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Abstract

Marine cloud brightening (MCB) is proposed among several cli-
mate engineering options to counteract or at least postpone global
warming caused by anthropogenic activities. The idea of MCB is
to release additional sea salt particles, which causes an increase in
cloud droplet number concentration of marine low-level boundary
clouds. As a consequence cloud albedo increases which is accom-
panied by a decreases in short-wave radiation. The interaction
of aerosols and clouds is still one of the largest uncertainties in
global climate models. As aerosol particles have an impact on
cloud optical properties it is vital to describe this processes in
a correct way. This includes subgrid scale clouds, because they
influence radiation as well as grid scale clouds.

In this thesis, the online-coupled model system COSMO-ART is
used to investigate the impacts due to MCB. Although COSMO-
ART takes aerosol cloud interaction into account on grid scale,
aerosol cloud interaction on subgrid scale is neglected prior to
this work. Therefore COSMO-ART is extended to include aerosol-
cloud-radiation interaction on subgrid scale.

The model results are compared to observations conducted dur-
ing a field campaign in 2008 (VOCALS-REx). Cloud properties
like effective radius of cloud droplets and cloud droplet number
concentration are well captured by the model. Comparison to ra-
diation measurements at surface show how import it is to include
subgrid scale aerosol-cloud-radiation interaction, as the model
result improves by taking it into account.

Climate engineering scenarios with different sized seeding parti-
cles reveal the importance of the right size of the seeding particles.
Seeding with smaller particles increase cloud droplet number con-
centration while seeding with larger particles slightly decrease cloud
droplet number concentration. The susceptibility of cloud droplet
number concentration to seeding with sea salt particles reveal that
the efficiency of MCB is decreased in presence of large amounts of



anthropogenic aerosols, as both compete in the formation to cloud
droplets.

Furthermore the climate engineering simulations reveal that the
direct effect of the sea salt particles becomes important if the mass
of sea salt is increased drastically. This can be shown in case of the
seeding scenario with larger seeding particles. Although short-wave
radiation is decreased in case of seeding with larger particles long-
wave downward radiation is on the other increased and therefore
limiting the efficiency of MCB. Because of that the direct effect of
the seeded sea salt particles should not be neglected.

Furthermore it is shown that by neglecting subgrid-scale aerosol-
cloud-radiation interaction the impact on radiation by aerosols is
underestimated. A climate engineering simulation without tak-
ing subgrid-scale aerosol-cloud-radiation interaction into account
underestimates the impact of MCB by 20 %.
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1 Introduction

Years ago at the Solfatara, which is a shallow volcanic crater and
a part of the Campei Flegrei at Pozzuoli near Naples, the tourist
guide showed the visitors a little experiment. He stood in front
of a rock with a little opening, where along with volcanic gases
water vapour was released. Wondering at first glance why the
guide carried a newspaper with him he then ignited the newspaper
and holding it in front of the opening. What was only vaguely
visible before became now clearly visible. Small clouds evolved
from the opening and it was not the smoke of the newspaper, but
small water droplets forming clouds.

This striking effect in Pozzuoli seems to be a nice show for
tourists, but the same effect becomes on global scale an idea to
counteract or at least postpone global warming caused by anthro-
pogenic activities. The counteraction is called climate engineering
(also often named geo-engineering or geoengineering) and is de-
fined as “the deliberate large-scale intervention in Earth’s climate
system, in order to moderate global warming” (Shepherd, 2009).
This involves several techniques to intervene with the climate sys-
tem, where some would take place in space while others would be
conducted direct on Earth. It is distinguished between two major
groups of techniques. First group is targeting the radiation budget
of earth, therefore often called solar radiation management (SRM).
The main goal is to enhance planetary albedo to reflect more
incoming solar radiation. The approaches reach from mirrors in
space, to stratospheric aerosols, brightening of clouds, brightening
of housings, changing oceans albedo by white floating devices, or
deploying reflectors in desert areas (Feichter and Leisner, 2009).
The second approach targets to remove carbon dioxide (COz) from
Earth’s atmosphere or to prevent reaching it, why it is called
carbon dioxide removal (CDR). This includes sequestration and
storage of COy (Herzog and Golomb, 2004). For example there
could be methods on basis of biochar and biomass, where carbon
is stored in plants itself or in the product of them. It is thought
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about other methods like marine ones to enhance the ocean CO,
sinks (Lampitt et al., 2008). Or to increase the weathering which
naturally removes COq from atmosphere (Schuiling and Krijgsman,
2006).

Within this work the technique of marine cloud brightening
is investigated to enhance the planetary albedo. The idea is
to utilize the influence of aerosols on clouds. It is known that
clouds on Earth only form in the presence of aerosol particles
which serve as cloud condensation nuclei (CCN) (Aitken, 1881,
Pruppacher and Klett, 1997). Aerosols govern the microphysical
evolution of clouds and therefore both are from interest because
they impact the hydrological cycle. Aitken (1881) found that
formation of cloud droplets not only depend on aerosols, but
also on their chemical composition. Additionally he found that
natural salts and particles from burning sulfur (like from fossil
fuel) are very efficient CCN, and therefore hypothesized that cloud
properties are influenced by anthropogenic activities. It was Kohler
(1936a) who formulated the theoretical basis of cloud droplet
formation (also called activation of aerosol particles) depending on
the size and chemical composition of hygroscopic aerosols. Wegener
(1911) hypothesized that solid particles, serving as ice nuclei due
to their surface structures, are promoting the formation of ice
crystals. Next Wegener (1911), Bergeron (1935), and Findeisen
(1938) hypothesized that precipitation is produced in a cloud by
the efficient growth of ice particles due to deposition at the expense
of cloud droplets due to the difference of saturation water vapour
pressure of ice and water. On this findings experiments where
conducted with seeding clouds by artificial introduced ice nuclei
(i.e. silver iodide) released from airplanes (Kraus and Squires,
1947). Although this cannot be related to climate engineering this
is one of the first scientific documented experiments where cloud
properties were deliberately changed.

As measured data showed great variance of cloud droplet num-
ber concentration in cumulus clouds, Twomey and Squires (1959)
related this to the variance of available CCN population as cloud
droplet number concentrations were higher over continent than
over ocean. They concluded that over continent the cloud droplet
concentration is higher because CCN are more abundant over
land than over ocean. Additionally they found that the higher
droplet concentration is accompanied by a smaller size of the cloud



droplets compared to maritime environments. They also followed
that precipitation in ice-free clouds is therefore less efficient over
continent and depending on the amount of available aerosols.

As the size of the available CCN is a vital property in cloud
formation Squires (1958) formulated that the low amount of cloud
droplet concentration in maritime environments is caused by giant
sea salt particles. They inhibit the activation of smaller particles
to cloud droplets by lowering the maximum water vapour pressure
reached during cloud formation. Twomey (1959) formulated this
competition of aerosol particles for water vapour and its impact
on maximum water vapour reached during cloud formation for an
isolated rising air parcel.

Due to the increase of anthropogenic activities for example by
burning fossil fuels the amount of aerosols increased. As it was clear
that aerosols and clouds are coupled tightly together it was again
Twomey (1977) who linked aerosols to cloud optical properties.
He pointed out that an increase in aerosol number concentrations
would lead to an increase in cloud optical thickness, which means a
higher cloud albedo. On large-scale this would lead to an increase
of planetary albedo and therefore it would have a cooling effect on
climate.

Aside from the change of cloud optical properties Albrecht (1989)
postulated that an increase of aerosols would lead in ice-free low-
level clouds over ocean to a change of precipitation processes and
therefore it would also affect low-level cloudiness. The increase
of aerosols would lead to a decrease in drizzle rates which would
increase liquid water content of shallow clouds. Therefore an
increase in aerosols would affect the lifetime of low-level clouds.
On long-term this would have a cooling effect on climate.

With the findings of Twomey (1977) and Albrecht (1989) the
idea of cloud seeding as a method of climate-engineering was
born. Latham et al. (2008) postulated that it would be possible to
counteract the warming due to a doubling of CO5. But as cloud
cover is changed also the terrestrial radiation budget is changed
and therefore the net effect on climate is much more complicated
to be estimated. However, as estimated by Charlson et al. (1992),
there is a net cooling effect caused by the increased global aerosol
concentration and its impact on cloud optical and microphysical
properties. This cooling is assumed to be in the same order of the
heating caused by greenhouse gases like COs.
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It was found that an increase of global cloudiness by 4% (Randall
and Coakley, 1984) or an increase of global cloud albedo by 0.06
(Latham et al., 2008) of marine stratocumulus clouds could offset
global warming caused by a doubling of COs. Simulations with
global circulation models (GCMs) showed that there are four major
regions which are quite susceptible to changes in aerosol amount.
All have persistent marine stratocumulus clouds in common. Al-
though experiments to quantify the effect of marine cloud seeding
are only written on paper (Latham et al., 2012) and large-scale
deployment is technically not possible at the moment, numerical
models can be used to evaluate the impact of seeding.

This deliberate seeding of low-level marine stratocumulus clouds
is called marine cloud brightening (MCB). There are several studies
of MCB (Jones et al., 2009; Korhonen et al., 2010; Alterskjeer and
Kristjansson, 2013; Aswathy et al., 2014), but all of them are
conducted with global climate models (GCMs). Due to the coarse
resolution of GCMs several processes have to be parameterized
including subgrid scale processes and aerosol cloud interactions.
This is accompanied with several uncertainties. On the other hand
large eddy simulations (LES) with a few meters of grid spacing
can be conducted to investigate the effects of MCB (Maalick et al.,
2014). But although they are capable of simulating all processes
explicitly they are limited of their spatial domain. The simulated
domain is only spanning few kilometres which includes only a
single cloud or a cluster of clouds. Additionally LES studies often
treat ideal case studies and do not consider real case scenarios.

To close the gap between GCM and LES the numerical regional
model system COSMO-ART (Vogel et al., 2009) is used to in-
vestigate the effects of MCB. A regional model system gives the
advantage to conduct simulations with higher resolution and a
more explicit representation of processes which cannot be resolved
by GCMs. Although regional model systems cannot resolve pro-
cesses as explicit as an LES they have the advantage to simulate
realistic scenarios.

Although grid resolution is higher in regional models compared
to GCMs some processes are still not resolved and have to be
parametrized. Of course this introduce some uncertainties, but
neglecting those processes would lead to a major drawback and
important interactions like aerosol cloud radiation interactions
on subgrid scale would be missing. This is especially valid for



subgrid scale convective processes and subgrid scale cloud cover.
The size of cloud structures could still be smaller than the grid size
used in a regional model. Therefore it is necessary to parametrize
the subgrid scale cloud processes, since they influence grid scale
properties. As parametrizations are commonly only a simple ap-
proach to represent the subgrid scale processes it is accompanied
by drawbacks. For example the convection scheme developed
by Tiedtke (1989) contains only simple cloud microphysics and
does not account for aerosol cloud interactions. Additionally the
parametrization calculates a subgrid scale cloud cover, which im-
pacts radiation balance of the model. Changes in subgrid scale
cloud cover have an impact on the radiation budget. Alapaty
et al. (2012) could show how important it is to take subgrid scale
cloud cover from parametrized convective processes into account.
Also non-convective and non-precipitating clouds may have to be
parametrized in regional models, because grid size is still too large
to resolve all cloud structures. Sundqvist et al. (1989) developed
an approach for those types of clouds which is similarly used in
COSMO.

Those schemes still neglect aerosol cloud interaction and there-
fore changes in aerosol concentrations have no influence on the
subgrid scale parametrized clouds. This also impacts evaluation of
marine cloud brightening since changes of optical properties due
to seeding is not taken into account on the subgrid scale. This is
a huge disadvantage and within this work a first approach is used
to overcome this shortcoming.

Model results will be compared to measurements of a field
experiment conducted in one of the most favourable regions for
marine cloud brightening. This campaign (VOCALS-REx) took
place in October and November 2008 (Wood et al., 2011) and the
data was provided by NCAR/EOL under the sponsorship of the
National Science Foundation ®.

Within this work the aim is to answer following questions:

- How are subgrid scale parametrizations affecting the re-
sult of investing aerosol cloud interaction (e.g. convection
parametrization, non-precipitating subgrid scale clouds)?

Lhttp://data.eol.ucar.edu/, VOCALS-Rex field catalogue:
http://catalog.eol.ucar.edu/vocals/
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- How large is the bias by excluding aerosol cloud interaction in
subgrid scale cloudiness in case of comparison to observation
and in case of climate-engineering?

- In which way are additional sea salt particles changing cloud
properties?

- Is seeding efficiency lowered by anthropogenic aerosol or are
there other limiting factors?

Chapter 2 gives a short introduction to the climate system,
followed by chapter 3 and 4 where the basics of aerosols and
aerosol cloud interaction are presented. Chapter 5 explains the
technique of marine cloud brightening as a method of climate-
engineering, while chapter 6 gives a summary of the model system
COSMO-ART. The results of this work starts with chapter 7
where the deficits of the convection parametrization are summed
up, followed by chapter 8 where model results are compared to
observations from VOCALS-REx. Chapter 9 sums up the results
of the climate-engineering simulations and chapter 10 gives the
conclusion.



2 A Simple Conceptual
Model of Ground
Temperature

The amount of incoming solar radiation at the top of the atmo-
sphere is about Sy = 1368 Wm~=2 (S = solar constant). Due to
the spherical shape of the earth, the temporal and spacial mean
of solar radiation is about 342 Wm™2. Solar radiation undergoes
several processes as it passes through the atmosphere. Those
processes influence the short-wave radiation which finally reaches
earth surface. About 30 % of short-wave radiation is scattered and
reflected back to space. The ratio of incoming L | and outgoing
short-wave radiation L 1 is called planetary Albedo (A).

Pl
Ll
The remaining 70% of incoming short-wave radiation is absorbed
by the earth-atmosphere-system where it is transformed to latent
and sensible heat and eventually returned as long-wave radiation
(equilibrium situation). Stratospheric Ozone (O3) absorbs about
two percent of short-wave radiation. Within troposphere 17 %
are absorbed by aerosols and clouds and about 51 % of the ra-
diation is absorbed by earth surface. The long-wave radiation
flux directed from surface into the atmosphere is absorbed to a
certain percentage o by water vapour and other greenhouse gases
in the atmosphere. Those absorbers emit again long-wave radia-
tion into space and back to the surface according to the law of
Stefan-Boltzmann. In contrast to an atmosphere permeable to
long-wave radiation this leads to an increased ground temperature
- the natural greenhouse effect.
Applying a simple conceptual model it is possible to estimate
earth surface temperature as a function of the solar constant Sy,
the albedo A and the long-wave absorptivity a. By equating

(2.1)
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the flux of incoming short-wave radiation both to the long-wave
budget at the ground and at the top of the atmosphere, the
temperature of the atmosphere T4 can be eliminated and the
equilibrium ground temperature T can be calculated as (Feichter

and Leisner, 2009):
[So (1—A)
Tg = {| ———+. 2.2
“ 20 (2 —«) (22)

where o denotes the Stefan-Boltzmann constant.

Equation 2.2 shows that ground temperature is increasing as
the solar constant or the long-wave absorptivity (for example an
increase of green house gases) is increasing. Otherwise ground
temperature decreases while the albedo is increasing. Obviously
it is an oversimplified model and neglects important physical
and dynamical properties of the atmosphere, like the vertical
temperature gradient, the wavelength-dependency of o and the
flux of latent heat by water vapour. Yet it gives a good estimate
of the ground temperature for realistic values of & = 0.8 (Feichter
and Leisner, 2009) with Tg ~ 288 K.

Equilibrium Ground Temperature as function of Albedo

300

Tz [K]

275
0.20 0.25 0.30 0.35 0.40

Albedo

Figure 2.1: T as function of albedo, while absorptivity « is
constant at 0.8.

This simple model demonstrates that changing one parameter
could change T and this is the basic approach of climate engineer-



ing. The aim is to change one of those parameters to counteract
the increase of Tz caused by anthropogenic induced climate change.
At the end the target is to cancel or at least postpone (“Buy some
time”) the anthropogenic caused climate change.

This is exemplary shown in figure 2.1, where the absorptivity «
is held constant at a value of 0.8, while the planetary Albedo A is
varied. It is clear that only a minimal change of A would lead to
a significant change in T. For example an increase of A by 0.02
from the current value would lead to a decrease of Tz by 2.0K.






3 A Short Introduction to
Aerosols

Aerosols are a mixture of solid or liquid particles dispersed in a
gas, usually air. Although they are very small and can only be
seen with bare eye in high concentrations, they have an important
effect on radiation and clouds and therefore on earth’s radiation
budget.

Composition and distribution is depending on their source and
atmospheric residual times. Depending on their size which range
from few nanometeres to several micrometers aerosols have a dif-
ferent residual time in the atmosphere and chemical compositions.
In general aerosols are divided into two groups: primary and sec-
ondary aerosol. Primary aerosols are emitted directly as particles.
Secondary aerosols on the other hand are formed by gas-to-particle
processes. To the first group belong particles like mineral dust and
sea salt, which have a typical diameter of a few micrometers. Sec-
ondary particles consist of a mixture of sulfate, ammonium, nitrate
and organic matter. Particles can be produced by nucleation and
have a diameter of few nanometers. They grow by condensation of
vapours and coagulation with other particles and reach diameters
of several nanometers.
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Aerosols originate from different sources like formation due to
nucleation from gaseous precursors (usually by photochemical
processes), or released by anthropogenic activities, or released
by natural processes at the surface. Mineral dust and sea salt
are accounted to the latter process. They are primary aerosols,
since they result from interactions of wind with bare soil or ocean
surface. Although aerosols are always present in the atmosphere
their concentration is highly variable over time and space. This is
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related to the large heterogeneity of their sources and relatively
short residence time in the troposphere. Properties of aerosols vary
spatially and over time and some of these properties vary more or
less systematically with the type of environment. Therefore they
can be categorized into urban aerosols, continental aerosols, de-
sertic aerosols, marine aerosols, volcanic aerosols or stratospheric
aerosols. But this is only a first approximation, since aerosols
can be advected over long distances. It is possible to find marine
aerosol over continent or continental aerosol over ocean. Or even
desertic aerosol far away from any desert, like saharan dust over
Europe or even over the Amazon Basin (Pérez et al., 2006; Swap
et al., 1992). The mentioned classification although is useful if
local effects are dominating (Boucher, 2015). The number concen-
tration of the particles is highly variable, as they can reach values
of 108 cm™3 in urban environments, and 103 cm™2 in rural areas,
and only up to 10?2 cm ™3 in maritime environments.

As indicated before the aerosol can be classified by its ori-
gin, where natural sources are distinguished from anthropogenic
sources. Natural sources are considered to be emissions from the
ocean, soils, vegetation, fires, and volcanoes. On the other side
anthropogenic sources are mainly dominated by emissions from
the combustion of fuels (including fossil fuel, biofuel, and other
fuels), or from vegetation fires caused by human activities. Fur-
ther important anthropogenic sources of aerosols are industrial
activities, transportation, heating or even domestic activities like
cooking (Boucher, 2015).

Once emitted aerosols are transported by winds but they are
also subject to removal processes, so called atmospheric sinks.
Aerosols are removed out of the atmosphere by sedimentation, dry
deposition at the surface and wet deposition by precipitation. In a
range of 0.1 um and 2.5 pm removal processes are very inefficient
and therefore particles in this size range have the longest lifetime -
the so called accumulation mode (see table 3.1). The smallest and
largest particle have normally a residence time in the troposphere
from hours to days, while in the intermediate size range residence
times can increase to days or 1-2 weeks (Boucher, 2015).

Aerosols influence climate in a number of ways, as they interact
with clouds and radiation which makes them to an important
factor of the earth radiation budget (Boucher, 2015):
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- They interact with solar (short-wave) radiation by scatter-
ing, which leads to a reduction of incoming solar radiation
(cooling) and absorption of solar radiation (only warming in
aerosol layer). Aerosols also scatter and absorb terrestrial
(long-wave) radiation emitted by Earth’s surface. These pro-
cesses are been called aerosol direct effect or also in a newer
term aerosol-radiation interactions.

- Aerosols modify vertical temperature profile by absorption
of radiation, which impacts relative humidity, atmospheric
stability and therefore cloud formation. This is tradition-
ally called aerosol semi-direct effect, which can also be seen
as rapid adjustment of the atmospheric state due aerosol-
radiation interactions.

- As aerosols can act as cloud condensation nuclei they impact
cloud properties. An increase of cloud condensation nuclei
leads in general to an increase of cloud droplets. For a fixed
value of liquid water content, this leads to a decrease in cloud
droplet size, which increases the reflectivity of clouds. This
traditionally called the aerosol first indirect effect. A more
general term including this effect would be aerosol-cloud
interactions.

- Modification of cloud droplets also change the microphyiscal
properties of the cloud and therefore impact cloud evolution.
In particular the ability of clouds to generate precipitation.
This is traditionally called second indirect effect.

- They also impact mixed-phase clouds through their role as
ice nuclei, which is often referred to a glaciation effect, but
is also part of aerosol-cloud interactions.

- By sedimentation and deposition on snow or ice surfaces
aerosols make the surfaces less reflective, which leads to a
warming of the surface and therefore leading to a warming
of the climate.

This shows the important coupling between aerosols, clouds
and the impact on climate, as aerosols influence microphysical
and optical properties of clouds due to their function as cloud
condensation nuclei for liquid-phase clouds and their function as
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ice nuclei for ice-phase clouds. This includes changes in proper-
ties of mixed-phase clouds. But aerosols are also influenced by
clouds, as precipitation contributes to removal of aerosols from the
atmosphere, and therefore clouds represent an important sink for
atmospheric aerosol through wet deposition.
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4.1 Impacts of Clouds on Climate

Clouds are one of the most significant elements of the atmospheric
system and therefore playing several important roles. They play a
key role in the radiation budget of the Earth system by reflecting
sunlight directly back into space or trapping infrared radiation
emitted from the surface. Furthermore precipitation (e.g. rain or
snow) contributes to the hydrological cycle. Clouds and precipita-
tion scavenge gaseous and particulate matter out of the atmosphere
and return them to the surface (wet deposition). They also pro-
vide a medium for wet-phase phase chemistry and production of
secondary species.

As clouds scatter more solar radiation than they absorb this
results in a significant reflection of solar radiation back to space,
which leads to a cooling effect of the climate system. But clouds are
also absorbing and emitting terrestrial long-wave radiation causing
a greenhouse effect, which leads to a warming of the climate system.
It is clear that without clouds the climate on earth would look
totally different, but at the end the impact of clouds on earth
climate is not just positive or negative. In the end the sign of
warming depends on the cloud type. The effect of clouds can be
separated into a (negative) short-wave and a (positive) long-wave
component. While for low-level clouds the short-wave component
is dominating over the long-wave component and therefore low-
level clouds have a cooling effect on climate. In case of high-level
clouds, which are not too thick, on the other hand the long-wave
component is dominating and therefore high-level clouds have a
warming effect on the climate (Arking, 1991; Boucher et al., 2013).
Radiation is also an important factor for the evolution of clouds,
since heating, by absorption, and cooling, by emission of long-
wave radiation, modifies the vertical temperature profile in the
cloud and therefore its stability. During the "‘Earth Radiation
Budget Experiment (ERBE)" a net cooling was found by clouds
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(Ramanathan et al., 1989), where the magnitude of the short-wave
forcing, resulting from modifying planetary albedo, was larger
then the long-wave forcing resulting from the greenhouse effect of
clouds. Without clouds planetary albedo would be only half as
large as it is now (Ramanathan et al., 1989) and as we could see
from equation 2.2 planetary albedo has a large impact on surface
temperature.

Because clouds play a major role in the climate system we have
to understand how clouds are evolving and which role aerosols
play in the formation of clouds. In the following section the basic
idea of formation of clouds and the interaction with aerosols are
introduced.

4.2 Aerosol Cloud Interaction

4.2.1 Aerosol as Cloud Condensation Nuclei
(CCN)

In the atmosphere cloud droplets originate always from aerosol
particles. Although it would be possible to form cloud droplets
in a particle-free surrounding (homogeneous nucleation) it would
need several hundred percent of supersaturation, which is not
observed in the atmosphere. Normally values well below 10 % of
supersaturation are reached (Pruppacher and Klett, 1997), which
indicates that cloud droplets are formed due to heterogeneous
nucleation involving aerosol particles. All of the aerosol particles
which are able to initiate cloud droplet formation are called cloud
condensation nuclei (CCN).

As already mentioned cloud droplet formation in the atmosphere
originates always from heterogeneous nucleation, homogeneous
nucleation will not further mentioned here. Furthermore, hetero-
geneous nucleation will not be discussed in detail here, only the
effects of aerosols on cloud formation will be pointed out.

Equilibrium of an Aqueous Solution Drop

The water vapour pressure over a pure droplet is given by the
Kelvin-equation (Pruppacher and Klett, 1997; Seinfeld and Pandis,
2006):
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Pwd SD) — exp 4ngv,w (41)
p RTp,D
where p,q is the water vapour pressure over a droplet with
diameter D, p° is the water vapour pressure over a flat surface at
same temperature, M, is the molecular weight of water, o, ,, is
the air-water surface tension, p,, the water density, R the ideal-gas
constant and T the temperature.
The impact of dissolved substances on the equilibrium water vapour
pressure can be described by the law of Raoult (Seinfeld and Pandis,
2006):

Py = zwp’, (4.2)

where p? is the water vapour partial pressure over a flat solution

and z,, is the mole fraction of water in the solution. The solute

causes a reduction of the water equilibrium vapour pressure over
the solution.

Since atmospheric droplets virtually always contain dissolved
material it is obviously to combine both the Kelvin equation and
Raoult’s law to treat this general case. Therefore equation 4.2 is
combined with equation 4.1 which results in:

Pwd (D) 4Mw0v w
= = 4.3
Py P RTp,D (4.3)
The volume of the droplet can be described by:
I 3 . .
E’ND = Ny Dy + NsDs, (4.4)

where n, is the number of moles and 9, is the molar volume
and we{w, s}!'. In addition the mole fraction x,, can be written
as:
N
1’ = - 4.5
e (4.5)
and with equation 4.4 it is possible to derive following relation-
ship:
NV

L

-_—. 4.6
Tw Nw 5 D3 — s (4.6)

lw for water and s for the solved material
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With the expression of equation 4.6 the molar fraction appearing
in 4.3 can be replaced and it follows:

Pwd (D) 4Mw0v w ns{)w
| = — —In|{1l4+—=—c7-—"—]. 4.7
" < pO ) RprD " M %D?) - ns@s ( )

If the solution is dilute the volume occupied by the solute com-
pared to the volume of the droplet can be neglected, so that ngd,
< %D3. Furthermore the molar volume of water can be expressed
as Uy = % and with those two assumptions equation 4.7 can be
written as:

w ‘D 4Mw v, w 6 SM’LU
1npd§): Tow _ MaHw (4.8)

p RTp,D  mp,D3
where the assumption that In (1 + z) ~ x for x — oo is used.
The number of moles ns; can expressed by the properties of the

dissolved dry aerosol particle in the solution drop:

Vsﬂ'DgpS
6M, ’

ng = (4.9)

where v, is the dissociation factor of the solute, D, the dry
diameter of the dissolved particle, M, the molecular weight of the
solute, and p the density of the solute. Equation 4.8 is known as
Kohler equation and commonly simplified to

Pwd (D) - A B
4ngv w 6nsMw
ith A= ——— d B=— 4.11
wi RTp, an - ( )

The Kohler equation 4.10 shows two aspects which determine
the vapour pressure over an aqueous solution droplet:

- the Kelvin effect which tends to increase the vapour pressure
(first term on the r.h.s.)

- the law of Raoult (or solute effect) which tends to decrease
the vapour pressure (second term on r.h.s)
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Figure 4.1: Koehler curve of a NaCl solution drop with dry diam-

eter of 0.05 um.
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The equilibrium saturation can be defined as Seqy = pi'%od and
because clouds form in a saturation regime very close to 1 it is pos-
sible to replace the equilibrium saturation S, by the equilibrium
supersaturation s.q = Seq — 1. The Kohler equation for a solution
droplet with NaCl as solute is shown in figure 4.1. In figure 4.2 the
equilibrium supersaturation for a solution droplet conatining NaCl
is shown but with different dry diameters for the aerosol particle.
It is already obvious that the size of the participating aerosol parti-
cles during cloud formation is an important factor. Also it follows
that larger particles have a lower equilibrium supersaturation.
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Figure 4.2: Same as figure 4.1 but with different dry diameters.

It is obvious that every curve in figure 4.2 pass through a maxi-
mum which is called the critical supersaturation S..;; and reaches
its maximum at the critical droplet diameter which can be derived

. s . dseq — .
from equation 4.10 by determining the maximum ( 1o = 0).

1/2
Dcrit = (?)B> (412)

A
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and it yields for the corresponding critical saturation:

4A3>1/2_< 443, M, >1/2

| crit — | 55
0 Serit (273 270,95 M,y D3

(4.13)

From equation 4.13 it follows that with an increasing diameter
the Kelvin effect is dominating over the solution effect. Very clearly
seen in case of the diameters greater then D.,.;;.

Assuming a constant ambient supersaturation and concentrating
on the part where D < D.,.;; it will be explained that the droplet
is in a stable equilibrium. The drop will face constantly small
perturbations due to a gain or loss of a little amount of water
molecules. If this leads to a small growth of the droplet the
equilibrium vapour pressure is higher than the ambient saturation
and the droplet will shrink again due to evaporation of water.
Perhaps returning to its original equilibrium state. On the other
hand considering a small loss of molecules the droplet will shrink
and now the equilibrium water vapour pressure of the droplet
is lower than the ambient value and water will condense on the
droplet, also returning to its original state. On the rising part of
the Kohler curve the droplet is in a stable equilibrium with its
environment.

Highlighting now the part of the curve where D > D,,;; and
a droplet is experiencing small perturbations by gaining a small
amount of water molecules. This leads to a slight increase of the
droplet. Now its equilibrium vapour pressure is smaller than the
ambient value and water will condense on the drop and it will
grow further. On the other side a small shrinkage by a loss of
few water molecules would lead to a further evaporation of the
droplet because of its higher equilibrium vapour pressure. A pure
water droplet would evaporate completely and a drop containing
a solute would shrink until it intersects the ascending branch of
the Kohler curve corresponding to the stable equilibrium. The
descending branch of the K&hler curve corresponds to an unstable
equilibrium.

Assuming that the ambient saturation S exceeds the critical
saturation S..;; there would be no feasible equilibrium size for
the particle since S would be always greater than the equilibrium
vapour pressure of the droplet and the drop would grow infinitely.
Therefore an aerosol droplet can grow fast to the size of a cloud
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(or fog) droplet. In this case the aerosol droplet would be called
activated.

It can be noted that S..; is always higher than unity and
analogous define the critical supersaturation as S¢pit = Serit — 1.

From equation 4.13 it follows that the critical saturation is a
function of the dry diameter D, of the particle. If follows that
smaller particles posses a higher S.,.;; which means that larger
particles are faster activated to cloud droplets. Assuming a fixed
S all particles with S..;+ > S would grow until they reach an
equilibrium size corresponding to the point of the stable part of
the Kohler curve. On the other hand all particles with S..;; < S
become activated and grow indefinitely as long as S > St

This can be seen in figure 4.2 where the Kohler curve is plotted for
three particles with different dry diameters. Smaller particles need
a higher supersaturation to get activated to cloud droplets. Larger
particles on the other hand would need a lower supersaturation
for activation.

It should be noted that aerosol activation process is treated
instantaneous, which underlays the assumption that aerosol parti-
cles have enough time to grow to D..;+. In case of large particles
this can lead to errors in the calculation since particle growth
is proportional to D! and they grow to slowly to reach D.,;
during the typical time if s > s¢.¢. This limitation of transfer
rates on growth rate is called kinematic limitations and can cause
deviations from assumptions of instantaneous activation (Nenes
et al., 2001).

Calculation of Supersaturation in an Ascending Air Parcel

In the previous chapter it was shown that the activation of an
aerosol particle to a cloud droplet depends on the ambient su-
persaturation s in case of s > s.;¢. During cloud formation s is
mainly determined by the adiabatic cooling rate, which leads to
an increase in s, and by condensation of water, which causes an
decrease in s. Those two processes determine variation of s over
time and the rate of change of supersaturation has to be derived.
This can be written, if mixing processes with environment and
diabatic cooling is neglected (Seinfeld and Pandis, 2006), as:

ds v dge
S aw- L 4.14
at - T L ar (4.14)
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The first term on the r.h.s. of equation 4.14 is the contribution by
adiabatic cooling, where the second term on r.h.s. is contribution
by condensation of water within the ascending air parcel. In
equation 4.14 q. is the mass concentration of water and w is the
vertical velocity. The factors o and  are depending on pressure,
temperature, physical constants and are given by (Seinfeld and
Pandis, 2006):

leng . ngl

c,RT? ~ RT
AL B (4.15)

7T M, ' ¢,RI?

where g is the gravitational acceleration, M, the molar mass of
air, l,,, latent heat of evaporation, ¢, the specific heat capacity
of air at constant pressure. Note that during deriving equation
4.14 the assumption S = 1 + s =~ 1 was made since s reaches
values of s &~ 0.01 within clouds. In absence of condensation,
supersaturation is increasing linearly with the vertical velocity.
On the other side supersaturation is decreased by condensation
of water. This suggests that supersaturation within a cloud is a
balance between the cooling rate and the liquid water increase.
Latter is limited by mass transport to the cloud particles and
this depends on the particle size distribution and their state of
activation.

An important quantity is the maximum supersaturation reached
during cloud formation. Particles with a critical supersaturation
lower than the reached maximum supersaturation are activated and
grow to the size of a cloud droplet. While particles with a critical
supersaturation larger than reached maximum supersaturation
remain near equilibrium and never grow enough to be considered
as a cloud droplet and called interstitial aerosol. In principle
the aerosol population within a cloud can be separated into two
groups: Interstitial aerosols, which contain a significant amount
of water but are not activated and cloud droplets, which sizes
change significantly due to corresponding mass changes (Seinfeld
and Pandis, 2006).
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4.2.2 Impact of Aerosols on Cloud Optical
Properties

Beside the effect of aerosols on microphysical processes of a cloud,
they also have an impact on cloud optical properties. In this
section the cloud optical properties are discussed for a simple case
of sunlight crossing a single cloud layer (Petty, 2004). Following
the Beer’s law the transmittance ¢. of a single cloud is given by:

te = e TR, (4.16)

where 7. is the cloud optical thickness and p the cosine of the
solar zenith angle.
The optical depth 7. is defined as:

Zet
Te = / ﬁert,c (Z) dZ, (417)
Zeb

with the extinction coeflicient Bez¢,c, and z as vertical coordinate
given in metres. The limit z., defines the height of the cloud base
and z.; defines the height of the cloud top.

The extinction coefficient can be calculated by

Bemt,c = / Qewtﬂ-T2nc (T) d’l“, (418)
0

where Q.. is the dimensionless extinction efficiency, n. (1) is
the droplet size distribution and r is the cloud droplet radius.
Assuming a monodisperse cloud and using Q.,; = 2 as a good
approximation for cloud droplets and visible light (Petty, 2004) it
yields:

Bewt,c = 2NC7TT2' (419)
Using that q. = (4/3)mpwNer? it follows:

3 e
Bext,c - gpwr~

Substituting Eq. 4.20 into Eq. 4.17 it yields for the optical
depth:

(4.20)

g LWP, (4.21)

 2pur
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where LW P = f;i:t gcdz is the liquid water path of the cloud
layer in gm~2. From equation 4.21 it follows that 7 oc 1/r and 7
o LWP. A fixed LW P leads to an increase in cloud optical depth

if the radius of the cloud droplet is decreased. By substituting r
in Eq. 4.21 it yields:

LW P?r (21 — 2 Ve
Tc%(g W P2 (2¢t Zb)NC> . (4.22)
Puw

For a cloud with a fixed LW P and a fixed geometrical thickness
optical thickness 7 is proportional to N'/3. Since N, is determined
by the number concentration of activated aerosol particles, 7. also
depends on the aerosol particles which are present during cloud
formation process.

In reality clouds contain droplets of different sizes and therefore
T, is a function of the cloud droplet size distribution. This can be
expressed by the cloud effective radius resy.

3 LWP
Bezt ~ 5 .
PwTeff

(4.23)

Impacts on cloud optical properties due to a change of aerosols
compared to a certain low background concentration of aerosols
is visible during the formation of so called ’ship-tracks’ (Coakley
et al., 1987), where optical thick clouds occur in the vicinity of ship
exhausts although stratified optical thin clouds are prevailing.

4.2.3 Impact of Aerosols on Cloud Albedo

Following Seinfeld and Pandis (2006) the cloud albedo A. can be
written as a function of cloud optical thickness 7, (in case that the
radius of cloud droplets is much larger than the wavelength):

Tc

A, = . (4.24)
T+ 7.7

In Figure 4.3 the dependency of A. on 7. is shown. If 7. — 0
also A. — 0. But in case of 7. >> 7.7 it follows that A, — 1.

To establish the link between changes in cloud droplets N, and
cloud albedo A. it can be assumed that A, is a function of N,
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Figure 4.3: Cloud albedo as a function of optical thickness (Seinfeld
and Pandis, 2006)

LWP and h = z.t — 2o (Seinfeld and Pandis, 2006) and it yields
for the derivative dA./dN.:

dA. dA. d7.

dN, ~ dr. AN,
7dAC or. dh or. dLWDP 0T,
=, (8h N, " oLwP dn, 8Nc) '

(4.25)

Usually it is assumed that there is no dependence of LW P on N..
Furthermore, it is assumed that there is no dependence of cloud
thickness h on N, (Seinfeld and Pandis, 2006). Those derivates
become zero and it follows:

dA. dA, or,
dN. dr. ON,
A T,
(Ao a, c .
(Fa-49) (%) 420
A (1— A)

3N,
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Twomey (1991) termed the quantity dA./dN. susceptibility and
determines the sensitivity of cloud reflectance according to changes
in the cloud microphysical properties. From equation 4.26 it follows
that the susceptibility has its maximum at A. = 0.5 and because
it is inverse proportional to N, it becomes high when N, is low
(for a fixed A.). Furthermore it is clear from figure 4.4 that A, is
most sensitive to changes between values of 0.25 and 0.75 and if
N, is low.

dAc/dN¢

1000.00 ™ 0.00

Figure 4.4: Susceptibility of cloud reflectance to changes in N,
for a cloud with constant liquid-water content. AA/AN, is % per
unit N.. Adapted from Seinfeld and Pandis (2006)






5 Marine Cloud Brightening
as a Technique for Climate
Engineering

Main target of Climate Engineering! is to counteract global warm-
ing caused by an increase in COs-level. An early mention of
Climate Engineering in literature can be found in the work of
Marchetti (1977). He describes in his work the deep-sea disposal
of COsto counteract the problems accompanied with the rise of
the COs-level in the atmosphere. Since then, but especially in the
last few years, new proposals to counteract the increase of global
mean temperature were made. The proposals can be separated
into two main categories. First category is based on manipulating
the solar insolation on the earth surface. Therefore all propos-
als which target the direct change of incoming solar radiation
is summed up in the generic term ’Solar Radiation Management’
(SRM). The second category refers to techniques with the objective
to remove C'Oy from the atmosphere. Therefore this category is
often regarded as ’Carbon Dioxide Removal’(CDR).

CDR will not be part of this work and it is referred to corre-
sponding literature. The next part will present a short overview
of the different methods of SRM but with a more detailed focus
on marine cloud brightening - the main topic of this work.

As mentioned before SRM is targeting solar insolation. Several
examples and ideas can be found in literature and they range from
space born schemes to modifications on city buildings. Table 5.1
gives a short overview of several techniques and gives one example.
One hot topic discussed as a technique of SRM is stratospheric
aerosol injection (SAI), where aerosol particles are released into
the stratosphere and enhancing the reflectivity of the earth. A
natural guide to this technique is the eruption of the volcano

also called *Geoengineering’
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Pinatubo, where afterwards the global mean temperature was
slightly decreased. For a more detailed perspective into SAT it is
referred to the corresponding literature.

Table 5.1: Overview of different types of solar climate engineering

SRM Technique

Examples

Space-based schemes Mirrors in space

Stratospheric aerosols Sulfate particles in strato-
sphere

Cloud brightening Enhanced Albedo of low-
level clouds

Ocean whitening Bubbles in vast regions of
ocean

Plant reflectivity Crops with higher albedo

Change properties of build- | Whitening of roofs
ings

As already mentioned in chapter 4.1 clouds play a major role
in the Earth’s energy budget by scattering light back into space.
Due to the very low albedo of ocean water marine low-level clouds
above are very effective in reflecting sunlight. Changing the albedo,
lifetime or areal extent of these type of clouds could lead to an
impact on radiation not only on local but also on global scale.

Chapter 4.2.2 and 4.2.3 show that changes in N, is accompanied
with changes in cloud optical properties. These changes underlay
the assumptions of a constant liquid water content and a fixed
cloud depth (Twomey, 1977). This assumption (same liquid water
volume) means that with smaller particles a larger surface area
is gained which leads to an increase in light scattering. Since
brightening of clouds due to an increase in N, was highlighted by
Twomey (1977) this effect is also known as Twomey effect. Often
this effect is also referred to the first indirect aerosol effect. The
idea to deliberately modify cloud albedo of marine low-level clouds
is most commonly known as “marine cloud brightening” (MCB).
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But MCB is accompanied by limitations. First of all MCB is
limited to a certain type of cloud. Second the clouds must have
a low albedo. Clouds with a high albedo for example are already
reflecting nearly 100% of the incoming solar radiation and the
addition of aerosol particles would only have a little or none effect
on albedo (compare figure 4.4). For this reason large cumulus
clouds, clouds associated with big storm systems and substantial
precipitation are not susceptible to aerosol modification. Of course
there could be other feedbacks on cumulus clouds by modification
of aerosol concentration that change precipitation, areal extend
and lifetime of the clouds (Rosenfeld et al., 2013). This could have
subsequent effects on cloud radiative forcing, but the processes
are at the moment better understood for pure warm-phase clouds,
while processes taking place in mixed-phase clouds are currently less
understood. High-level clouds on the other hand are not targeted
in case of MCB. But recently the idea of dissolving cirrus clouds
rather than enhancing them emerged to counteract anthropogenic
caused global warming (Mitchell and Finnegan, 2009; Storelvmo
et al., 2013; Storelvmo and Herger, 2014).

Therefore only low-level boundary layer clouds are considered for
MCB. A further limitation is the occurrence of suitable low-level
clouds, which are often limited to small regions of the planet and
therefore large changes in the local energy-fluxes are necessary to
produce a significant planet-scale change. The local effectiveness
is mainly limited by two conditions: A relatively low underlying
albedo (below the clouds) and clouds with low N,.. These conditions
are found in four major regions on the planet (Korhonen et al.,
2010) which share all the same conditions: persistent marine
stratocumulus clouds (SCU). The four regions are namely: North
East Pacific, South East Pacific, South Atlantic, Indian Ocean.

In former studies those four regions were found to be the most
favourable (Salter et al., 2008) and together they cover around 13%
of the earth’s surface. Those regions could also be identified by
satellite observations which investigated the sensitivity of clouds
to changes in aerosol loadings (Andersen et al., 2016). According
to the simulations of Korhonen et al. (2010) and the observations
of Platnick and Oreopoulos (2008) and Andersen et al. (2016) one
of the most favourable region is the South East Pacific (SEP) due
to small changes in aerosol loading. This is one reason why this
region was chosen in this work.
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On the basis of the work of Twomey (1977) Latham et al. (2008)
developed the idea to change cloud albedo of low-level marine
clouds by adding additional aerosols near cloud base. The enhanced
aerosol concentration would increase the number of available CCN
and increase the cloud droplet number concentration N.. The
increase of N, would lead to a change of cloud properties and as a
consequence the clouds would be more reflective.

Latham et al. (2008) suggested the same regions for seeding
which are mentioned before. The additional aerosol has to be
injected into the planet boundary layer (PBL). For this purpose
he suggests to use seawater which should be sprayed into the lower
troposphere. This could be for example achieved by ships (Latham
et al., 2008; Salter et al., 2008).

In addition the residual time of aerosol particles in the PBL
is quite short where the aerosol load is mainly driven by frontal
precipitation or local drizzling events, for example where marine
stratocumulus clouds are quite frequently occurring. Therefore
the aerosol concentration is highly fluctuating. The residual time
is about 2 - 5 days in the PBL (Coakley Jr et al., 2000). This
results in highly variable changes in cloud albedo and radiative
forcing in space and time. Following that the injections must be
more or less continuous, which is quite different to the discussed
deployment distributions in case of SAI, where aerosol forcing can
spread globally and has much longer residual times.

The effect of high amount of aerosol particles on low-level clouds
in an otherwise pristine surrounding is already observable. Indeed
there is evidence that cloud albedo can be modified by human
activities by releasing aerosol particles. In figure 5.1 there are
so called ’ship tracks’ visible at the coast of California. Lines of
clouds which are brighter than the surrounding clouds are visible.
Those clouds are influenced by aerosol particles originating from
ship exhausts. The emitted particles can act as CCN within the
marine boundary layer. Schreier et al. (2006) investigated the cloud
optical properties of ship tracks with satellite data and found that
below ship tracks mean solar surface radiation is reduced and mean
top of the atmosphere reflectance is increased. In a further study
Russell et al. (2013) used controlled particle emissions by smoke
generators on a vessel much smaller than cargo ships. Although
it could be shown that those emissions had a positive effect on
cloud albedo, it was only effective for a small fraction of time, even
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Figure b5.1: Visible satellite image which shows Ship
Tracks retrieved by NASA’s Terra MODIS. Source:
http://visibleearth.nasa.gov/view.php?id=66963

in clouds which were classified as susceptible to additional CCN.
However this experiment could show that it is possible to influence
cloud albedo with a quite simple technology.

To deploy the additional particles in the atmosphere several
aspects have to be taken into account. Since the particles are
released near the surface they have only a residual time of a few
days. Therefore they will remain very near to their source, since
they will not be advected over large distances before they are
removed by scavenging or deposition. Because of that they have
to be replenished continuously over a large area. To achieve a
significant change in global albedo a large fleet of vessels would
be needed for large-scale deployment, which would be able to seed
susceptible clouds in favourable regions (Salter et al., 2008). Since
composition and size affects the efficiency of MCB it is vital which
kind of particles are deployed. From chapter 4.2.1 it follows that
larger, hygroscopic particles are a more efficient CCN. Latham
(2002) suggested that seawater could be an unlimited reservoir for
additional aerosol particles. He proposed that the release of sea
spray into the boundary layer would lead to evaporation of the
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small droplets and form small sea salt particles, which then would
be available as CCN.

But this could turn out to be very difficult because due to the
size and amount of the released particles there could be competitive
effects in cloud formation. With the release of additional particles
supersaturation is reduced, which leads to the fact that an increase
in aerosol particles may not lead to an increase in cloud droplet
number concentration and hence cloud albedo. The size of the
particles is important, since larger particles are more effective
to develop to cloud droplets. As they form cloud droplets they
are reducing supersaturation, which leads to a suppression of
the cloud droplet activation of smaller aerosol particles. This
could influence cloud formation in a way that smaller particles
may have been activated without seeding, but are not activated
with seeding. Therefore seeding could lead to lower cloud droplet
number concentrations, accompanied by larger sized cloud droplets.
This would be the opposite effect which is intended by MCB, a
‘negative’ Twomey effect. Jung et al. (2015) could measure an
increase in cloud droplet size and a decrease in cloud droplet
number concentration after seeding stratocumulus clouds with
salt powder in the range of 1 - 10 um in diameter. Therefore
the efficiency of MCB depends on the size of the released sea
salt particles and because of that the sea salt particles which are
proposed to be released for MCB should be smaller than 1 um.

To evaluate the impact of MCB Latham et al. (2008) made a
simple assumption of the change of cloud droplets AN, which
would be necessary to counteract a warming of 3.7 Wm™2 due
to a doubling of COs. This underlies some simplifications, like
only taking the Twomey effect into account and that only marine
stratocumulus clouds are seeded which are not overlaid by other
clouds, like a cirrus above. And only short-wave radiative forcing
is taken into account. The mean insolation L. on reaching earth
can be described by:

L=0255(1—A) (5.1)

where changes in albedo AA leads to a change in radiative
forcing AL and using the value for Sy it yields:

AL = —340Wm2AA (5.2)
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By defining the fraction of ocean surface f; = 0.7 to earth
surface, and the fraction of non-overlaid marine stratocumulus
clouds over ocean fo = 0.25, and the fraction of seeded clouds f3
it is possible to relate changes in cloud albedo A, to changes in
global albedo A. By using equation 5.2 for AA it results in:

A4 AL
fifafs 60Wm=2fs

If it is possible to seed all suitable clouds (fs = 1) it would
only need an increase of AA. = 0.062, meaning a 12% increase, to
counteract the forcing due to COy doubling.

The impact on A, by a change of cloud droplet from a base value
N¢ o to a new value IV, can be described by following relationship
(Schwartz and Slingo, 1995):

AA, (5.3)

AA, =0.0751n (N./N.) (5.4)

which then can be used in equation 5.3:

~AL = 4.5Wm™2f31n (N./N.o)

3 (5.5)
(Ne/Neo) = exp (~AL/4.5Wm™> f3)

This shows that for f3 = 1 the ratio N./N.o would have to
reach a value of 2.3 to achieve a negative forcing of -3.7 Wm~2 to
compensate for CO2 doubling. On the other side Latham et al.
(2008) shows that if f3 < 0.3 it is not achievable to compensate for
COs doubling. He also sees a value below 10 reasonable for the
ratio N./N,o. But still this is a rough assumption for what would
be needed to counteract 3.7 Wm™2. Since only simple assumptions
are made for this calculation, as only short-wave feedbacks are
taken into account. Also only aerosol-cloud-radiation-interactions
are taken into account (Twomey effect). An even more intriguing
question is, if it is technical possible to seed continuous more then
half of the clouds around the world. For the technical aspects of
seeding by ships see Salter et al. (2008).

MCB is still a challenge for global climate models (GCMs) as
clouds and aerosols and their interactions are difficult to represent
in GCMs which is caused by their coarse resolution. But the
coarse resolution is necessary to simulate years and decades in a
reasonable computational time. Therefore cloud processes have to
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be parametrized in simple ways. With this compromise boundary
layer clouds, like those essential for MCB, are poorly represented
in GCMs, which lead to unidentified biases and uncertainties in
their simulations.

Table 5.2: Overview of global studies regarding MCB. Alterskjeer
and Kristjansson (2013) made simulations for different sized emis-
sion particles (aitk = aitken mode, acc = accumulation mode, coa
= coarse mode).

Publication Fixed Injected radiative
CDNC global area | forcing

[Wm 2]

Alterskjeer et al. - > 50% -4.8

(2012)

Alterskjser and - > 50% -3.3 (aitk)

Kristjansson 8.4 (acc)

(2013) 1.2 (coa)

Hill and Ming - < 10% -0.76

(2012)

Jones et al.| 37hecm™® | <10% -0.97

(2009)

Jones and Hay- | 375 cm™3 | <10% -1.0

wood (2012)
Latham et al.| 375 em™> | 10-20 % -8.0
(2008)
Korhonen et al. - ~ 10% not given
(2010)
Partanen et al. - < 10% -5.1
(2012)
Rasch et al.| 1000 cm=3 | 20% -2.5
(2009)

70% -3.9

Table 5.2 gives an overview of several model studies with global
models. They are not comparable one to one since the seeding
scenarios of the climate engineering studies vary over a wide range.
Starting from the seeded area, where some studies seeded the
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whole oceans over the world, or areas between 30°N and 30°S
(Alterskjeer et al., 2012; Alterskjeer and Kristjansson, 2013; Rasch
et al., 2009) and other studies seeded only the susceptible areas
with marine stratocumulus clouds (Hill and Ming, 2012; Jones
et al., 2009; Jones and Haywood, 2012; Partanen et al., 2012).

In general there exist two approaches to investigate MCB with
global models. The first approach is quite simple and prescribed
important cloud properties are changed like cloud droplet number
concentrations N.. This underlies the assumption that it would
be possible to control cloud characteristics perfectly and explore
the systematically changes to climate dynamics and response to
global mean temperature. Studies with this approach (Latham
et al., 2008; Jones et al., 2009; Rasch et al., 2009; Hill and Ming,
2012) identified specific regions over the ocean and then increased
N, (compare table 5.2), which produced changes in cloud radiative
forcing. Many of these studies showed a common response in a
cooling of the Pacific, similar to a "‘La Nina" phenomenon. Despite
its regional scale MCB showed in all the studies a global mean
cooling and an increase in polar sea ice.

The second approach allows a broader range of interaction within
the GCM to compare simulations with and without added particles
into the MBL (Alterskjeer et al., 2012; Alterskjeer and Kristjansson,
2013; Korhonen et al., 2010; Partanen et al., 2012). In these studies
simulations carried out with added sea salt particles to the lowest
model layer and they all found a cooling effect due to a change of
cloud albedo caused by the indirect aerosol effect of the seeded par-
ticles. On the other side large differences in the predicted regional
temperature responses were found. This is not very surprising
since differences are also found in changes of precipitation due to
global warming comparing different GCMs amongst each other,
because processes controlling precipitation are still uncertain in
GCMs. Partanen et al. (2012) and Jones and Haywood (2012)
could also asses the role of a direct radiative effect of the added
sea salt particles to the total radiative impact. Alterskjeer and
Kristjénsson (2013) found that the sign of forcing depends on the
size of emitted particles. The study of Korhonen et al. (2010) only
evaluated the changes in V. but not in radiative forcing since the
aerosol model they used incorporated no feedbacks on meteoro-
logical fields. But they found that the seeding with additional
sea salt particles had an effect on HoSO, since the additional sea
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salt particles act as a condensational sink. Although they found
a reduction of HySO4 by ~=60% it only had a minor impact on
natural particle size distribution and CCN concentration.

The various results shown in table 5.2 from a very high to a
very small radiative impact shows the high uncertainties in the
results of GCMs. This is on the one hand related to some simple
approaches of physical processes which have to be made in GCMs
but also due to different seeding approaches, like different emissions
fluxes, or the seeded cloud fraction. Among the models there is the
indication that MCB is able to reduce global mean temperature
and that the targeted susceptible clouds will cool particularly the
eastern North and South Pacific. This would also lead to a global
cooling, including the cooling of the Arctic. But this must be
handled with some caution since cloud processes, especially those
for marine low-level clouds, are parametrized in a rather simple
way and do not always compare well to observations, especially
regarding the Twomey effect. Due to the deficient representation
of low-level clouds in GCMs and diversity of model results the
IPCC suggests only a low confidence in the sign of low level cloud
feedbacks contribution to global warming (Boucher et al., 2013).
This of course impacts the evaluation of MCB.



6 The Model System
COSMO-ART

During this work the comprehensive model system COSMO-ART
is used to investigate the effects of marine cloud brightening on
the regional scale. This chapter will give a short overview of the
model system COSMO-ART.

COSMO-ART is based on the non-hydrostatic mesoscale weather
forecast model COSMO (Consortium for Small-scale M Odelling)
used by the German Weather Service (Deutscher Wetterdienst
- DWD, Baldauf et al., 2011). This model has been extended
with comprehensive modules for aerosol dynamics and gas phase
chemistry. ART is an acronym for Aerosols and Reactive Trace
gases (Vogel et al., 2009). The model is online coupled which
means that aerosol and gas phase processes are coupled with the
state of the atmosphere and treated in a consistent way since
they use the same grid for all scalars, e.g. temperature, humidity,
aerosol and gas concentrations. Processes affecting all scalars (e.g.
advection) are using the same numerical schemes and time step
for integration. This allows to simulate the effects of atmospheric
processes on aerosol dynamics and gas phase and vice versa in a
consistent manner.

It is possible to simulate the transport of non-reactive tracers,
but also the transport of chemical reactive aerosol and gases and
their impact on meteorological processes. Secondary aerosols and
primary aerosols like soot, dust, sea salt and biological particles
like pollen can be taken into account. Spacial and temporal evo-
lution of the reactive trace gases and aerosols are calculated by
balance equations of the corresponding substances. Additionally
to transport processes like turbulent diffusion, dry and wet de-
position, coagulation, condensation and sedimentation are taken
into account (Vogel et al., 2009). Washout represents a major
sink of aerosol particles which was implemented by Rinke (2008)
into COSMO-ART. Since aerosols can act as CCN and therefore
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influence the evolution of cloud development the process of aerosol
activation on warm phase and cold phase clouds was implemented
by Bangert et al. (2011).

The gas phase reactions are calculated by the RADMKA -
Regional Acid Deposition Model Version K Arlsruhe - mechanism
(Vogel et al., 2009) which is based on the gas phase mechanism
RADM2 - Regional Acid Deposition Model - (Stockwell et al.,
1990). Inorganic species and the calculation of photochemical for-
mation of gaseous precursors regarding the formation of secondary
aerosols are calculated by the SORGAM - Secondary ORGanic
Acerosol Model - mechanism (Schell et al., 2001). The nucleation
of secondary aerosol particles is based on the binary homogeneous
nucleation of sulfuric acid and water and calculated with the pa-
rameterization of Kerminen and Wexler (1994). Further DMS
emissions as a precursor of sulfate particles was implemented by
Lundgren (2010).

The aerosol module MADEsoot (Vogel et al., 2009) is used to
describe the aerosol population by eleven overlapping log-normal
sized distributions, so-called modes. The module also describes
the aerosol dynamic processes. Since the aerosol population is
described by a log-normal size distribution the standard deviation
o, for every mode is prescribed and held constant over time. Addi-
tionally a initial mean diameter D,,; is prescribed for initialisation
but D, can vary together with number and mass concentration.
Five modes represent sub-micron particles consisting of sulfate,
ammonium, nitrate, organic compounds, water, and soot in a
range of mixing states and sizes. This modes can also interact
with anthropogenic emissions of aerosols and gases. Sea salt and
dust are each represented by three modes for different size ranges.
Sea salt and dust emissions are calculated online by modelled
atmospheric state, e.g. 10-m wind velocity, friction velocity, sur-
face properties like sea surface temperature and soil properties
(Lundgren, 2010; Stanelle et al., 2010). An overview of the modes
used in COSMO-ART is given in table 6.1

6.1 Aerosol Treatment

The concept of describing the aerosol population in COSMO-ART
is based on the approach of Whitby (1978) who found that observed
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Mode | Chemical composition and | o; | Initial D, (#m)
mixing state
if | SO3",NO;, NHJ, H,0, SOA | 1.7 0.01
(externally mixed)
ic | SO3", NO;, NHj, Hy0,| 20 0.08
SOA, soot
(internally mixed)
if SO3~, NO3, NHJ, H,0, SOA | 1.7 0.07
(externally mixed)
jc SO3~, NOz, NHJ, Hy0,| 2.0 0.08
SOA, soot
(internally mixed)
SO pure soot 1.4 0.08
sa NaCl 1.9 0.2
sb NaCl 2.0 2.0
sc NaCl 1.7 12
da mineral dust 1.9 0.2
db mineral dust 2.0 1.0
dc mineral dust 1.7 12

Table 6.1: Overview of the modes and their chemical composition
in COSMO-ART.

aerosol populations show a modal structure and therefore it can
be described by a continuous size distribution as a function of the
particle diameter.

The total number density N of an aerosol population can be
described by following integral:

oo

N:/n@“ﬂ% (6.1)

where n(D,) dD,, describes the number density of particles with
diameter D, per m™3 air within the size range D,, and (D, +dD,).
Because COSMO-ART describes several modes of aerosols this is
applied to every single mode [ (compare table 6.1).
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The total size distribution of the aerosol particles is separated
into several overlapping modes, depending on their size and chem-
ical composition. Therefore every single mode can be described by
a log-normal size distribution:

1 N, n*(D, /D, l))
D)= ——"t exp|-——— 20U 6.2
mu(Dp) D, 2r1noy P < 21n? oy (62)

where V; is the number concentration, o; the geometric standard
deviation, and D, ; the median diameter of mode [. It is often
preferred to use the logarithm of the diameter since the diameter
can vary over several orders of magnitudes. This gives the following
expression of the number distribution:

N, In?(D,/D l))
InD,) = ——— St St < el “ LV 6.3
mu(ln Dy) V2rInog xp ( 21n? oy (6:3)

Following equation 6.3 the size distribution function and total
number concentration of aerosols can calculated by:

ny (D) =Y ni(Dy).
l
(6.4)

N:ZNl:Z/m (D,)dD,
! 0

l

To simulate the temporal evolution of n;(D,,) exactly it would be
necessary to simulate the temporal evolution of IV;, 07, and D ; but
for some processes (advection, diffusion) the differential equations
of o; and D,; cannot be solved directly (Whitby and McMurry,
1997). Therefore the equations are formulated for integral moments
of n;(D,) where the k-th moment Mj,; of the size distribution of
each mode [ is defined by:

My, = /Dgnl (D,)d (D,) (6.5)
0

The moments are related to integral quantities of the aerosol
population:
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Nl :/Tll (Dp) d (Dp) = M()J (66)
0
O, =7 / D2ny (Dy)d (Dy) =My, (6.7)
0
iy v
v =5 /Dgnl (D,)d(D,) = EMM (6.8)
0
iy 7 3 i
my :gpp Dpnl (Dp) d(Dp) = EPPM&I (6.9)
0

where O is the surface concentration, V; the volume and my
the mass concentration of mode I. To fully determine n;(D,) all
three moments of the log-normal distribution would be necessary
to be known. But to achieve a numerically feasible solution of
the resulting equation system o is held constant. Therefore only
two moments have to be calculated to derive n;(D,). In COSMO-
ART balance equations for N; and m; are calculated which are
proportional to My, (Eq. 6.6) and M3, (Eq. 6.9). Then for given
Ni, my, and o7 the mean diameter D, ; can be derived by:

6 1/3

my

D, = , 6.10
ol (pr exp (4.5 In? al) Nl> ( )

and then finally compute n;(D,) with equation 6.3.
The Reynolds-averaged balance equations are solved for N; and
my which are given by (Doms et al., 2011; Jacobson, 2005):

0 9 ——
SYi= -V (W) + VFy 4+ (w;edyl) T Sy,
—— —— z ~—
advection turbulence e microphysical
(flux form) gravitational processes

sedimentation

(6.11)

where Y] is either the mass Y = m or number Y = N concentra-
tion for each mode [. The form of equation 6.11 is only applicable
to the conservative flux-form advection scheme in COSMO (Runge-
Kutta time integration with a Bott-advection scheme) which is
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recommended for studies of aerosol-cloud interaction because of
its mass conserving formulation. For other available advection
schemes the balance equations have to be formulated in advection
form for mass specific quantities (Bangert, 2012). Turbulent fluxes
are parametrized according to the cloud hydrometeors in COSMO
(Doms et al., 2011). Contribution of molecular diffusion is small
and therefore neglected.

Sy, describes microphysical processes and is either a source or a
sink for the corresponding mode [. Following processes take place
for specific modes:

Sy = SNC,, + SROE 4 S + S 4 gyeeh 6.12)
S = Sieg TSt S+ S 4+ S

with [ = if, ic, jf, jc, c.

The modes sa, sb, sc, and da, db, dc do not interact with other
modes and only the sea salt modes (sa, sb, sc) interact with the
gas phase through condensation of sulfuric acid on the sea salt
particles (Lundgren, 2010). Therefore it follows:

S — gconv + Swash7
N, N . N . for [ = sa, sb, sc (6.13)

Sy = Scond 4 geomy y guash

and

__ qconv wash
SNL — SNZ + SNL 5

Sm — geonv + Swash
L .

my my

for [ = da, db, dc (6.14)

The microphysical processes Sy, are:

Sy nucleation rates from the gas phase

S{XI&S}‘ rate of change due to scavenging below cloud

Sy.*®  tendencies due to intermodal coagulation

S]C\})ago tendency due to intramodal coagulation

Sf,‘;;ndo condensation rate

Sg}l)“"o tendency due to convective sub-grid scale transport

Emissions and deposition on the surface are boundary conditions
of equation 6.11. A more detailed overview of the single processes
and their description are given in Vogel et al. (2009)
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6.1.1 Sea Salt Emissions

The parametrization of the sea salt emission flux was introduced by
Lundgren (2006). Due to simplification the parametrization of sea
salt production assumes that the freshly emitted sea salt contains
only pure NaCl. The flux of sea salt particles into the lowest
model layer is described as a function of sea surface temperature
(SST) and horizontal wind velocity. Within the size range of 0.02 -
28 pm three parametrizations are used to describe the flux of sea
salt particles (the flux is given in m=2s71).

For particles with a dry diameter of 0.02 bis 1 pm (mode sa) the
parametrization of Martensson et al. (2003) is used. In this case
the flux is a function of horizontal wind velocity in 10m height
(U in ms~1) and SST:

dFy —6773,41
———— =& (95T, D,)3,84-107°U}; 6.15
d log .Dp ( ’ P) ’ 10 ( )
where Fj is the particle number flux. ® (T,,, D,) describes the
particle flux per whitecap area and is depending on SST and dry
particle diameter D, (given in m):

O (SST,D,) = A, (D,) - SST + B, (D,)  q=1,2,3 (6.16)

The coefficients A, (D)) and By (D,) are described in more de-
tail in Martensson et al. (2003) and Lundgren (2006).

The emission flux for super micrometer sea salt particles in
the size range of 1 - 9 um D,, (mode sb) is parametrized by the
function of Monahan et al. (1986)

dF, -
270 _ 1, 37303 g (1 +0, 057r§g)°5) 100197 (6.17)

O, 380 — IOg 780
0,650
rgo refers to the wet radius of the aerosol with an ambient rela-
tive humidity of 80% and is given in um.
Sea salt emissions in the range of 9-28 um (sc) is described by the

where B =
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work of Smith et al. (1993) in form of two log-normal distribu-
tions:

ji”o Y a exp( (ln m)) (6.18)

z=1,2 Tz

fi=3,1um,ry =2, 1um,log Cy = 0,676U1¢ + 2, 34

h
where { fo = 3,3um, vy = 9, 2um, log Cy = 0,959U%° — 1,475

If the wet aerosol diameter is described as a function of the
dry diameter the parametrizations 6.15 to 6.18 can be brought
to the same form (Lewis and Schwartz, 2006). Then the flux of
number concentration Fl ; of each mode i = sa, sb, sc is achieved
by integration of the respective size intervall:

/dl dlogD = lim Zdl AlogD (6.19)

n—oo

with the constant size step of Alog D, = 0.1. The flux of mass
density Fy,; is calculated from the number density flux for each
of the three sea salt modes using following relation:
”Pngi,im’

Fri= p(4,5In°0;) - Fy ;. (6.20)

where D; ;»; and o; is given in table 6.1. The emissions of sea
salt En,; and E, ; enter the conservation equations for each mode
via the lower boundary condition:

F .
En; = AA;; (6.21)
Fmi
E,.= : .22
= (622)

where Az, is the height of the lowest model domain (Lundgren,
2010).
6.1.2 Climate Engineering Sea Salt Emissions

Latham et al. (2008) made the suggestion to use sea water to
produce sea-spray which then act as as extra available CCN for
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marine stratocumulus clouds. Therefore an additional sea salt flux
is introduced in case of the climate engineering (CE) simulations.
The additional sea salt flux is added at every grid point over
ocean water to achieve a high impact on cloud properties. This
gives also the advantage to investigate the competition between
the additional released particles and particles originating from
anthropogenic sources.

The additional particle flux is based on the parametrized flux
of Korhonen et al. (2010). In the work of Korhonen et al. (2010)
the flux is a function of wind speed until a certain threshold is
reached. At wind speeds higher than the threshold the flux is set
constant.

In this work although the flux is set constant at all time and
nearly as high as the constant flux of Korhonen et al. (2010).
This simulates that the spraying ships would be always able to
spray everywhere the same amount of particles to investigate the
maximum impacts of CE emissions. This includes the investigation
of areas with low natural sea salt concentrations.

The CE emissions are added to the natural sea salt emissions.
Subsequently the sea spray originating from the CE emissions will
be treated like natural sea salt and undergoes the same processes.

Three different CE scenarios are conducted. In the first small
particles are seeded. Hence the CE flux is added to the smallest
sea salt mode sa (see chapter 6.1.1). In the second scenario the
CE flux is added on the second, but larger, sea salt mode sb. This
scenario gives further insights to the importance of the size of the
seeded particles. A third scenario simulates the impact of seeding
with smaller and larger particles together. Therefore the flux is
splitted into a flux on the sea salt mode sa and sb with a weighting
of 50% each. This simulates the case that is is technically not
possible to achieve seeding with only small particles. For each
scenario the efficiency of CE is evaluated in chapter 9.

To calculate the flux of the CE emissions the number density
flux Fy,cg is calculated by:

Fncop=54-10%"" [m™%s7] (6.23)

The flux of mass density F}, cg is calculated analogous to equa-
tion 6.20 with:
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wp,D3.
Focr = TPp~ gisini exp (4, 51n2 ai) -FncE (6.24)

Where Dﬁi,m depends on the chosen CE scenario and the inital
diameter of the seeded mode.
The CE emissions Fy cg and E,, cg enter the conservation

equations via the lower boundary condition:

F

Ence = ZZCE (6.25)
Fo,

Epmce = A’ZCE (6.26)

Note that Latham et al. (2008) suggested the release of monodis-
perse particles. COSMO-ART however uses a modal approach for
aerosol particles and therefore the CE particles aren’t monodis-
perse. This is justified due to the fact that latest after the release
of the particles coagulation will take place and they will change
their size distribution.

In this work stratocumulus clouds in the marine boundary layer
(MBL) are targeted for seeding. They typically occur in the lowest
1.5 km of the troposphere. While the marine boundary layer is well
mixed it is not necessary for the particle plume to be buoyant, as
neutral buoyancy will result in mixing until temperature inversion
is reached. The timescale is estimated to be 1 to 3 hours (Lu and
Seinfeld, 2006).

6.2 Cloud Microphysics

Cloud microphysical processes in operational use of COSMO are
represented by a one-moment bulk scheme which describes hy-
drometeor classes following a traditional grouping (Houze Jr, 2014)
(cloud droplets, rain drops, cloud ice, graupel, snow) by only calcu-
lating one moment namely mass mixing ratio and keeping number
concentration fixed.

To simulate aerosol cloud interaction only calculating one mo-
ment is not sufficient enough. At least two moments have to be
calculated which means in this case including information of cloud
droplet number concentration. Therefore the two-moment scheme
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of Seifert and Beheng (2006) is used for COSMO. This also means
that additionally the budget equation of the number concentration
has to be solved which is given by following expression:

N,
88; =_—V.(VN.)+V-FN, + Sy, (6.27)

while the microphysical processes Sy, include:

St Activation of CCN to cloud droplets
S¥. Self-collection of cloud droplets
A~ Accretion of cloud droplets by raindrops
Sﬁflt Melting of ice crystals
Sf\rf‘jez Freezing of cloud droplets
Sy™ Collection of cloud water by snow (riming)
Sxred Collection of cloud water by wet snow to form rain (shedding)

Although the investigated clouds within this thesis are warm-
phase clouds and the first three processes are dominating the
processes in warm-phase clouds the last four processes are listed
for completeness.

The size distribution assumed for the cloud droplets is a Gamma
function. The autoconversion, accretion and selfcollection is calcu-
lated according to the parametrization of Seifert and Beheng (2001)
and is a function of the varying cloud droplet size distribution. The
autoconversion rate for example is inversely proportional to N,
and the parametrization, which relies on the solution of a stochas-
tic collection equation, is validated against simulations using a
spectral bin model (Seifert et al., 2006).

If the two-moment scheme is used in COSMO the calculation
of the cloud droplet number concentration is defined by different
prescribed aerosol scenarios. The scenarios range from a maritime
case to a polluted continental case (100 cm ™3 to 3200 cm =3 CCN)
but all the scenarios unite the disadvantage that aerosol concen-
tration is constant over the whole domain and time. This may be
reasonable for sensitivity studies within very small domains or to
investigate single cases but in cases with high aerosol variability
this scenario approach has its limitations.
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COSMO-ART brings the advantage to use prognostic aerosols
instead of prescribed scenarios. This is obvious in regions with
very sharp gradients of aerosol concentration, where neither a
clean maritime nor polluted continental scenario is prevailing.
Then aerosol activation is calculated like it is described in chapter
6.3.1.

6.3 Aerosol Cloud Interaction

6.3.1 Aerosol Activation

Depending on their chemical properties, atmospheric aerosol par-
ticles can act as cloud condensation nuclei (CCN) during cloud
formation. Therefore, they determine the initial size distribution
of cloud droplets (Twomey, 1959) and as a consequence, aerosol
particles influence optical properties and microphysical processes
of clouds.

Therefore the calculation of available CCN is based on the
classical Kohler theory (Kohler, 1936b). For the representation
of the internal chemical mixture of the particles the approach
of Hanel (1976) is used. Since COSMO-ART uses a lognormal
distribution for aerosol representation the parameterization of
Fountoukis and Nenes (2005) for cloud droplet formation is used.
The principle path of the parametrization is shortly described
in the following. First the CCN concentration is calculated as
function of supersaturation (“CCN spectrum”) using the Kohler
theory. Then the CCN spectrum is included within the dynamical
framework of an adiabatic parcel with a constant updraft velocity
(or cooling rate) to compute the maximum supersaturation $,qz
achieved during the cloud parcel ascent (Nenes and Seinfeld, 2003;
Fountoukis and Nenes, 2005). An ideal solutions is assumed, since
non-ideal behaviour of solution droplets depends on droplet size.
If the chemical composition of an aerosol mode does not vary
with size then the aerosol distribution n(Dp) can be mapped to
supersaturation space and critical supersaturation distribution
n® (s) and it yields:

_dN N dlD,

ns) =g = “dlnDp  ds

(6.28)
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The critical supersaturation of a particle with the diameter D,
is calculated by:

5o = % (33}3)3/2 (6.29)

where A = 42w and B = %, o is the surface tension, p,,
is the density of water and M, is the water molecular weight, p; is
the solute density, M the solute molecular weight, v the number
of ions resulting from the dissociation of one solute molecule.

With equation 6.29 it follows:

dIn D, 2
= —— 6.30
ds 3s ( )
and
D, 50\ 2/3
— == . 6.31
D, ( S ) ( )

With this and the formula of a lognormal distribution we can
retrieve the critical supersaturation distribution:

l

2N, In? (s,.:/s)**
n®(s) = ———exp | ——H5—"—|, 6.32
(s) Zz:; 3sv2mIno; P [ 21n? o, ( )

where s, ; is the critical supersaturation of a particle with the
diameter Dy ;.

From 6.32 the CCN spectrum (concentration of particles with
sc < 8) can derived by:

s l

N; 2In(s44/ s)}

CCN (s z/ns s)ds = lerfe | /Y 6.33

)= [rwean=3-Jers B e
If the maximum supersaturation s,,q, is known then the acti-

vated cloud droplet number N can calculated from equation 6.33,

which yields

N* = CCN ($ymaz)- (6.34)

Now the maximum supersaturation has to be calculated. This is
achieved by assuming an adiabatically rising air parcel. The rate
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of change of the supersaturation s for a cloud parcel ascending
with a constant updraft velocity w is (Seinfeld and Pandis, 2006;
Pruppacher and Klett, 1997):

ds dx.
FTAR T (6:35)
where
M,AH, gM, M, M,AH?
_9 g P v (6.36)

c,RT?2  RT’ '~ p"Ma,  c,RIZ

and where AH, is the latent heat condensation of water, T is
the parcels temperature, M, is the molecular weight of water and
M, the molecular weight of air, g is the acceleration due to gravity,
cp is the capacity of air, p* is the water saturation vapour pressure,
p the ambient pressure and R the universal gas constant.

The first term on the right hand side of equation 6.35 expresses
the tendency of the ascending parcel to increase supersaturation
due to adiabatic cooling. While in the second term df; is the
rate of condensation of liquid water onto the activated droplets
and expresses the tendency of supersaturation to be decreased by
depletion of water vapour onto activated cloud droplets.

Maximum supersaturation $,,q. is reached when both terms are
equaling each other. While the first term in equation 6.35 can
be calculated with the updraught velocity within the model, the
second term has to be parameterized. For the second term the
parameterization of Nenes and Seinfeld (2003) is used and the
work of Nenes and Seinfeld (2003) is referred for further detail.

6.3.2 Activation Rate

The activation rate, which depends on maximum supersaturation
that occurs during formation of cloud droplets, is the main chal-
lenge linking aerosol particles with clouds in a three dimensional
model. The parametrization of Fountoukis and Nenes (2005) is
used within COSMO-ART to describe the activation of aerosol
particles including the Giant CCN correction of Barahona et al.
(2010). The maximum supersaturation with respect to water and
consequently the number of activated particles is calculated based
on an ascending air parcel framework and Koehler theory as a
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function of aerosol properties and updraft velocity. To take into
account size-dependent growth kinetics an average modified diffu-
sivity for water vapour is used (Fountoukis and Nenes, 2005).

To derive a nucleation rate of cloud droplets Sj‘{,"f several assump-
tions are made. For the nucleation rate of cloud droplets three
different cases are defined for which nucleation of cloud droplets
can occur. For a newly formed cloud (or if cloud droplet number is
below 10 cm~3) as well as for in-cloud activation of aerosol particles
above the cloud base the parametrization is directly applied and

the nucleation rate of cloud droplets is given by

St =max ([N} — N.] /At,0)  (new cloud and in-cloud case)
(6.37)
where At is the time step and N, is the cloud droplet number
concentration before droplet nucleation. N is given by equation
6.34. In case of in-cloud activation the growth of the existing cloud
droplets can be considered in the parametrization of s,,4; using the
extension of Barahona et al. (2010) for the growth of large inertially-
limited aerosol particles. One should note that aerosol particles
that have been activated at the cloud base are considered in the
calculation of the in-cloud activation. This can potentially cause an
overestimation of the number of activated droplets inside the cloud,
especially for low aerosol number concentrations. Nevertheless,
in-cloud activation is accounted for to avoid unrealistic low N, in
case of convective cloud systems with strong updrafts inside the
clouds (Bangert, 2012).
In case of an already existing cloud the nucleation rate of droplets
at the cloud base is calculated on the basis of advection and
turbulent diffusion of particles into the cloud base.

Syt = —%NC* (Smaz) W + %K%Nj (Smaz) (cloud base case)

(6.38)

where K is the turbulent diffusion coefficient (Bangert et al.,

2011, 2012). For all cases the maximum number concentration

of cloud droplets after nucleation is restricted by total number
concentration of aerosol particles.
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6.3.3 Subgridscale Updraft Velocity

In contrast to global models, mesoscale models (resolution between
2km and 20km) are capable to simulate location and charac-
teristics of larger individual cloud systems. Hence, the updraft
velocities during cloud formation cannot reproduced quantitatively
by the simulated grid-scale vertical velocity w. This will cause a
strong underestimation of updraft velocity in the model, which will
lead to an underprediction of supersaturation, which will result
in an underestimation of cloud droplet number concentrations
(CDNCQC).

Sub-grid scale vertical velocities, w’, are described with a Gaus-
sian probability distribution function, P, (w’) following (Morales
and Nenes, 2010):

1

P, (w) = —— 6.39

w ( ) \/ﬂ@'w ( )

The mean of P, (w’) is set equal to the grid scale updraft, w, and

the standard deviation, o, is calculated as the square root of the

turbulent kinetic energy TKE. A weighted mean of the activated
particles, N7, is calculated by numerically solving the integral

fooo N [Smae (W')] Py (w') dw’

c

J5° Pu (w') dw’

N* = (6.40)

6.4 Convection Parameterization

Cumulus convection has a major impact on the vertical structure
and redistribution of temperature, moisture, and aerosol fields of
the atmosphere and therefore cannot be neglected. Since those
processes take place on horizontal scales which are much smaller
than the grid size of large-scale models (for example GCMs) and
the grid size of mesoscale models (NWP) cumulus convection has
to be parametrized.

The parametrization has to take several aspects of convection
into account like diabatic heating due to the release of latent
heat originating from cloud condensation and from formation and
evaporation of precipitation. Also vertical transports of heat, mois-
ture and momentum in cumulus updraughts and downdraughts
has to be taken into account, as well as regions with compensat-
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ing downward motions, which interact with the cumulus clouds
by lateral exchange due to entrainment and detrainment. All
these processes tend to stabilize the original unstable stratification.
Arakawa (2004) for example gives a short overview of cumulus
parametrizations. For application in COSMO the mass flux based
parametrization of Tiedtke (1989) is used.

6.4.1 Shallow Convection

The parametrization of Tiedtke (1989) treats three different types
of convection occurring in a single grid cell, namely deep convection,
shallow convection and midlevel convection. All of them are treated
the same way except of their closure assumptions. Because the
clouds (stratocumulus clouds) which are topic of this work originate
from shallow convection, only the part of shallow convection will
be described more detailed.

With coarser resolutions (grid spacing > 7km) the Tiedtke
scheme is used considering all types of convection (deep, shallow,
midlevel). If COSMO is used with higher resolutions, like a grid
spacing of 2.8 km, it is assumed that the deep convection is explic-
itly resolved. However small-scale shallow convection is assumed
that it still has to be parametrized. Shallow convection is impor-
tant for the transport of heat and moisture by nonlocal fluxes. In
principle this clouds could be treated by a planet boundary layer
(PBL) scheme (Siebesma et al., 2007) but such a PBL scheme is
not yet available for COSMO.

To overcome this problem a simple mass-flux scheme which
is based on the Tiedtke-Scheme (Tiedtke, 1989) is used. The
original scheme distinguish between three types of convection:
deep, midlevel and shallow. Since the original Tiedtke scheme
includes shallow convection it is easy to extract this part and use it
for shallow convection alone. For example a threshold for the cloud
depth has to be defined which is set arbitrarily to Ap = 250 hPa
within the parametrization. Although Baldauf et al. (2011) stated
that in certain conditions a parametrization of shallow convection
is necessary to avoid an overprediction of boundary layer clouds
over Germany, it can be shown later that this is not valid for the
case investigated in this work.

As already mentioned the cumulus parametrization according to
Tiedtke (1989) is based on a mass-flux approach and the feedbacks
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of subgrid scale cumulus convection like vertical fluxes of mass, heat,
moisture and momentum in up- and downdraughts are calculated
by using a simple bulk cloud model.

The prognostic equations for the grid-scale variables are obtained
by averaging the microturbulent equations for heat, moisture and
momentum over the spatial scales which correspond to the model
grid spacing. By Neglecting nonhydrostatic effects on the mesoscale
as well as changes in the mean vertical velocity, the thermodynamic
forcing due to moist convection (MC) can be formulated by the
following tendencies, which can be denoted by M3 and are then
added to the grid scale model equations:

0 10
deMqMC — (S> = — ;& [Mu (su — 8) + My (Sd — 8)}
MC

+L(cy —eqa—e —ep)

dq 10
MC _ v =_ - — -
Mqv == < at )Mc - P 82 [Mu (QU,u qy) + Md (QU,d Qv>]
— (cu —ea—e1—€p)
) 10
MMC = (8?) :_;a[Mu (g — ) + Mg (og — )]
MC
(6.41)

where s = cpqT" + gz is the dry static energy, a denotes the
horizontal wind components(u or v). The subscripts u and d
indicate if the variable is part of the up- or downdraught.

A crucial point of this parametrization is the assumption that
horizontal averaging is large enough to contain a whole ensemble
of clouds. Which on the other side means that the area covered
by up- and downdraughts is considerable smaller than the models
grid box. Furthermore the convective scale eddy transport of dry
static energy, moisture and momentum and the cumulus-induced
subsidence in the environmental air are not described in terms of a
contribution of every single ensemble member, but represented as
an average of their values by using a one-dimensional bulk cloud
model after Yanai et al. (1973). This means that the net effects
of an ensemble of clouds is represented by a representative single
cloud.

The parametrization underlies the assumption that area fraction
of up- and downdraught is very small compared to the grid box so
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that values of environmental variables can be approximated by the
area mean values. In equation 6.41 following symbols are used:

M, updraught mass flux, defined by M, = pa,(w, — w)

Gy area of the updraught

Wy, vertical velocity in the updraught

My downdraught mass flux, defined by My = pag(wg — w)

aq area of the downdraught

Wy vertical velocity in the downdraught

Su,Sq  dry static energy in the up- and downdraught

Gu,qqd  specific humidity in the up- and downdraught

Qy, g horizontal wind components in the up- and downdraught

Cu condensation in the updraught (area mean)

edq evaporation of the precipitation in the downdraught (area mean)
el evaporation of cloud water in the environment (area mean)

ep evaporation of precipitation below cloud base (area mean)

L latent heat with L = L, (heat of evaporation) for T' > 0°C' and

L = Lg (heat of sublimation) for T' < 0°C

For rain water formed in the convective cloud column equilibrium
is assumed. The budget equation for the area mean value of the
flux of convective precipitation (denoted as P) then reads

oP
5 = —p(gp —ea —ep) (6.42)

where gp denotes the conversation rate of cloud water to rain
water (more in Section 6.4.4). The precipitation rate at ground is
the integral of 6.42.
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6.4.2 The Cloud Model

To compute the convective tendencies in equation 6.41 a simple
1D cloud model is used, where it is assumed that the updraught
in the cloud ensemble is in steady state. For the ascending air the
budget equations of mass, heat, moisture and momentum are

oM,
3 =F,—D,
y4
0
5 (Mysy) = Eys — Dysqy + Lpey,
z

0
& (MuQ'u,u) = EuQv - DuQv,u — PCy (643)
0
87 (MuQC,u) = _Du(Ic,u +p (Cu - gP)

z
0
Ey (Mya,) = Eya — Dy,

where ¢, ,, is the cloud water content in the updraught. A similar
set of equations is applied to the quantities of the downdraught,
where it is assumed that downdraught region is at saturation
(maintained by evaporation of rainwater) and contains no cloud
water:

oM,
=FE;—D
92 d d

0

a— (Mdsd) = Eds — Ddsd — Lped

5 z (6.44)
7 (Maqv,a) = Eaqyv — Daqu,a — ped

1o}

@ (Mdad) = Eda — Ddad

The vertical integration of 6.43 from cloud base to cloud top
and of 6.44 from top of the downdraughts to the surface yields
the values of the variables within the up- and downdraught to
calculate the convective tendencies. To perform the integration
following issues have to be specified:

- the mass flux M, and the values of sy, ¢y, e, and o, at
the cloud base as lower boundary condition
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- the mass flux My and the values of sg, g, ¢ and g4 at the top
of the downdraughts as upper boundary condition

- the detrainment rates F, and E; as well as the detrainment
rates D, and Dy of up- and downdraughts as functions of
available grid-space model parameters and

- a parametrization for microphysical processes

Since only the first three points can be assumed in the nearer
sense as closure conditions (direct connection of cumulus convec-
tion to grid-scale forcing) they will be discussed in Section 6.4.3.
Although the microphysical processes are more specific to the cloud
model it is a parametrization within the parametrization and will
be shortly discussed in Section 6.4.4.

6.4.3 Closure Assumptions

The Tiedtke scheme discriminates three types of convection:

- penetrative convection
- shallow convection

- midlevel convection

All of these are treated by different closure hypotheses and only
one type of convection is allowed to be present at a grid point at
a time step, which means that layered convection (midlevel above
shallow convection) is not described by this scheme.

Shallow and penetrative convection originates from atmospheric
boundary layer, but differ in their vertical extend (defined by ver-
tical extend of the unstable stratification). Penetrative convection
often forms in regions with large-scale convergence in lower tro-
posphere, while shallow convection may also be formed in case of
slightly divergent flow. The latter is often driven by evaporation
from the ground or water surface.

Midlevel convection however is originated at levels within the free
troposphere. Convective cells of this type often occur in rainbands
at warm fronts or in the warm sector of extratropical cyclones.
They are probably formed by dynamically forced lifting low-level
air until it becomes saturated at the level of free convection. Often
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a low-level temperature inversion exists which inhibits convection
to be initiated freely from the surface layer.

Depending on the presence of a specific type of convection
different closure hypotheses are applied. As already mentioned the
closure assumption for midlevel convection is neglected.

a)

Updraught mass flux at cloud base

In case of shallow convection, an equilibrium type of closure
is applied by imposing a moisture balance for the subcloud
layer such that the vertically integrated specific humidity
is maintained in the presence of grid-scale, turbulent and
convective transport (Kuo-type-closure). Using the source
term Mé‘f ¢ from 6.41 in the budget equation of the specific
humidity q,, this balance is formulated by

[M, (qv,u = qu) + Ma(qua — qv)]zb =
Zb an’U
— Vg, + — | dz, .45
/ZS (pv Vg, + 8z> z (6.45)

where z, is the terrain height, z; is the height of the cloud
base. Convection will only occur when the right hand side
if equation 6.45 is positive, i.e. when moisture convergence
tends to increase the subcloud moisture content.

In case of penetrative convection it is supposed that the
advective forcing is the major contributor to the moisture
convergence. The closure condition 6.45 is well justified over
tropical oceans where the boundary layer moisture content
usually changes little over time during convective activity, but
little is known on how well it holds for other areas. The quasi-
steady moisture balance is also applied for shallow convection.
The difference is that the moisture supply to cumulus clouds
is now largely through vertical turbulent transports driven
by surface evaporation whereas the contribution of grid-scale
advection transports are either small or even negative.

Downdraught mass flux at the level of free sinking

Precipitation from deep convective cells is usually associated
with downdraughts initiated due to water loading and evap-
orative cooling during the clouds life cycle. In the scheme
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downdraughts are considered to originate from cloud air in-
fluenced by the mixing with environmental air at the level
of free sinking (LFS). The LFS is assumed to be the high-
est model layer where a mixture of equal parts of cloud air
and saturated environmental air at wet-bulb temperature
becomes negative buoyant with respect to the environment.
This procedure defines also the boundary values of sg, g, 4
and oy at the top of the downdraughts. The downdraught
mass flux at zppg, the height of free sinking, is assumed to
be directly proportional to the updraught mass flux at cloud
base. That is,

(Ma),, .o =Ya(Mu),, (6.46)

The coefficient 4 is a tunable parameter which determines
the intensity of the downdraughts. In the present model
version: 4 = 0.3.

Specification of entrainment and detrainment
Lateral transport across cloud boundaries is represented by
entrainment and detrainment. For the updraught, entrain-
ment is just assumed to occur via turbulent exchange of mass
(turbulent entrainment E!') and through organized inflow as-
sociated with large-scale convergence (dynamic entrainment
ED). Detrainment concerning the updraught is assumed
to have contributions from turbulent mixing (turbulent de-
trainment DT) and from organized outflow at the top of
the cloud (dynamic detrainment D2). For the downdraught
only turbulent entrainment and detrainment (ET, DY) is
considered:

E,=ET + EP,

D, = DT + DD

B _ g7 (6.47)
d — Lvq

Dy = DY.

The lateral turbulent mixing terms are parametrized the
following way:
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E} = euM,,
DT =§,M,,
E} = eq| My,
DT =64/ My|.

(6.48)

where ¢, = 6, and ¢4 = 04 is assumed for the entrain-
ment/detrainment parameters to ensure that there is no
vertical change of updraught mass flux due to turbulent mix-
ing processes. The fractional entrainment rate for shallow
convection is set to €, = 3.0 - 107*m~!. Dynamic entrain-
ment is neglected for shallow convection.

Dynamic detrainment usually occurs in the upper regions
of cumulus clouds, where the rising air loses its buoyancy
relative to environmental air which results in a deceleration
of the updraught vertical velocity and a corresponding or-
ganized lateral outflow. The scheme parametrize roughly
the effect of overshooting cumuli by assuming that only a
fraction (1—b,,) of the updraught mass flux is made available
for lateral outflow in the layer kp that contains the level
of zero-buoyancy. The remaining fraction b, is allowed to
penetrate into the stable layer above (kr — 1) and to detrain
there:

(1= bu)yryn /A2, if k= kp,
Db =<y, (Mu)js1/2 if k=kp—1 (6.49)
0.0 else.

This formulation is applied for all types of convective clouds,
where b, is a tunable parameter which is set to 0.33. Because
6.49 is formulated in the computational space (and originally
for quite coarse vertical resolution of the ECMWEF global
model) care has to be taken in case of increasing vertical
resolution. Sensitivity tests show that this is a crucial pa-
rameter in determining total grid scale cloud water content,
which is briefly shown in chapter 7.

Temperature and humidity parameters at cloud base
In order to integrate the updraught equations 6.43 using the
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above closure assumptions, the variables T q,, ¢. and « at
cloud base must be specified as lower boundary conditions.

First it is checked if shallow convection can occur at a grid
point. At the first model level above the surface (k = N¢)
an air parcel is defined with grid-scale values of temperature
(plus a small excess value), specific humidity and horizontal
momentum. By lifting the parcel adiabatically the conden-
sation level at k = kp is computed while this level defines
cloud base (level of free convection, where parcel becomes
buoyant with respect to environment). The parcels values
of T, qy,q. and « at cloud base K = Np are then used as
boundary conditions to integrate the updraught equations.

6.4.4 Microphysical Processes

Below a brief summary of the microphysical processes of the 1D
cloud model is given.

a)

Condensation/deposition within the updraught

The calculation of the condensed water in the ascending
air underlies a simple saturation adjustment. Whenever
supersaturation is reached the specific humidity g, ,, is set
back to saturation value and the difference is interpreted as
condensed cloud water. The release of latent heat is taken
into account and if temperature is below freezing point,
saturation over ice is assumed to diagnose the deposition
rate.

Formation of precipitation within the updraught
Normally a simple parametrization is used to calculate the
conversion of cloud water to rain water. But in case of
shallow convection the formation of "convective" drizzle is
suppressed. On the other side in the investigated region of
this work the formation of rain/drizzle would anyway be
foiled because in the parametrization the formation of rain is
a function of height. In COSMO the default height for rain
formation over water is set to 1500 m above water within the
parametrization. In case of shallow stratocumulus clouds
this is quite questionable because boundary layer height may
be well below this value and marine stratocumulus clouds
can produce some amount of drizzle.



66 6 The Model System COSMO-ART

Az, = 1500m over water and Az, = 3000 m over land.

¢) Evaporation of precipitation in the downdraught
In case of shallow convection there is no precipitation which
can evaporate, since no precipitation is formed.

d) Evaporation of cloud water in the environment
Cloud water which has been detrained into subsaturated
environment is assumed to evaporate immediately:

1
€] = ;DuQC,u (650)

e) Evaporation of precipitation below cloud base
In case of shallow convection there is no precipitation which
can evaporate, since no precipitation is formed.

Adjustments for Shallow Convection Scheme in case of
stratocumulus Clouds

The assumption of the entrainment and detrainment rates (e and
0) which are shown in chapter 6.4.3 may be a good assumption
for deep convection, but Siebesma and Holtslag (1996) could show
with LES simulations that the rates differ by a factor of 10 for
shallow stratocumulus clouds from those defined originally in the
parametrization and used as default values in COSMO. The values
for € and § found by Siebesma and Holtslag (1996) are:

6~ 1.5~ 25(-10"%)m ™!

€~ 2.5~ 3(-107%)m™* (6.51)

The spread in equation 6.51 is a result of variations of the rates
with height. The behaviour of the parametrization with the default
values (compare chapter 6.4.3) can be described as a nonleaking
funnel with massive detrainment at the cloud top. On the other
side the use of the values of equation 6.51 gives the scheme the
possibility to enhance lateral mixing and less massive detrainment
at the cloud top (Siebesma and Holtslag, 1996). Although the
LES simulations of Siebesma and Holtslag (1996) was conducted
for a special type of cloud (marine stratocumulus clouds) the
shallow convection scheme in its original state assumes the same
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entrainment and detrainment rates as for deep convection. This is
questionable as the LES study could show.

6.4.5 Convective Cloud Cover

Since convective clouds are an important factor in the radiation
budget the cloud cover from convectional processes have to be
taken into account in the radiation scheme of COSMO. Therefore a
convective cloud cover in a grid cell with parametrized convection
has to be calculated.

If a convective grid cell is detected the cloud base zpqs. and the
cloud top zp are calculated. Afterwards the convective cloud
cover is calculated by:

CClonv = 0.35 - (210p — Zbase) /5000 (6.52)

where z:,p and zpese are given in metre. In case of an anvil the
cloud cover is doubled in this layer. Convectional cloud cover has
a minimal value of 0.05 and a maximum value of 1. This is further
used for cloud optical properties as it is discussed in chapter 6.6

6.5 Radiation Scheme

Radiative fluxes of the atmosphere are calculated with the radia-
tion scheme GRAALS (Ritter and Geleyn, 1992). This scheme is
based on the J-two-stream version of the radiative transfer equa-
tions which incorporates the effects of scattering, absorption and
emission by cloud droplets, aerosols and gases for eight spectral
bands kp (table 6.2).
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Table 6.2: Spectral bands of GRAALS in pm.

spectral range  spectral band k, wave length [pm)

1 1.53 - 4.64
solar 2 0.70 - 1.53
3 0.25 - 0.70
4 20.0 - 104.5
5 12.5 - 20.0
thermal 6 186?331 —91.3.15
7 9.01 - 10.31
3 4.64 - 8.33

GRAALS can be used with a spatial climatology of aerosols
and their optical properties. But within COSMO-ART it is pos-
sible to use the prognostic aerosol to include an online coupled
aerosol radiation interaction. Optical properties of aerosols are
parametrized as a function of aerosol size distribution and chemical
composition. To save computational time detailed Mie calculation
were performed a priori and the results are used to compute optical
properties from prognostic aerosol (Stanelle et al., 2010; Lundgren,
2010).

A flexible treatment of clouds is achieved by allowing partial
cloud cover in each model layer and relating the cloud optical
properties to cloud liquid water content, which is only used for the
standard one moment microphysics cloud scheme of COSMO-ART.
In case of the two moment scheme the additional information of
number concentration is used to calculate optical properties which
then includes the impact of varying cloud size distribution (see
chapter 6.6).
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6.6 Cloud Optical Properties

6.6.1 Grid Scale Clouds

The cloud optical thickness 7. depends on the size of the droplets
and the liquid water content (Sect. 4.2.2). To simulate the impact
of aerosol particles on cloud optical properties changes in droplet
size distribution has to be accounted for in the radiation scheme.
To calculate radiative transfers with GRAALS the extinction coef-
ficient Best,c, the single-scattering albedo w, and the asymmetry
factor g. of the clouds has to be calculated (Sect. 6.5).

The extinction coefficient with restriction to the range of visible
light is given by Eq. 4.23 as a function of liquid water content
LWC and the effective radii r.fs of the cloud droplet distribution.
With a given droplet size distribution optical parameters like ex-
tinction coefficient, single-scattering albedo and asymmetry factors
can be determined by Mie theory (Mie solution for spherical parti-
cles). However, a calculation of the Mie solution within a three
dimensional atmospheric model would be too time consuming,.

Therefore the parametrization of Hu and Stamnes (1993) is used
to calculate the optical properties of liquid clouds as a function of

Teff:

Bext,c = LWC(al'r:}f + Cl)» (653)
we = 1—(agr?; +c2), (6.54)
ge = azri;+cs, (6.55)

where LW ' is the liquid water content of the cloud and a;,
b; and ¢; (i =1,2,3) are fitting constants for a given wavelength
derived by Mie calculations. These constants are given in (Hu and
Stamnes, 1993).

To use Eq. 6.53 to 6.55 within GRAALS the fitting constants
have to be calculated for the eight spectral bands used in GRAALS.
In this work the values calculated by Zubler et al. (2011) are
used. Precipitation hydrometeors like graupel, snow and rain are
not taken into account in the radiation calculations. Radiative
feedbacks of ice clouds are also taken into account in COSMO-ART
but is not mentioned here, because SCU are warm-phase clouds.
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6.6.2 New Sub-grid Scale Clouds Aerosol Cloud
Interaction

Although COSMO-ART operates on the regional scale, there is
still the possibility that the resolution is not sufficient enough to
resolve all processes. A single grid cell could contain clouds which
are smaller than the grid cell itself and therefore are not explicitly
resolved. This is shown in figure 6.1, with a exemplary model
grid. There are blue sky condition, where cloudiness is 0 %. On
the other side there are clouds which are resolved by the grids
resolution and therefore leading to a grid cell cloudiness of 100 %.
But depending on grid size not every type of cloud may be resolved
by the model. Imagine clouds from convective processes on very
large grid sizes, where they are not resolved explicitly. To avoid
this problem subgrid scale clouds are parametrized and only a part
of the grid cell of the model is covered with clouds. This is seen in
figure 6.1 as conditions with less than 100 % but more than 0%
cloudiness are occurring. Therefore the cloudiness due to subgrid
scale clouds has to be parametrized, because the radiative impact
of subgrid scale clouds should not be neglected.

100% 100%

100%

Figure 6.1: Sketch of model grid with resolved (100 %), subgrid
scale cloudiness (below 100 %) and blue sky conditions (0 %).

In COSMO-ART a parametrization of subgrid scale clouds is
included. In the following steps it will be shown how subgrid scale
clouds and their interaction with radiation are parametrized. Note
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that all subgrid scale variables are denoted as ¥’ while grid scale
variables are, if not other stated, denoted as V.

There are two groups of subgrid scale clouds considered in
COSMO-ART. One type arises from convective processes, the other
from turbulent subgrid scale processes. It may be confusing talking
of convective clouds and subgrid scale clouds due to turbulent
processes separately, although both types are subgrid scale clouds.
The separation originates from the different processes involved with
the two cloud types (convective processes, turbulent small scale
processes). The convective clouds are treated within the convection
parametrization of the model, which was already described in
chapter 6.4. If a convective grid cell is located the convective
cloud cover (CC,py,) is calculated according to equation 6.52 from
chapter 6.4.5. The convective cloud cover will be combined with
the cloud cover of turbulent subgrid scale clouds, which will be
explained in the following.

RH [%]

or Mean RH:| |

97.0

60 -

50

AX

Figure 6.2: Sketch of subgrid scale fluctuation of relative humidity
within Az. Red line indicates grid box relative humidity and black
dashed line is at 100% relative humidity.

Assuming that a grid box containing a certain value of relative
humidity below supersaturation. In this case no gridscale cloud
would be formed. But due to small scale fluctuations of relative
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humidity within the grid box subgrid scale clouds may be formed.
Of course the subgrid scale clouds reflect a part of the incoming
solar radiation and this has to be taken into account.

The sketch in figure 6.2 shows this problem where the relative
humidity of the grid box would be at 97% and no gridscale super-
saturation is reached. In this case no cloud would be formed on
the grid scale. On the other hand small fluctuations of relative
humidity within the grid box would occur and may reach 100% or
higher. This would lead to the formation of clouds with smaller ex-
tend than the grid box itself. To account for that in COSMO-ART
a simple empirical approach is used to take into account subgrid
scale clouds from turbulent processes. This function is based on
relative humidity (RH) which is first calculated by:

RH = (qv + qc + Qz) /Q'u,sat

= (QU + qdc + Q'L) / (qv,sat,water : (]- - fice) + Gu,sat,ice * fice) )
(6.56)

where ¢, sat,water/ice 15 the specific humidity at saturation over
water and ice, ¢, the liquid water content, ¢; the ice content, f;ce
is a blending ramp function within the interval [0,1] and is defined
as following:

(6.57)

268.15 — 248.15

fi (T):lO—( T —248.15 )

where the temperature T is given in K. Following from that the

subgrid scale cloud cover for turbulent driven clouds (CCY,.) is
determined by !:
CClhy = (RH =)/ (er, = O)), (6.58)
where ( is given by:
(=095-ci0(1—0)(1+c2(0c—0.05)) (6.59)

and the parameters in 6.59 are:

INote that the subscript tur’ here refers to the subgrid scale non precipitating
clouds and are to distinguish between convective cloud cover, with the
subscript 'con’.
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o =p(2)/po
Ccr = 1.0
C1 = 0.8

02:\/§

where pg is surface pressure.
Following that it yields for the the subgrid scale cloud cover
cey,,

1.0 if ¢, > 0.0

cCy,.=10.0 for unstable stratification (6.60)
CCyr,.  else
CC4,, = 0.0 is set in case of unstable stratification to avoid dou-

ble counting of cloud cover due to the convection parametrization.
The final weight of total cloud cover CC' yields:

CcC =Caq,

tur

+Cc

con'(

1-ccy,.) (6.61)

As an input for radiation calculation the cloud water /ice content
of the subgrid scale clouds is needed. They are calculated by
following assumptions:

Qo tur = 0.005 - Gy sar - (1 = fice)
q;,tur = 0.005 - gy,sat - fice
Qrcon = 001 @y sat - (1 = fice)
@i con = 0.01 - @y sat - fice

(6.62)

and a final weight gives:

q;;ﬂ‘ad = {4z,con * C1C’con +max (Qw,tum 0.5- q;v) : Cctur : (1 - Cccon)

(6.63)

with gze{c,i} and ¢}, .., is used as an input for radiation calcu-
lation.

Although COSMO-ART is able to simulate aerosol cloud inter-

action and the impact on radiative processes (see chapter 6.6.1)

this is at the moment only realized for grid scale clouds. Optical



74 6 The Model System COSMO-ART

properties of subgrid scale clouds are unaffected by changes in
aerosol concentration. This of course has an impact on the evalua-
tion of radiative forcing in environments with a changed aerosol
concentration. By neglecting this important factor aerosol cloud
radiation interaction is not fully mapped. Without the complete
impacts of changes in the aerosol concentration there may be a
significant underestimation of the indirect aerosol effect. Because
impacts of a changed aerosol environment may be disguised by
unchanged subgrid scale clouds.

The standard scheme in COSMO assumes a fixed effective radius
of 10 um for subgrid scale cloud droplets all the time. To overcome
this disadvantage it is necessary to establish the link between
aerosols and subgrid scale clouds. In this work a first step will be
done to include aerosol cloud interaction for subgrid scale clouds.

In this work the focus lies on the radiative impact of subgrid scale
clouds. The impact on microphysical processes are not taken into
account. This means that the calculated subgrid scale cloud droplet
number concentration will have no effect on the microphysics of
subgrid scale clouds, like initiation of precipitation. This is also
due to the fact that the empirical function to calculate subgrid
scale cloudiness, as it is described before, is a parametrization for
non-precipitating clouds.

That the impact of non resolved clouds is an important factor in
case of mesoscale models could be shown by Alapaty et al. (2012).
They could show that the inclusion of subgrid scale convective
clouds lead to an improvement of the representation of the radiation
at the surface. But in the work of Alapaty et al. (2012) only the
radiative impact of subgrid scale clouds was introduced. The
dependence of the optical properties of the subgrid scale clouds on
available aerosol concentration was still neglected.

As the subgrid scale cloud liquid water content is already calcu-
lated by equation 6.63 only the subgrid scale cloud droplet number
concentration is needed for calculation of subgrid scale radiative
impacts. Subgrid scale cloud droplet number concentration N/
will be diagnosed every time the radiation scheme is called. But
N! will not be advected or undergo any microphysical process.
This underlies the assumption that a cloud is evolving within the
grid box and is dissolving again without any significant changes in
cloud droplets or producing any kind of precipitation.
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The N/ are calculated similar to the grid scale cloud droplet
number concentration N.. Therefore the approach will be the same
as it was already described in chapter 6.3.1. For simplification
in case of subgrid scale aerosol activation the grid scale aerosol
concentration is used neglecting small scale perturbations. Like
in the grid scale activation routine the same approach for the
updraught velocity is used (chapter 6.3.1) but in addition there is
an pseudo updraught velocity added which accounts for diabatic
cooling (Seinfeld, 2006):

_p_ (4T

where T is temperature and c,, is heat capacity at constant pres-
sure and g is the gravitational acceleration. Here the differential
represents the cooling rate within the atmosphere. This takes into
account for cooling processes where vertical velocity is low. The
minus is necessary since a cooling in the atmosphere translates
into a positive updraught velocity.

With the diagnosed N/ and the subgrid scale cloud water mixing
ratio calculated by equation 6.62 the subgrid scale effective radius
) ¢ 1s calculated. With this information the radiative impact of
subgrid scale clouds is then calculated by using equations 6.53 to
6.55 to calculate extinction coefficient, single-scattering albedo and
asymmetry factor of the subgrid scale clouds. Instead of the grid
scale liquid water content in equation 6.53 the subgrid scale liquid
water content from equation 6.62 is used for calculation of the
extinction coefficient. Instead of grid scale r.s; the subgridscale
) frls used in the equations 6.53 to 6.55. In case of grid scale liquid
water content the grid scale properties are used, while in case of
subgrid scale liquid water content the subgrid scale properties are
used. The optical properties for subgrid scale clouds are calculated
as following;:

Bewt,c = q(/;,rad(alr/el}lf + cl)a (665)
we = 1—(agr +c2), (6.66)
ge = a3’l"/ebf2f + c3. (667)

With this approach a link between aerosol and cloud optical
properties not only for grid scale cloud properties, but also for
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subgrid scale cloud properties is established. This new parametriza-
tion uses gridscale aerosol concentration to calculate N.. Based
on that the subgrid scale effective radius 7/, ¢ can be calculated
together with subgrid scale cloud liquid water content ¢/, which is
a diagnosed quantity. Therefore following relationship yields for
the subgrid scale quantities:

q. =1 (RH)
N!.=f(CCN) (6.68)
T/eff :f((IéaNé)

To avoid double counting the subgrid scale properties are only
used if grid scale clouds are not present and if subgrid scale clouds
are diagnosed. Then the properties of the subgrid scale clouds
are used to calculate the radiative forcing by subgrid scale clouds.
Therefore following relationship yields for grid scale ¥ and subgrid
scale W' quantities which then are used in the radiation scheme:

. if g. > 0.0
de,rad = {q, e (669)
' else
N, if ¢. > 0.0
Nc rad — 6.70
rad {Né else (6.70)

Teff if qc. > 0.0
Teffrad {réff else ( )



7 Deficit of Convection
Parametrizations

In this chapter sensitivity tests will show the deficits of convec-
tion parametrizations, especially the Tiedtke scheme used within
COSMO-ART, regarding aerosol cloud interaction and grid size
resolution. First the setup of the simulations will be briefly ex-
plained, while in the second part of this chapter the unsatisfactory
results of the convection parametrization in context of aerosol
cloud interaction and grid resolution will be shown.

7.1 Simulation Setup

To show the deficits of the convection parametrization used in
COSMO 6 simulations with different settings will be analysed.
Every single simulation starts on October 19th 2008 at 0 UTC and
the time period of each simulation is 3 days. Since the experience
with former simulations but with coarser resolution (Schad, 2012)
an increase of horizontal resolution from 0.125° (=~ 14km) to
0.0625° (= 7km) is applied to better resolve the cloud structures
of the marine boundary layer clouds. The domain size is chosen
to still cover a reasonable large area. Additionally the vertical
resolution is increased from a default value of 40 layers to 65 layers,
with about 20 layers in the boundary layer together with 420 x 430
horizontal grid points and a time step of 30s. The domain is shown
in figure 8.1. The red square is the nested domain with higher
resolution of 0.0125° (~2.8km) with the same vertical resolution
of 65 levels and 420x400 horizontal grid points.

To save computational time only the meteorological quantities
are calculated. The meteorological initial and boundary conditions
are provided by ECMWF analysis data. To calculate the cloud
droplet number concentration prescribed aerosol scenarios are
used. This means that for the following sensitivity study no
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prognostic aerosol and gas phase chemistry is taken into account.
This also means that for aerosol activation the parametrization of
Segal and Khain (2006) is used to calculate cloud droplet number
concentration N..

In four simulation only the tunable parameter b, (see equation
6.49) is changed to show the sensibility of grid scale liquid water
path (LWP) on this parameter. For the four simulations a maritime
aerosol scenario is chosen for calculation of N. because the domain
covers a large area dominated by maritime conditions. In a further
simulation the parameter b, is kept constant, but the aerosol sce-
nario for the calculation of N, is changed to a continental scenario.
To demonstrate the influence of the convection parametrization
on changes in aerosol concentration two additional simulations
without the convection parametrization are conducted, where one
simulation used a maritime and the second a continental scenario
for calculation of .. This selection of scenarios will demonstrate
the effect on radiation and how convection parametrizations prob-
ably cloak aerosol cloud radiation effects. Table 7.1 gives a brief
summary on the simulations used for this chapter.

Table 7.1: Overview of simulations in this chapter. ’X’ indicates
that convection parametrization is used, while -’ indicates that
convection parametrization is switched off. All simulations shown
here are at a grid size of about 7km.

Simulation conv. paramet. bu  aerosol scenario (CCN)
busz,m X 0.33  maritime (100 cm™3)
buzsm X 0.23  maritime (100 crn~3)
bus,m X 0.15 maritime (100 cm~=3)
bline,m - - maritime (100 em™3)
buas X 0.23  continental (1800 c¢m™3)
bunc,c - - continental (1800 Cmfg)

Some further changes are made to the convection parametriza-
tion, since former studies (Siebesma and Holtslag, 1996; Wang
et al., 2004a,b) showed that the Tiedtke convection parametriza-
tion needs some adjustments in case of low-level stratocumulus
clouds. Siebesma and Holtslag (1996) could show that the entrain-
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ment and detrainment rates € and § of equation 6.48 should be
adjusted for shallow convection. Therefore for all of the sensitivity
tests the entrainment and detrainment rates € and d are set to a
value of 2.5-1073m ™! to use the overlapping value of the range
which is given in 6.51.

In this chapter the influence of the convection parametrization
(Tiedtke scheme) on cloud properties and radiation will be shown.
Since the Tiedtke scheme (see chapter 6.4) has several tunable
parameters one is chosen to display the sensitivity of this particular
parameter. Here the tunable parameter b, is chosen which refers to
the fraction of the mass flux which is allowed to detrain above the
layer of zero buoyancy (see equation 6.49). Wang et al. (2004a,b)
reported the sensitivity of liquid water path (LWP) on this pa-
rameter. While the focus in the study of Wang et al. (2004a,b)
lied only on LWP this study will show the influence on aerosol
cloud radiation interaction. Therefore three different values for
this tunable parameter are chosen to investigate its impacts.

For b, the values 0.15, 0.23, and 0.33 are chosen. The last of the
three values describes the default value used in COSMO and the
original value used in Tiedtke (1989). The first value is arbitrary
chosen and the value of 0.23 can be found in Wang et al. (2004a,b).
A similar value of 0.26 is found in Zhang et al. (2011).

7.2 Sensitivity Tests

Studies showed that several adjustments should be made if the
Tiedtke convection scheme is used for simulations in the South
East Pacific. As already mentioned in chapter 7.1 the entrainment
and detrainment rates are adjusted according to Siebesma and
Holtslag (1996). Furthermore Wang et al. (2004a,b) reported to
change the parameter b,, which denotes the fraction of the mass
flux which is allowed to detrain above the layer of neutral buoyancy,
to a value of 0.23. This lead to an improvement of liquid water
path compared to observations. In this chapter the impact on
LWP will be briefly shown for three values: 0.15, 0.23, 0.33, while
the entrainment and detrainment rates are kept constant.

In figure 7.1 the changes of the horizontal mean gridscale liquid
water path (LWP) over the three days of the simulation with
different b, is shown. Note that only clouds over the ocean are
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Figure 7.1: Mean changes of three day simulation on grid scale
LWP by using b,=0.33 and b,=0.15 (left side) and b,,=0.33 and
b,=0.23 (right side).

taken into account. The left figure shows the change of buis ., —
buss,m, which is about 2.25 gm~2. Grid scale LWP is higher in the
simulation bus , than in buss »,. The right side shows the changes
between busas ,, and buss,,, where the change is lower compared to
the other case, namely 1.35 gm~2. High values of b, causes that a
larger fraction of cloud water is detrained over the level of neutral
buoyancy. In this case the level of neutral buoyancy is the height
of the boundary layer, respectively the inversion height of the
boundary layer. Since in this particular case the free troposphere
above the boundary layer is quite dry all the detrained cloud water
is evaporated there. With lower values of b, more grid scale cloud
water is kept within the boundary layer due to lateral detrainment.
Therefore more grid scale boundary layer clouds are present. This
also leads to the lowest amount of grid scale boundary layer clouds
in case of simulation buss ,,,. The whole region shows changes in
both directions. But especially in the northern part of the domain
areas with positive changes are predominant. This shows that grid
scale LWP has a high sensitivity regarding the parameter b,,.
Wang et al. (2004a,b) found that the value of 0.23 seems to be
more realistic than the default value of 0.33 in case of stratocumulus
clouds. The value of 0.23 is now analysed in comparison to the
simulation buy.,, where the convection parametrization is switched
off. Figure 7.2 shows the difference of the mean grid scale LWP
between bugs ,, and buyc.,. The change in grid scale LWP is
about 9 gm~2 and therefore substantially higher in the simulation



7.2 Sensitivity Tests 81

[gm~2]

90°W 85°wW 80°W 75°W

Figure 7.2: Mean changes of three day simulation on grid scale

LWP by using b,=0.23 and switching convection parametrization
off

buyc,m compared to the simulation buss n,. Again the northern
parts of the domain show highest changes in grid scale LWP (larger
than 16 gm~2). It is clear that the convection parametrization has
major impacts on grid scale LWP. This will be more obvious by
comparing all four conducted maritime scenarios.

The timeseries in figure 7.3 shows the temporal evolution of
mean gridscale LWP (only clouds over ocean are taken into ac-
count) of all four maritime simulations (see table 7.1). Again
it is obvious that with a decreasing b, mean gridscale LWP is
increasing, due to the already mentioned reasons. But it is also
obvious that the increase in mean gridscale LWP is highest when
the convection parametrization is switched off. Changes in b,, lead
to only marginal changes in gridscale LWP compared to the change
of LWP if convection parametrization is switched off. This may
be not remarkable, because part of cloud water is “stored” in the
subgrid scale clouds of the convection parametrization, but on the
other side it may be not so obvious and it should be pointed out
here. In addition if the convection parametrization is used the
boundary layer seemed to be more permeable for humidity and
cloud water. The simulations with convection parametrization
revealed that the boundary layer is much drier over time compared
to the simulation by, (not shown here).
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As convection parametrization impacts the representation of
boundary layer clouds and impacts massively the amount of grid-
scale LWP this will also have impacts on radiative properties of
the boundary layer clouds. In COSMO the subgrid scale LWP is
on the one hand used as input for the radiation scheme to take
radiative effects of subgrid scale clouds into account. But on the
other hand the subgrid scale LWP which is used for radiative
impact is diagnosed in the radiation scheme (see chapter 6.6.2).
The subgrid scale LWP which is calculated within the convection
parametrization is not used within the radiation scheme. This
results in a shortcoming that the convection parametrization has
a substantial impact on grid scale LWP, where aerosol cloud ra-
diation interaction is realized, but subgrid scale LWP from the
convection parametrization is not used in radiation scheme. Ad-
ditionally there is no linkage between subgrid scale cloud optical
properties and aerosol concentration.

@ { — buism buss, i buss, b, m ]
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Figure 7.3: Time series of mean grid scale LWP over total domain
for different values of tunable parameter b, (b1 m, btog mbuss.m)
and a simulation where convection parametrization is switched off
(bunc,m)-

To reveal the influence of the convection parametrization on
the radiation the changes in cloud effective radius 7.y, and cloud
optical depth 7. is further analysed since they have the biggest
impact on radiation.

The convection parametrization has two major drawbacks to
study aerosol cloud interaction. First is the use of a one moment
bulk microphysics scheme. As described in chapter 6.4.4 the
convection parametrization has only a simplified cloud model which
is independent of aerosol concentration. The second drawback is
as shown in chapter 6.6 that the radiative properties are only a
function of diagnosed subgrid scale liquid water content ¢.. In
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principle those two drawbacks lead to two major problems in
studying aerosol cloud interactions.

First, the simple cloud model excludes changes in aerosol load
and composition. Additionally there will be no microphysical
changes in the parametrized processes. For example changes in
precipitation processes are not linked to changes in aerosol con-
centrations. Changes in aerosol load would lead to changes in
microphysical processes and lead to less or more precipitation.
This processes are not taken into account in a simple cloud model
like it is used in the Tiedtke convection scheme. A change in
parametrized precipitation results mainly from changes of grid
scale properties. Of course the grid scale properties could be
changed due to changed in aerosol properties. But still there is no
direct link to the microphysical scheme of the parametrization and
the cloud model is unaffected by aerosol concentrations. Further-
more as long as the convection parametrization is used in COSMO
there is no possible way to produce drizzle since it is inhibited for
the shallow convection scheme (see 6.4.4).

Second, changes in subgrid scale cloud optical properties are not
linked to aerosols. That subgrid scale convection and therefore the
corresponding subgrid scale clouds and their feedback on radiation
plays an important role even for regional models could be shown
by Alapaty et al. (2012). But without any changes of the optical
properties due to changes in aerosol loading and/or composition
there is also no changes in radiative feedback from the convective
subgrid scale clouds. A further problem is the detrainment of cloud
water resulting from the convection scheme. The detrainment is
a source for grid scale cloud water ¢. but there is no source for
grid scale cloud droplet number concentration V., which is slightly
inconsistent. This depict a source for mass but not for number
concentration and may also lead to a bias in 7.y y.

To further investigate the influence of the convection parametriza-
tion on cloud properties two additional simulations are conducted.
One with b, = 0.23 (bugs ) and a second with switching off the
convection parametrization (buye,), but each with a continental
aerosol scenario (1800 cm =3 CCN). Now it will be briefly analysed
how cloud optical properties changed due to a change in aerosols
if convection parametrization is switched on and off.

For this purpose the probability density function (PDF) of
liquid water content (LWC), effective cloud droplet radius 7.y,
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and cloud optical depth 7. for bugg,, and buyc,, is evaluated
(figure 7.4). To calculate the PDF only grid scale cloudy points are
taken into account for LWC and r.ss. For 7. every grid point is
taken into account where 7, is greater then zero. The numbers in
brackets in the legend behind the simulation denotes the number
of points taken into account in the PDF. All are 3D variables and
depending on gridscale clouds, except 7. which is a 2D variable but
is additionally depending on subgrid scale properties (see chapter
6.6.2). All three days of the simulation period are taken into
account.

The PDFs of the LW C' in case of the maritime scenarios (buas m,
bne,m) have a similar structure. But note that the PDF just shows
the distribution and not the amount of grid points which are taken
into account. To illustrate this also the number of grid points which
are taken into account for the calculation of the PDF is shown
in the legend of the plot. The simulation bugg ,, has nearly 1/5
less grid points taken into account for the calculation of the PDF.
This illustrates even more the previous findings that less gridscale
LWC is available if the convection parametrization is used. This is
similar in case of . where again fewer grid points are taken into
account. The differences in the PDFs of r.fy are obvious. buycm
shows a slight peak in rfy around 15-16 pm which is not the case
in bugs m, where no distinct peak is visible. Additionally there is
a much steeper slope from the peak to smaller values of r.s; in
bupe m which is not recognizable in bugs . The slope towards
smaller values of r.ry in case of bugs ,, is much smoother than in
bune,m. And the PDF of bugs ,, shows a shift to smaller values of
Tefr compared to Dupem. T. shows obvious differences between
buas m and bupe,y,, where bu,..,, peaks between a value of 0.8
and 1.0. On the other side buss ., peaks at slightly higher values
between 1.0 to 1.3. This indicates optically thicker clouds in case of
buas . High values of 7. are less occurring in buy, ,», compared to
buas ;. All in all bugg ,,, is shifted to higher values of 7, compared
t0 biye,m- Note that in this case nearly the same amount of grid
points are taken into account. This is due to the fact that 7 is also
depending on subgrid scale clouds and now clouds from convection
and turbulent processes are taken into account in calculation of
T.. Although the convection parametrization is switched off nearly
the same amount of grid points taken into account in case of 7,
which makes the results comparable towards radiative impact. It
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is obvious that there is a substantial difference in 7. between both
scenarios.
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Figure 7.4: PDFs of simulation bugs ,, and buy,m for liquid water
content (LWC), effective radius (rcs¢) of cloud droplets, and cloud
optical depth (7). Note that the PDF of 7, takes every cloudy (grid
& subgrid scale) grid box and the PDFs of LWC and r.¢s takes
only grid scale cloudy boxes into account. Number in brackets are
grid points taken into account.

Comparing the PDFs of the continental cases (figure 7.5) reveals
that in case of bugs . nearly 1/4 less grid points are taken into
account than in case of bu,.. (LWC and r.y¢). But in case of
the continental scenarios (buas,. and buy..) the PDFs of LWC,
reff, and 7. have a similar shape. This already indicates that the
convection parametrization produces optically thick clouds since
the continental scenario with no convection parametrization fits
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better to the continental scenario with convection parametrization
than the maritime scenarios (shallow convection on or off) to
each other. It indicates that the parametrization of subgrid scale
clouds originating from shallow convection produces optically too
thick clouds. On the other hand 7, indicates that the convection
parametrization has a major impact on radiation which should not
be neglected.
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Figure 7.5: PDFs of simulation buss . and buy. . for liquid water
content (LWC), effective radius (7. f f) of cloud droplets, and cloud
optical depth (7). Note that the PDF of 7. takes every cloudy (grid
& subgrid scale) grid box and the PDFs of LWC and r.¢y takes
only grid scale cloudy boxes into account. Number in brackets are
grid points taken into account.

To better understand the impact of the convection parametriza-
tion the PDFs of the different aerosol scenarios are compared to
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Figure 7.6: PDFs of simulation bugs ., and bugs . for liquid water
content (LWC), effective radius (r.f f) of cloud droplets, and cloud
optical depth (7..). Note that the PDF of 7. takes every cloudy (grid
& subgrid scale) grid box and the PDFs of LWC and r.y; takes
only grid scale cloudy boxes into account. Number in brackets are
grid points taken into account.

each other (bugs ., vs. bugs . and bupcm vs. bunc ). In figure 7.6
the PDFs of busgs ., are compared to the ones of bugz .. LWC is
shifted from lower to higher values. This is accompanied with a
decrease of r.ff, which is expected since an increase in aerosol con-
centration leads to a higher number concentration of cloud droplet
number concentration N, and therefore leading to a decrease in
refs. The increase of IV, leads to a suppression of precipitation and
therefore to an increase in LW(C'. Furthermore there is a slight
increase in overall 7. since values are slightly shifted to higher
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values. This is also expected according to the Twomey effect, that
an increase in aerosol concentration would lead to optically thicker

clouds.
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Figure 7.7: PDFs of simulation buyc m,n and buy,. . for liquid water
content (LWC), effective radius (r.f f) of cloud droplets, and cloud
optical depth (7.). Note that the PDF of 7, takes every cloudy (grid
& subgrid scale) grid box and the PDFs of LWC and r.yy takes
only grid scale cloudy boxes into account. Number in brackets are
grid points taken into account.

In figure 7.7 the PDFs of buyc mm and buy,. . are compared to each
other. LWC' is shifted to higher values, while r.¢s is shifted to
lower values and that is what is expected according to the Twomey
effect. Comparing the PDFs of by, and by to the ones of
buas », and bugs . shows that the shifts are diverse. Although the
shift in LW C seems to be similar regardless of switching convection
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parametrization on or off the changes in r.s; are enormous. The
shift in r.f; seems to be more pronounced in case of buncm
to buyc, from higher to lower values of r.;y. While bupc n and
bin have both a distinct peak at 15um and 8um respectively.
The PDFs in case of bugs,m,m and buss,. don’t show such distinct
peaks. This already reveals clear differences if the convection
parametrization is used or not in an environment with changing
aerosol concentrations. But even more interesting is the change
in 7.. There is a clear shift from lower values of 7. in case of
bipe.m towards higher values in case of buy,. ., which clearly shows
the effect of a change in aerosol concentration in cloud optical
properties. In case of bugs,, and busgs,, the shift is not that
pronounced. This is due to the fact that the convection scheme is
not aware of aerosol concentration. There is no linkage between
aerosols and microphysics and cloud optical properties. As 7. is
only a function of diagnosed subgrid scale LW C’ and LW’ is not
affected by aerosols, also subgrid scale 7. is not affected by aerosols.
Furthermore the subgrid scale effective radius is a fixed value and
is unaffected by a change in aerosol concentration. A further
slight inconsistency is that the radiation scheme uses a diagnosed
subgrid scale LW’ and not that which is calculated within the
convection scheme. At the end radiative properties resulting from
the convection parametrization are directly unaffected by a change
in aerosol concentration. There is still the possibility that radiative
properties are changed due to a change of aerosol concentration.
But this change is happening indirectly due to a change in grid
scale properties. The impact is depending on the magnitude of the
influence of the convection parametrization on the total radiative
properties. In the end this may lead to an underestimation of the
aerosol effect.

To quantify the impact on radiation the change of the mean
short-wave radiative fluxes at top of the atmosphere (TOA) is
plotted in figure 7.8 for Abugs = buag ., — buss . (left side) and
Abupe = Dipe m — b, (right side). The most obvious difference
between those simulations is the northern part of the domain. In
case of Abugg there are areas with nearly no change in radiative
forcing accompanied by areas with slight positive radiative forcing.
Contrary Abu,. shows in the same area a substantial negative
radiative forcing. A small feature along the coast in the northern
part of the domain (around 15°S, 78°W) is quite interesting since



90 7 Deficit of Convection Parametrizations

[Wm 2]

[ Mean change:
-5.66

£ S |

90°wW 85°W 80°w 75°W 70°W 65°W

!

Figure 7.8: Changes of short-wave radiative fluxes at TOA between
bugs m and buaz . (left) and bupcm and bupc . (right).

in case of the convection parametrization it shows a negative short-
wave forcing and on the other hand it shows none to small positive
forcing in case of Abu,.. This may not be directly related to the
convection parametrization and its impact on radiation but may
result from differences in grid scale meteorological variables. Still
its worthy to mention it, because it shows the opposite sign. The
southwestern part of the domain shows quite similar effects in
both cases, where areas exhibit positive but also strong negative
radiative forcing.

In case of Abusz the mean change in radiative forcing is about
-5.66 Wm~2. While the mean change in case of Abu,, is about
-17.8 Wm™2. Due to the large difference it is obvious that the
convection parametrization has a substantial impact on radiative
forcing. Furthermore it reveals that the impact can have the
opposite sign in same areas if convection parametrization is used
or not. This shows a substantial problem in the investigating of
the impacts of aerosol cloud radiation interactions.

It is obvious that in some parts of the domain the impacts
result in a different outcome if the convection parametrization is
switched off. Since there is no interaction between aerosol and
cloud microphysics of the convection scheme it is hard to speak
of investigating aerosol cloud interaction and the impacts on ra-
diation in this context. The results shows that the convection
parametrization has a large impact on quantities which are rele-
vant for cloud radiative feedbacks (like 7.). Those quantities are
on grid scale linked to aerosols and therefore an aerosol cloud ra-
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diative interaction is established. While this is not true for subgrid
scale processes. Therefore a shortcoming arises for the convection
parametrization if aerosol cloud radiation impacts are investigated.
Furthermore the inconsistent treatment of the subgrid scale LW C’
which is taken into account for radiative calculation is a further
shortcoming in COSMO. It could be shown that the impact on
radiative forcing in a changed aerosol environment is foiled by the
convection scheme if aerosol cloud interaction is not taken into
account in the parametrization.

The effect of the parametrization is even worse in case of the
simulation with 2.8 km grid spacing. The nested domain reveals
a very worrying effect of the Tiedtke scheme in COSMO since it
inhibits, in this very particular case of a stable boundary layer, the
production of grid scale LWP (see figure 7.9). In the default setup
of COSMO at the DWD the shallow convection scheme is active on
that grid spacing. But in this particular case of a stable boundary
layer this leads to a fatal result since nearly no gridscale LWP is
visible in the simulations. In this case nearly no microphysical
processes are taking place on the grid scale and the subgrid scale
part of the Tiedtke scheme is taking over. This is contrary to
the purpose of a subgrid scale parametrization. One hint to the
problem could be that the scheme itself is not scale aware, which
means it cannot adapt to smaller grid sizes, although it should
be scaled to the grid size. In the case of the Tiedtke scheme it
would be the assumption that the updraught area is much smaller
than the grid size itself, which is questionable for grid sizes in the
range of 2.8 km. For this the use of a scale dependent version of
the COSMO shallow convection scheme should be used, which is
not available for this work. A more detailed discussion about the
problems of convection parametrizations can be found in the work
of Arakawa (2004).

Because of the subjective tuning of the parameter b, and its
impact on cloud optical properties (like LWP and r.s¢) and the fact
that the convection parametrization performs horrible in case of the
highest resolved model domain and as it is not aware of any aerosol
cloud interaction it is decided that any further simulation with both
grid sizes are conducted without the convection parametrization.

The sheer fact that there is no aerosol cloud interaction linked to
the convection parametrization and the resulting radiative impact
make it difficult to rely on the parametrizations. Not only that
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Figure 7.9: Grid scale LWP for simulation with grid size 2.8 km in
case with convection parametrization on (left side) and off (right
side)

there is a problem with scale dependency as it was pointed to since
years by Arakawa (2004). Additionally the missing link to aerosols
is a further disadvantage of those parametrizations and make them
to a big construction yard in global modelling.

This arises the question how good is aerosol cloud interaction
represented in GCMs at the moment since most, if not all, cloud
processes are on the subgrid scale in those models. How big is the
bias due to convection parametrizations which are not aware of
aerosols and grid size? As it was pointed out in the last IPCC
report (Boucher et al., 2013) convection parametrizations are
not performing very well regarding precipitation. Convection
parametrizations are still not capable to reproduce precipitation
in the right manner. Furthermore the response of low-level clouds
to global warming seems to be problematic in GCMs. The IPCC
report (Boucher et al., 2013) states that they have a positive
response and the report is not confident that this is realistic,
since this behaviour is not well understood, nor it is effectively
constrained by observations.

Within the global model ECHAMSG6 for example the cloud cover is
tuned in areas where SCUs are occurring frequently to get at least
some cloudiness in this areas where low-level clouds evolving under
a sharp inversion due to the relatively coarse vertical resolution of
the model (Giorgetta et al., 2013). This shows that SCUs are still
a very challenging task for models, especially for GCMs.



8 Comparison of Model
Simulations with

Observational Campaign
VOCALS-REx

8.1 Simulation Setup

8.1.1 Setup of the Simulation with 7km
resolution

To simulate a real case scenario it is necessary to evaluate the
capability of COSMO-ART reproducing the conditions in the
South East Pacific (SEP). Most, if not all, global models have
difficulties simulating marine boundary layer clouds in regions
like the SEP, mainly due to the coarse vertical and horizontal
resolution. Even regional models encounter problems simulating
the properties of marine boundary layer (Wyant et al., 2015). To
better understand the processes in this special region a major
campaign was conducted in the year 2008 to observe essential
cloud properties (Wood et al., 2010).

To evaluate the skill of COSMO-ART a time period during the
campaign in October 2008 is chosen. The start of the simulation
is on 19th October 2008 and endures 25 days. For this period the
skills of COSMO-ART are evaluated against observations. Since
the experience with former simulations, but with coarser resolution
(Schad, 2012), an increase of horizontal resolution from 0.125° (=~
14km) to 0.0625° (=~ 7km) is performed to better resolve the cloud
structures of the marine boundary clouds. The domain is chosen
to still cover a reasonable large area. Additionally the vertical
resolution is increased from a default value of 40 layers to 65 layers,
with about 20 layers in the boundary layer together with 420 x
430 horizontal grid points and a time step of 30s. The domain is



8 Comparison of Model Simulations with Observational Campaign

94 VOCALS-REx

shown in figure 8.1. A further simulation with higher resolution is
performed. This simulation is nested into the domain with 7 km
grid spacing. The red square indicates the nested domain with the
higher resolution and will be described in chapter 8.1.2.

ECMWF analysis data is used as a driver of the meteorological
initial and boundary conditions. The boundaries are updated
every 6 hours. To avoid prescribed gas profiles and a cold start of
aerosols, data from the global chemical model MOZART (Brasseur
et al., 1998) is used and the chemical input data is updated every 6
hours. Since MOZART only delivers mass mixing ratio for aerosols
this data is prepared to fit to the lognorm distributions of COSMO-
ART. The number concentration of the aerosols is calculated from
the mass.

The interval of the call of the radiation scheme is increased from
60 minutes to 30 minutes, which shows a slight improvement in
the simulations (not shown here). Instead of the bulk microphysics
scheme the more sophisticated two moment microphysics scheme
of Seifert and Beheng (2006) is used. The cloud droplet number
concentration is calculated using prognostic aerosol concentrations
from COSMO-ART as it is described in chapter 6.3.1.

As the convection scheme shows several deficits (more details
chapter 7) it is not used in the simulations. The 25-day continuous
simulation is compared to several meteorological data observed
during VOCALS-REx. After that multiple climate engineering
scenarios are performed, where the size of the seeded sea salt
particles is varied. An overview of the conducted simulations is
given in table 8.1.

8.1.2 Setup Simulation 2.8km resolution

COSMO-ART has the ability to be nested into a coarser COSMO-
ART simulation. To further improve the simulated cloud structures
a nested simulation with a resolution of 0.0125° (= 2.8km) is
performed. The boundary data is prescribed by using the output
of the coarser simulation (chapter8.1.1) and is updated every hour.
Like the coarser resolution 65 levels in the vertical is used, together
with 420 x 400 horizontal grid points and with a time step of 20s.
The red square in figure 8.1 shows the nested domain. Convection
parametrization is switched off, because of the reasons described
in chapter 7.2.
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Figure 8.1: Simulated outer domain with grid size of 7km and
nested domain with grid size of 2.8 km (red square)

8.2 Role of Subgrid Scale Cloud
Processes

As already mentioned in chapter 6.6.2 COSMO-ART takes sub-
grid scale clouds from turbulent processes into account. Those
diagnosed non-precipitating clouds can have a substantial impact
on radiation and therefore it is necessary to link them to aerosols
to include subgrid scale aerosol cloud interaction (sACI). This was
missing in COSMO-ART before this work and in the standard con-
figuration the effective radius r/ 7y of subgrid scale clouds is set to a
value of 10pm. Two reference simulations are carried out with grid
spacing of Tkm (REF'Ty0sgs) and 2.8km (REF'2.8,,0545) With the
fixed value of 10um for 7/ ff Two further simulations (REF7 s
and REF2.8,4) are carried out, where the gridscale prognostic
aerosol is used to calculate 7, 7pas it is described in chapter 6.6.2.
In the following the results will be discussed briefly.
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Table 8.1: Overview: setups of the simulations for comparison
with VOCALS-REx and CE. All listed simulations convection
parametrization was switched off.

CE scenario

Simulation (emitted sea grid points grid size  time step
salt mode)
REFT74s - 420 x 430 x 65 Tkm 30s
REFT710sgs - 420 x 430 x 65 Tkm 30s
CEAT 4 sa 420 x 430 x 65 Tkm 30s
CEATposgs sa, 420 x 430 x 65 Tkm 30s
CEABT7 4, sa & sb 420 x 430 x 65 7km 30s
REF2.844s - 420 x 430 x 65 2.8km 20s
REF2.8,0sgs - 420 x 430 x 65 2.8km 20s
CEA284s sa 420 x 430 x 65 2.8km 20s
CEB2.8,4, sb 420 x 430 x 65 2.8km 20s
CEAB2.8,4s sa & sb 420 x 430 x 65 2.8km 20s

Track Ron Brown

LW
15°S

A

20°S

£

30°s
90°W 85°W 80°W 75°W 70°W 65°W

Figure 8.2: Path of the Ron Brown during VOCALS REx from
October 24th to October 31st.

For comparison the measurements of the ship Ron Brown' are

used. The path of the ship is displayed in figure 8.2. It cruised

IData are provided by Simon de Szoeke (Oregon State University), Daniel
Wolfe (NOAA/ESRL/PSD), Sandra Yuter (North Carolina State Univer-
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Figure 8.3: Time series of shortwave measured by Ron Brown
during VOCALS-REx from October 24th to October 31st. Obs =
Observations.

mainly along 20°S. The incoming solar radiation was measured
by the ship and is compared to the hourly instantaneous values
of the simulations REF7,s9s and REF7,4,, which can be seen
in figure 8.3. The RMSE and coefficient of determination (R2)
is only calculated if the shortwave radiation is greater then zero.
Note that this is a consecutive simulation which runs completely
free after initialisation and only the boundaries are updated. The
comparison to observations starts five days after initialisation of
the model simulation.

REFTy0s9s shows that the daily cycle of shortwave radiation
compared to observation is quite well captured by the model. The
shortwave radiation which is reaching the ground is most of the
time slightly underestimated in case of REF'7,0s4s. That not all
features are captured by the model is not surprising since it is
a free running simulation and after five days of simulation you
would not expect that every detail is perfectly reproduced by the
model. But all in all the results are comparing fairly good in case
of REF 75,0595 The RMSE is about 245.2 Wm~=2 and R2 is about
0.765.

sity), and Chris Fairall (NOAA/ESRL/PSD) with funding from the NOAA
Climate Program Office.
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But if sACI is taken into account (REF'7,4,) the importance of
the subgrid scale clouds is revealed. There are quite significant
differences compared to REF7,,s. For example at the third
peak there is a considerable difference between REF7,,s4s and
REF7,4, where more shortwave radiation reaches the ground in
REF7,4, compared to REF7,,4s. Quite obvious is the difference
at the seventh peak where a sharp decrease in shortwave radiation
in REF7,4s can be seen which is not visible in REF'7,,054s. That
aerosol awareness of subgrid scale clouds is important is reflected
by the RMSE and R2. Both are improving to 211.5 Wm ™2 and
0.82 respectively.

1400 [— obs — REF2.8,,, R2: 0.8146, RMSE: 212.6
— REF2.8,,.,,, R2: 0.8067, RMSE: 220.4
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Figure 8.4: Time series of shortwave measured by Ron Brown
during VOCALS-REx from October 24th to October 31st. Obs =
Observations.

Similar effects are seen in case of REF2.8,,059s and REF2.8,4
which are shown in figure 8.4. It is obvious that REF2.8,,4s4s is
already performing much better than REF'7,,,s4s as RMSE is about
220.4 Wm~?2 and R2 is 0.8067. And REF2.8,, is performing
better than REF2.8,,,s,s since RMSE is improving to 212.6 Wm ™2
and R2 to 0.8146. However the improvement is smaller compared
to the improvement of REF 7,595 to REF7445. This gives the hint
that subgrid scale clouds becoming less important in case of the
higher resolved simulation which is satisfying since clouds become
more and more resolved by the grid spacing. Since RMSE and R2
are about the same magnitude in case of REF7,4, and REF2.8,4,
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and together with the large improvement from REF7,,s4s to
REFT7,4, it shows how important the right treatment of subgrid
scale clouds is. Without the subgrid scale aerosol cloud radiation
interaction the model performs not as good as with and therefore
it should not be neglected.

[Wm 2]

90°W B85°W B0°W 75°W 70°W  65°W

Figure 8.5: Impact on shortwave radiation L, at surface by in-
cluding ACI for subgrid scale clouds.

The importance to include subgrid scale aerosol cloud radiation
interaction is obvious if the changes of the mean shortwave ra-
diation L, at the surface is evaluated. The changes are plotted
in figure 8.5 for AREFT7 = REF7,45s — REF 70445 and in figure
8.6 for AREF2.8 = REF28,5s — REF2.8,,,s4s. It reveals the
main disadvantage if a prescribed value of r/, s 1s used for subgrid
scale clouds. Shortwave radiation is increased in the maritime
remote area far away from the coast. This means that in case
of REF7,4, more shortwave radiation compared to REF}, 5545 is
reaching the surface, which is mainly due to the fact that the mar-
itime conditions lead to larger r/, Iy compared to the prescribed
value. On the other side there is a negative radiative forcing near
the coast because the cloud droplets are smaller compared to the
prescribed value. Near the coast anthropogenic aerosol leads to
polluted conditions which results in smaller cloud droplets.
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Figure 8.6: Impact on shortwave radiation L, at surface by in-
cluding ACI for subgrid scale clouds.

Figure 8.6 shows Ls in case of AREF2.8. There is an increase
of incoming shortwave radiation in the remote area and a small
decrease near the coast. This is due to the same reasons as
mentioned before. The remote area is more pristine and the
coastal area is perturbed by anthropogenic aerosol. This results
in a gradient of 7/, #¢ Wwhich is not covered if subgrid scale aerosol
cloud interaction is not taken into account.

In areas with a sharp gradient of aerosol concentration as it is
the case in the southeast pacific it leads to an underestimation of
cloud radiative forcing induced by aerosol changes. If neglected
the forcing of subgrid scale clouds is overestimated in areas with
low amount of aerosols, while it is underestimated in areas with
high amount of aerosol concentration.

The impact is quite significant as the mean change in shortwave
radiation at the surface is about 14 Wm~2 in case of AREFT.
This is mainly due to the fact that a large area is dominated
by maritime conditions. The change of AREF2.8 is only about
5.46 Wm~2. This results from the fact that a larger fraction of the
simulated domain is affected by anthropogenic aerosol, compared
to the coarser and larger domain.
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It is shown that at coarser resolutions subgrid scale clouds are
more important, since it is not possible to resolve the clouds
accurately at coarser grid sizes. Therefore it is vital to include
subgrid scale ACI. Although this region is very special due to its
sharp transition from polluted conditions to maritime conditions
and therefore the effect of including subgrid scale aerosol interaction
is very clearly seen, the essence that it is important to include
subgrid scale aerosol interaction is also valid in other regions. This
will have further impacts in case of MCB because neglecting the
subgrid scale aerosol cloud interaction would underestimate the
effect of MCB.

This chapter shows that it is necessary to include aerosol cloud
radiation interactions for subgrid scale clouds. In case of subgrid
scale processes which are necessary for coarser grid sizes it is
vital that all parametrizations are linked to aerosol changes. It is
shown that if subgrid scale aerosol cloud interaction is included
the simulation with coarser resolution compares similar good to
observation as the higher resolved simulation. Otherwise if subgrid
scale ACI is neglected it leads to biases and underestimation of
the aerosol effect.



028 Comparison of Model Simulations with Observational Campaign

! VOCALS-REx

8.3 Comparison with Observations
(VOCALS-REXx)

As shown in the previous chapter the model results of REF7g,
and REF2.8,4; compare fairly good to observational shortwave
radiation. Because subgrid scale aerosol cloud interaction (sgsACI)
is an important factor from now on every simulation takes, if
not other mentioned, sgsACI into account. In this chapter the
model results are compared to satellite data, radiosondes and
in-situ measurements taken during the measurement campaign
VOCALS-REx (Wood et al., 2010).

To compare the liquid water path (LWP) of the model results to
satellite observations (Tenth Geostationary Operational Environ-
mental Satellite (GOES-10) with methods of Minnis et al. (2011))?
a 25 day mean at 13UTC and 17 UTC is used. The satellite data
is regridded to the grid size of the model results, while the model
results contain sub-grid scale diagnosed LWP.

The observations show at 13 UTC (figure 8.7) a nearly uniform
distribution of LWP with values of 100 to 150 gm~2 and lower
values near the coast and the southwest region of the domain.
There are only few regions where LWP passes over 150gm™2. A
small band with lower values between 40 to 60 gm~2 along the
coast is visible. Higher values are located direct at the coast around
73°W and 18°S and 79°W and 12°S.

The results of REF7,4, show nearly the same uniform distri-
bution of LWP with values between 150 to 200 g m ™2, where also
single areas reach values greater then 200 gm™2. The band like
structure with increased values of LWP (reaching from 75°W and
25°S to 20°S and then reaching to 85°W and 10°W) is visible in
REF7,4, but with higher values and shifted more towards the
coast. Although the model results don’t show the lower values in
the same magnitude compared to satellite observations along the
coast, they show the small increased band of LWP compared to
the surroundings near the coast of Peru (73°W, 17°S and 78°W,
12°8S), as well along the coast of Chile (73°W, 28°S) which is also
seen in the satellite data.

?Data was obtained from the NASA Langley Cloud and Radiation Research
Group, http://angler.larc.nasa.gov/satimage/products.html
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Figure 8.7: 20 day mean of LWP at 13 UTC from observations
(left) and REF7,s (right).

At 17UTC the observations show a drastic reduction in LWP
over the whole domain, barely reaching 100gm~2 (figure 8.8).
This represents the daily cycle of LWP in the SEP. Higher values
are reached at 13UTC and lower values of LWP at 17 UTC. The
model results of REF7,4s show a similar reduction of LWP and
therefore a similar behaviour in the daily cycle of LWP. Again
showing slightly higher values over the total domain.
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Figure 8.8: 20 day mean of LWP at 17 UTC from observations
(left) and REF7s,s (right).
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The results of REF2.8,45 and the observations at 13 UTC is
shown in figure 8.9. It presents a similar picture like before as
the higher values which are occurring in the model results are not
seen in the observations. The band of higher LWP at the coast of
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Peru (around 18°S and 72°W) is visual in observation as well as
in the simulation results. It is also visual that the cloud structures
are better resolved in the simulation REF2.8,,, compared to the
more coarse simulation of REF74,.

Figure 8.9: 20 day mean of LWP at 13 UTC from observations
(left) and REF2.8,,, (right).

The mean LWP at 17 UTC (figure 8.10) reveals the same decline
of LWP in observations and model results. The reduction of LWP
in the simulation REF'2.8,4, is quite similar and there are areas
where LWP barely reaching over 100gm~2. But there are also
areas where LWP is higher. Again the band with slightly higher
values near the coast of Peru is visible, which is slightly visible in
the observations. Compared to observation the model results still
show slightly higher values of LWP.

All in all the structures are well captured in both simulations
compared to observation, while the absolute values are slightly
higher in the model results compared to the satellite data. The
higher resolved simulation performs better as expected. The daily
cycle of LWP is captured well by the model with higher values
of LWP in the morning hours and lower values in the afternoon,
when the stratocumulus clouds begin to dissolve.

Since the absolute values of LWP are slightly higher in the model
compared to observations the relative change of LWP between
13UTC and 17UTC is calculated and is shown in figure 8.11 for
observations and REF7.4s. The observations show regions with a



8.3 Comparison with Observations (VOCALS-REx) 105

Figure 8.10: 20 day mean of LWP at 17 UTC from observations
(left) and REF2.8,4, (right).

2l

90°W 85°W. 80°W 75°W. 70°W. 65°W. 90°W  85°W  BOW  75°W  70°W 65°W.

Figure 8.11: Relative change between 13 UTC and 17 UTC of
observations (left) and REF7,4, (right).

mean change of -0.2 % to -0.8 % with very high values at the coast
reaching -1.0 %. Very similar patterns are visible in REF 7.
Direct at the coast the highest change in LWP is visible. Like in
the observations the highest change in LWP in the remote area is
visible at around 25°S to 15°S and 90°W and 80°W. The changes
are slightly higher in observations than in the model but patterns
are similar.

Figure 8.12 shows the relative change of LWP of REF2.8,4, and
observations. In this domain the highest changes are right at the
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Figure 8.12: Relative change between 13 UTC and 17UTC of
observations (left) and REF2.8,4s (right).

coastline. In the remote area are regions with quite low changes
of about -0.2 to -0.4 %. For example near the coast (following the
high values direct at the coastline) and more remote around 22°S
to 20°S and 79°W to 76°W. But the low values near the coast and
the remote area are divided by a structure with higher values of
about -0.7 to 0.8 %. This is also reproduced by REF2.8,,, where
the highest values are occurring right at the coastline, followed
by lower values parallel to the coast. Around 22°S to 20°S and
79°W to 76°W are the lowest changes in the remote area, while
this area and the low values near the coast are divided by a band
with higher values of relative change. Both features are visible in
the observations and the relative change, meaning the daily cycle,
is well captured by the model.

Model results (REF 75,5 and REF2.8,45) are also compared to
data of radiosondes launched from the ship Ron Brown. Figure
8.13 shows the timeseries of the vertical distribution of relative
humidity (Hovmoller diagram). The boundary layer height is
underestimated in case of REF'7,4s and REF2.8,,,. The height of
the boundary layer is about 300 m higher in the observations than in
the simulations. Furthermore at the beginning of the observations
until October 28th there are relatively dry areas below 1000 m
which are not represented in the model. They are faintly visible
in the lowest model levels but the relative humidity is still higher
in the simulations (/=70%) compared to observations (below 60%).
It seems that the vertical mixing in the model from the surface
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is not strong enough to compensate the large-scale subsidence
to keep the boundary layer height in a height comparable to
the observations. This could also explain the too high values of
relative humidity in lower levels of the model results. But the
overall structure of the relative humidity within the boundary layer
is comparable to observation. The relative humidity is highest
(model and observation) at the top of the boundary layer where
the stratocumulus clouds are located. All in all the boundary layer
structure is well captured by the model results.
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Figure 8.13: Comparison of relative humidity of model results of
REFT7,4s (left bottom) and REF2.8,,, (right bottom) to data
from radiosondes launched from Ron Brown (each top).

During VOCALS-REx research flights along 20°S were con-
ducted and measured properties of cloud droplets (UCAR/NCAR
- Earth Observing Laboratory., 2011). Five of this research flights
are used to create a mean distribution along the 20°S and com-
pared to the model results. The model results are taken at the
same time and position of the aircraft during each research flight.
The mean cloud droplet number concentration N, of simulation
REFT7,4, and the observations are shown in figure 8.14. The box-
plot shows the mean (horizontal line) and the average (red square)
of N.. While the boxes show the 25th and the 75th percentile. The
whiskers show the 5th and 95th percentile. The observations are
averaged to the grid resolved area. Both observation and model
results are divided into four 3° wide segments.

The model compares quite well to the observations and is within
the range given by observations. The tendency that high values



088 Comparison of Model Simulations with Observational Campaign

! VOCALS-REx

400

— REF7,,
350 — Obs

300

250

N, [cm~3]
o
3
S

150

100

50

-79W -76W L - -13W -11W
Figure 8.14: Comparison of N, for REF7,4, with several research
flights conducted during VOCALS-REx along 20°S. Red square
denotes the average and the vertical line shows the mean of N,.
The boxes show the 25th and 75th percentile. The whiskers show
the 5th and 95th percentile.

of N, are occurring at the coast (71°W), while lower values of
N, are occurring in the remote area over the ocean (79°W) as
it is visible in the observation is well captured by the model. In
case of REF7,4, the 95th percentile is always higher compared
to observations, where the 5th percentile fits most of the time.
Far off the coast (79°W) the average and the mean is slightly
underestimated, while it fits perfect at 76°W, although 25th and
75th percentiles are underestimated and overestimated respectively.
At the coast (71°W) the average fits very well while mean is
underestimated, which is due to the fact that also very high values
occurring in the model which are not seen in the observations. This
gives the hint that in REF'7,4s the distribution of IV, is dominated
by lower values which is not seen in the observations. On the
other hand the average at the coast (71°W) fits quite well. This
results from higher values occurring in the simulation which are
not present in the observations. All in all REF7,4s compares well
to observations.

The higher resolved simulation REF2.8,,, (see figure 8.15) com-
pares much better to observations than REF7,,5. Not only that
the means and averages of all four segments are fitting better to
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Figure 8.15: Comparison of N, for REF2.8,,, with several re-
search flights conducted during VOCALS-REx along 20°S. Red
square denotes the average and the vertical line shows the mean of
N.. The boxes show the 25th and 75th percentile. The whiskers
show the 5th and 95th percentile.

the observations, this is also valid for the 5th and 95th percentile
and the 25th and 75th percentiles. The most reasonable cause
is the assumption made during calculation of the cloud droplets
via a PDF (see chapter 6.3.3). The PDF is depending on grid
scale w and modelled TKE. High values of modelled TKE in
case of REF 7,4, would also lead to higher N.. It seems that this
assumption is better represented in case of REF'2.8,, because
T K E and updraught velocities are better represented in the higher
resolved simulation. Again at 79°W a slight underestimation of
N, is seen, but the overall distribution of N, is captured very
well in REF2.8,4,. The model results compare much better to
observations in case of REF2.8,4, than in case of REF7 4.

One further important cloud property is the effective cloud
droplet radius ref¢. The refs was also sampled during VOCALS-
REx and is displayed together with the results of REF7,4, in
figure 8.16. The observations show a slight increase of r.¢¢ from
coast to open sea. While the mean r.s; is about 11 um at 71°W
and nearly 15um at 79°W. This is commonly represented by
REFT755,. At 7T1°W the mean of r.¢¢ as well as the 25th and
5 percentile are fitting very well to observation while the 95th
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Figure 8.16: Comparison of r. sy for REF'7,4, with several research
flights conducted during VOCALS-REx along 20°S. Red square
denotes the average and vertical line the mean of N, the boxes
show the 25th and 75th percentile, while the whiskers show the
5th and 95th percentile.

and the 75th percentile are overestimated. At 73°W the modelled
distribution shows a slight overestimation. While at 76°W the
model captured the r.¢¢ distribution very well, as only the 95th
percentile is overestimated. This leads also to an overestimation of
the average at this point. In the remote area at 79°W the rq; ¢ fits
again quite well to observations.

Similar to the findings of N. REF2.8,,, performs also better in
case of ropr. The 5th and 95th percentiles are reaching lower values
in case of REF2.8,545 compared to REF7,4,. Also resy fits better
to observations, although the mean, 75th and 95th percentile of
ress are slightly underestimated and the 5th percentile is slightly
overestimated for all cases. The 25th percentile fits quite well in
all cases except for 71°W. The overall distribution along 20°S is
captured very well by REF2.8,45.

Wyant et al. (2015) showed that the simulation of stratocu-
mulus clouds are a challenging task for numerical models, even
for mesoscale models. However COSMO-ART could show that
it is able to represent the main characteristics of stratocumulus
clouds in the SEP. Although boundary layer height is slightly
underestimated, cloud properties, like LWP, cloud droplet number
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Figure 8.17: Comparison of 7.sy for REF2.8,,, with several re-
search flights conducted during VOCALS-REx along 20°S. Red
square denotes the average and vertical line the mean of IV, the
boxes show the 25th and 75th percentile, while the whiskers show
the 5th and 95th percentile.

concentration N, and effective radius r.sy are represented very
well. Additionally COSMO-ART performs well for both grid sizes
(Tkm and 2.8 km), which is an important aspect since the coarser
resolution covers a reasonable large domain to investigate impacts

of MCB.






9 Impact of Climate
Engineering

In this chapter the impacts of purposely released sea salt particles
on cloud optical properties and radiation will be investigated.
Latham et al. (2008) suggested that the seeding of stratocumulus
clouds for climate engineering could be carried out by sea spraying
ships. Therefore the model simulations are carried out by adding
an additional sea salt flux into the lowest model layer. The extra
sea salt flux is discussed in detail in chapter 6.1.2. The following
chapter is divided into two parts. In the first part the impact on
cloud properties like cloud droplet number concentration N, and
effective radius r.sywill be discussed. The second part will focus
on radiative impact caused by seeding.

To evaluate the impact of different sized particles different seed-
ing scenarios are carried out, where the size of the seeding particles
is varied.

Seeding scenarios

The seeding scenarios discussed in the following consider seeding
with small and large sea salt particles with a constant emission flux.
The first scenarios consider seeding with small particles, where
additional see salt particles are released to sea salt mode sa of
COSMO-ART and are conducted for both grid sizes (CEAT,,
& CEA2.8,,). Therefore the seeding particles have a initial size
range of 0.02 to 1 wm with an initial mean diameter of 0.2 um.
The second seeding scenario with larger particles (CEB2.854)
consider the same constant flux as for the smaller seeding particles,
but the additional see salt particles are released to sea salt mode sb
of COSMO-ART. Therefore the seeding particles have an initial size
range of 1 to 9 um with an initial mean diameter of 2.0 ym. Note
that this experiment is only conducted in the nested domain.
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In a further scenario the seeding sea salt particles are released to
both modes but only conducted for the domain with 7 km resolution
(CEABT,;). The total emission flux is of the same magnitude
like in the other scenarios, but the number flux is weighted 50%
to each mode.

After the additionally added sea salt particles are injected they
are treated like natural sea salt.

9.1 Impact on Cloud Properties

The intention of seeding is to change cloud properties in a way
as it is discussed in chapter 5. Climate engineering intends to
increase the cloud droplet number concentration N, and to reduce
the cloud droplet effective radius 7¢y .

Therefore an exemplary look on changes of N, resy, cloud liquid
water content LWC and hourly precipitation HP of simulation
CEA2.8,4s (CEAT4s looks quite similar) is taken. The timeseries
of the areal mean of the cloud droplet effective radius r.s; (a),
the cloud droplet number concentration N, (b), the cloud water
content LW C' (c), and the hourly precipitation HP (d) are shown
in figure 9.1, where only points over ocean are taken into account.
Only a short period is shown to show exemplary the changes of
each property. Blue areas denote that values are lower in the CE
simulation while reddish areas denote that values are higher in the
CE simulations.

The impact on cloud properties by the additional seeding flux
on sea salt mode sa is quite obvious. r.sy is substantially lower
in CEA2.8,,, compared to REF2.8,45 (about 1 ym lower). This
is accompanied by an increase of N.. Both is expected according
to the Twomey effect. N, is increased in this small period by =~
20 ¢cm ™3, which also means an increase of ~ 15%. The increase of
N, originates from the increase of available CCN.

There is also a decrease of hourly precipitation H P, which can
be interpreted by the Albrecht effect. Since the overall size of the
cloud droplets decreased the autoconversion process is reduced
and therefore precipitation is suppressed by an increase of N..
The results show also an increase in LW C', which is not stated
by the classical theory of the Twomey effect. The theory assumes
a constant LW (' and the simulations show that it does not stay
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Figure 9.1: Comparison of cloud properties between REF2.8,
and CEA2.8,,,. Displayed is a) cloud droplet effective radius reyy,
b) cloud droplet number concentration N, ¢) cloud water content
LWC, d) hourly precipitation HP.

constant. LW ' shows a daily cycle, which was already seen in
the comparison to observations in the previous chapter. In both
simulations LW and H P follow a similar daily cycle, while N,
and r.ys do not follow a distinct daily cycle. Additionally the
lowest rates of HP (from Oct 23rd on) are related to the highest
amount of N, and lowest r.¢f, where on the other side LWC is
slightly higher in this period. The distinctive daily cycle of LW C
and H P is not changing due to cloud seeding.

For each simulation it is identifiable that if LW C is increasing
also HP is increasing (with a certain delay) and if LW C is de-
creasing also H P is decreasing (again with a certain delay), so that
HP is following LWC'. Even for the periods of 21st, 22nd and
24th an slight increase in 7.y can be observed and indicates that
an increase in the size of cloud droplets can promote or initiate
precipitation processes.

The same data is binned into several intervals of N, and the
corresponding LWC' and ress. Figure 9.2) shows the results in
case of REF2.8,4s and CEA2.8,4,. The number in brackets gives
the amount of data points of each interval. In general the largest
values of r.yy are accompanied by low values of N, and mostly
by low values of LWC. Smaller values of r.¢¢ are accompanied by
larger values of N, and LW (' In case of constant N, LW ' is the
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wc

Figure 9.2: Scatter plot of liquid water content and effective cloud
droplet radius rfs for REF2.854, (left) and CEA2.8,4, (right).

dominant factor determining r.ss. Higher values of LW C' leading
to an increase of refy.

Comparing REF2.8445 to CEA2.8,4, the number of data points
in the interval of 1-50 cm~3 is decreasing while the number is
increasing in all other intervals. There is also an increase of higher
values of LW (' which indicates that suppressed precipitation is
leading to higher values of LW (C'. The number of data points in
the interval 1-50 cm ™3 is changing by -23%, while 50-100 cm 3 is
changing by 5%, 100-150 cm 2 by 38%, 150-250 cm 3 by 41% and
250-500 cm 3 by 55% and therefore the interval with the highest
N, experiences the largest relative increase. This proves a positive
impact on cloud properties due to seeding. The seeding leads
to the intended effects of MCB as N, is increased and rqy¢ is
decreased.

Seeding with larger particles (additional flux on sea salt mode
sb, CEB2.8,45) shows a different behaviour. The timeseries of
CEDB2.8,4s is compared to REF2.8,,4 in figure 9.3. It is obvious
that for all properties the effect of CE is reversed compared to
the effects of CEA2.8,45. In case of CEB2.844s sy is increased,
while N, is lower compared to REF2.8,4,. It is accompanied by
a decrease of LW (' and an increase of HP. This is due to the
fact that the larger sea salt particles are activated faster to cloud
droplets compared to smaller particles. This leads to larger cloud
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Figure 9.3: Comparison of cloud properties between REF2.8,
and CEB2.8,,. Displayed is a) cloud droplet effective radius reyy,
b) cloud droplet number concentration N, ¢) cloud water content
LWC, d) hourly precipitation HP.

droplets but with lower number concentration. The larger cloud
droplets are able to initiate precipitation processes much earlier
and therefore precipitation is enhanced. This is obvious in the
increase of HP in figure 9.3 d) where precipitation is increasing
faster in CEB2.8,4s than in REF2.8,4,. The higher precipitation
rate leads also to a lower LW C'. The outcome of CEB2.84s shows
the opposite of the intended effect - a 'negative’ Twomey effect.

The impact of the size of the injected particles is also seen in
the 2D histograms of N, and r.ss which are shown in figure 9.4
for all three simulations. The top figure shows the histogram
of REF2.8,4, where the mean effective radius 7.yy is around
10.1m and mean cloud droplet number concentration N, is around
60cm 2. The standard deviation of rcy is oy, ,, = 3.185, while
the standard deviation of N. is o, = 69.6. The ellipse within the
2D histogram highlights the properties of the distribution. The
midpoint of the ellipse is at the mean of both distributions and the
semi-major and semi-minor axis indicates the standard deviation
o of each distribution. The results of REF2.8,,, are indicated as
white ellipse in the 2D histograms for both CE simulations.

The 2D histogram of CEA2.8,4, is shown in figure 9.4 on the
bottom left side. Although the histogram looks similar to that
one of REF2.8,4 it is identifiable that more values occurring
at N, > 320ecm~3. This is also indicated by the ellipse, because
it shifts towards lower values of r.f; and larger values of N..
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Figure 9.4: 2D Histogram N, and resr. The midpoint of the
ellipse shows the mean of each distribution and the semi-major
axis and semi-minor axis indicates the standard deviations of each
distribution. The white ellipse in the bottom figues is the ellipse
from REF2.8,4s.
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The Teyy is shifted to 7e;7=9.45 um and N, = 74.2 em™3, while
Or.;p = 3.07 and oy, = 65.7. There is a decrease in variance of
both quantities in case of seeding with smaller particles. The 2D
histogram shows also an increase of N, while r.¢¢ is decreasing
and again it shows the effects which are intended by MCB.

The 2D histogram of CEB2.8,4, is shown in figure 9.4 on the
bottom right side. The occurrence of high values of N, (above
300 cm~3) is reduced. This underlines the fact that seeding with
larger particle is decreasing N.. Additionally 7ery = 10.75 um
which is an increase compared to REF2.8,45. In addition N, =
54.2 cm™3 which is a decrease by 10% compared to REF2.8,4.
This again shows that seeding unsuitable large particles can lead
to unwanted effects. Namely a decrease in IV, and an increase in
Teryr Wwhich is not intended by MCB. The results of CEB2.8,4,
underline that the size of the emitted additional particles are
essential to the outcome of MCB.

To underline the thesis that the larger particles are activated
faster to cloud droplets than smaller particles the 2D histograms of
vertical velocity and the maximum supersaturation $,,,, reached
during activation are plotted in figure 9.5 for the three simulations
REF2.8,4,, CEA2.854; and CEB2.8,4,. Only points are taken
into account where cloud activation occurred in the model.

For all three simulations a core area at a vertical velocity of ~
0.1-02ms ! and spey ~ 0.1 - 0.2% is identifiable. But more
interesting are the highest values of $,,4, reached during the simu-
lation. Although the 2D histograms are looking quite similar in
case of REF2.8,45 and CEA2.8,4, the branch that reaching from
~ 0.8m s~ and ~ 0.8 % to higher values is more pronounced in
REF2.8,4, than in CEA2.8,4s. This means that the additional sea
salt particles of mode sa are lowering the maximal supersaturation
reached during the activation process. As the additional particles
are activated to cloud droplets the supersaturation is decreased by
depletion of water vapour onto the formed cloud droplets. Very
small particles which could be activated in REF'2.8,4, are not acti-
vated in CEA2.8,y,, if their critical supersaturation is higher than
Smaz Teached during CEA2.8,,,. Of course this should be most
valid for the area near the coast, because this area is dominated
by high number concentrations of anthropogenic aerosols, which
are usually smaller than the sea salt particles.
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Figure 9.5: 2D Histogram of vertical velocity and maximum su-
persaturation $,,q..Only points were cloud activation took place
are taken into account.

In case of CEB2.8,,5 the impact on Sy,4, is even larger. In
this case Smaqq is decreased much more than in case of CEA2.8,4,
and unlike in CEA2.8,45 Smax does not reach a value greater than
0.8 %. Since the seeding particles in C EB2.8,4 are larger they are
activated in an earlier state to cloud droplets than smaller aerosol
particles, like anthropogenic aerosol. They are also much faster
activated then the smaller seeding particles used in CEA2.8,4s.
Supersaturation is decreased much more in case of CEB2.8,
than in case of CEA2.8,4, because more water vapour is depleted
on the newly formed cloud droplets. This of course has a large
impact on cloud droplet formation. $,,., is that low, that it is
nearly impossible for very small aerosol particles to form cloud
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droplets, although it would be possible for them to form a cloud
droplet without CE.

This shows the importance of the size of the seeding particles in
case of MCB. Because the wrong size could lead to the opposite
effect ("reversed Twomey effect’) of the original intended effect.

Susceptibility

Stevens and Feingold (2009) defined the precipitation susceptibility
of clouds to an aerosol perturbation. This is a measure how the rain
rate changes on a change of cloud droplet number concentration.
Following this approach the susceptibility Sy, will be defined. This
is the susceptibility of V. due to changes of sea salt particles and
is defined as following:

_ In(Neop) —In(Nerer)
In (Ngeas7CE) —1In (Nseas,REF)

Bn.

(9.1)

where N., denotes the cloud droplet number concentration
and Ngeqs, the number concentration of the sea salt particles.
x = CE denote the climate engineering simulation and z = REF
the baseline simulation. The susceptibility Sy, is an indicator of
the efficiency of MCB. Positive values indicate a positive effect
(increase) on N, due to seeding particles, while negative values
indicate a negative effect (decrease) on N.. Figure 9.6 shows the
mean [y, over the total time period of simulation REF7,4 and
CEATys.

A large area of the domain is covered by positive values of Sy,.
But there are also areas with low values of Sy, close to zero,
which indicates that seeding is not effective. Positive values of 8y,
are dominant in the remote areas of the ocean and it indicates
that seeding is effective in these parts of the domain, which is
accompanied by an increase of N.. However along the coast are
values occurring, which are close to zero. This indicates that
seeding along the coast is not very effective since IV, is not changed
very much. The assumption is that there must be already high
N, occurring without seeding, because providing additional CCNs
does not change N, much. There must be taking place competing
effects between the seeded sea salt particles and most probably
anthropogenic aerosols.
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Figure 9.6: Susceptibility Sy, for CEA74s.

This is pointed out by the mean distribution of the anthro-
pogenic aerosols (figure 9.7) as it shows that the highest values of
anthropogenic aerosol are occurring at the coast. Very high values
are located at the coast of Chile as well as in the northern coastal
region of the domain at the coast of Peru. In this regions the effect
on enhancement of N, is reduced, because the seeding particles
are activated prior to the anthropogenic particles, because the
latter are mostly smaller than the seeding particles. As the seeded
particles are being activated they lower the overall supersaturation
and smaller particles can not be activated any more. Therefore the
effectiveness of MCB is reduced in regions with high anthropogenic
aerosol concentrations.

90°W 85°W 80°W 75°W 70°W  65°W

Figure 9.7: Acrosol number concentration for CEAT7 4.
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Figure 9.8: Horizontal distribution of sea salt particles (mode sa)
for REF7s4s (left) and CEA7,4, (right)

The mean increase of sea salt particles (mode sa) due to seeding
is seen in figure 9.8 in case of CEAT74,. The natural distribution
without CE is on the left side while with seeding is on the right side.
Sea salt particles are nearly doubled in most areas. Additionally
the highest values of sea salt in case of CEAT7,4s are occurring
between 20°S and 10°S and around 90°W, where the highest values
of By, are located. In this scenario this area would be most suitable
to be targeted for seeding.

A very similar picture is seen in case of CEA2.8,4, where Sy,
is shown in figure 9.9. The susceptibility 8y, is increased most
in the more remote area of the domain. Near the coast there is
nearly no impact on N, due to the seeding as Sy, is near to zero.
This also corresponds to the distribution of anthropogenic aerosol
which is shown in figure 9.10. Here most of the anthropogenic
aerosol is located along the coast of Chile and Peru but decreases
offshore. With increasing distance to the coast the conditions are
becoming more pristine.

The largest increase of sea salt (mode sa) in the domain of
CEA2.8,,, (figure 9.11) is located north of 20°S. The distinct
increase of sea salt near the coast of Peru does not have any
positive impacts on By, since the coastal region is dominated by
a high amount of anthropogenic aerosol. This lowers the efficiency
of MCB.

Figure 9.12 shows By, in case of CEB2.8,4. According to
equation 9.1 the calculation of By, takes in this case the number
concentration of sea salt mode sb into account. Seeding with
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Figure 9.9: Susceptibility 8y, for CEA2.8,4.
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Figure 9.11: Horizontal distribution of sea salt particles (mode sa)
for REF2.8,4, (left) and CEA2.8,,, (right)
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larger particles shows that the efficiency of MCB on cloud droplets
is nearly zero over the total domain. The remote area in the
northern part of the domain shows slight positive values. But the
values around 0.1 are not comparable to the positive values of S,
in case of CEA2.8,,, which reached values around 0.6. In the
southern part of the domain near the coast there are values near
zero and slightly negative of about -0.1 are occurring. This area is
dominated by anthropogenic aerosol (compare figure 9.10). High
anthropogenic aerosol concentration lead to high values of N, in
case of REF'2.8545. The seeded larger particles are activated earlier
to cloud droplets than the anthropogenic aerosol. As already shown
the larger particles are decreasing supersaturation and therefore the
anthropogenic particles are not able to activate to cloud droplets.
This leads to a reduction of V. in case of CEB2.8,,.

The conclusion is that seeding with larger particles is quite
insufficient. On the other side seeding with smaller particles is
more sufficient but with restraints. Seeding with small particles is
only effective in areas with low amount of preexisting aerosols (for
example anthropogenic aerosol).

20°s FEEEE

75°W 70°W

Figure 9.12: Susceptibility Sy, for CEB2.844.
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9.2 Impact on Radiation

Since radiation is the main target of MCB now the impacts on
radiation will be quantified. The following chapter is divided into
three parts, where three different scenarios are investigated, namely
seeding with small particles, large particles and small and large
particles.

Seeding with small particles

The discussed scenarios are CEA7,ys, CE AT 0595,CEA2.8545 and
CEA2.8,,0s¢s- In these scenarios cloud seeding is conducted with
extra particles on the smallest sea salt mode sa.

If not other stated the horizontal plots will show the temporal
mean of 25 days. Timeseries will only show a smaller time period
for exemplary explanation of the changes in radiation.

The temporal mean difference CEA7,4, — REF7,4, of short-
wave radiation Lg and long-wave radiation L; at the surface is
shown in figure 9.13.

AL, (surface) (CEA7,. - REF7,,.)

Wm 2]

W]

/T4 -20 { =
90°W 85°W 80°W 75°W 70°W  65°W 90°W 85°W 80°W 75°W 70°W  65°W

Figure 9.13: Impact on surface short-wave radiation (left) and
long-wave radiation (right) for CEA7 - REFT at the surface. Only
grid points over water are taken into account.

There are certain areas with a reduction of Ly at the surface.
The areas with the highest reductions of roughly -20 Wm™2 are
located around 20°S and 80°W. But there are also areas which
are showing positive radiative forcing of more than 15 Wm™2.
Downstream of the Chilean anthropogenic plume (20°S and 73°W)
areas with positive forcing are visible. Those regions with positive



9.2 Impact on Radiation 127

values are mostly located along the coast but there are also regions
with positive values in the remote area. There is no homogeneous
change in L, at the surface, as also positive forcings in regions far
away from the coast are occurring. This clearly shows non-linear
processes, so that increasing CCN does not necessarily lead to
a homogeneous increase in N, , which would lead to a uniform
decrease in Lg. Although it is expected that an increase of CCN
in an already polluted environment would not necessarily lead to
an increase in N, and hence to a reduction of Ls. But it shows
that negative effects are occurring. In this case this means an
increase in L. Furthermore the result shows that an increase in
CCN in an area with pristine conditions does not necessarily lead
to a decrease in L.

The overall reduction of L is about -9 W m™2 in case of CEAT s
- REFT7,4s. The overall structure looks quite similar for CEA7,,05s
- REF7,0sgs (not shown here), but the reduction of L, is only
about -7.35 Wm™2. The deviation shows that it is necessary to
include ACI also for subgrid scale clouds.

The right side of figure 9.13 shows the difference in L; at the
surface and a faint dipole character is visible, with increased values
near the coast and nearly none to slightly decreased values in the
remote area over the ocean. The largest decrease in L is located
where the highest increase in L; is to be found. There is a slight
increase in L; of about +0.35 Wm™2 in case of CEAT 0545, and
for CEAT,0s4s there is only a slight increase in L; of 0.1 Wm™2.
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Figure 9.14: Tmpact on short-wave radiation (left) and long-wave
radiation (right) for CEA7T - REF7 at top of the atmosphere
(TOA). Only grid points over water are taken into account.
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Radiation at surface
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Figure 9.15: REF7,,, - CEAT 4 Timeseries of short-wave (top),
long-wave(middle), and net (bottom) radiation at surface. Only
grid points over ocean are taken into account.
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Figure 9.16: REF7,,, - CEAT s Timeseries of short-wave (top),
long-wave(middle), and net (bottom) radiation top of the atmo-
sphere (TOA). Only grid points over ocean are taken into account.

Figure 9.14 shows the horizontal mean of long- and short-wave
radiation at top of the atmosphere (TOA). The horizontal patterns
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are quite identical. The total reduction of short-wave radiation L
at TOA is -7.5Wm™2 (-6.1 Wm™2 for CEA7,059s — REF T10sg5)
and the long-wave radiation L; is reduced by -0.23Wm™2 (-
0.06 Wm™2 for CEA7,,059s— REFTposgs). The changes are slightly
smaller at TOA than at the surface.

The timeseries of the areal mean of Ly (top), L; (middle) and
the net effect of long- and short-wave radiation Ly,¢; (bottom) at
the surface is shown in figure 9.15, where night time is indicated
by the shaded area. The reduction is quite uniform over time,
since the amplitudes of the peaks are not fluctuating largely. All of
them showing a similar minimum. Since the variation is not large
over time, only a short period is shown. Obvious is the largest
decrease during daytime and peaks at midday. The timeseries
at TOA shows the same behaviour (figure 9.16). Although the
amount is slightly smaller compared to the surface (the scale of the
ordinate is different compared to the plot for surface radiation).

AL, (surface) (CEA2.8,,, - REF2.8,,.) AL, (surface) (CEA2.8,,, - REF2.8,,,)

[Win 2]

T5°W 70°

Figure 9.17: Impact on surface short-wave radiation (left) and
long-wave radiation (right) for CEA2.8 - REF2.8. Ounly grid
points over water are taken into account.

The result of the horizontal mean of the smaller, but higher
resolved domain (CEA2.8,4s - REF2.8,4,) is shown in figure 9.17.
L, is reduced by a mean value of -11.3 W m™? in case of CEA2.84,,
and by -9.9Wm~2 in case of CEA2.8,,0s4s. Although Sy, showed
that seeding is not very effective on changing N, in the northern
coastal area (figure 9.9) Ly shows quite high reductions in this part
of the domain. As the northern part of the domain is characterized
by low wind speeds, it results in a low amount of natural sea
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Figure 9.18: Impact on short-wave radiation (left) and long-wave
radiation (right) for CEA2.8 - REF2.8 at top of the atmosphere
(TOA). Only grid points over water are taken into account.

salt particles in the air, because natural sea salt emissions are a
function of the wind speed. On the other side the northern domain
is dominated by the highest increase of sea salt particles due to
seeding (figure 9.11). Therefore the effect on L, results from the
direct effect on radiation due to an increase in sea salt particles.
The southern part of the domain shows an overall positive forcing
and only less negative forcing. But like before there is no uniform
reduction in short-wave radiation and showing non-linear effects.

Long-wave radiation L; in figure 9.17 shows a similar behaviour
as in case of the larger domain. The strongest increase in long-wave
radiation is located where the highest decrease in L, is found, here
in the vicinity of the coast. This indicates that the decrease in
L is accompanied by an increase of L; and therefore the total
effect of seeding is partially compensated. The mean of L; is
+1.9Wm~2 in case of CEA28,5s — REF2.8,4, and +1.6 in case
of CEA2.8,055s — REF2.8,,044s-

Short-wave radiation L, and long-wave radiation L; at TOA
is shown in figure 9.18. The structure is similar to that of the
surface, while the amount is lower compared to surface changes.
The mean change in short-wave radiation is about -9.9 W m ™2
(-8.7Wm™? for CEA2.8,,059s — REF2.8,,0545). The patterns of L;
are looking similar but the difference of long-wave radiation is lower
at TOA (note also the different scale in case of TOA). At TOA L;
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is reduced by -0.32Wm~2 (-0.27Wm~?2 in case of REF2.8,0sgs)-
Which mean that less long-wave radiation is reaching into space.
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Figure 9.19: REF2.8,,, - CEA2.8,,,Timeseries of short-wave
(top), long-wave(middle), and net (bottom) radiation at surface.
Only grid points over ocean are taken into account.

The timeseries of radiation in case of CEA2.8,,, (figure 9.19)
shows a similar impact as in case of C EA7;45. In case of CEA2.8,4
the reduction of L, is like in the coarser domain obviously during
daytime. But in case of the higher resolved domain there is no
such uniform reduction in Ly as in CEAT7,4,. This is due to the
fact that the smaller domain is more dominated by the variation of
anthropogenic aerosol, which is advected through the domain. This
can be for example seen during October 25th where the maximum
reduction is only about -20 W m ™2, while later on October 27th the
reduction is about -60 Wm™2. This again indicates that MCB is
only effective in the absence of an abundant number of preexisting
aerosols. L; is uniformly increased by about +3 to +4 W m~2. This
increase is due to radiative impact of the additional sea salt itself.
The increase in L; is higher in the smaller domain because the
mean content of natural sea salt is smaller compared to the coarser
but larger domain. At the end the increase in L; does only have a
minor impact on L., although it should not be neglected.

The timeseries at TOA (figure 9.20) looks similar but the amount
of reduction is lower compared to the surface, as some amount of



132 9 Impact of Climate Engineering

Radiation at TOA
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Figure 9.20: REF2.8,4, - CEA2.8,4,Timeseries of short-wave
(top), long-wave(middle), and net (bottom) radiation at surface.
Only grid points over ocean are taken into account.

the reflected short-wave radiation is absorbed within the atmo-
sphere. The change in L; is nearly negligible, although it is slightly
negative.

Seeding with larger particles

Larger particles are assumed to be inadequate for seeding. This
could already be shown in the prior chapter since N, was reduced
due to seeding with larger particles. Therefore only one simulation
(CEB2.8,4s was conducted where MCB is carried out with larger
particles. In this case particles are added on the sea salt mode
sb.

In chapter 9.1 it is shown that seeding with larger particles
(CEB2.8,4;) is leading to the opposite of the intended effect of
MCB by lowering N.. Although the same amount of sea salt
particles are added as in case of CEA2.8,45. This is now further
investigated and the impact on radiation is shown. Although there
is a large negative impact on Ly at the surface (left side of figure
9.21), there is also a large impact on L; (right side of figure 9.21)
in case of CEB2.8,4;. The change in L, is about -13.3Wm™2
which is larger compared to the change in L in case of CEA2.844.
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Figure 9.21: Impact on surface short-wave radiation (left) and
long-wave radiation (right) for CEB2.8 - REF2.8. Only grid
points over water are taken into account.

But also a large increase in L; at the surface is caused by the
seeded sea salt particles. The change in L; is about 10.8 W m ™2
and nearly compensates the negative forcing of Ls. At first this
seems contradictory, because a decrease in N, and a decrease in
cloud amount due to a decrease in cloud liquid water is expected
to decrease long-wave radiation. Additionally incoming short-wave
radiation would be increased. But this would be the case if only
the impact of changes in cloud properties are taken into account,
together with the neglect of direct aerosol radiation interaction.
In this case changes in sea salt properties. In case of CE2.8445 the
direct effect on radiation of larger sea salt particles is becoming
more important. This will be discussed in short later.

Figure 9.22 shows the changes in L (left side) and L; (right side)
at TOA. Again the overall pattern looks similar to the surface. But
the amount of the change is lower at TOA compared to surface
in both cases. L, is reduced by about -11.2 W m™2, while L; is
increased by 1.5 Wm™2. Due to the technical design of seeding
low stratocumulus clouds and the strong inversion layer the sea
salt is kept in the lower part of the troposphere. This indicates
that the additional sea salt particles are reflecting on the one
side radiation in the lower part of the atmosphere. But on the
other side the released sea salt can form a wet internally mixed
composition of sea salt aerosol, which changes the character of its
impact on radiation. Absorption in the solar range is negligible
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Figure 9.22: Tmpact on short-wave radiation (left) and long-wave
radiation (right) for CEB2.8 - REF2.8 at top of the atmosphere
(TOA). Only grid points over water are taken into account.

in case of sea salt. But with increasing wavelength absorption
becomes more important. In the thermal spectrum absorption
increases, as absorption of sulphate and water of the internal
mixture becomes more important (Lundgren, 2010). This leads to
an increase in long-wave downward radiation.
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Figure 9.23: REF2.8,, - CEB2.8,,;Timeseries of short-wave
(top), long-wave(middle), and net (bottom) radiation at surface.
Only grid points over ocean are taken into account.
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Radiation at TOA
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Figure 9.24: REF2.8,,, - CEB2.8 4 Timeseries of short-wave
(top), long-wave(middle), and net (bottom) radiation at top of the
atmosphere (TOA). Only grid points over ocean are taken into
account.

The timeseries in figure 9.23 reveals that although Ly shows a
large reduction it is nearly compensated by L; at the same time.
During night time there is obviously no reduction in Ls. On the
other side long-wave radiation L; is increased also during night
time. This leads to a positive L, at the surface during night
time. The timeseries at TOA (figure 9.24) shows also that at the
top of the atmosphere L is decreased and L; is increased but not
to the same amount as at surface.

L, at the surface is decreased by -13.3 Wm~2, which is nearly
compensated by an increase of L; of about 10.8 Wm~2. This arises
the question which is the main driver causing the increase in L;.

To prove the influence of the direct effect of the added sea salt
particles a short simulation of three days! without the direct radia-
tive effect of sea salt particles is evaluated. The simulation starts
at the same time as REF'2.8,,, and CEB2.8,4,. For evaluation
the first day is discarded and only the last two days will be shortly
discussed. The timeseries of L;, Ly and L, at the surface for
this short simulation is shown on the left side of figure 9.25. The
impact on radiation is different to the impact in case of CEB2.8,4,

1Only three days due to computational demand
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(same period is shown on the right side). There is nearly none
effect on L; compared to CEB2.8,4,. This indicates that the large
impact on long-wave radiation is caused by the added sea salt
particles itself, which are radiating back to surface.

Radiation at surface Radiation at surface
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Figure 9.25: REF2.8,,, - CEB2.8,, Timeseries of short-wave
(top), long-wave(middle), and net (bottom) radiation at surface.
On the right side radiative impact of sea salt is not taken into
account. Only grid points over ocean are taken into account.

Furthermore without taking the direct effect of sea salt particles
into account there is only a small impact on L and with the
opposite sign. This fits well to the findings from the previous
chapter where an increase in 7.y; and a decrease of IV, is found
due to the seeding with larger particles. If only radiative effects
caused by changes in cloud properties are taken into account this
leads to an increase in Ly at the surface (similar at TOA but not
shown here). If the direct radiative effect of sea salt particles is
neglected there is an increase of short-wave radiation at the surface,
which is for this short period about +4.0 Wm™2 (43.35 W m ™2
at TOA). On the other side there is a slight decrease in L; which
is for this short period about -0.6 Wm~2 (-1.71 Wm~2 at TOA).
As already mentioned in the previous chapter seeding with larger
sea salt particles is leading to a decrease in N, and an increase
in rcff. This leads to an increase in short-wave radiation at the
surface by altering cloud optical properties. But this would be
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the case if only radiative feedbacks of clouds would be taken into
account and direct radiative effects of aerosols, in this case sea salt
particles, would be neglected.

Since COSMO-ART is taking the effect of growing sea salt par-
ticles with increasing ambient relative humidity into account the
released sea salt particles can grow in size. Sea salt particles grow
if ambient relative humidity is increasing and shrink if relative
humidity is decreasing. As seen in the former chapter relative
humidity is quite high in this region and therefore the additionally
added sea salt particles are swelling over time. Additionally sul-
phuric acid is able to condense on the sea salt particles and form an
internally mixture. The seeding rate exceeds, especially in case of
sea salt mode sb, by far the production rate of sea salt by natural
processes. This is of course mainly happening in areas with low
wind speeds since natural emission rates are a function of 10 m
wind speed. Once emitted the added particles are swelling over
time and a dense haze consisting of sea salt particles is forming,
with further impacts on radiation.

This leads to the conclusion that in case of C EB2.8,,, the seeded
larger sea salt particles are responsible for the large decrease in
L due to reflection of incoming solar radiation. Changes in cloud
optical properties lead only to a small increase of Ls. Absorption
of long-wave radiation in the boundary layer is causing an increase
in long-wave downward radiation at the surface which nearly
compensates the reduction of short-wave radiation. In CEB2.8,4
the main impacts on radiation does not originate by changes in
cloud optical properties, but by changes in aerosol composition.

Because the parametrization of the seeding flux is based on the
number concentration it also means that seeding with larger parti-
cles and the same number flux leads to an increase in mass flux in
the scenario CEB2.8,45 compared to the mass flux in CEA2.8,4.
The experimental design of CEB2.8,,s may be unrealistic, due to
the large emitted mass of sea salt particles. But it underlines on
one side that the right size of the seeding particles is essential to
influence the cloud optical properties in a way that the intended
effect of MCB is achieved. But on the other side it reveals that
only producing a high number of seeding particles could also be
problematic, since the mass of the sea salt aerosol increases with
the seeding flux. Especially in case of seeding with larger particles.
Seeding with larger particles leads to unwanted effects that first
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cloud optical properties are not changed as intended and second the
direct effect on radiation due to the seeded particles is increased.
In case of CEB2.8,,, leading to a positive forcing in long-wave
radiation due to absorption in the atmosphere.

But the result of CEB2.8sgs has also implications towards
seeding with smaller particles like the particles released in the size
range of sea salt mode sa. Due to their small size the increase of
their mass may be still relatively small in case of seeding. But if
the mass of the small particles is also increased massively this has
further impacts on radiation. If there is the intention to further
increase the number concentration of small particles this would also
lead to a further increase in mass. The smaller sea salt particles
can also form an internally mixture and therefore also absorb
long-wave radiation. The absorption of the smaller sea salt mode
sa is even larger than the absorption of the internal mixture of sea
salt mode sb. In the presence of water and sulphate two strong
absorbing components are available for the internal mixture. Since
water is in principle available everywhere in the SEP and sulphate
dominates at the coast due to anthropogenic processes but also
in the remote area through DMS an internal mixture of sea salt
can be potentially formed everywhere. Following that it could
also have major impacts on radiation in case of seeding with small
particles by decreasing efficiency due to the direct radiative effects
of the sea salt particles.

Seeding with small and larger particles

The last discussed seeding scenario (CEABT,4,) considers seeding
with small and larger particles with the same total number flux as
it was used in the previous scenarios. The only difference is that
the flux is weighted 50 % for each size, so that 50 % are released to
sea salt mode sa and 50 % to sea salt mode sb. The idea behind
that scenario is that a certain amount of seeding particles are
intended to be produced but only a part is produced into the small
size range due to technical issues or coagulation within the nozzle.
For this scenario only the domain of 7km was used as a larger
domain is covered.

The timeseries of CEABT7,,4, shows a reduction in surface L,
but also a slight increase in L; (figure 9.26). Although L,.; shows
an overall reduction in radiative forcing, during night time the
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net incoming radiation is positive. From the previous findings it
follows that the larger particles are leading to a compensation of
the effect on short-wave radiation due to an increase in long-wave
radiation at the surface. Seeding with smaller and larger particles
still leads to an overall reduction in radiation, but the efficiency is
reduced, as the impact on short-wave radiation is not that large
as in CEAT7,,, and the impact on long-wave radiation is larger
than in CEAT7,4. The timeseries at TOA (figure 9.27) shows
similar effects on Lg, but the overall reduction is smaller than at
the surface. On the other side the changes in L; is nearly zero at
TOA.
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Figure 9.26: REF7,; - CEABT,,4,Timeseries of short-wave (top),
long-wave(middle), and net (bottom) radiation at surface. Only
grid points over ocean are taken into account.

The horizontal mean of L, (left) and Ly, (right) of CEABT7 45 —
REFT7,4, is shown in figure 9.28. Again the seeding shows no
uniform reduction. Areas with high reduction in L, together with
an increase in L is occuring. The reduction of L, dominates over
the remote area over the ocean, while the increase of L, is mostly
near the coast. CEAT7,4, shows a similar pattern but the pattern is
more pronounced in case of CEABT7,4s. Furthermore the highest
reduction in Ly is accompanied with the highest increase in L;.
There the intended effect of MCB is partially compensated. The
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Figure 9.27: REF7,,; - CEABT4,Timeseries of short-wave (top),
long-wave(middle), and net (bottom) radiation at top of the atmo-
sphere (TOA). Only grid points over ocean are taken into account.

total reduction in Ly is about -10.8 W m~2, while L; is increased
by +3.7Wm™2.
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Figure 9.28: Tmpact on short-wave radiation (left) and long-wave
radiation (right) for CEABT - REFT at top of the atmosphere
(TOA). Only grid points over water are taken into account.

The changes in Ly and L; at TOA is shown in figure 9.29 and
they are smaller than at the surface. L, is decreased by -8.4 Wm ™2
and L; is increased by 0.2 Wm™2 at TOA.
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Figure 9.29: Impact on short-wave radiation (left) and long-wave
radiation (right) for CEABT - REFT at top of the atmosphere

(TOA). Only grid points over water are taken into account.

From the results it follows that the efficiency of MCB is a function
of the size of the emitted particles and a function of preexisting
aerosol particles. Smaller particles are more efficient in changing
cloud optical properties to reduce solar radiation. It is shown that
small sea salt particles which are seeded in the size range of 0.02 to
1.0 um lead to a reduction in incoming short-wave radiation. The
size range of the seeding particles used in the scenario CEA2.844,
and CE AT, is smaller than the size particles (monodispersed
size of 1um) proposed by Latham et al. (2008). On the other hand
seeding with larger particles in the size range of 1.0 to 9 um leads
to a result which is not intended by MCB. Seeding with particles
in this size range reduces cloud droplet number concentration and
lead to a reversed Twomey effect. But this is only the half truth
since this is the case if only the impact of clouds on radiation is
taken into account. The seeding scenario CEB2.8,,, reveals that
if the direct radiative effect of the sea salt particles is taken into
account it has further impacts on radiation. With increasing mass
of the seeded particles the direct radiative effect of the seeding
particles is getting more and more important. Although N, is
not increasing the direct effect of the aerosol particles reduced
short-wave radiation. But on the other side the seeded aerosols
increase downward terrestrial radiation. Which at the end reduces
the efficiency of MCB.
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A combination of both size ranges results in a reduction of
incoming short-wave radiation, but it is less efficient than seeding
with the smallest particles. The direct effect on radiation caused
by the larger particles (enhanced downward long-wave radiation)
is partially compensating the efficiency of the smaller particles.
This underlines again the importance to investigate also the direct
radiation feedbacks of the seeding particles and not the impacts on
cloud optical properties alone. As already mentioned the efficiency
of MCB is also a function of preexisting aerosol. If aerosols are
available in a large concentration MCB is ineffective. This includes
not only anthropogenic aerosol like sulphate particles, it includes
also natural aerosol particles like sea salt particles by natural
processes. This arises to question the wind dependent function
of seeding emissions proposed by Latham et al. (2008). Because
this implies that CE emissions are highest were wind speeds are
also very high. But in areas with high wind velocities natural sea
salt production is higher compared to calmer areas and therefore
lowering MCB efficiency. It would be more efficient to deploy a
constant flux of additional sea salt particles in regions with low
wind speeds and a low amount of aerosol particles, either from
anthropogenic or natural sources.

Table 9.1 gives an overview of the radiative forcing due to the
different scenarios. Although the domains differ in size and grid
resolution (7km and 2.8km) and are therefore not one to one
comparable, they can be used to classify the efficiency of the
different seeding scenarios. Table 9.1 shows the changes in Ly and
L; at the surface (SURF) and the top of the atmosphere (TOA).
The given values at the surface are the net downward short- and
long-wave radiation and at TOA the net downward short-wave
radiation and the outgoing long-wave radiation.

CEA28,4s and CEB2.8,4, shows that although the change in
Ly is higher in CEB2.8,4, than in CEA2.8,4, (SURF and TOA),
the change in L; in CEB2.8,4, is also higher than in CEA2.8,,,.
The decrease in L, in CEA2.8,4 is mainly due to the change
in cloud optical properties. L; is increased by 1.9 Wm~2 at the
surface and slightly decreased at TOA. However, the decrease in Ly
in case of CEB2.8,4, is -13.3Wm™2 at the surface and therefore
2.1 Wm™2 higher than in CEA2.8,4s. But this is not due to the
change of cloud optical properties as shown in chapter 9.1. In
fact it is caused by the seeded particles itself. Since the same
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Table 9.1: Overview of the impact on radiation at the surface
(SURF) and the top of the atmosphere (TOA) due to different
sized seeding particles. Note that the domains and therefore the
impact on radiation cannot be compared one to one due to the
different domain sizes and grid resolution.

Simulation Seeded mode L, L,
CEAT 055 A SURF -74 +0.1
TOA -6.1 +0.06
CEAT 44 A SURF -9.0 +0.4
TOA  -7.5 -0.2
CEABT7 4, A& B SURF -10.8 +3.7
TOA -84 +0.2
CEA2.8,0sgs A SURF -9.9 +1.6
TOA  -8.7 -0.2
CEA2.8,4 A SURF -11.3 +1.9
TOA -9.9 -0.3
CEB2.8,4, B SURF -13.3 +10.8
TOA -11.2 +1.5
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number flux was used for every seeding scenario the mass flux
of the seeded sea salt particles is higher in CEB2.8,,, than in
CEA28,4,. The additionally added larger particles are on the one
side reflecting incoming solar radiation which decreases incoming
radiation at the surface and TOA. The change in Lg is larger
at the surface and TOA in CEB2.8,,, than in CEA2.8,,,. As
the seeding particles are forming an internal mixture with water
and sulphate the outgoing thermal radiation is absorbed by the
internal mixture and in reverse downward long-wave radiation is
increased. Therefore L; is increased by 10.8 Wm™2 at the surface
in case of CEB2.8,,, compared to only 1.9Wm~2 in case of
CEA2.8,45. The change in L; at TOA in case of CEB2.8,4, is
about +1.5Wm™2 compared to a slight decrease in CEA2.8,,
(-0.3 W m~?2). This means that in case of CEB2.8,,, the seeding
sea salt particles are absorbing long-wave radiation and this is
leading to a further heating within the atmosphere.

L, in scenario CE AT, is reduced by -9.0Wm~2 at the sur-
face and -7.5Wm~2 at TOA. In CEABT7,4, L is reduced by
-10.8 Wm™? at the surface and -8.4Wm~2 at TOA. In CEABT7
the change in L, is higher compared to CEAT7,4. Not only the
reduction in Ly is higher in CEABT7,4,, but also the increase in
L; at the surface is higher in CEAB7,4, than in CEA7g,. L; is
increased at the surface by +3.7 W m~2 and only slightly increased
by +0.2Wm~2 at TOA. Following the results of CEB2.8,4, the
larger particles released in CEABT7,4, leading to absorption of
long-wave radiation and therefore downward long-wave radiation
is increased. Again the difference between surface and TOA of
Ly and L; is larger in CEAB7,4, compared to CEA7,4,. This
indicates that due to absorption more energy is added to the at-
mosphere in case of CEABT7,,, and therefore reducing efficiency
of MCB.

The numbers in table table 9.1 show that it is necessary to
include aerosol cloud interaction for subgrid scale clouds. The
changes in L, of CEA7,559s and CEAT,, differ by 1.6Wm™2
at the surface and 1.4 Wm~2 at TOA. Also the changes in L;
differ, but only slightly. Fixed values for subgrid scale clouds
can disguise the effect of aerosol cloud interaction. If a model
distinguish between grid scale and subgrid scale clouds and subgrid
scale clouds are not affected by changes in aerosol concentration
and aerosol composition, it is leading to an underestimation of
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the aerosol indirect effect. In case of CEAT 45 and CEA7 0445
the effect is underestimated by 20 %. The underestimation in
CEA2.8,4s and CEA2.8,,0s4s is about 13 % and therefore smaller
compared to the simulations with coarser resolution. This is also
seen in chapter 8.2 as the improvement compared to observations
is larger in case of the coarser resolution than in case of the higher
resolution. This is due the fact that clouds are already better
resolved in case of the higher resolution. It proves that neglecting
aerosol processes in subgrid scale parametrization can lead to an
underestimation of the impacts caused by aerosol cloud interaction
processes.






10 Conclusion and Summary

Within this work the regional impact of marine cloud brightening
(MCB) in the South East Pacific (SEP) due to seeding with addi-
tional sea salt particles is analysed with the regional model system
COSMO-ART (Vogel et al., 2009). The framework is able to sim-
ulate gas-phase processes, aerosol dynamics and cloud processes
with a comparable level of complexity. Aerosol cloud interaction of
subgrid scale clouds, which are not resolved by grid size and have to
be parametrized, are neglected prior to this work. For this purpose
the model system is extended to take aerosol cloud interaction in
case of subgrid scale clouds into account. This is necessary since
in COSMO-ART grid scale and subgrid scale clouds are treated
separate. Prior to this work only grid scale clouds and therefore
grid scale optical properties of clouds were affected by changes in
aerosol properties. Because of that subgrid scale clouds were not
linked to changes in aerosol properties and therefore subgrid scale
cloud optical properties remained unchanged. This disadvantage
is eliminated by introducing subgrid scale cloud droplet number
concentration which are calculated by grid scale aerosol concen-
tration and composition. The subgrid scale cloud droplet number
concentration is then used together with a diagnosed subgrid scale
cloud liquid water content to calculate subgrid scale cloud optical
properties. Furthermore two different domains with different grid
sizes are chosen to investigate at which grid size the subgrid scale
cloud optical properties are still necessary.

With MCB it is intended to counteract global warming caused
by anthropogenic activities. For this purpose it is intended to
change incoming solar radiation by changing optical properties of
marine low-level stratocumulus clouds. To increase cloud optical
depth and therefore the reflectivity of the clouds cloud droplet
number concentration has to be increased. One possible way is
to release sea salt particles into the lower troposphere by ships to
increase the amount of cloud condensation nuclei and therefore
cloud droplet number concentration. To reduce uncertainties before
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real deployment, numerical simulations are carried out to analyse
the effects of MCB. Since mainly global climate models (GCM)
are used to investigate the effects of MCB and because GCMs
have certain uncertainties with the treatment of low-level clouds
COSMO-ART is filling the gap between GCMs and large eddy
simulations.

The results of the work are divided in two major parts. In the
first part COSMO-ART is evaluated against observations. The
simulation take place from 19th October to 10th of November 2008.
During the same time period the field campaing VOCALS-REx
was conducted and the results of it are used in this work to evaluate
COSMO-ART.

In the second part the effects of MCB are evaluated. As aerosols
act as cloud condensation nuclei and the activation of an aerosol
particle to a cloud droplet depends on the size of the aerosol
particle, the impact of additional sea salt particles is quantified
with different seeding scenarios. Therefore the size of the seeding
particles differ in the applied scenarios. Furthermore the role of
the direct effect of the seeded sea salt particles is investigated.
Additionally the impact on radiation is investigated in case of
neglecting subgrid scale aerosol cloud radiation interaction and
taking it into account.

Furthermore it is found that the shallow convection parametriza-
tion (Tiedtke scheme) used in COSMO-ART has major deficits
in the area of SEP. Neglecting aerosol cloud interaction is one
of it. But more drastically it shows that the shallow convection
parametrization interferes with grid scale properties in a way that
in case of the highest resolved simulation the parametrization sup-
presses grid scale cloud evolution. Which is not the duty of a sub-
grid scale parametrization. Therefore the convection parametriza-
tion is not used for any of the simulations.

Cloud properties (cloud droplet number concentration, effective
radius, LWP) of the baseline simulation compare well to observa-
tions of VOCALS-REx. Only the height of the boundary layer
is slightly underestimated by the model, because vertical mix-
ing is not sufficient enough. Comparison of cloud properties like
cloud droplet number concentration and effective radius r.r¢ are
very promising. The general distribution of cloud droplet number
concentration in the South East Pacific, where highest amount
of cloud droplet number concentration is located near the coast
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and is decreasing towards open sea, is reproduced by the model.
This is due to a high amount of anthropogenic aerosol near the
coast which is dominating the cloud droplet number concentra-
tion. Therefore r.¢¢ is lowest near the coast and increases offshore,
which is reproduced by COSMO-ART.

The impact of subgrid scale aerosol cloud interaction on surface
radiation is compared to observations. It is found that taking
subgrid scale aerosol cloud interaction into account leads to an
improvement of the model results compared to observations, since
the root mean square error (RMSE) decreases and the coefficient
of determination (R2) increases. The improvement is higher in
case of the coarse resolution as RMSE improves from 245.2 to
211.5Wm~2 and R2 from 0.765 to 0.82. RMSE in case of the
higher resolved domain improves from 220.4 to 212.6 Wm~2 and
R2 from 0.806 to 0.814. The improvement in case of the coarser
resolution is more pronounced which is not surprising since less
clouds are resolved on the grid scale in the coarser resolution.
Furthermore by taking the subgrid scale aerosol cloud interaction
into account the RMSE and R2 are in the same order for both
grid sizes.

For both grid sizes the climate engineering simulations with
smaller seeding particles show an increase of cloud droplet number
concentration over the domain, while the effective cloud droplet
radius decreases, which is expected and is intended by marine cloud
brightening. On the other hand the cloud liquid water content
(LWCQ) increases slightly, other then assumed by the theory of
Twomey (1977) on which the idea of marine cloud brightening is
based. There the assumption of a constant LWC is made. As the
cloud optical depth is not only a function of cloud droplet number
concentration, respectively the cloud effective radius, but also of
liquid water content the results show that this is only a simple
assumption and should be revised.

To identify areas which are more suitable for seeding than others
the quantity Sy, is introduced, which is the susceptibility of the
cloud droplet number concentration to the seeded particles. With
BN, regions which are more susceptible to seeding are identified.
Those regions are affected by pristine condition, like they are found
over the open sea. Regions which are less susceptible to seeding
are found near the coast. Those regions are affected by a more
polluted environment due to anthropogenic activities. Especially
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the plume originating from anthropogenic emissions along the coast
shows that there is in principle no effectiveness due to seeding.
This results from the competition between the seeded and the
anthropogenic particles. An already high polluted environment is
not suitable for seeding, since cloud droplet number concentration
is already high and a change in number concentration does not
change optical depth any further. Furthermore the seeding particles
decreasing supersaturation and therefore seeding inhibits activation
of smaller anthropogenic particles. In the worst case even reducing
cloud droplet number concentration.

This is the result of a scenario with larger seeding particles.
To quantify the impact of the size of the seeding particles sce-
narios with different sized particles are conducted. The scenarios
show that smaller particles are more effective to change cloud
optical properties as it is intended by MCB. Larger particles show
a negative effect on cloud properties as cloud droplet number con-
centration is decreasing and cloud effective radius is increasing.
Seeding with smaller particles show the intended effect of MCB
as cloud droplet number concentration is increasing and cloud
effective radius is decreasing.

The impact on short-wave radiation is quite large in case of seed-
ing with smaller particles as the short-wave radiation is changed
by -11.3Wm™2 at the surface and -9.9 W m™2 at top of the at-
mosphere in case of the higher resolved domain. Seeding with
larger particles has also a large impact on short-wave radiation.
The reduction in short-wave radiation in case of the small domain
shows a change of -13.3 Wm™2 at the surface and -11.2 Wm~2 at
top of the atmosphere. The impact on the short-wave radiation
is even larger than in case of seeding with small particles. This
change in short-wave radiation is mainly due to the direct radiative
effect of the seeded particles. A short simulation without direct
radiation interaction due to sea salt particles proves this. The fact
that the same flux parametrization for number concentration of
the seeding particles is used in case of the larger particles results
in an increase of sea salt mass, which causes a high impact on
short-wave radiation. But the reduction of short-wave radiation at
the surface is nearly compensated by a positive effect on long-wave
radiation of about +10.8 Wm™2. Seeding with smaller particles
shows a smaller effect on long-wave radiation at the surface of only
+1.6 Wm™2. This shows that in case of MCB the direct effect
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of the seeded particle can not be neglected, because it partially
compensates the efficiency of MCB.

In case of the larger domain but with coarser resolution and
seeding with smaller particles short-wave radiation was changed by
-9.0 Wm~2 at the surface and -7.5 Wm™2 at top of the atmosphere.
Long-wave radiation on the other hand changes only barely. In case
of the larger domain a third scenario is conducted, where smaller
and larger particles are seeded, but the flux parametrization is
weighted 50 % to each sea salt mode. The short-wave radiation is
reduced by -10.8 Wm™2 at the surface and -8.4 Wm™2 at top of
the atmosphere. Long-wave radiation is increased by 3.7 Wm™2 at
surface and only by 0.2 Wm™2 at top of the atmosphere. This is
caused by the direct effect of the seeding particles, as the sea salt
particles grow with relative humidity and form an internal mixture
(with water and sulfate). This leads to an increase in downward
long-wave radiation. As the forcing at top of the atmosphere is
lower than at the surface a portion of the radiation is added to
atmospheric forcing. At the end this is lowering efficiency of MCB.
This concludes that the mass of the seeded particles becomes
important at a certain point.

It is found that aerosol cloud interaction of subgrid scale pro-
cesses cannot be neglected. This is underlined by the comparison
of the simulations where subgrid scale aerosol cloud radiation in-
teraction is neglected and taken into account. As the magnitude
of the impact of MCB is different in both scenarios this underlines
the importance of subgrid scale aerosol cloud radiation interac-
tion. In case of the larger domain (7km grid sizing) seeding with
smaller particles shows a reduction of -7.4 Wm™2 at the surface
(-6.1 Wm~2 at top of the atmosphere) in case of neglecting subgrid
scale aerosol cloud interaction. If the subgrid scale aerosol cloud
interaction is taken into account the change of short-wave radiation
is about -9.0 Wm~2 and therefore about 20 % larger. In both cases
long-wave radiation is only changed marginally. This shows the
importance of including aerosol cloud interaction for subgrid scale
processes.

This work shows that MCB leads to more non-linear effects
then expected by the simple assumptions of Twomey (1977) and
Latham et al. (2008). Additional it is found that the suggested
mean change of cloud droplet number concentration to a value of
375 cm ™3 as stated by Latham et al. (2008) is never achieved in the
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simulations. Setting the larger domain as a reference which could
be seeded in a real world deployment it is possible to reduce the
short-wave radiation at top of the atmosphere by -7.5 Wm™2. But
this is only a local change valid for the region of SEP. Assuming
that all four suitable regions could be seeded the same way and
it would be possible to achieve the same reduction in short-wave
radiation globally it would be a reduction of -1.875 Wm™2. This
means less then -3.7Wm~2 Latham et al. (2008) which has to be
achieved to compensate C'Os doubling. Furthermore this takes
only the changes in short-wave radiation into account. As it is
shown in this work long-wave radiation due to direct effect of the
seeded sea salt particles is partially compensating the efficiency of
MCB.

To achieve the negative forcing in the simulation additional sea
salt particles are released at every grid point over the ocean. Other
then suggested by Korhonen et al. (2010) the flux in this work
is constant over time and not depending on wind speed. The
larger domain has 180600 grid points in total, while 56073 grid
points are over land and 124527 grid points are over water. This
would be the amount of ships needed in the scenarios of this work.
Assuming that roughly only half of the grid points are not suitable
for seeding due to competitive effects with anthropogenic aerosol
and assuming that neglecting those points would not change the
outcome of this work very much, there are still 62263 grid points
(ships) left. Which underlines that MCB seems to be not very
effective in reducing radiation in that way that it could compensate
a doubling in CO,.
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