009), which makes use of saturation adjustment for the calculation of condensation and
evaporation of cloud droplets. The activation of aerosols is not explicitly represented in
the microphysics in these simulations, but instead represented by a variation of the CDNC
held fixed for each model simulations (see also Sec. 5.2.2) .
RAMS (Saleeby and van den Heever, 2013) is used in version 6.1. The model makes use
of a bin-emulating double-moment bulk microphysics scheme (Walko et al., 1995; Mey-
ers etal., 1997; Saleeby and Cotton, 2004; 2005; Saleeby and van den Heever, 2013) that
includes a prognostic treatment of supersaturation. Saleeby and van den Heever (2013)
give a detailed overview of the model version used in this study, including the details of
the aerosol treatment. RAMS utilises an interactive aerosol model with activation scav-
enging, but no other sinks or sources of aerosols. The radiation scheme is the two-stream
formulation presented in Harrington (1997) and Harrington et al. (1999).

The model simulations are performed with three nested grids of 4500 m (D1), 1500 m
(D2) and 500 m (D3) horizontal grid spacing. Both models simulate convection explicitly
in each of the model domains without applying any cumulus parametrisation. All three

domains are centred around the KHGX NEXRAD radar (29.471 ° N, 95.0792 ° W) south-
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Table 5.1: Model setup and physical parametrisations for the two CRMs WRF and RAMS

used in this study.

WRF RAMS
.. Harrington (1997),
Radiation SW RRTMG (Iacono et al., 2008) Harrington et al. (1999)
. Harrington (1997),
Radiation LW RRTMG (Tacono et al., 2008) Harrington et al. (1999)
Boundary layer YSU (Hong et al., 2006) -
scheme
RAMS microphysics
Microphvsics Morrison scheme (Walko et al., 1995),
phy (Morrison et al., 2005; 2009) (Saleeby and Cotton, 2004),
(Saleeby and van den Heever, 2013)
Hydrometeor 2 liquid (cloud, rain) g ?r%l;ia(il((cilcoeui’niazzale’ rr:llelties
categories 3 frozen (ice, snow, hail) ’ - aggregates,

Aerosol activation

Aerosol removal

Aerosol regeneration

Saturation
adjustment

Freezing

Droplet autocon-
version and accretion

Land surface

(direct variation of CDNC)

yes

Cooper (1986),
Rasmussen et al. (2002)

Khairoutdinov and Kogan (2000)

NOAH LSM
(Chen and Dudhia, 2001)

graupel, hail)

Lognormal aerosol mode and lookup
tables based on parcel bin model
(Saleeby and van den Heever, 2013)

activation scavenging,
precipitation scavenging

no
no

DeMott et al. (2010),
Walko et al. (1995),
Saleeby and van den Heever (2013)

(bin-emulating scheme)

LEAF3 (Walko et al., 2000)

east of Houston. In WRE, the nested model grid cell numbers must align to be multiples

of each other, which leads to slight differences in the WRF domain sizes compared to the

RAMS setup (Table 5.2). The initial meteorological state for all domains and the bound-

ary conditions for the outermost domain are based on 6-hourly data from the GDAS FNL

analysis (NCEP, 2015). The inner two domains are each influenced continuously by their

surrounding domain using a one-way nesting. Therefore, there is no feedback from the

inner domains towards the simulation in the surrounding domains. The innermost of these
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Table 5.2: Domain and simulation setup for the three model domains used in the simula-
tions with RAMS and WRFE.

Domain D1 D2 D3

model time step Az 2s 1.5s 1.5s

radiation time step Afy,q 60s 60s 60s

horizontal cell number n,, n, 400 550 (WRF: 546) 500 (WRF: 498)

horizontal grid spacing Ax Ay 4500 m 1500 m 500 m

vertical levels n; 95 95 95

vertical spacingAz 50m-300m 50m-300m 50 m-300m

domain centre position 29.4719 "ON, 29.4719 OON, 29.4719 "ON,
-95.0792°E -95.0792°E -95.0792°E

hourly output (UTC)

5-minute output (UTC)

19 June 12:00 —
20 June 12:00

19 June 12:00 —
20 June 12:00

19 June 12:00 —
20 June 12:00

19 June 16:00 —
20 June 04:00

19 June 21:00 —

1-minute output (UTC) - - 20 June 00:00

three domains D3 is the primary focus of the analyses presented in this study.

5.2.2.  Aerosol perturbations

We perform simulations for two different aerosol conditions; a clean case (CLN) repres-
entative of maritime air masses with low aerosol number concentration and a polluted
case (POL) representing highly polluted air masses affected by urban emissions from the
Houston area and other sources of aerosols such as long-range transport of forest fire emis-
sions. Aircraft measurements performed during the DiscoverAQ measurement campaign
over Texas in September 2013 (NASA, 2013) and satellite CDNC retrievals following
Rosenfeld et al. (2016) for the actual date of the case study simulations are used to create
representative aerosol conditions for these two scenarios.

The aerosols are represented as a single log-normal aerosol mode with a mean geometric

diameter of 100nm and a standard deviation of o, of 1.8 for both the clean and the pol-
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Figure 5.2: Domain setup for the case study simulations with the three different nested
domains (a) and a detailed view of the innermost domain D3 that is the primary focus of
the analyses (b).

luted case. In the polluted case, aerosol number concentrations near the surface are 4000
cm 3, while the clean case has a number concentration of 500 cm 2. This value is held
constant throughout the boundary layer up to a height of 3 km after which a linear decrease
follows up to a constant value of 100cm ™ above 5 km height for both the polluted and
the clean case. The chemical properties of the aerosols are given by the hygroscopicity
parameter k (Petters and Kreidenweis, 2007), which is set to 0.2 based on data from the
DiscoverAQ aircraft measurements (van den Heever et al., 2017). The simulations with

the WRF model use a variation of CDNC to represent the effects of changes in aerosols
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Figure 5.3: Aerosol setup for case study simulations showing (a) the vertical profiles of
aerosol number concentration and (b) the size distributions for the two cases CLN and
POL.

on the cloud droplets, similar to the procedure chosen in Chap. 3. The intended imple-
mentation of a prognostic CDNC in the microphysics scheme has encountered significant
problems with the stability of the code due to the interaction of different physical para-
metrisations in the model. The simulations with WRF are performed for eight different
values of CDNC as in Chap. 3, which allows for additional investigations regarding the
robustness of the observed response to changes in aerosols compared to the simulations
based on a single clean and polluted simulation. We have chosen the two simulations with
CDNC values of 250 cm ™3 (CLN) and 2500 cm 3 (POL) for the rest of the analyses along
with the two simulations with RAMS, as they are most similar to the CDNC values in the

two RAMS simulations.
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5.2.3. Convective cell tracking

We extended and improved the tracking algorithm used for the cell-based analysis in
Chap. 3 (Heikenfeld et al., 2019b) into the tracking and analysis framework tobac in
Chap. 4 (Heikenfeld et al., 2019a). The tracking is applied to the four simulations (CLN
and POL for each of the two models WRF and RAMS) for the 3-hour period with 1-
minute output frequency from 21:00 UTC to midnight on 19 June 2013.

The tracking setup used for this study is very similar to the example described in detail
in Sec. 4.3. In the first step, individual updrafts are identified based on a set of thresholds
for upward vertical velocities of 3, 5 and 10ms~!. We restrict the analysis of the column
maximum vertical velocity to a mid-level layer ranging from the top of the boundary layer
at 3.5 km to a height of 8 km. This excludes high vertical velocities in the boundary layer,
e.g. from cold pool dynamics, and effects of gravity waves in the higher atmosphere from
the identification of the individual updrafts (Cotton et al., 2010).

At each output time step, the total condensate field, i.e. the sum of all hydrometeor mass
mixing ratios, is used to derive a cloud volume associated with each updraft feature based
on a watershedding algorithm and a threshold value of 0.1 gkg~!. To avoid capturing ex-
tensively interconnected anvils, the cloud region associated with an updraft is limited to
a distance of 10 km around the updraft centre. The identified updraft features are linked
into consistent trajectories based on a linking algorithm from the trackpy package (Allan
et al., 2016) as described in Chap. 4. The tracking algorithm does not explicitly treat
splitting and merging of convective cells. Therefore, isolated cells are expected to be cap-
tured for the entire life cycle, while many cells that interact directly with other clouds will
generally only be tracked for part of their entire life cycle. This aspect is assessed in more

detail in Sec. 5.3.4.
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5.3. Results

5.3.1. Domain-averaged analysis of model differences

In this section, we present the differences between the two models from the perspective of
domain-wide sums and averages of surface precipitation, condensate loading of the dif-
ferent hydrometeor classes and microphysical process rates. This assessment is based on
the hourly data output from the innermost domain D3 for the entire simulation period of
24 hours. In Sec. 5.3.3, we will introduce a more detailed analysis based on the tracking
of individual cells to relate the changes and differences observed in the entire domain to
the evolution and response of individual clouds.

The domain-averaged accumulated precipitation over the entire 24-hour simulation period
(Fig. 5.5a) shows a strong difference between the two models. The simulation with RAMS
produces about twice as much precipitation in the domain as the WRF simulations. In both
models, the precipitation sets in after around 5 hours of simulation time, corresponding to
noon local time (17:00 UTC). The accumulation of surface precipitation continues until
around 15h into the simulation, corresponding to 22:00 local time (03:00 UTC). There
is no substantial surface precipitation in the inner domain D3 after this time until the
end of the simulations at 12:00 UTC on the next day. The timing of precipitation differs
markedly between the models, showing weaker surface precipitation for the first couple
of hours in both WRF simulations. The domain-averaged profiles of hydrometeor con-
centrations and microphysical process rates (Fig. 5.4) show strong differences between
the two model simulations. RAMS produces substantially more total hydrometeor mass
in the domain, both in the form of liquid water (cloud droplets and raindrops) and for the
different types of frozen hydrometeors. In the liquid phase, both models show similar
amounts of liquid water content at altitudes of up to 5 km. However, the cloud droplets
extend much further up into the mixed-phase altitudes in RAMS with more supercooled
water up to about 8.5 km than in WRE. The differences between the two models are much

stronger in the domain-averaged liquid water content contributed by rain. Although rain
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Figure 5.4: Domain- and time-averaged process rate and hydrometeor mass mixing ratio
profiles for the two models in the clean and polluted case based on the 3-hour target period

used in the tracking analysis.
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Figure 5.5: Domain-averaged accumulated precipitation (a) and domain-averaged precip-
itation rate (b) for the different model simulations with RAMS and WRF used in the main
analysis of this chapter, as well as for additional simulations with different CDNC values
with WRE. Darker coloured lines represent more polluted conditions for each model. The
WREF simulations with CDNC values of 250 cm™ and 2500 cm ™3 are used as CLN and
POL in the analysis here, thus describing the same data in this figure. Two shades of grey
mark the two periods of high-resolution output.

occurs in the same altitude range from the surface up to 5 km height, there is about twice
as much rain mass in the simulations with RAMS. The two models differ strongly in the
mixed- and ice-phase processes and subsequently in the vertical profile of frozen hydro-
meteors. Both freezing and melting processes are almost an order of magnitude stronger
in the RAMS simulations than in the WRF simulations, which agrees with the larger mass
of frozen water in the RAMS simulations. The two models show a maximum of the denser
ice hydrometeors (hail and graupel in RAMS and hail in WRF) at a height of around 6 km.
The lower density ice hydrometeors (snow, pristine ice and aggregates) show strong dif-

ferences between the two models. In WRE, the ice water content at higher altitudes of



5. A Lagrangian view of microphysics and aerosol effects on deep convection 149

around 7 to 12 km is dominated by snow with only minimal amounts of pristine cloud ice.
In the simulations with RAMS, there is about twice as much frozen water at these alti-
tudes, in the form of pristine ice and aggregates, while the snow category is only present
with a small amount at a lower altitude. For RAMS, the aggregate content peaks at around

9 km height, while most of the pristine ice is present between 10 and 12.5 km height.

5.3.2. Domain-average analysis of the aerosol response

Based on this discussion of differences between the models, we can investigate the effects
a change in aerosol conditions with on both domain-average surface precipitation and do-
main averages profiles of the microphysical variables.

The response of precipitation to changes in aerosols is consistent between the two models
with a decrease in domain-wide precipitation for increased aerosols. This decrease is of
a similar order of magnitude of about 0.45 mm for both model simulations. The aerosol
response of the domain-wide surface precipitation disagrees with previous studies over
the study region that reported increased precipitation due to invigorated convection (Fan
et al., 2007; Li et al., 2008) or suppression only for extremely polluted conditions beyond
the range of aerosol conditions assessed here (Li et al., 2008). However, both these stud-
ies have focused on a single strong convective event with either two-dimensional model
setups (Fan et al., 2007) or in a relatively small modelling domain with coarser resolution
(Li et al., 2008). This leads to limited comparability to the complex cloud field simulated
here.

The additional simulations performed with WRF for 6 other CDNC values in the range
between 50 cm ™3 and 5000 cm > show that the suppression of surface precipitation with
increases in aerosols is indeed relatively monotonic and not just a random effect between
the two simulation cases. However, this analysis also highlights that there are consider-
able differences in the timing of the convective activity on the scale of a few hours, which

will be discussed further in the could-resolving analysis in Sect. 5.3.3.
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The domain-mean response to changes in aerosol conditions in the domain-averages pro-
files of hydrometeor mass mixing ratios and microphysical models is much smaller than
the differences between the two models in both aerosol cases. Both models show a de-
crease in rain water mixing ratio by about 45 % in WRF and by about 25 % in RAMS.
Furthermore, there is a decrease in the drizzle category in RAMS, which only constitutes
a small fraction of the hydrometeor mass in both cases. These changes can be linked to
the decrease in warm rain formation in the two models by 36 % in WRF and by 25 %
in RAMS. Both models show a slight decrease in domain-wide condensation by about
5 % along with an increase in evaporation. In the frozen hydrometeors, there is a marked
difference between the two models in the response to the changes in aerosol conditions.
In the WRF model, the increase in CDNC leads to a decrease in the total mass of frozen
hydrometeors, which includes a decrease in both snow and hail. In RAMS, the increase
in aerosol leads to an increase in pristine ice and only small changes in both snow and
aggregates. This increase is associated with a slight decrease in the dense hydrometeor
categories graupel and hail. Both models show changes to deposition and sublimation that
agree with the observed changes in hydrometeor mass mixing ratios, with a 20 % decrease
in both processes in WRF and a slight increase of a few percent in RAMS. However, these

changes compensate each other for the total latent heating.

5.3.3. Lagrangian analysis of the cloud field using cell tracking

The domain-wide analysis of microphysical cloud properties allows for a representative
assessment of the total amount of clouds present in the domain as well as the total en-
ergetic turnover due to microphysical processes. This is important for the total effect of
clouds on important physical processes such as radiation or the thermal structure of the
atmosphere. However, when trying to explain these differences, the spatially and tempor-
ally averaged perspective has significant limitations as it does not represent the life cycle

of individual convective cells in the population of clouds. To overcome the limitations of
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Figure 5.6: Cloud field represented by the total water path (TWP) with tracked cells for
(a) WRF and (b) RAMS during the time of maximum convective activity (21:30 UTC,
16:30 local time). A green marker identifies the cell visualised in detail in Fig. 5.7 in the
map for WRF (a).

an analysis based on domain-wide statistics (Sect. 5.3.1) we analyse individual clouds in
the cloud field. This allows us to assess whether there are substantial differences, both
between the two different models and due to changes in the aerosol conditions. Further-
more, the detailed microphysical pathway analysis that was developed in Chap. 3 can be
used to assess both the time evolution of the microphysical processes in the clouds and the
morphology of the individual cloud hydrometeors and the microphysical process rates.

The individually tracked convective cells are depicted for a single point in time in Fig. 5.6
for both models. Figure 5.7 shows the evolution of a typical tracked cell (cell no. 120 in
the WRF CLN case, as highlighted in Fig. 5.6a) as an example of the analyses that are
extended to the entire cloud field based on cloud composites (Sect. 5.3.6). We identify
characteristic points in time for the evolution of the cloud based on integrated quantities
such as microphysical process rates or hydrometeor mass. We have chosen to investigate
the following characteristic points in time to break up the time evolution of individual
cells into different stages. The initiation is defined as the first point in time at which the
tracking algorithm identifies a specific updraft. The onset of freezing characterises the
first point in time when freezing and riming processes set in. Furthermore, the timing

of maximum latent heat release, maximum cloud hydrometeor mass and maximum warm
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Figure 5.7: Conceptual overview of the cell tracking and the microphysical analysis.
The trajectory of the cell (grey line) is depicted with the individual points in the time
evolution, onset of freezing processes (a), timing of maximum latent heat release (b) and
maximum cloud hydrometeor mass (c). These panels also show the surface projection
of the vertical slices through the cloud along which the hydrometeor mass mixing ratios
(d,e,f) and microphysical process rates (g,h,i) are visualised in the two following rows.
The time evolution of the horizontally accumulated hydrometeor mass (j) and process
rates (k) is depicted along with vertical lines that show the specific points in time in the
panels above.
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Figure 5.8: Histogram of cloud lifetimes detected by the tracking algorithm for both
CRMs (WRF in blues, RAMS in reds) and the two cases CLN and POL.

rain formation are all based on integrated quantities and give additional reference points in
the time evolution of the individual cells. These points in the evolution of the example cell
are shown as vertical lines in Fig. 5.7j and Fig. 5.7k. The assessment of the morphology
of the hydrometeor mass mixing ratios (Fig. 5.7d,e,f) and microphysical process rates
(Fig. 5.7g,h,1) is performed for the same points in time for slices through the cloud along
the lines in the equivalent panel in Fig. 5.7a,b,c. The condensate content in the differ-
ent hydrometeor classes and the microphysical process rates are summed up over specific
layers within the cloud at each individual output time step to produce the time evolution

of the hydrometeor content (Fig. 5.7j) and microphysical process rates (Fig. 5.7k).

5.3.4. Updraft lifetimes

The analysis of the lifetimes of the individual tracked convective clouds (Fig. 5.8) shows
that the lifetimes of the tracked updrafts agree well between the two models WRF and
RAMS for lifetimes between 10 and about 40 minutes. WRF shows more updrafts that
were only tracked for a short period of less than 10 minutes, which includes cells that

were only tracked for a part of their lifetime and smaller updrafts near larger convective
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cells. In contrast to WRF, RAMS shows a substantial number of cells that were tracked
for more extended periods longer than 40 minutes. There is, however, no clear effect of

the changes in aerosol between the CLN and POL case in either of the two models.

5.3.5. Classification of tracked clouds

The scattered convection in the simulation domain can be separated into different types
of clouds. The evolution of the cloud phase in the individual tracked cells (Fig. 5.9a,b)
shows that there is a clear separation between different tracked updrafts. Many clouds
are entirely dominated by warm phase hydrometeors, especially in simulations with WRF
(Fig. 5.9a). Other tracked cells show the transition into deep convection featuring a dom-
inance of ice-phase hydrometeors. Some individually tracked updrafts split off exist-
ing deep convective clouds and thus feature ice-phase hydrometeors and mixed- and ice-
phase processes over their entire existence. The differences between the partition of the
cloud field into these types of clouds could be contributing substantially to the differences
between the two models observed in the domain-wide analyses (Sect. 5.3.1) and also im-
pact the response to changes in aerosol conditions. Therefore, the tracked cloud objects
are separated into the following categories to perform separate analyses for each subset

of the cloud field:

warm Clouds that never show substantial freezing or frozen hydrometeors

warm-cold Clouds that initially show only warm-phase processes and then transition into

deeper clouds with the evolution of mixed- and ice-phase processes.

cold Clouds that are already showing ice-phase processes at the initial point of their
tracked evolution. These clouds are missing the initial warm-phase development
of the cell, either because it was not tracked properly or because they have been

formed by splitting off from an existing deep convective cell
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Table 5.3: Number of tracked cells in each category for the four different simulations.

RAMS WRF
CLN | POL | CLN | POL
all 203 | 198 | 317 | 353
warm-cold 68 62 48 26
warm 44 59 | 156 | 227
cold 38 26 15 9
rest 53 51 98 91

rest Tracked updrafts that do not fit into any of the specific categories, e.g. as they are

only tracked for a subfraction of a cell lifetime.

The total number of tracked cells, as well as the numbers in the different categories of
clouds in the four different simulations, are summarised in Table 5.3 and visualised in
Fig. 5.9b. There are more individually tracked updrafts in the two simulations with WRF
than with RAMS. However, these are mainly contributed by additional updrafts tracked
for a relatively short period (see Fig. 5.8).

The separation into the different cloud categories shows differences between the two mod-
els. There are about three times as many warm clouds in both cases for WRF as for
RAMS. The clouds that are tracked through the transition from warm-phase dominated
to mixed-phase dominated processes (warm-cold) show a similar number between both
cases (CLN and POL) with RAMS and the CLN case in WREF, but a lower number of
tracked cells is observed in the WRF POL case. This can be related to the suppression of
precipitation, hydrometeors and mixed-phase processes that was observed in the domain-
wide analysis (Sect. 5.3.1). RAMS has more clouds that fall into the cold category of
tracked cells that already show a substantial ice phase at initiation, while simulations with
WREF feature about twice as many updrafts in the category rest than the two simulations

with RAMS.
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Figure 5.9: All tracked cells with the fraction of frozen water mass (a, b) and the categor-
isation (c, d) for the 3-hour period used in the tracking analysis.

5.3.6. Cloud composites and assessment of the “average” cloud

The tracking of the individual clouds in the cloud field allows for an analysis of the time
evolution of individual clouds. To go beyond the analysis for an individual cell as shown
in Fig. 5.7, the clouds are combined into cloud composites. Different clouds, however,
develop at a different rate, with different lifetimes and different periods covering the spe-
cific phases of cloud evolution. Furthermore, the updrafts might not be tracked perfectly
for the entire cloud life-cycle, e.g. by missing the initial initiation stage or the final decay
of the convective cloud. Therefore, an absolute time axis based on initiation and dissipa-
tion is not the right way to assess the clouds’ time evolution. Furthermore, the different
types of clouds present in the simulation results (Sect. 5.3.5) can be treated differently

to investigate their main characteristics separately. Due to the detailed output of a large
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range of model diagnostics at high temporal resolution (1 minute), we can use the specific
points in time that are identified for every individual cloud (Sect. 5.3.3) to composite the
time evolution of the individual clouds around these characteristic points in time.

To assess the time evolution of all tracked clouds, we create cloud composites for all
tracked cells and for subsets of clouds in the different categories discussed in Sect. 5.3.5.
This is based on shifting the time evolution of the clouds (Fig. 5.7j,k) for a specific char-
acteristic point in their evolution align for all clouds. The timing of maximum latent heat
release is used to create a composite for all tracked clouds, thus creating a manifestation
of the average convective cloud in the model simulations. These composites are shown
for the hydrometeor mass in Fig. 5.10 (WRF) and Fig. 5.11 (RAMS), and for the mi-
crophysical process rates in Fig. 5.12 (WRF) and Fig. 5.13 (RAMS). The simulations
with WRF show a strong difference in the structure of the average tracked cloud in the
two cases CLN and POL, especially regarding the mixed- and ice-phase processes. While
the total liquid water content in the form of cloud droplets is not affected by the change
in aerosol conditions, there is a strong decrease of the rain water mixing ratio by about
a factor of three (Fig. 5.10), which can be related to the decrease in warm rain forma-
tion of a similar order (Fig 5.12). The ice-phase of the average tracked cloud is strongly
suppressed in the POL case (Fig. 5.10) along with the respective mixed- and ice-phase
processes, such as freezing or melting (Fig. 5.12).

RAMS shows a much more similar picture for the composite clouds of all tracked cells
between the two cases CLN and POL. The hydrometeor masses (Fig. 5.11) reveal a
marked decrease in the total amount of rain water in the lowest 4 km from CLN to POL,
while the total liquid water in the form of cloud droplets is not strongly affected. There
is a strong decrease in hail mixing ratio and a smaller decrease in both aggregates and
pristine ice in the higher region of the cloud. The microphysical process rates show a
general weakening of all microphysical processes along with a decrease in warm rain
formation in the polluted case which is directly associated with the effects of the changes

in aerosols.
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Figure 5.10: Hydrometeor mass mixing ratios for a composite of all tracked cells aligned
around the timing of maximum latent heat release for WRF in the CLN and POL case.

However, these composites of all tracked cells include very different types of clouds
and are thus strongly affected by the differences in the number of clouds of each type
(Table 5.3). Therefore, two more specific subsamples of clouds are discussed in detail,
namely clouds that are tracked throughout their entire transition from the warm-phase
development into deep convection (warm-cold) and warm clouds that only feature liquid

phase hydrometeors and liquid-phase microphysics (warm).
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Figure 5.11: Hydrometeor mass mixing ratios for a composite of all tracked cells aligned
around the timing of maximum latent heat release for RAMS in the CLN and POL case.

5.3.7. Aerosol effects on the transition of clouds to deep convection

We composite the clouds that show the transition from warm-phase cumulus to deep con-
vective cumulonimbus around the time of the onset of freezing. This allows separating
effects of the changes in aerosols on the evolution of the cloud in different phases of its
lifetime, e.g. in the initial warm phase, during transition and then for fully developed deep
convection. These composites are shown for the hydrometeor mass in Fig. 5.14 (WRF)

and Fig. 5.15 (RAMS) and for the microphysical process rates in Fig. 5.16 (WRF) and
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Figure 5.12: Microphysical process rates for a composite of all tracked cells aligned
around the timing of maximum latent heat release for WRF in the CLN and POL case.

Fig. 5.17 (RAMS).

The assessment of this type of clouds confirms the suppression of the ice-phase hydro-
meteors in the POL case in the WRF simulations (Fig. 5.14). However, the assessment of
the microphysical process rates (Fig. 5.16) shows smaller differences in the total micro-
physical process rates between the two cases. These are mainly based on a different cell
lifetime in the CLN case compared to the POL case, while the vertical structure and the

magnitude of the microphysical processes around the time of the onset of the ice phase
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Figure 5.13: Microphysical process for a composite of all tracked cells rates aligned
around the timing of maximum latent heat release for RAMS in the CLN and POL case.

in the clouds are very similar for the two cases. The tracked cells of this category in the
RAMS simulations show a similar vertical structure and time evolution between the two
cases for both hydrometeors (Fig. 5.15) and microphysical processes (Fig. 5.17), except
for the differences in the warm-phase processes. The differences in the partition of the
liquid phase only extend to a few minutes after the onset of freezing. This can be re-
lated to the rapid increase in melting processes after the onset of mixed-phase processes

(Fig. 5.17) in both cases. The melting of frozen hydrometeors provides large amounts of
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Figure 5.14: Hydrometeor mass mixing ratios aligned around the onset of freezing for
WREF in the CLN and POL case for clouds making the transition from warm- to cold-phase
processes.

raindrops that contribute to a strong increase in warm rain formation due to the effect-
ive accretion of cloud droplets by raindrops. The two models show a discrepancy in the
role of these melting processes. In RAMS, the melting of frozen hydrometeors coincides
almost entirely with freezing and riming both in magnitude and timing but shifted to a
lower altitude by about 1 km. There is no clear effect of the change in aerosol conditions
on the freezing and melting processes in RAMS. In WREF, even those clouds that even-

tually glaciate, do so much less vigorously with smaller total amounts of freezing and
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Figure 5.15: Hydrometeor mass mixing ratios aligned around the onset of freezing for
RAMS in the CLN and POL case for clouds making the transition from warm- to cold-
phase processes.

riming (Fig. 5.16). In contrast to RAMS, only a small fraction of the frozen hydrometeors
melt to form additional rain. Instead, a larger fraction of the frozen water is lost from
the ice phase through sublimation processes (Fig. 5.4). However, this sublimation in the
cloud anvils is not entirely captured by the analysis here, as cloud volumes based on a

condensate threshold (Sect. 5.2.3) do not fully capture the cloud anvils.
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Figure 5.16: Microphysical process rates aligned around the onset of freezing for the
WRF model in the CLN and POL case for clouds making the transition from warm- to
cold-phase processes.

5.3.8. Aerosol effects on warm clouds

The subset of tracked clouds that are completely characterised by warm-phase processes
and only contain liquid water in the form of cloud droplets and raindrops occur in both
models and for both cases (Fig. 5.9a, b). However, they are more numerous in the WRF
simulations (Table 5.3), while the average warm cloud is larger in RAMS, both in terms

of total liquid water mass (Fig. 5.19) and microphysical processes (Fig. 5.21), than in the
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Figure 5.17: Microphysical process rates aligned around the onset of freezing for the
RAMS model in the CLN and POL case for clouds making the transition from warm- to

cold-phase processes

WREF simulations (Fig. 5.18 and Fig. 5.20). Apart from that difference, both models show

a very similar structure of these clouds, both concerning hydrometeor composition and

process rates. The total condensate content in the clouds decreases slightly from clean to

polluted conditions, with a strong decrease in the total mass of rain, but a slight increase

in the mass of cloud droplets (Fig. 5.18 and Fig. 5.19). This is caused by the strongly

decreased warm rain formation (Fig. 5.20 and Fig. 5.21). However, there is no obvious

change in the lifetime of the tracked warm convective clouds, that could be expected to
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Figure 5.18: Hydrometeor mass mixing ratios aligned around the timing of maximum
latent heat release for WRF in the CLN and POL case for clouds that only show warm-
phase processes.

result from the decrease in precipitation formation. Both models show no differences to
the evaporation and condensation processes due to the change in aerosol conditions at
altitudes above cloud base. However, there is a decrease in evaporation near the surface
for the POL case, which can be associated with a decrease in the evaporation of rain due

to the decrease in warm rain formation and subsequent lower rain mass mixing ratio.
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Figure 5.19: Hydrometeor mass mixing ratios aligned around the timing of maximum
latent heat release for RAMS in the CLN and POL case for clouds that only show warm-
phase processes.

5.3.9. Surface precipitation from tracked clouds

In addition to the vertically resolved analysis of microphysical cloud properties, such as
hydrometeor masses or process rates, we can use the cloud tracking and compositing ap-
proach to investigate the time evolution of the surface precipitation further for both the
strong differences between the models and the response to changes in aerosols between

the clean and polluted case. Figure 5.22 shows the time evolution for a composite of all
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Figure 5.20: Microphysical process rates aligned around the timing of maximum latent
heat release for WRF in the CLN and POL case for clouds that only show warm-phase
processes.

cells (Fig. 5.22a) and for the different categories of tracked cells (Fig. 5.22b-e).

In both models, the decrease in precipitation in the domain-wide analysis (Fig. 5.5a) can
be related to a decrease over the entire life cycle of the clouds. Both models show very
similar accumulated precipitation for the initial phase of the clouds until the time of max-
imum latent heat release, while RAMS has substantially more precipitation in the later
stages of the clouds of for longer-lived clouds for both cases.

Precipitation from the glaciating cells (Sect. 5.3.7) contributes about half of the total sur-
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Figure 5.21: Microphysical process rates aligned around the timing of maximum latent
heat release for RAMS in the CLN and POL case for clouds that only show warm-phase

processes.

face precipitation for both models (Fig. 5.22b). The response in precipitation shows some

differences between the two models for this type of cells. In RAMS, the decreased pre-

cipitation with increased aerosols for these cells can be traced back to the suppression

of precipitation in the first 20 minutes after the onset of freezing. In contrast, the total

surface precipitation slightly increases for the last stages of the clouds with the longest

lifetimes.

Warm clouds contribute more to the total surface precipitation in WRF than in RAMS
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(Fig. 5.22¢). However, the response to a change in aerosols is much stronger in RAMS,
with almost complete suppression of precipitation from these clouds for the POL case.
Cloud classified as cold, i.e. those that already show frozen water at the initial timing
of the tracked updraft, contribute substantially to the surface precipitation in the domain
(Fig. 5.22d). These clouds show a very similar decrease in total contribution to the sur-
face precipitation for both models, except for the large contribution from a few long-lived
cells in the WRF POL simulation. The final category collecting those tracked updrafts
that could not be identified as one of the other types of clouds for a more detailed study
shows a considerable decrease in precipitation with increased aerosols in both models
(Fig. 5.22¢). The timing of precipitations is relatively symmetric around the time of max-
imum latent heat release, which can be explained as these updrafts probably represent

random samples from the entire life cycles of individual cells.

5.4. Conclusions and outlook

We have simulated scattered convection over the region around Houston in the south-
ern United States with two different CRMs, WRF and RAMS, under clean and polluted
aerosol conditions. The analysis of domain-averaged cloud properties and specifically
domain-averaged surface precipitation for the entire simulation period revealed a consist-
ent response to increased aerosols. Both models show a suppression of warm rain forma-
tion and surface precipitation. The consistent response in surface precipitation was further
confirmed by additional simulations with the WRF model, covering a wide range of dif-
ferent CDNC values, which exhibit a relatively monotonic decrease in domain-averaged
accumulated surface precipitation. However, domain-averaged profiles of hydrometeor
mass mixing ratios and microphysical process rates show large differences between the
two models, especially concerning the extent of the ice phase of the cloud. These dif-
ferences between the models are larger than the response to changes in aerosols in each

model.



172 5.4. Conclusions and outlook

Individual convective cells were identified, tracked and analysed based on the tracking
framework developed in Chap. 4. To introduce a relative time axis, characteristic points
in the tracked cloud evolution, such as maximum latent heat release, the onset of freez-
ing or maximum cloud mass, were used to align different clouds. This allowed creating
composites representing an average cloud in the population of tracked clouds, both for the
time evolution of the clouds and for the cloud morphology along slices at specific stages
of their development. The composites of all tracked cells confirmed the assessments from
the domain-wide analysis. However, the interpretation of these composites is challenging
as they convolute the time evolution of different types of convective clouds in the simula-
tions.

Therefore, vertically integrated cloud properties and this assessment of the timing of spe-
cific microphysical processes in the clouds were used to subset the population of tracked
convective cells into four different categories of clouds. This revealed considerable differ-
ences between the models with substantially more entirely liquid clouds in WRF and more
clouds that show a substantial evolution of ice-phase processes in RAMS. We first focused
on the subset of tracked cells that undergo the transition from an initial warm-phase evol-
ution to deep convection involving mixed-phase and ice-phase processes (warm-cold). In
the simulations with WRE, the analysis of these clouds confirms the suppressed deep con-
vection in the polluted case that was deduced from the analysis based on domain-wide
averages of surface precipitation and microphysical process rates. This includes both a
strong decrease in the number of clouds in this category and a much weaker evolution of
the individual cells. In RAMS, the differences between the two cases for this category of
clouds is minimal and mainly restricted to suppression of rain formation and surface pre-
cipitation in the earlier stages of the cloud around the time of the onset of freezing. The
time evolution of the microphysical process rates shows that the suppressed response in
the later stages of the clouds can be related to the feedback of the mixed-phase processes
onto the warm phase. Melting ice hydrometeors provide large amounts of raindrops,

which allows the warm rain formation to increase to a similar level as in the clean case
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due to effective accretion of cloud droplets. The assessment of the warm clouds reveals
a much more similar behaviour between the two models. Both models show a strong de-
crease in precipitation formation from warm rain processes but only a small increase in
cloud water content and no changes to cloud lifetimes.

Previous observational studies (Orville et al., 2001; Steiger et al., 2002; Shepherd and
Burian, 2003; Shepherd, 2005) reported an increase in precipitation and lightning activ-
ity with increased aerosols downwind of the urban areas around Houston, which would
support the idea of convective invigoration. This relationship between increases in aer-
osols and the evolution of the convective clouds could not be confirmed by the model
simulations in this study, as both models show suppressed rather than invigorated con-
vective activity and precipitation for the polluted case in comparison to the clean case.
The observed suppression of surface precipitation also disagrees with previous modelling
studies over the study region that found an increase in precipitation (Fan et al., 2007;
Khain et al., 2008; Li et al., 2008) over the range of aerosol conditions studied here, and

related it to convective invigoration.

The microphysical evolution of the clouds studied here is strongly interlinked with the
dynamical evolution of the clouds and convective updrafts due to the release of latent
heating from the microphysical transformations and the impact of vertical motions on the
microphysical processes. Future work will combine the results obtained here with a de-
tailed analysis of the vertical momentum budget for the same set of individually tracked
clouds. These combined analyses will allow us to relate the differences and responses
in microphysical processes and surface precipitation to changes in updraft strength for
individual clouds and the role that these interactions play in shaping the evolution of the
entire cloud field. The microphysical process rate output from the two models includes
more detailed process rates than used here, i.e. riming or freezing separated into the dif-
ferent hydrometeors and freezing modes. Extending the analysis, similar to the analyses
presented in Chap. 3, could lead to additional insights, e.g. regarding important influ-

ences of changes in the riming processes on the vertical structure of the cloud response
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to changes in aerosols as discussed in Chap. 3 and previous studies (Seifert and Beheng,
2006; Kalina et al., 2014).

The simulations with the WRF model have been performed using a variation of CDNC,
similar to the approach in Chap. 3 instead of the full ACPC aerosol setup including lognor-
mal aerosol modes and activation (van den Heever et al., 2017). These simulations will be
repeated with a version of the microphysics scheme including activation and a prognostic
cloud droplet number to allow for a consistent analysis with the other simulations in the
ACPC intercomparison.

The convective activity and precipitation in the different cases simulated for the two mod-
els showed substantial differences in their timing, which has been explored further based
on the eight simulations performed with different CDNC values in WRE. This particularly
affects the 3-hour window of 1-minute high-frequency output that has been chosen for the
analysis based on tracking. The 5-minute data available form the model simulations for a
more extended period of 12 hours covers the entire life cycle of the daily convective activ-
ity in the modelling domain and could thus be used for more representative extension of
the analyses presented here. This will have to include an assessment of the performance
of the tracking and the composite analyses for the lower output frequency of 5 minutes.
We have only focused on the innermost domain with a grid spacing of 500 m in this study.
Extending the assessment of representation of convection in the models to the two outer
nests (4.5 km and 1.5 km grid spacing) will allow investigating how much of the difference
between the modelled convection is affected by differences propagating into the inner do-
main from a different evolution at coarser resolution in the outer domains. This can be
combined with the assessment of convective activity in the satellite retrievals based on the
workflow presented in Chap. 4.

Additional comparisons to observational data from satellite and radar retrievals will help
scrutinise the large differences between the different CRMs. The comparison between
convective clouds in a subset of the model simulations discussed here and geostationary

satellite observations presented in Chap. 4 could be extended to the entire range of mod-
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els in the ACPC deep convection case. This will help to put the differences between the
models in the context of observational constraints. The new generation of geostation-
ary satellites (GOES-16 and GOES-17) that is now operational over the case study area
(Schmit et al., 2016) allows for much more useful constraints on the model representa-
tion of scattered deep convection due to improved spatial and temporal resolution. The
combination of these analyses with both radar observations such as the ones presented
in Fridlind et al. (2019) and forward-simulated radar fields from the CRM simulations
will provide additional observational constraints to the model representation of the con-
vective clouds. These comparisons will be important in the preparation of the TRACER
field campaign over the study area in the summer of 2021 (https://www.arm.gov/research/
campaigns/amf2021trace, ARM, 2019). It will investigate convective clouds and convect-
ive initiation with extensive ground-based facilities such as research radars, radiosondes
and aerosol measurements. This research campaign will provide detailed and focused
observation of many convective cells, which will have to be complemented with targeted

model data analyses such as the one presented here.


https://www.arm.gov/research/campaigns/amf2021trace
https://www.arm.gov/research/campaigns/amf2021trace
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The importance of aerosol—cloud interactions for the climate system has been investigated
for decades (Twomey, 1977b; Albrecht, 1989) and is still one of the primary sources of
uncertainty in our ability to quantify and project the anthropogenic influence on the cur-
rent and future climate (IPCC, 2013a). The impact of changes in aerosols on deep con-
vective clouds and the role of these interactions in the climate system remain particularly
uncertain. This includes both impacts on the radiative forcing and potential influences
of aerosols on the hydrological cycle at a variety of scales (Tao et al., 2012; Boucher
et al., 2013). The large uncertainties can be attributed to the complexity of the physical
processes involved and limitations in their assessment based on both observations and
numerical model simulations (Boucher et al., 2013; Rosenfeld et al., 2014a; Fan et al.,
2016). Different conceptual ideas for possible aerosol effects on convective clouds have
been proposed (Rosenfeld et al., 2008; Stevens and Feingold, 2009) over recent decades,
and assessments based on both modelling studies and observations have revealed a wide
range of different, and often contrasting, responses of deep convective clouds to changes
in aerosol conditions (Tao et al., 2012; Altaratz et al., 2014; Fan et al., 2016).

The work presented in this thesis was conducted to improve our understanding of aero-
sol—convection interactions through a detailed focus on the microphysical pathways in-
volved in the cloud response and the temporal evolution of the cloud microphysics. A
hierarchy of different cloud-resolving model (CRM) simulations and novel analysis tech-
niques were combined to investigate both individual aspects in the chain of microphysical
processes and their complex interaction with other aspects of the clouds and the surround-

ing atmosphere.
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In Chap. 3, idealised model simulations of supercell thunderstorms were analysed to in-
vestigate the propagation of changes in cloud droplet number (CDNC) through the micro-
physical evolution of individual convective cells. Model simulations with the Weather
and Forecasting model (WRF) were performed with two bulk microphysics schemes,
the Morrison scheme (Morrison et al., 2005; Morrison and Grabowski, 2008) and the
Thompson scheme (Thompson et al., 2004; 2008), as well as with the Hebrew Univer-
sity Cloud Model spectral-bin microphysics scheme (HUCM SBM) (Lynn et al., 2005a;
b). WRF was extended by detailed output of all individual microphysical process rates
calculated within the different microphysics schemes to allow for an assessment of the
pathways and their representation in the model microphysics schemes. Furthermore, a
method for identifying and tracking individual convective updrafts in the simulation was
developed. It enables analyses at the spatial and temporal scale of individual clouds that
explicitly resolve the time evolution of the individual microphysical processes and asso-
ciated bulk cloud properties. These analyses showed some similar microphysical changes
with increased CDNC for the two bulk microphysics schemes in two simulated cases.
The increase in CDNC leads to a substantial decrease in warm rain formation and a shift
of latent heat release from freezing and riming processes to higher altitudes. This could
be related to a transition from processes involving raindrops to processes involving cloud
droplets and a dominant role of riming processes in the response. Changes in the dominant
ice-phase hydrometeors for the variation of the aerosol proxy were observed in all three
microphysics schemes, as graupel and hail are replaced by snow and cloud ice particles
for more polluted conditions. Differences in the definition of the hydrometeor classes and
the associated processes for individual hydrometeor types, such as the different treatment
of deposition on graupel, can explain part of the discrepancies in the response between
the microphysics schemes. It was shown that this chain of processes includes important
feedbacks from the ice-phase processes back onto the liquid phase of the cloud, for ex-
ample in the form of impacts of changes in sublimation and deposition on condensation

or evaporation as a manifestation of the Wegener—Bergeron—Findeisen process. The re-
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sponse of the bulk cloud properties such as cloud mass or the altitude of the centre of
gravity of the cloud shows marked differences between the microphysics schemes in the
two cases. Despite the differences in the response of the bulk cloud properties to changes
in the aerosol proxies, the simulations with all three microphysics schemes and for both
cases each showed a monotonic response to changes in CDNC and cloud condensation
nuclei (CCN) concentration. Furthermore, the effects of changes in the aerosol proxies
reach saturation for CDNC/CCN values above 1000 cm 3 in all simulations, which con-
firms previous studies (Kalina et al., 2014).

To make this type of analysis available for a more general application, the tracking al-
gorithm developed for the analysis of the idealised cases in Chap. 3 was evolved into
the tracking and analysis framework tobac presented in Chap. 4. tobac was designed
with an accessible structure and offers flexibility to be used with a wide range of differ-
ent types of input data, thus overcoming limitations of most existing tracking software.
The package is set up in a modular way with individual steps for feature detection, seg-
mentation to determine cloud areas/volumes, trajectory linking and a range of analysis
methods. This enables the extension of tobac by other algorithms and workflows in a
single framework. The package makes use of modern capabilities of Python libraries for
data reading, memory usage and specific calculations. Furthermore, an existing Python
library initially developed for microscopic analysis in biophysical applications, trackpy
(Allan et al., 2018), was successfully adapted for linking the identified cloud features.
Two example applications of the framework for studying deep convective clouds based
on different data types were presented. This included the assessment of the required time
resolution for a successful tracking result. In the first application, isolated deep convective
cells were tracked in CRM simulations based on the vertical velocity and condensate mix-
ing ratio field. It was shown that input data with a 5-minute time resolution is sufficient
for the tracking of deep convective clouds in this type of simulations, while 1-minute data
output is beneficial for a more robust tracking result. In the second application, deep con-

vective clouds were tracked based on the outgoing longwave radiation (OLR) field both
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from convection-permitting model simulations and derived from geostationary satellite
retrievals (GOES-13). For this application, the temporal resolution of 15 minutes avail-
able from the GOES-13 satellite retrievals was shown to be sufficient for a successful
tracking, while a coarser time resolution would be detrimental to the tracking perform-
ance.

In Chap. 5, the pathway analysis developed in Chap. 3 and the tracking framework tobac
established in Chap. 4 were combined to provide a detailed analysis of microphysical ef-
fects for individually tracked clouds in simulations of a large freely evolving population
of convective clouds. The CRM simulations with the WRF and RAMS (Regional Atmo-
spheric Modelling System, Saleeby and van den Heever, 2013) used for this analysis are
part of a model intercomparison that was performed with several current CRMs in the
deep convection case study of the Aerosols, Clouds, Precipitation and Climate (ACPC)
initiative (van den Heever et al., 2017). The case study was performed for scattered deep
convection over the area around Houston, Texas, for two cases representing clean and pol-
luted aerosol conditions. The study aims to understand the differences in the response of
the models to aerosol perturbations and the contribution of individual physical processes
to these uncertainties. Preliminary analyses of all models in the intercomparison study
have shown large discrepancies both in the simulated deep convection and the response of
clouds and precipitation to changes in aerosols. WRF and RAMS were used to further in-
vestigate these differences in using both traditional domain-wide analyses and the newly
developed Lagrangian analysis framework. The two models show a large difference in the
total accumulated surface precipitation over the entire simulation period and marked dif-
ferences in the domain-averaged properties, especially concerning the evolution of the ice
phase. The RAMS simulations show substantially more frozen hydrometeors and mixed-
and ice-phase processes than in WRF for both aerosol conditions. However, the two
models show a consistent response to increases in aerosols, with both models showing a
decrease of warm rain formation and suppression of surface precipitation with increased

aerosols. The tracked clouds were separated into different categories for a more detailed
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assessment based on composites of their time evolution. This revealed important differ-
ences in the distribution of cloud types between the models, e.g. more shallow convective
cells with only liquid-phase microphysics in WRF and more cells transitioning into deep
convections in RAMS. However, there was no clear effect of changes in aerosol condi-
tions on these cloud categories. The detailed analyses of the cloud composites for specific
cloud types showed that the two models agree well in how they simulate shallow con-
vective clouds. The analysis of the composites for the clouds that are tracked through the
transition from warm-phase dominated to deep convective clouds shows much more sub-
stantial differences between the two models. This includes much stronger mixed-phase
processes like freezing, riming and melting in RAMS than in WREF. Further analyses con-
firmed that the cold rain formation from melting frozen hydrometeors after the onset of
mixed-phase processes contributes substantially to the warm rain formation. The result-
ing efficient accretion of cloud droplets partially buffers the response of the precipitation
formation to changes in aerosols and CDNC. This agrees with the results obtained from

the analyses of the idealised simulations in Chap. 3.

The analyses developed in this thesis enabled a detailed investigation of the microphysical
processes and pathways of the effects of aerosol changes in numerical models simulations
of deep convective clouds. The results from both the idealised simulations (Chap.3) and
the analysis of the case study simulation (Chap. 5) confirmed the substantial uncertain-
ties resulting from differences in the representation of the physical processes in numerical
models that have been discussed in previous studies (Khain et al., 2008; Tao et al., 2012;

Khain et al., 2015; White et al., 2017). The differences between the individual mod-
els or model configurations with different microphysics schemes were often larger than
the cloud response to changes in aerosols or aerosol proxies. This shows that the differ-
ences in the CRMs result from a combination of differences in the microphysics schemes
themselves and the coupling of the microphysical evolution to the representation of other
physical processes in the models. The detailed analysis of process rates and the focus

on individually tracked cells, however, allowed for a more detailed insight into the mi-
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crophysical pathways in the clouds. This enabled an investigation of the responses of
individual processes to changes in aerosols or aerosol proxies in the model, where usual
analysis methods would often break down due to cancellations between the responses or
the dominance of other impacts in a bulk analysis. The different types of simulations in
this thesis do not show clear signs of convective invigoration due to additional latent heat
release from increased freezing as hypothesised, e.g. by Rosenfeld et al. (2008). This
includes the idealised supercell simulations studied in Chap. 3 that revealed clear changes
to the freezing processes with shifts in the altitude but no substantial increase in integrated
latent heating. Furthermore, a suppression of convective activity and surface precipitation
was observed as the primary response to an increase in aerosols for the large cloud field
simulations in Chap. 5. This result might be related to the specific types of deep con-
vective clouds studied here, as the range of responses to aerosols previously reported is
strongly dependent on the specific types of clouds and the conditions under which they
evolve (Khain et al., 2008; Kalina et al., 2014). However, the results show that convect-
ive invigoration due to additional freezing cannot be assumed to be the default response
of deep convective clouds to an increased CCN concentration, even when changes in the
freezing processes occur. Previous investigations on the effects of aerosols on deep con-
vection mainly relied on domain-wide statistical analyses of cloud properties (Tao et al.,
2012; Altaratz et al., 2014). These analyses are inherently not able to resolve the import-
ant time evolution of individual clouds over their lifecycle (Altaratz et al., 2014). Here,
we use tobac to extend the detailed pathway analysis to individual clouds in entire large
case study simulations based on tobac as a flexible analysis tool for the tracking of in-
dividual clouds. The creation of cloud composites with a relative time axis for specific
types of tracked clouds enabled a novel way of resolving the time evolution of the micro-
physical evolution for the clouds in a large cloud field simulation. The separation of the
cloud field into different types of clouds revealed differences between cloud types in sim-
ulations with the two different models, which partially explains the differences observed

between simulations with different CRMs. Additionally, this time-resolved perspective
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revealed important microphysical pathways, such as the critical role of melting processes

in mediating and buffering the response of warm rain formation to changes in aerosols.

The results from the analyses in this thesis give rise to new research questions, both with
regards to the type of analyses developed here and for the general research on convect-
ive clouds and aerosol—cloud interactions. There are several aspects of the analyses per-
formed in the individual chapters that could be extended further to provide a more detailed
insight into individual aspects of the chain of processes or address a broader range of re-
search questions. The analyses of the time evolution of precipitation and the analysis of
microphysical process rates in Chap. 5 have shown that the 3-hour period chosen for the
tracking-based analysis is affected by differences in the timing of the convective activity,
e.g. in the form of shifts in the convective evolution at the time scale of a few hours.
Extending the tracking-based analysis to the 12-hour period with 5-minute data output
will allow to include a full diurnal cycle of convective activity and provide a larger num-
ber of tracked cells for improved statistics. To asses the response of deep convection to
changes in aerosols with a more representative coverage of different meteorological con-
ditions, additional cases could be simulated for case study simulations for ACPC case
study setup. It is planned to extend the detailed analysis developed for WRF and RAMS
in Chap. 5 to the other models in the ACPC intercomparison project based on the high-
frequency output and detailed microphysical diagnostics.

The analyses presented in Chap.5 will be important for the field campaign TRACER 2021
as the focused observations of individual deep convective clouds require detailed counter-
parts on the side of the modelling community. The extended analysis of the ACPC case
will include extensive comparisons of radar measurements with model forward-simulated
radar properties in the CRMs, e.g. following the methods developed in (Fridlind et al.,
2019). The use of dual-polar radar measurements makes it possible to obtain a range of
detailed microphysical insights on the microphysical evolution of the convective clouds
(Fridlind et al., 2012; van Lier-Walqui et al., 2016). These analyses can be combined with

the detailed analysis of the model microphysical process rates presented in this thesis to
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allow for increased observational constraints in the assessment of the variation of the sim-
ulated convective clouds and their aerosol response in different models.
The tracking framework tobac presented in Chap. 4 is currently evolving into continuous
development as a community project (https://github.com/climate-processes/tobac). Sci-
entists in research groups currently involved in the development of the package (Univer-
sity of Oxford, TROPOS Leipzig, Colorado State University) have started to use tobac
for other analyses, including studies on the vertical momentum budget to accompany the
microphysical process rate analysis presented in Chap. 5 or investigations of shallow trade
wind cumulus clouds. Several contributors are currently working on adding new tracking
and analysis routines, which involves the development of new detailed analyses based on
geostationary satellite retrieval that go beyond the use of OLR as presented in Chap. 4
and the implementation of existing analyses from previous studies like Senf et al. (2018).
This will enable a convenient comparison between different approaches and for different
datasets within a single framework. This could be used to derive more robust observa-
tional constraints for studies based on high-resolution models simulations such as the
ones presented in this thesis. The newest generation of geostationary satellites (Himawari-
8, GOES-16/17 and the future Meteosat 3G (Stuhlmann et al., 2005; Bessho et al., 2016;
Schmit et al., 2016)) with routinely recorded high time resolution of at least 5 minutes
offers the opportunity to perform more detailed analyses based on satellite data.
Current work on the implementation of lightweight prognostic aerosols with advection,
activation and removal in the WRF simulations based on a simplified version of the HAM
aerosol model (Stier et al., 2005) will enable the extension of the analysis of aerosol
microphysical effects on clouds by allowing for more complex interactions between the
clouds and the aerosol distribution. A fully interactive coupling between aerosols and
clouds in models allows the use of the analytical framework developed here to investig-
ate several interesting questions for our understanding of aerosol—cloud interactions. The
concurrent impact of aerosols on convective clouds through aerosol microphysical effects

and semi-direct effects via the radiative impact of aerosols in the atmosphere has been in-
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vestigated intensively based on different approaches (Koren et al., 2008; Rosenfeld et al.,
2008), but also poses significant challenges for the attribution of aerosol effects on con-
vective clouds. Detailed analyses focusing on the microphysical evolution of individual
convective clouds and the radiative processes in the surrounding air masses based on the
methods presented in this thesis could improve our understanding of the role of these in-
teracting pathways in aerosol—-convection interactions.

Furthermore, the tracking-based analysis developed in this thesis is suited for an assess-
ment of the time scales of cloud effects on the aerosol field due to removal processes
such as activation and precipitation scavenging, e.g. by assessing aerosol concentrations
around individual clouds or composites of clouds over the cloud life cycle.

In addition to the effects of aerosols acting as CCN discussed in this thesis, aerosol can
have an impact on deep convective clouds due to their role as ice nucleating particles (IN)
(Lohmann, 2006; Fan et al., 2016). Although the effect of changes in IN on the evolution
of deep convection has not been assessed in this thesis, the analysis framework developed
here could be used investigate IN-based pathways of aerosol effects on deep convection,
too.

Box closure experiments (Rosenfeld et al., 2014a) such as the one planned as part of the
ACPC case study over Houston (van den Heever et al., 2017) can be used to extend the un-
derstanding gained through detailed analyses of the physical processes in high-resolution
modelling studies the scale relevant for the effects of aerosols on deep convection in the
global climate system. The detailed understanding of the propagation of the aerosol ef-
fects through the microphysics of deep convective clouds can be useful for the ongoing
work on representing convective cloud microphysics and aerosol effects on convective
clouds in global climate models (Zhang and Song, 2016). Furthermore, global model
simulations at grid spacings approaching those of the CRMs used in this study are going
to become more common over the coming decade (Neumann et al., 2019), which can
specifically profit from analysis methods as the ones developed here. Therefore, detailed

process studies as presented in this thesis are crucial to advance our understanding of the
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role of specific types of aerosol—cloud interactions in anthropogenic radiative forcing and

thus contribute to an improved understanding of the current and future evolution of the

climate.



7. Appendix

7.1. Analysis software developed as part of the thesis

The analyses in this thesis involved the development of a wide range of analysis software.
The data processing is based on Iris cubes (Met Office, 2018) as the underlying data struc-
ture, which allows for a convenient way of writing flexible analysis methods that are not
strictly fixed to the detailed structure of the specific model output. This was particularly
important to allow for a consistent analysis of the results of simulations with different
models and microphysics schemes.

Several aspects of the analyses developed for the different studies in this thesis are dis-
tributed as individual Python modules to allow for continued use of the analysis methods.

The source code for all these analysis packages is publicly available on GitHub.

tobac
The tracking and analysis framework tobac is described in detail in Chap. 4. The module

is hosted on GitHub at https://github.com/climate-processes/tobac.

mpdiag

Comparing detailed microphysical output from different models or microphysics schemes
requires to load them into a consistent data structure that allows for meaningful compar-
isons between equivalent processes or quantities in the different schemes. The module
currently includes routines for the different microphysics schemes used in this thesis,
which includes the Morrison and Thompson bulk microphysics schemes (Morrison et al.,
2005; Thompson et al., 2008) as well as the full and fast SBM scheme (Lynn et al.,

2005a; Khain et al., 2009) in WRF and the microphysics scheme of the RAMS model
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(Saleeby and van den Heever, 2013). It is planned to extend the analysis to the micro-
physics schemes in additional models to make the basic analyses presented in this thesis
conveniently available for additional cloud-resolving models.

The module is hosted on GitHub at https://github.com/mheikenfeld/mpdiag.

mpanalysis

This package provides the analysis routines creating the detailed visualisations of the
cloud microphysics used in Chap. 3 and Chap. 5. This includes both slices through in-
dividual clouds showing the cloud morphology, the time evolution of hydrometeor mass
and microphysical process rates as well as the creation and visualisation of the cloud
composites. The data structure is based on the mpdiag and tobac modules. Thus, these
analyses are available for any model or microphysics scheme that has been implemented
in mpdiag.

The module is hosted on GitHub at https://github.com/mheikenfeld/mpanalysis.

piecharts

The visualisation of hydrometeor mixing ratios and microphysical process rates with
coloured pie chart diagrams in the analyses in this thesis allowed for a novel way of
presenting a two-dimensionally resolved picture of the complete microphysical evolution
of clouds. The creation of these diagrams from arbitrary input data has been packaged as

a Python module and is available on GitHub at https://github.com/mheikenfeld/piecharts.

wrfcube

Although the WRF model outputs its data in NetCDF format, the output can be prob-
lematic to read with most software that has not been developed with a direct focus on
WREF at the Centre for NCAR. This includes definitions of dimensions and variables
that do not conform to the CF standards and a range of variables that are stored as a
combination of a base field and a variation, e.g. potential air temperature or air pres-

sure. The wrfcube module provides a convenient way to load WRF output into Iris cubes
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with meaningful metadata. Furthermore, the module contains routines to calculate a wide
range of properties based on the model output. The module is available on GitHub at

https://github.com/mheikenfeld/wrfcube.

ramscube

This module provides a convenient way of loading the RAMS-specific HDFS5 files into
consistent Iris cubes including metadata based on the header files provided with the model
output. Furthermore, the package contains various routines to calculate a wide range of
properties based on the model output. This includes integrated properties such as the
liquid and ice water paths. The module is available on GitHub at https://github.com/

mheikenfeld/ramscube.
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