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ABSTRACT
Aerosols in the atmosphere serve as condensation nuclei for the cloud formation. This brings
an important influence on the microphysical properties of cloud water that in turn affect the
processes in the formation of precipitation. Aerosol-cloud-precipitation interaction which
simultaneously change cloud albedo interest many studies to find out aerosol impact on
precipitation formation. The studies were done by observation measurement and simulation.
UK Met Office Unified Model (UM) is one model that includes aerosol direct and indirect
effect in the NWP configuration which leads to study aerosol impact on precipitation. Recent
study use UM to simulate precipitation susceptibility when using aerosol-cloud interaction
and no aerosol-cloud interaction which both showing precipitation dependency on aerosol.

This dissertation investigate what particular factor and process leads to the apparent
precipitation susceptibility by using UM SCM (Single Column Model) to simulate marine
boundary-layer clouds and investigate several factor that may cause the apparent precipitation
susceptibility including wind and time steps. Simulation with applying different horizontal
and vertical wind tendency and time steps was done. Precipitation susceptibility found to be
sensitive with the time step choices and wind tendency.
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1.

Introduction

1.1. Aerosols

Aerosols, a complex and dynamic mixture of solid and liquid particles suspended in the
atmosphere with diameter between few nanometres to micrometres (Levin and Cotton, 2009;
Kulkarni et al., 2011), have been increased in both mass and number concentrations
significantly due to growing industrialization (Andreae and Rosenfeld, 2008; Regayre et al.,
2014).

Temporally, aerosols vary in hour, day and seasonal timescales. Spatially, some aerosol types
have widespread surface sources, and some have point sources. For example, ocean that
covers the world for almost 70% generates aerosols mainly from bursting of air bubbles
entrained during whitecap formation and tearing of droplets from top of the wave (Levin and
Cotton, 2009). The particle production rate depends on wind speed; at medium wind speed,
sea salt particle number concentrations are typically no more than 10 cm–3, while at the high
wind speed above 10 ms–1, the concentration can reach around 50 cm–3 (Shinozuka et al.,
2004; Levin and Cotton, 2009). Since sea salt particles are very efficient cloud condensation
nuclei, characterization of their surface production is important for aerosol impacts on clouds
and precipitation.
Similarly, deserts that covers the earth’s land surface for about one-third are the primarily
source of aerosols from the earth crust. Air will rise when the air is heated in desert,
generating wind and bringing particulate matter from the surface into the atmosphere; some
particulate matters could travel across the world, such as dust from Taklimakan China desert
crossing the world in 13 days (Uno et al., 2009).

On the other hand, point sources like volcanoes eruptions are also important sources.
Eruptions from volcanoes remain primarily in the troposphere, but can make a significant
influence to the stratospheric aerosols as MacCormick et al. (1995) detected that eruptions of
Mt.Pinatubo in June 1991 lead to decrease stratospheric ozones (Prather, 1992). Volcanoes
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eruptions donate precursor gases for gas-to-particle conversion and water insoluble dust and
ash (Hinds, 1999).
The capability in scattering and absorbing solar radiation from different aerosols make them
important on influencing the earth energy budget. Most of aerosols contain non-absorbing
material that scatters solar radiation, known as negative radiative forcing or cooling climate
system. However, some aerosols such as black carbon and soot produced during biomass
burning contain absorbing material that absorbs solar radiation and have a positive radiative
forcing (Jacobsons, 2001; Ramanathan and Carmichael, 2008).

Aerosols can be categorised into natural and anthropogenic aerosols. Anthropogenic aerosols
are produced with relation to human activity, while natural aerosols are not. In both
cases, primary aerosols are the aerosols directly emitted to the atmosphere, such as dust lifted
by wind on the deserts. The secondary aerosols are formed from precursor gases in the
atmosphere such as sulphate which is formed in the atmosphere from another gas sulphur
dioxide (SO2) which main source of SO2 is fossil fuel burning (Levin and Cotton, 2009). The
secondary aerosols make concept of aerosols sources become hard to explain as series of
atmospheric reactions act as the source for these aerosols type.
Sources of natural background aerosols and anthropogenic aerosols are shown in the Table
1.1. Clearly, there is a wide range of source estimations for natural aerosol sources, and
natural sources exceed largely the anthropogenic sources on a global scale. However, even
though the anthropogenic sources contribution is between 10 to 50 % (Hinds, 1999; Carslaw
et al., 2013), anthropogenic aerosols have significant impacts on the determination of global
radiative forcing, as discussed next.

1.2. Aerosols effect on warm cloud and precipitation

Aerosols can affect cloud microphysical properties and consequently influence clouds
radiative properties, fractions, and lifetime (IPCC, 2013). The influence is due to aerosols’
role as cloud condensation nuclei (CCN) (Gryspeerdt et al., 2015). Water vapour condenses to
form droplets only when supersaturation is reaching several hundred per cent, which it is very
hard to happen naturally. However, in the presence of aerosols in the atmosphere,
2

condensations do not need a high supersaturation condition; a supersaturation of 2% or less is
sufficient to form droplets (Andrea and Rosenfeld, 2008). Figure 1.1 shows that droplet sizes
vary with different aerosol types as the relative humidity rises from 80%. When the relative
humidity reach 100 % and more, droplets keep expanding until they get to the top of the curve
(critical supersaturation).

Table 1.1. Sources and estimates of global emission of atmospheric aerosols; (a) includes
sulphate from SO2 and H2S, ammonium salts from NH3, and nitrate from NOx; (b) Primarily
photochemical particle formation from isoprene and monoterpenes vapour from trees; (c)
Includes sulphate from SO2 and nitrate from NOx; (d) Primarily photochemical particle
formation from anthropogenic volatile organic compounds. (Source: Hinds, 1999)

SOURCE

Amount, Tg/yr (106 metric tons/yr)
Range

Best Estimate

Soil dust

1000-3000

1500

Sea salt

1000-10000

1300

26-80

50

4-10000

30

3-150

20

Gas to particle conversion a)

100-260

180

Photochemical b)

40-200

60

2200-24000

3100

Direct emissions

50-160

120

Gas to particle conversion c)

260-460

330

5-25

10

320-640

460

Natural

Botanical debris
Volcanic dust
Forest fires

Total for natural sources
Anthropogenic

Photochemical d)
Total for anthropogenic sources
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For example, a particle 10–19 kg of NaCl is placed in air with water supersaturation of 0.4% as
shown in Fig 1.1 (red curve). As the solution droplet supersaturated and expanded by
condensation, the supersaturation adjacent to the surface of this solution droplet will initially
increase. Since the peak of its curve is still below the ambient supersaturation, a droplet will
continue grow over the peak of its Kohler curve and then form a cloud droplet. This particle
that has passed the peak of its Kohler curve and kept expanding is named “activated”. The
activated aerosols by the process are called CCN.

Size and composition play an important role in the process of activation. To illustrate the
impacts of the aerosol particle size and composition, a particle with 10–19 kg of (NH4)2SO4 is
also placed in air at the same ambient supersaturation of 0.4% in Fig. 1.1 (green curve). At
point A, the supersaturation adjacent to the droplet is equal to the ambient supersaturation. If
the droplet grows a little, the adjacent supersaturation will rise above the ambient
supersaturation, and the droplet will evaporate back to the point A. And if the droplet
evaporates a little, the adjacent supersaturation will be below the ambient supersaturation;
hence the droplet will grow back to the point A. So the droplet is in stable equilibrium to the
ambient supersaturation at point A. This state of droplets is called “inactivated”.

Fig. 1.1. Variation of the relative humidity and supersaturation adjacent to droplets of (1)
pure water (blue), and adjacent to solution droplets containing the following fixed masses of
salt: (2) 10–19 kg of NaCl (red), (3) 10–18 kg of NaCl (orange), (4) 10–17 kg of NaCl (black), (5)
10–19 kg of (NH4)2SO4 (green), and (6) 10–18 kg of (NH)4SO4 (violet). (Source: Levin and
Cotton, 2009)
4

At a fixed cloud water amount, a higher CCN concentration will lead to a larger cloud droplet
concentration with smaller droplet sizes, reflecting more solar radiation back to the space
(Twomey, 1974); this is called Twomey effect or cloud albedo effect, as shown in Fig. 1.2. As
cloud droplets size becomes smaller, coagulation process from cloud droplets to become
precipitation-size particles slow down which acts to suppress the precipitation and helps cloud
to deepen and last longer; this is called cloud lifetime effect (Albrecht, 1989). These effects,
termed the aerosol-cloud interactions, have a net cooling effects of around –0.5 W m–2 in Fig.
1.3, and are the largest source of uncertainty in calculation of anthropogenic radiative forcing
of climate for the time period of 1750 –2011 (IPCC, 2013).

Among all cloud types, warm clouds have the biggest influence to the net cooling effects
(Hartmann et al., 1992); an increase of 6% albedo of global marine stratiform clouds could
offset the warming of doubling atmospheric CO2 concentration (Chen et al., 2014). Marine
stratocumulus cloud as warm cloud, which covering almost one-third the ocean’s surface,
particularly susceptible to the aerosol perturbation (Chen et al., 2011). Thus study of aerosolprecipitation interaction on marine stratocumulus clouds had been done by many studies (Lu
and Senfield, 2005; Sandu et al., 2008; Wang et al., 2010).

The marine stratocumulus cloud are performed as the impact of the global air movement,
known as Hadley circulation, which lead to air divergence over mid-latitude (Huang &
McElroy, 2013). Over the ocean, the divergence air blow the air at the sea surface away back
to equator and polar which lead to upwelling over the ocean. This upwelling bring cool water
to the surface and make a cool pool then interact with the atmosphere resulting a surface
cooling and build more steep temperature inversion. As the temperature become cooler, water
vapour condenses suported by available cloud condensation nuclei to form clouds. However,
the marine layer stability not leaving the cloud to develope deeper and hence lead the cloud to
grow more flat as marine startocumulus cloud. This strong stability layer is the the favour
condition for marine sratocumulus cloud which usually exist below 680 hPa (Boucher et al.,
2013).

With a focus on aerosol-precipitation interactions that will simultaneously change cloud
albedo, precipitation susceptibility is used in this study to quantify aerosol impacts on warm
5

rain formation, similar to studies in Feingold and Siebert (2009), Lu et al. (2009), Terai et al.
(2012) and Mann et al. (2014). Precipitation susceptibility ( ) is defined as:

,

(1)

where R is precipitation rate and α is aerosol proxy that is often represented by cloud droplets
number concentration (Nd) or aerosol index. The logarithmic form on the equation is used to
reduce the sensitivity of precipitation susceptibility to the accuracy of precipitation and
aerosol measurement. The precipitation susceptibility needs to be calculated by holding liquid
water path to be constant to minimize the meteorological properties in influencing the
precipitation (Terai et al., 2012). Negative sign is introduced to show that a positive value of
precipitation susceptibility reveals that aerosol amounts in atmosphere and precipitation have
a negative correlation for warm rain (Sorooshian et al., 2009).

polluted

clean

Fig. 1.2. Schematic illustration of aerosol (black points) impacts on cloud droplet size and
concentration (blue points), precipitation (blue drops below clouds), and reflected solar
radiation (orange arrows), in the clean (left) and polluted (right) environments. This figure is
excerpted from IPCC AR5 Chapter 7 (2013).
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Fig. 1.3. Bar chart for radiative forcing (RF; hatched) and effective RF (ERF; solid) for the
period 1750-2011, where the total ERF is derived from Figure 8.16 in IPCC AR5 WG1
Chapter 8. Uncertainties (5 to 95% confidence range) are given for RF (dotted lines) and
ERF (solid lines). (Source: IPCC AR5 Chapter 8, 2013)

Investigating precipitation susceptibility to aerosol started many years ago. Warner (1967)
examined precipitation sensitivity to smoke over land during the cane harvesting season when
had field burning and released a lot of smoke particles to the atmosphere. The study was done
by comparing the 60 year precipitations data during the three months of cane harvesting
season. By the invention and development of technology, precipitation and aerosol can be
measured and quantified better nowadays.

A number of studies based on airborne, surface-based, and satellite observations have shown
precipitation suppression with increasing aerosol proxy and cloud droplet number
concentration (van Zanten et al., 2005; Wood, 2005; Kubar et al., 2009; Sorooshian et al.,
2009; Wood et al., 2009; Bretherton et al., 2010). These observations include several major
field campaigns, such as the Atlantic Stratocumulus Transient Experiment (ASTEX) in north
Atlantic (Cox et al., 1993; Miller and Albrecht, 1995), the Marine Stratus/Stratocumulus
7

Experiment (MASE) in the eastern Pacific (Lu et al., 2009), the Variability of the American
Monsoon System (VAMOS) Ocean-Cloud-Atmosphere-Land Study Regional Experiment
(VOCAL-Rex) in the southeast Pacific (Bretherton et al., 2010; Terai et al., 2011), and the
Atmospheric Radiation Measurement (ARM) Mobile Facility (AMF) deployments in
Germany and Azores (Wulfmeyer et al., 2008; Wood et al., 2005). While the precipitation
susceptibilities from various campaigns shows a general decrease with increasing liquid water
path, their magnitudes are different. Precipitation susceptibility from the MASE I and II
experiments was reported as 0.46 and 0.63 respectively (Lu et al., 2009). A higher result from
AMF deployment in Azores with precipitation susceptibility range is between 0.5 and 0.9
(Mann et al., 2014), and the precipitation susceptibility in VOCALS ranged between 1 and 3
(Terai et al., 2012).

Compare to efforts on understanding and including aerosol-cloud-precipitation interactions in
climate models, little has been made in global numerical weather prediction (NWP) models.
Mulcahy et al. (2014) included the direct and indirect effects of aerosols in the global NWP
configuration of the Met Office Unified Model (Met UM) and investigated aerosol impacts on
surface radiation, cloud amount, precipitation and circulation. In general, while the inclusion
of aerosol indirect effects improved cloud amount and thus corresponding surface radiation,
the impacts on precipitation are small and tend to be more localised to regions such as Africa
where aerosol amounts are significant. Additionally, using the Met UM UKV configuration
with a 1.5 km horizontal resolution, Wilkinson et al. (2013) investigated whether aerosolcloud interactions improved forecasts of fog, visibility and drizzle across the UK. Their
conclusions are positive in terms of improving short-range forecasts, but the relationships
between aerosol, cloud and precipitation properties (e.g., precipitation susceptibility) were not
examined against observations, and it is unclear whether aerosol-cloud interactions were
properly represented in the UKV model.

Aerosol-cloud interactions are included in the UM UKV through a prognostic aerosol scheme,
called MURK (Clark et al., 2008). MURK has been used for a while in the UKV for
improving visibility forecast, but only recently been used to compute cloud droplet number
concentration (Nd) in the precipitation scheme. Mann (2014) investigated how precipitation
susceptibility changed between simulations from fixed Nd and simulations from MURK-based
Nd, i.e., without and with aerosol-cloud interactions, respectively. Surprisingly, the
8

precipitation susceptibility was mainly determined by the representation of cloud
autoconversion scheme and raindrop size distribution, and has little to do with the
representation of how Nd was given. Since there is precipitation dependency on aerosols in
the model no matter whether aerosol-cloud interactions are included, the resulting
precipitation susceptibility is referred to as “apparent precipitation susceptibility” hereafter.
Since the analysis methodologies used in observations (Mann, 2014) and in the UKV
simulations (Mann 2014) are exactly the same, the finding of the apparent precipitation
susceptibility raises a major concern of whether the current methodology for separating
aerosol effects from meteorological factors is appropriate, even though it has been widely
used in the past 10 years.

1.3. Aims

This project aims to investigate what particular factor and process leads to the apparent
precipitation susceptibility, which hopefully can provide insights into a better approach to
quantifying aerosol-cloud-precipitation interactions. Specifically, this project involves two
main tasks:


Provide simulations in which individual meteorological factor and process can be
more easily isolated and investigated. The UM Single Column Model (SCM) is set up
locally to simulate marine boundary-layer clouds to ensure frequent drizzle
occurrences and to avoid complications from Nd treatment differences between ocean
and land found in the UKV simulations.



Investigate a number of plausible factors and processes that may cause the apparent
precipitation susceptibility, including wind speed, precipitation type (i.e., large-scale
precipitation versus convection), and aerosol/cloud microphysical processes such wet
scavenging of aerosols.

Note that it is impossible to investigate the impacts of

precipitation type in Mann (2014), because no convection parameterisation is needed
and used in the UKV when the model has sufficiently high spatial resolution to resolve
convections.
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1.4. Outline

This dissertation is organised as follows. Section 2 briefly introduces the UK Met Office
SCM and details the experiments used in this study. Section 3 compares and contrasts
simulations from various simulation experiments, focusing on the change in overall cloud and
precipitation structures and the change in precipitation susceptibility. Section 4 provides
conclusions and some ideas for future work.
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2. Methodology
To investigate the source of the aforementioned apparent precipitation susceptibility, a series
of simulation experiments were conducted. Section 2.1 briefly introduces the UK Met Office
SCM. Section 2.2 provides an overview of aerosol and cloud schemes available in the model,
while Section 2.3 details the experiments used in this study and outlines how simulations are
stratified and used to quantify precipitation susceptibility.

2.1. UK Met Office Single Column Model (SCM)

The UM SCM version 8.6 was set up and used in this study. Unlike General Circulation
Models (GCMs), SCM represents an atmospheric column over a single grid point with
prescribed large scale forcing, which allows us to assess any particular process or
parameterisation without the complication of large-scale feedback. The large-scale forcing
could be given by an idealised field, derived from statistics, or taken from observations. For
this study, it is crucial to apply proper large-scale forcing that can generate realistic marine
boundary-layer drizzling clouds over a wide range of LWP and ambient aerosol amount, to
ensure that sufficient statistics can be obtained to investigate the behaviour of precipitation
susceptibility.

With help from the Met Office colleagues, a prescribed large-scale forcing dataset was set up
for a case during the Atlantic Stratocumulus Experiment (ASTEX; Albrecht et al., 1995) that
took place during 1–25 June 1992 near the Azores. A case of 13 June 1992 was chosen due to
the following reasons. Firstly, the experiment was designed to address the challenge of
modelling the transition from stratocumulus to trade cumulus; therefore, cloud types and
drizzle characteristics are likely consistent with the Azores observations used in Mann et al.
(2014) to provide a fair intercomparison. Secondly, this case has been one of the focuses for
international intercomparisons of single-column model simulations; simulations used in this
study have been carefully checked and are considered to be representative of the cloud
regimes of interest.
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The SCM uses initial atmospheric profiles as shown in Fig. 2.1, and is forced by geostrophic
winds. Wind-relaxation to forcing in vertical winds is also applied through simulations to
relax wind profiles to observed winds. The model was run for a 48-hr simulation for a
location of (34°N, 335°E).
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Fig. 2.1. Initial profiles of (a) temperature, (b) specific humidity, (c) zonal wind and (d)
meridional wind used in the SCM simulations.
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2.2. Aerosol and cloud schemes in the SCM

2.2.1.

Large-scale precipitation scheme

Advanced microphysics scheme is used for large-scale precipitation. The scheme is based on
the Wilson and Ballard (1999) scheme, but includes improvements in the specification of the
microphysics and the subgrid-scale parameterization. This scheme includes prognostic rain,
allowing the model to advect rain with the 3-D wind field, rather than relying on diagnostic
representation that assumes no horizontal advection and the total rainwater produced in a
column to fall out. In this prognostic scheme, drizzle or precipitations fall out gradually,
starting from top then moving downwards. To properly represent drizzle and light rain, rain
fall speeds were based on Abel and Shipway (2007) to allow lighter rain to fall slower and
evaporate spotty drizzle before it reaches the earth’s surface. The raindrop size distribution
used in the SCM is gamma distribution relation, given as:

,

where

(2.1)

(m–3m–1) is intercept, μ is shape, and λ is the slope parameter as function of rain

water mixing ratio derived from autoconversion and accretion. Since the model tended to
produce unrealistically high rain rates for drizzling stratocumulus, Abel and Boutle (2012)
further modified the intercept to produce a larger number concentration of smaller raindrops,
using:

,

where

= 0.22 and

(2.2)

= 2.2.

Precipitation formation in warm clouds involves two main processes known as
autoconversion and accretion. Autoconversion is a process of self-collection of small cloud
droplets. Autoconversion process is depend on cloud water content size which in more cloud
water content indicate more collision rate that correspond to faster rain water production, and
cloud droplet number concentration which larger cloud droplet concentration indicate smaller
drop sizes in a given cloud water content that correspond to smaller falls speed and collision
13

rate. The relationship of conversion rate with liquid water content is typically parameterized
by a power-law with a positive exponent, while the relationship with cloud droplet number
concentration

also has a power-law relationship but with a negative exponent.

example, Wilson and Ballard (1999) parameterized autoconversion rate (

{

where

= 0.1 s–1,

[ (

For

) as:

) ]},

(2.3)

= 0.2 x 10–3 kg m–3for points over ocean. ρ is derived from equation

⁄ , where p is pressure and

is virtual temperature.

is cloud water mixing ratio,

and C is cloud fraction.

Additionally, Khairotdinov and Kogan (2000) parameterized autoconversion rate as:

,

where

(2.4)

, the autoconversion collection efficiency, ranges between 1 and 1.2, depending on

cloud fraction; and

is the water mixing ratio.

The second precipitation formation process is Accretion. Accretion is a collection process of
larger and smaller droplets or cloud liquid water by rain. So different with autoconversion,
accretion depend on both the cloud and rain drop population (Wood, 2005). Accretion is
parameterized by (Wilson and Ballard, 1999) as:

,

(2.5)

= 1 kg m–2. The new scheme Khairotdinov

where P is the mass flux of precipitation and

and Kogan (2000) parameterized accretion rate as :

,

where

(2.6)

is the Khairotdinov and Kogan accretion collection efficiency that ranges between

1 and 1.3, depending on both cloud and rain fraction.
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is the water mixing ratio.

2.2.2.

Link between aerosol and cloud droplet number

As shown above, the autoconversion parameterization requires an estimate of cloud droplet
number to calculate conversion rates. Specifying a fixed droplet number is the simplest
approach, but it immediately excludes aerosol-cloud interactions in the model. Over ocean,
the cloud drop number concentration is often specified as 100 cm–3, which was also used in
this study as a reference point. To include aerosol-cloud interactions, the link between
aerosol concentration and droplet number estimates in the SCM can be done through three
options; these include the use of climatological aerosol, the use of MURK scheme, and the
use of more sophisticated aerosol schemes such as CLASSIC (Coupled Large-scale Aerosol
Simulator for Studies In Climate; Jones et al., 2001) and UKCA (UK Chemistry and Aerosol
project; Morgenstern et al., 2009). Since the MURK scheme is used in the operational UKV
model, it is a focus of this project and detailed next.

The MURK scheme (Clark et al., 2008) predicts aerosol mass mixing ratio (

) that is

derived from emissions inventories in the UK and Europe and is assimilated by synoptic
station visibility observations. The aerosol is advected with the model dynamics and mixed
within the boundary layer up to a maximum height of 3 km; above 3 km, fixed climatology
values of
3

are prescribed. Additionally, the total aerosol number concentration

(m–

) is given as:

(

where

= 5 x 108 m–3 and

)

,

(2.6)

= 1.458 x 10-8 kg kg–1. Using aircraft measurements

around the UK, Haywood et al. (2008) modified these two coefficients

and

. The

values for Haywood parameter are given onTable 2.1.

Table 2.1. Parameters in Equation 2.3 for the Clark et al. (2008) and Haywood et al. (2008)
(m-3)
Haywood et al. (2008)

2.0 x 109
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(kg/kg)
1.8956 x 10-8

Finally, following the Jones et al. (1994), cloud droplet number concentration
parameterized by

(m–3) is then

(m–3) as:
[

],

(2.7)

based on the effects of sulphate aerosols on low-level warm clouds at a GCM scale. Note that
at a given

, Eq. (2.6), (2.7) and Fig. 2.2 show that the coefficients reported in Clark et al.

(2008) correspond to a smaller

and thus a smaller droplet number concentration (

which consequently affects the range of

and

),

that can be analysed in this study.

Fig. 2.2. Relationships between cloud droplet number concentration, aerosol mass
concentration, and aerosol number concentration, using Eq. (2.6) with coefficients from
Haywood et al. (2008) and Clark et al. (2008). The grey shading indicates typical values of
MURK aerosol. (Source: Mann, 2014)
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In the MURK scheme, wet deposition (scavenging) of aerosolsby precipitation is
parameterized by:

,

where R is the rain rate (mm.hr–1), and the scavenging rate (s–1)

(2.8)

–

. An interest is

placed on wet scavenging because it provides an immediate, plausible explanation for the
apparent precipitation susceptibility – heavy precipitation tends to remove a significant
amount of aerosol particles, and consequently, one could misinterpret this relation (low
aerosol amounts result in high rain rate) as aerosol impacts on precipitation susceptibility. As
explained later in Section 2.3, wet scavenging process is turned off in one of the simulation
experiments to investigate whether it is responsible for the apparent precipitation
susceptibility.

2.3. Experimental setup

A number of experiments were conducted to help understand the plausible sources of
apparent precipitation susceptibility. Details are given as follows.
1) The control run uses a fixed

of 100 cm–3, a time step of 1200 sec, the large-scale

precipitation scheme from Wilson and Ballard (1999), and most recent parameterizations
of rain drop size distribution and fall speed.
2) To examine the impact of aerosol-cloud interactions on the control run simulations, the
2nd set of experiments change the fixed

to MURK-Haywood and MURK-Clark (see

section 2.2.2 for the difference between two).
3) To investigate whether simulations are sensitive to the choice of time step and produce
apparent precipitation susceptibility, the 3rd set of experiments varies time step from 600
sec to 1800 sec.
4) To investigate how cloud and precipitation structures change with various wind fields,
the 4th set of experiments apply various adjustments in 3D winds.

17

5) To examine the impact of various aerosol processes, including transport, mixing, dry and
wet deposition, the 5th set of experiments switches on and off for these various
parameterizations.

In the following results, a vertical layer is defined as cloudy when the corresponding liquid
water content is greater than 0.05 g m–3 (Mann, 2014). The lowest and highest altitudes of
cloudy layers then determine the cloud-base and cloud-top heights, respectively. As shown
later in Section 3, most simulated clouds are single-layer warm clouds, which are comparable
with observational cases used in Mann (2014).

18

3. Result
3.1. Control run –fixed cloud droplet number concentration

Figure3.1 shows the simulated time series of cloud water contents and temperature profiles.
Cloud water content, on Fig .3.1a, is detected to be around 0-0.66 g.m-3. Cloud base and cloud
top are represented by lower and upper yellow line as described in section 2.3. As shown in
Fig. 3.1(b), cloud temperature is greater than 280 K. Cloud top rises during the course of the
simulation, and cloud geometrical thickness becomes slightly thinner after the 20th hour,
showing a sign of a transition from stratocumulus to cumulus under stratocumulus, and then
to trade wind cumulus (Albrecht et al., 1995).

Figure 3.2 shows the marine stability layer varies between 600 m in the initial time to about
1.7 km at the 40th hour. The marine stability layer in Fig. 3.2 (a) are clearly defined as the
increase temperature to the height at around 600-800 m heigh for the initial time and capped
between 1.5 and 1.7 km height at the last simulation run time. This condition also supported
by the relative humidity (RH) condition which is shown in Figure 3.2 (b) for initial time (blue
line) that RH increase from the surface and reach 100% below 500 meter and then decrease
gradually from 600 meter height. This shows that the air are moisture enough at this height to
form clouds. The same condition on Fig. 3.2 (b) at the 40th hour (red line) that the air
moisture is above 90% from surface to the height of around 1.7 km. This simulation stability
layer shows that the strong stability layer below 700 hPa (Mann et al., 2014) which is the
favourable layer to form marine stratocumulus layer are satisfied.

Figure 3.3 shows that the freqency occurrences between observations and the SCM
simulations have a great simiarlity, even though the SCM simluation only represent one case,
while on the contrary, the observational statistics were derived for all cases during the entire
ASTEX time period. In general, observations show that cloud base tends to occur below 1
km (Fig. 3.3a), and cloud top frequently occur above 1 km (Fig. 3.3b); this pattern is well reproduced in the SCM simulations (Fig. 3.3d and f). For geometrical thickness, observations
show a peak at 200–300 m, but the simulation tend to generate cloud layers thicker than 400
m. Overall, the agreement between the observations and the simulation is good, considering
19

that the SCM has only 63 vertical model levels and cannot resolve vertical structure as well as
ground-based radar and ceilometer meausrements.

a

b

Fig 3.1. Height-time plots of simulated (a) cloud water content and (b) temperature from the
control run.
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a

b

Fig. 3.2. Vertical profiles of (a) temperature and (b) relative humidity at the intial time and at
the 40th hour.
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c

Fig. 3.3. Intercomparison of cloud boundaries between observations and the SCM
simulations. Wang et al. (1999) shows frequency of occurrences of (a) cloud-base height, (b)
cloud-top height and (c) geometrical thickness frommerged radar-ceilometer data (solid
lines), rawindsonde data(dotted) and the International Satellite Cloud Climatology Project
(ISCCP; long-dashed lines)during ASTEX. (d)–(f) are the same as (a)–(c), but from the SCM
simulations.
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a

b

c

Fig. 3.4. The rain rate profile and liquid water path (LWP) varies with height during the 40
days simulations, (a) rain rate profile, (b) rain rate profile at maxima (black), cloud base
(blue), and surface (red), (c) LWP.
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Figure 3.4 shows that major rain fall events occur at the 8th, 15th and 20th hour in the SCM
simulaiton; after the 20th hour, rain amount is small and tends to evaporate before reaching
the surface. Rain rate during the simulation varies from 0 to 4.25 mm day–1. To avoid that
results of precipitation susceptibility analysis are sensitive to the choice of rain rate over a
column, comparisons between surface rain rate, cloud-base rain rate, and the maximum rain
rate were conducted to investigate whether their variations are similar. As shown in Fig. 3.4b,
the cloud-base rain rate tends to be smaller than the maximum value and greater than surface
rain rate. Since their variation patterns the same, the cloud-base rain rate was chosen for the
rest of analysis.
As shown in Fig. 3.4c, LWP rangesbetween 50 to 200 g m–2 during the simulation.There is a
small time lag between the peaks of LWP and rain rate, because rain formation takes cloud
water away to form rain, and thus LWP tends to decrease after rainfall. Additionally, LWPs
at the 24th–32rd hour are about the same magnitude as those in the beginning of the
simulation, but rain evaporates completely before reaching the surface, due to a much deeper
yet relatively drier boundary layer, as shown in Fig 3.2b.

3.2. Experiments using MURK-linked cloud droplet number concentration

3.2.1. Cloud properties

The above control experiment shows that the prescribed forcing generates realistic cloud and
precipitation structures and evolutions. However, with a fixed

of 100 cm–3, aerosol-cloud

interactions are not included and thus the dependency of precipitation on aerosols cannot be
investigated. In this section, simulations with aerosol-cloud interactions are compared and
contrasted with those in the control run.

Linking aerosol concentration to cloud droplet number through MURK (see Sect. 2.2), Fig.
3.5 shows that the overall structures and evolutions of cloud water are similar between these
three experiments, but cloud water amounts are different. Clearly, cloud water amount is
much less in MURK-Clark, and the local maximums at the 12th and 24th hour become less
24

a

b

Fig. 3.5. Time-height contour plots for simulated cloud water for (a) the control run (i.e.,
fixed cloud droplet number concentration duplicated from Fig. 3.1(a), (b) MURK-Haywood,
and (c) MURK-Clark.
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evident, compared to the other two experiments. From the histograms of cloud water content
(Fig. 3.6a), the range of cloud water content in MURK-Clark is much narrower than those in
the other two experiments. Simulations in MURK-Clark lack high cloud water content,
mainly at the 12th-24th hour as shown in the time series of LWP (Fig. 3.6b).
differences show that cloud water content is sensitive to the parameterization of

These
and

.

In contrast, due to the same large-scale forcing applied, cloud boundaries do not change much
among three experiments.

3.2.2. Precipitation

At the Azores, precipitation types have a distinct seasonality (personal communications with
Dr Maike Ahlgrimm and Dr Richard Forbes at ECMWF), which could lead to apparent
precipitation susceptibility.

In winter, surface observations show low aerosol number

concentration, and the large scale environment tends to have low pressure, high wind speed,
and convective clouds and precipitation. In summer, on the contrary, the aerosol number
concentration is high, and the large-scale environment is often associated with high pressure,
low wind speed, and stratiform clouds and precipitation. Since the SCM simulations are
based on a summer case (13 June), it is found that all precipitation is produced through the
large-scale scheme for the entire time period no matter how

is parameterized (as shown in

Fig. 3.7). The large precipitation from the large-scale scheme is consistent with results from
ECMWF simulations.

Significant changes between experiments are found in rain rate profiles (as shown in Fig. 3.8).
While simulations from MURK-Haywood still show large rain rates in the first half of the
simulation period, rain rate from the MURK-Clark is generally small and does not produce
distinct precipitation cells after the 12th hour.
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a

b

Fig. 3.6. (a) Histograms of cloud water and (b) time series of liquid water path (LWP) for the
control run (FixNd), MURK-Haywood and MURK-Clark.
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a

b

c

Fig. 3.7. Relative contributions to surface rain rate from large-scale precipitation scheme and
convection parameterization for (a) the control run, (b) MURK-Haywood, and (c) MURKClark.
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a

b

c

Fig. 3.8. Time-height contour plots of rain rate for (a) the control run (duplicated from Fig.
3.4a), (b) MURK-Haywood, and (c) MURK-Clark.
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Fig. 3.9 shows cloud base rain rate at control run, Murk-Haywood, and Murk-Clark. The
cloud base maximum rainfall rate value for FixNd, Murk-Haywood, Murk-Clark are 4.05,
4.05, and 2.25 mm/day, respectively. The difference on generating high rainfall on MurkClark is detected from the 12th time. While the cloud base minimum rainfall rate are 0.29,
0.29, and 0.27 mm/day. The minimum value of the three plots is very similar but the
maximum value at Murk-Clark not generating distinct precipitation after the 12th hour. This
indicate that the simulation run using Murk or not using Murk has a small impact especially
on the first 12th hour simulation. The simulation that will need to consider investigation for
more than the 12thhours will need more consideration whether to use Murk-Clark or not or
validated with the observations to decide which to one to use.

Fig. 3.9. Cloud base rain rate at FixNd (red), Murk_haywood (blue), Murk-Clark (yellow).
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3.2.3. Precipitation susceptibility

Stratifying simulations with LWP, Fig. 3.10 shows precipitation susceptibility comparisons
between the control run and the MURK experiments. Since

is fixed in the control run, Fig.

3.10a only has one regression line. This line indicates that cloud-base rain rate has a positive
correlation with LWP. When linking MURK to
increasing

, cloud-base rain rate decreases with

, but the separation between two regression lines is very small. Comparing

results between MURK-Haywood and MURK-Clark, the suppression of rain rate at higher
is more evident in MURK-Haywood, because this scheme tends to produce higher aerosol
number concentrations than MURK-Clark. Overall, the precipitation susceptibility is small in
both experiments.

The lack of precipitation susceptibility in the control run meets our need for investigating the
source of apparent precipitation susceptibility; one can then start changing some factors or
processes (except aerosol-cloud interactions like the previous MURK experiments) and see
which one will lead to apparent precipitation susceptibility. Unfortunately, due to some
server-related errors, we were unable to re-run the control experiment with varying factors;
therefore, the MURK-Haywood and MURK-Clark were used for further investigations. We
are aware that this choice is not ideal since there is already small precipitation susceptibility
in those two sets of simulations.

3.3. Impacts of time step used in the SCM

3.3.1. Cloud and precipitation properties

The choice of time step has a significant impact on vertical profiles of cloud water content
and rain rate, as shown in Fig. 3.11. In general, cloud top rises and clouds become thinner
after the 20th hour in all cases, but their vertical structures are different. In the first half of the
simulation period, the maximum of cloud water content tends to be localised in the original
MRUK-Haywood run (Fig. 3.11c), while others tend to be more homogenous. In the second
half of the simulation period, the use of time step of 600 sec and 1200 sec have nice
transitions to optically thin cloud layers, while the use of time step of 900 sec and 1800 sec
seems to make clouds linger longer.
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a

b

c

Fig. 3.10. Cloud base drizzle rate Rcb as a function of liquid water path for two ranges of
cloud droplet number concentrations for (a) the control run, (b) MURK-Haywood, and (c)
MURK-Clark.
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c

Fig. 3.11. (a)–(d) Simulated cloud water content from the MURK-Haywood experiment using
a time step of 600 sec, 900 sec, 1200 sec (control run) and 1800 sec, respectively.
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a

b

c

d

Fig. 3.12. (a)–(d) Simulated rain rate from the MURK-Haywood experiment using a time
step of 600 sec, 900 sec, 1200 sec (control run) and 1800 sec, respectively.
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Additionally, Fig. 3.12(a)–(d) show that precipitation is more evident in the 1st half of the
simulation period when using a time step of 600 sec and 900 sec, while light rain tends to be
more persistent throughout the entire period for the time step of 1800 sec. The surface rain
rate also has the similar sensitivity to the use of time step (Fig. 3.13). Note that Lopez et al.
(2002) used a different large-scale precipitation scheme and tested in Météo-France’s
ARPEGE forecast model, showing that an increase in time step reduced cloud condensate
slightly and thus lead to a decrease in autoconversion and precipitation. A reduction in
precipitation is also found in our experiments, but this is not true for the time period of the
20th–32th hour.

Since the simulation period is fixed to 40 hours, the choice of time step also affects the
distribution of

.

Figure 3.14 show that the majority of

simulations is above 200 cm–3, while

in the MURK-Haywood

in the MURK-Clark simulations clusters at 50–100

cm–3. The sample size decreases significantly with increasing the time step,.

3.3.2. Precipitation susceptibility

Figure 3.15 and 3.16 illustrate how precipitation susceptibility changes with various choices
of time step. As mentioned above, in the MURK-Haywood simulations, the bin with lower
has a relatively smaller sample size than that with higher
with higher

. When focusing on the bin

, the relationship between cloud base rain rate and LWP does not change

much, except the one using a time step of 1800 sec. On the contrary, the MURK-Clark has a
better sample size in the bin with lower
the bin with lower

. The relationships between rain rate and LWP in

are almost identical when the time step varies from 600 sec to 1200 sec.

Although the insufficient sample sizes makes it difficult to conclude whether the choice of
time step is responsible for apparent precipitation susceptibility, we see that the precipitation
susceptibility indeed can change with the choice of time step.
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Fig. 3.13. Time series of surface rainfall rate for various choices of time steps.

a

b

Fig. 3.14. Histograms of cloud drop number concentration for (a) MURK-Haywood and (b)
MURK-Clark using various choices of time step from 600 sec to 1800 sec.
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a

b

c

d

Fig. 3.15. Same as Fig. 3.9, but for MURK-Haywood using time steps of (a)–(d) 600 sec, 900
sec, 1200 sec and 1800 sec, respectively.
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a

b

c

d

Fig. 3.16. Same as Fig. 3.14, but for MURK-Clark using time steps of (a)–(d) 600 sec, 900
sec, 1200 sec and 1800 sec, respectively.
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3.4. Impacts of winds on precipitation susceptibility

As mentioned in Section 2, the simulations in the control run were forced by geostrophic
winds with an initial profile shown in Fig. 2.1. Vertical winds were adjusted by prescribing
their tendency in a relaxation time period. In this section, additional tendencies in zonal and
meridional winds, and varying tendencies in vertical winds are applied to investigate how
they influence precipitation susceptibility. Since the distribution of
heavily skewed toward lower

from MURK-Clark

, making it difficult to quantify the statistic significance of

precipitation susceptibility.

Figure 3.17 and Fig. 3.18 shows scatter plots of cloud-base rain rate versus LWP, with the
zonal wind tendencies ranging from –5 m s–1 to 5 m s–1. Applying a positive tendency (the
opposite wind direction to geostrophic winds) makes the distribution of
lower

skew toward

. Compared to Fig. 3.9b, the impact of zonal winds is notable only when a very

different tendency of ±5 m s–1 is applied, although the magnitude of precipitation
susceptibility remains similar to that in the original wind field. Similarly, when the sample
size in the bins of
various

is reasonable, the relationships between cloud-base rain rate and LWP at

, do not change significantly with the applied meridional wind tendency (Fig. 3.19

and Fig. 3.20). The impact on meridional winds also found when tendency is given 5 m s–1.

Interestingly and as expected, a change in vertical wind tendency has more evident impacts on
precipitation susceptibility as shown in Fig. 3.21 and Fig. 3.22. For the bin with lower

,

the sample sizes are comparable among various experiments; the relationships between cloudbase rain rate and LWP are very different and could change from positive to almost no
correlation. Since cloud and precipitation formation is strongly linked to vertical winds, the
evident sensitivity of precipitation susceptibility to vertical wind tendency is not surprising,
but it helps rule out the possibility that zonal and meridional winds play an important role in
apparent precipitation susceptibility.
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a

b

c

d

Fig. 3.17. Plots of cloud base rain rate (Rcb) versus liquid water path (LWP) for MURKHaywood, but applying a zonal wind tendency of (a) –5 m s–1, (b) –1 m s–1, (c) 1 m s–1, and 5
m s–1.
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Fig. 3.18. Plots of cloud base rain rate (Rcb) versus liquid water path (LWP) for MURKClark, but applying a zonal wind tendency of (a) –5 m s–1, (b) –1 m s–1, (c) 1 m s–1, and 5 ms–1
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Fig. 3.19. Plots of cloud base rain rate (Rcb) versus liquid water path (LWP) for MURKHaywood, but applying a meridional wind tendency of (a) –5 m s–1, (b) –1 m s–1, (c) 1 m s–1,
and 5 m s–1.
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c
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Fig. 3.20. Plots of cloud base rain rate (Rcb) versus liquid water path (LWP) for MURKClark, but applying a meridional wind tendency of (a) –5 ms–1, (b) –1 ms–1, (c) 1 ms–1, and 5
ms–1.
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Fig. 3.21. Plots of cloud base rain rate (Rcb) versus liquid water path (LWP) for MURKHaywood, but applying a vertical wind tendency of (a) reference values, (b) –0.001 m s–1, (c)
0 m s–1, and (d) 0.001 m s–1.
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Fig. 3.22. Plots of cloud base rain rate (Rcb) versus liquid water path (LWP) for MURKClark, but applying a vertical wind tendency of (a) reference values, (b) –0.001 m s–1, (c) 0 m
s–1, and (d) 0.001 m s–1.
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3.5. Impacts of aerosol microphysical processes

In the MURK scheme, the aerosol field is determined through parameterizations that account
for transport, mixed, dry and wet deposition. These parameterizations were switched on and
off for investigating the influence of each process on autoconversion and thus precipitation
formation. However, no change was found during this test, which is believed that the switch
may not be processed properly in our experiments. More work that hacks into the SCM
source code needs to be done in order to fully understand how these aerosol processes
influence precipitation susceptibility.
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4. Conclusions
4.1.Summary
The work in this dissertation purpose was to investigate the apparent aerosol effect on
precipitation in marine boundary-layer clouds. With the aim of this dissertation are to:


Provide simulations in which individual meteorological factor and process can be
more easily isolated and investigated.



Investigate a number of plausible factors and processes that may cause the apparent
precipitation susceptibility

The simulations are carried out in section 3 by using a fixed

of 100 cm-3 with time steps of

1200 sec, large-scale precipitation scheme of Wilson and Ballard (1999), the most recent rain
drop size distribution parameterization, and fall speed. The simulation shows that marine
stability layer varies around 600-800 m at the initial time and increase to 1.5-1.7 km at the
end simulation time with relative humidity noted to be above 90%. Cloud base was simulated
to be below 1 km and cloud top between 1-1.7 km with cloud optical thickness could reach
more than 400 m. Cloud water and LWP from the simulation are 0-0.66 g.m-3 and 50-200
g.m-2, respectively. With temperature of the stability layer are above 280 K, simulation can
capture warm cloud.

Simulation with different aerosol-cloud interaction is applied in section 3.2. The Murk
simulation shows similar pattern of cloud base but with slightly different magnitude. MurkClark simulation shows less cloud water content compare to the other simulation, which
shows that cloud water content is sensitive to the parameterization of aerosol concentration
(

) and cloud droplet number concentration (

). Murk simulation could capture cloud

boundary similar with control run. Murk simulation could also capture seasonal precipitation
which for Azores island precipitation in summer time is produced through large-scale. From
two aerosol-cloud interaction, Murk-Haywood simulated more precipitation than Murk-Clark.
Precipitation susceptibility in Murk simulation shows that cloud base rain rate (Rcb) has a
positive correlation with liquid water path (LWP) and negative correlation with and
Precipitation susceptibility is small in both experiment Murk-Haywood and Murk-Clark.
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.

Simulation on different time steps was done which shows that time steps choice has a
significant impact on vertical profile in both of cloud water and rain rate. Shorter time steps
show more precipitation on the first half of simulation compare to the longer time steps.
Simulation also shows that time steps is sensitive to the surface rain rate which the increase of
time steps will decrease surface precipitation and also decrease of time step will increase
surface temparature. The increase of time steps decrease sample size. Precipitation
susceptibility can change due to the choise of time steps.

Zonal wind impact on prcipitation suscptibility is notable when a very different tendency of
±5 m s–1 is applied, eventhough the magnitude of precipitation susceptibility remain similar
with the original wind field. Similar to the zonal wind, meridional wind impact on
precipitation susceptibility is not significant as also due to limited sample size presentation of
Nd.

As cloud and precipitation formation is strongly linked to vertical winds, precipitation
susceptibility is sensitive to vertical wind tendency, which this also rule out the possibility
that zonal and meridional winds play an important role in apparent precipitation
susceptibility.

To sum up, precipitation susceptibility is sensitive to the parameterization of

used in a

model simulation. Choice of time steps can influence the precipitation susceptibility. Vertical
and horizontal wind can also change precipitation susceptibility.

4.2.Limitation

This dissertation is subject to several limitations. As the model uses prescribe initial
atmospheric profile and geostrophic wind forcing for 40 hours, the study is limited to shorter
time that leads some parameters are limited such as low range of LWP between 0-200 g.m-3
which indicate that clouds will not generate much rain and limited the study on relatively
weak precipitation susceptibility (Sorooshian et al., 2009).
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This dissertation also has no observation data to compare directly between the simulation
times to the observation measurement. Unavailability of aerosol and precipitation data form
observation makes the quantifying and verification is not so accurate.

Parameterization of transport, mixed, dry and wet deposition cannot be run appropriately in
this simulation due to understanding of new setting and version of SCM model make the
study limited in Murk aerosol scheme, time steps, horizontal and vertical wind for
understanding the interaction between aerosols and precipitation.

In this study of Rcb versus LWP on certain

, precipitation susceptibility is not binning

LWP at fix point but using best fit line based on linear regression in order to see the pattern
correlation. This lead to make quantity analysis not so accurate as best fit line will keep
showing a smooth line even there are some extreme values, however this best fit line method
was used as it could make it easier to see the pattern of the parameters relation.

As the SCM is UK Met Office model that each development is done in Met Office, when
there is a model update the local machine need to do some setup which take some time that
could delay some simulation projects.

4.3.Future Work
This simulation use aerosol Murk schemes which associating aerosol to precipitation on largescale precipitation scheme on SCM. The precipitation presentation in a model also influenced
by different autoconversion, raindrop size distribution, and raindrop fall speed schemes which
could be investigated separately or all together to see the impact on the precipitation
susceptibility.

It was found that the calculation of

from Murk lead the distribution frequency of

skewed to become unrealistic which skewed to higher value when using Murk-Haywood and
skewed to the lower value when using Murk-Clark. A further simulation that can provide
wider range of

distribution is needed to make it easier to stratify precipitation

susceptibility.
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As in the MURK scheme aerosol field is determined through parameterizations that account
for transport, mixed, dry and wet deposition.

These parameterizations could become a

potential study to develop and see its effect on the simulation performance and to see the
effect on precipitation susceptibility.

As this simulation use a fix sea/land surface temperature, it would be ideal to investigate
sea/land surface temperature on a different location related to the aerosol and precipitation
interaction. Further investigation on the heating below boundary-layer to the precipitation
susceptibility also could be done as it could bring convection process.
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