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Abstract

Clouds in the Arctic di�er from clouds elsewhere in that they have a net
warming e�ect at the surface. This happens because the longwave (LW)
radiation dominates the radiation regime due to large solar zenith angles
throughout the year, combined with a high surface albedo. We have looked
at how an increased amount of anthropogenic sulfate aerosols in Arctic clouds
can modify the radiation budget in the region. In doing this we used both
a one dimensional model based on the NCAR CCM3 radiation scheme and
the three dimensional CAM-Oslo climate model. An increased amount of
sulfate aerosols alters the clouds mainly through the �rst and the second
indirect e�ect giving them smaller e�ective drop radii and higher liquid water
paths. Elsewhere on Earth this would lead to an increased cooling e�ect, but
given the LW dominance and the optically thin clouds in the Arctic it has
been suggested that the change may lead to an increased warming by the
clouds in this region. Studies by Garrett and Zhao (2006) and Lubin and
Vogelmann (2006) have under certain conditions found an increase in the
LW surface �ux on the order of 3.3 to 8.2 W/m2 due to indirect e�ects.
We have studied these e�ects by using present and pre-industrial emission
scenarios as well as a scenario with increased SO2 emissions compared to
present day. Our results suggest that cloud forcing is less susceptible to
increased levels of pollution today than it was pre-industrially. The reduced
sensitivity is caused by large amounts of aerosols already available to the
clouds in present day. The increased aerosol levels from pre-industrial times
until today leads to an annually averaged increase in the LW cloud forcing
at the surface of 0.64 W/m2. Although these simulated results are subject
to uncertainties, the overall importance of the increase in LW surface �ux
seems signi�cantly lower than the maximum possible increase in this quantity
found in earlier studies. The annually averaged change in SW cloud forcing
with indirect e�ects is -0.99 W/m2, while the simulated net change in surface
cloud forcing due to anthropogenic aerosols averages to -0.35 W/m2. Due to
LW dominance in winter, the average change in cloud forcing from October
to May is positive (0.2 W/m2), while the change in forcing averaged over
the remaining months is negative (-1.4 W/m2). We conclude that the overall
e�ect of increased levels of anthropogenic sulfate aerosols under cloudy skies
is a small decrease in the surface radiative �ux.
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1 Introduction

The Intergovernmental Panel on Climate Change (IPCC) leaves little doubt
that we now experience a warming of the global climate: �Warming of the cli-
mate system is unequivocal, as is now evident from observations of increases
in global average air and ocean temperatures, widespread melting of snow
and ice, and rising global average sea level� (IPCC, 2007). They further state
with very high confidence that this warming is caused by human activity.

The Arctic region is particularly sensitive to climate change (Wang and
Key, 2005) and the increase in air temperature in the bottom layers of the
atmosphere is almost twice as large here as in the rest of the world. This
phenomenon is called the 'Arctic Ampli�cation' (eg. Graversen et al. (2008)).
Due to the rapid changes found in this region, there has been an increasing
scienti�c interest in the Arctic in general. This was made evident by the
onset of the International Polar Year (IPY) in 2007.

In projections of future climate published in the Fourth Assessment Re-
port by the IPCC, changes in clouds due to human activity are among the
major sources of uncertainty. An increased understanding of clouds and as-
pects related to change in clouds due to anthropogenic forcing is therefore
important.

Clouds in the Arctic di�er from clouds elsewhere in that they have a net
warming e�ect at the surface - there is positive cloud forcing. Elsewhere on
Earth clouds block more shortwave (SW) radiation than the longwave (LW)
radiation they return to the Earth-atmosphere system (eg. (Liou, 2002)).
In the Arctic, however, the sun is absent for large parts of the year, and
when it returns in summer it is at large solar zenith angles. Additionally,
the Arctic surface has a relatively high surface albedo. Depending on season,
the fraction of solar radiation re�ected by the Arctic surface may therefore
be nearly the same as the fraction re�ected by overlaying clouds. Because of
this, the LW radiation plays a much more important role in this region than
at lower latitudes and the greenhouse e�ect of clouds in the LW leads to a
net warming by clouds in the Arctic.

In 2006 two empirical studies were published in Nature dealing with
changes in Arctic clouds due to human activities (Garrett and Zhao (2006)
and Lubin and Vogelmann (2006)). They both study the in�uence of anthro-
pogenic emissions of pollution on thin, non-opaque clouds. Results from these
studies suggest that LW surface warming by clouds increases signi�cantly in
the presence of large anthropogenic emissions.

The motivation behind this study lies in the large changes observed in
the Arctic climate, combined with the general uncertainty regarding changes
in clouds with pollution and results found in the empirical studies mentioned
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above. In this thesis we will study how an increased amount of anthropogenic
sulfate aerosols in the Arctic clouds can modify the radiation budget in the
region. We will focus mainly on changes occurring in the surface forcing, and
only brie�y describe what occurs at the top of the atmosphere. To study this
phenomenon we have used both a one dimensional (1D) model based on the
radiation scheme from the National Center for Atmospheric Research Com-
munity Climate Model version 3 (NCAR CCM3) and the three dimensional
(3D) CAM-Oslo climate model (Community Atmosphere Model). We will
focus on the following questions.

� For what clouds is the forcing most susceptible to change with pollu-
tion?

� Can we reproduce the �ndings of earlier studies using the 1D model?

� How does the simulated surface LW cloud forcing change with pollu-
tion?

� How do the average changes in surface LW cloud forcing compare to
earlier �ndings?

� How does the simulated surface SW cloud forcing change with pollu-
tion?

� What is the overall e�ect of increased amounts of anthropogenic sulfate
aerosols interacting with clouds on the radiative balance at the Arctic
surface?

The next chapter gives some background information on the earlier stud-
ies on interaction of Arctic clouds and aerosols. Chapter 3 goes into theory
behind the in�uence of clouds on the radiative balance and how increasing
aerosol levels may alter this in�uence. The models and methods used in this
thesis are described in chapter 4. Results and discussions concerning the one
dimensional model and the three dimensional model are presented in chap-
ters 5 and 6 respectively. In the last chapter we summarize our �ndings and
conclude.
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2 Background

In this chapter we will brie�y describe the background for studying the change
in cloud forcing with pollution. We will also present articles by Garrett and
Zhao (2006) and Lubin and Vogelmann (2006) which study changes in cloud
radiative properties with increased aerosol concentrations. These articles
form a basis for this thesis.

Climate change in the Arctic may be caused by several factors, among
these is the increased surface radiative �ux resulting from anthropogenic
greenhouse gas emissions and soot deposition on snow. Soot deposition de-
creases the surface albedo and increases the amount of solar radiation ab-
sorbed by the snow covered surface. The articles by Garrett and Zhao and
Lubin and Vogelmann mentioned above discuss another possible factor re-
sulting from human activity that in�uences the Arctic climate - the increase
in surface radiative �ux when large amounts of pollution interact with the
Arctic clouds.

Traditionally there has been a focus on how aerosols may change clouds to
re�ect more shortwave radiation (eg. Twomey (1974)). This e�ect has been
observed for instance when ship tracks form in maritime stratus (Garrett
et al., 2002). The change in cloud properties has not been considered to
a�ect the longwave radiation properties as these clouds have been seen as
black bodies in the longwave (Twomey, 1974). Following the increased focus
on the Arctic region, there has been an increased interest in how aerosols
may change the thinner, nonopaque clouds that are common in this region.
Observations have shown that in addition to the increased cooling e�ect by
the clouds in the shortwave, we may expect increased warming by these
clouds in the longwave.

Aerosol concentrations in�uence the radiative forcing of clouds because
they may act as cloud condensation nuclei. Through what is know as the
indirect e�ects, increased aerosol levels in�uence the size of cloud particles
and the amount of water held in a cloud. Both the size of particles and the
water amount is a�ecting the cloud LW emissivity and the SW cloud albedo
and therefore the cloud radiative properties. Changes in cloud parameters
with pollution will be described in greater detail in section 3.4.

Garrett and Zhao (2006) study the surface radiative balance under cloudy
skies for di�erent concentrations of anthropogenic aerosols. Their work is
based on measurements of aerosol concentrations and cloud properties ob-
tained near Barrow, Alaska. They compare episodes of �clean air� to episodes
when the air is more polluted and approximates these as the upper and the
lower quartile thresholds of cloud condensation nuclei concentrations. They
reduce the uncertainty of their study by only looking at cases with single
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layer clouds with tops below 1.5 km altitude, and study a total of 9440 cloud
samples from the year 2000 to 2003. When comparing the average polluted
to the average clean case, they �nd a 3.3 to 5.2 W/m2 increase in the surface
net �ux under cloudy skies.

The study by Lubin and Vogelmann (2006) is also based on observations
obtained in northern Alaska. They use six years of data (not complete sets)
of aerosol condensation nuclei (CN) and cloud properties. Like Garrett and
Zhao they consider episodes where the CN values are below the lowest quar-
tile threshold clean and above the upper threshold polluted. They further
study only samples coincident with clouds that are not black bodies in the
LW.

In their article they study the radiative LW e�ect of reductions in the size
of cloud droplets due to high levels of pollution. They �nd that under cloudy
skies such changes in cloud droplet size lead to an increase of an average of
3.4 W/m2 in the LW �ux at the surface. Changes in both cloud droplet size
and water amount with pollution lead to an average increase of 8.2 W/m2 in
the same �ux.

The �ndings of both Garrett and Zhao (2006) and Lubin and Vogelmann
(2006) are of magnitudes believed to be climatologically signi�cant. For com-
parison, the increased �ux resulting from anthropogenic emissions of green
house gases is approximately 2.3 W/m2 (IPCC, 2007). Based on this it is
therefore important to study this phenomenon closer and �nd the overall im-
portance of changes in radiative properties of Arctic clouds with pollution.
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3 Theory

3.1 Radiation Theory and Clouds

In this thesis the term long wave (LW) radiation is used for the thermal in-
frared (IR) radiation emitted at temperatures found in the earth-atmosphere
system (λ=5 to 100 µm). The short wave (SW) radiation describes the solar
radiation reaching our system (λ=0.1 to 5 µm).

The net longwave �ux varies within this system because of changes in
both temperature and characteristics of the emitting bodies with location and
time. The reason for this variation can be seen using the Stefan-Boltzmann
law. It gives the �ux density emitted by a body:

F = ϵσT 4 (1)

where ϵ is the emissivity of that body and σ the Stefan-Boltzmann constant
(σ = 5.67 * 10−8 J m−2 s−1 K−4) (Liou, 2002). The emissivity of a given
wavelength is de�ned as the ratio of the emitted intensity to the maximum
possible emitted intensity at that wavelength. If the emissivity approaches
unity, the emitting surface is close to a black body. Liou states in his book
�An Introduction to Atmospheric Radiation� (p 384) that the emissivity of
the Earth surface in thermal IR is close to one.

From the Stefan-Boltzmann law it is clear that warmer bodies with higher
emissivities emit more energy. The law also makes it clear that if the mean
temperature and emissivity of the sun are taken to be approximately con-
stant, the shortwave �ux reaching our system is constant as well.

Clouds a�ect the longwave and the shortwave radiation balance through
di�erent processes. In the longwave, some or all of the energy radiated from
the surface and the atmosphere below the cloud layer is absorbed by the
cloud. The portion of energy absorbed depends on the cloud absorptivity, the
ratio of absorbed intensity to the incident intensity at that wavelength. At
the same time the cloud itself emits radiation, the amount of which depends
on the cloud emissivity and temperature. Kirchho�'s Law states that in order
to have thermodynamic equilibrium in a medium, the absorptivity must be
equal to the emissivity (Liou, 2002). This is valid below 60-70 km and is a
good approximation for the part of the atmosphere studied in this thesis.

The longwave cloud emissivity is a function of liquid water path (LWP),
cloud phase and size of the cloud particles. LWP is the integrated amount
of liquid water in a column above a certain area (units of g/m2). The LW
cloud emissivity can be de�ned as (NCAR CAM3.0 documentation):

ϵ = 1 − e−1.66∗kabs∗LWP (2)
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Cloud phase and particle size a�ects the emissivity through the absorption
coe�cient, kabs:

kabs = kabs,liquid ∗ (1. − fice) + kabs,ice ∗ fice (3)

Here �ce is the fraction of cloud particles that are frozen. Both kabs,liquid and
kabs,ice are inversely proportional to cloud particle size, although for liquid
particles this is only for droplets larger than 10 µm. For droplets smaller
than 10 µm the wavelength of the LW radiation is larger than the droplet
size and the absorption e�ciency is small (Garrett et al., 2002). For droplets
over a certain size the absorption coe�cient thus increases with decreasing
cloud particle size.

From equation 2 it is clear that the longwave emissivity increases with
liquid water path in the cloud. This corresponds well with general expecta-
tions, that clouds containing more water are optically thicker and hence emit
and absorb more energy. The exponential form of this equation however tells
us that when a certain water amount is reached, changes in LWP become less
signi�cant as the exponential term may already be approximated by zero and
the emissivity is very close to unity. For smaller water amounts, however, the
emissivity is also sensitive to the size of cloud particles, both droplets and ice
particles, through the absorption coe�cient. Smaller particles correspond to
higher kabs and higher emissivity.

To see what water amount is necessary for the cloud to be optically thick
in the LW we go back to equation 2. If we assume that a black body is de�ned
as having an emissivity above 0.99 we get an expression for the minimum
LWP required for the cloud to reach this limit:

ϵ = 1 − e−1.66∗kabs∗LWP > 0.99 (4)

⇔ e−1.66∗kabs∗LWP < 0.01 (5)

⇔ kabs ∗ LWP > − 1

1.66
ln0.01 (6)

⇔ LWP >
1

kabs

2.77 (7)

Inserting for average absorptivity coe�cients gives the data set shown below
(see table 1). The data presented is based on results from the one dimensional
model used in this study. Notice how the necessary water amount increases
with e�ective radius. This is because larger radii lead to smaller absorption
coe�cients and the LWP must increase for the exponential term of equation 2
to approach zero.
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The shortwave radiation is a�ected by clouds through a di�erent process.
The energy is to a much smaller degree absorbed by the cloud, unlike the
longwave case, but rather scattered or re�ected by the cloud particles. In
fact, for water clouds absorption of SW radiation increases with water amount
and levels o� between 10 and 12 percent for high liquid water paths (Slingo,
1989). The cloud re�ectivity also increases with water amount, but reaches
values as high as 75 to 80 percent for LWP important to this thesis (Slingo,
1989). Clouds in that manner mainly work to change the direction of the
incoming solar radiation and by back-scattering prevent some of the energy
from reaching the surface.

The cloud albedo, A, is the ratio of �ux re�ected by the cloud back
towards space to the incoming solar �ux (Liou, 2002), and hence tells us
how much of the solar energy is kept from reaching the environment below
the cloud. Twomey (1974) shows that the cloud albedo is a function mainly
of cloud optical thickness, asymmetry factor and single-scattering albedo.
The single-scattering albedo, ω̃, gives the fraction of energy not absorbed
in a single scattering event. Water clouds have very little absorption in the
visible region, which is located at the peak of the Planck curve for solar
radiation. One therefore often assumes ω̃ ≈ 1. The albedo of a cloud can
then be approximated by the optical thickness and the asymmetry factor
alone (Meador and Weaver, 1980):

A =
(1 − g)τ

1 + (1 − g)τ

=
1 − g

1
τ

+ (1 − g)
(8)

The asymmetry factor, g, gives the direction of the scattered radiation,
where g = 1 indicates pure forward scattering and g = -1 pure back-scattering.
It is calculated as the average value of the cosine of the scattering angle
(Hobbs, 1993). According to Twomey (1974) for warm clouds most of the
energy scattered by cloud droplets is scattered forward and g is close to 0.8

Table 1: Liquid water path corresponding to optically thick clouds in the
LW: emissivity ≈ 1.

Summer (�ce = 0) Winter (�ce ≈ 0.3)
Re ≤ 10µm LWP> 36.9 g/m2 LWP> 52.3 g/m2

Re = 11µm LWP> 40.7 g/m2 LWP> 57.7 g/m2

Re = 12µm LWP> 44.7 g/m2 LWP> 63.0 g/m2

Re = 13µm LWP> 47.8 g/m2 LWP> 67.5 g/m2
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- 0.9. Slingo and Schrecker (1982) go further and show that for these clouds
g depends on the e�ective radius, r̄, of cloud droplets, and the wavelength
of the incoming radiation, λ. Larger sizes lead to higher valued asymmetry
factors.

g = e(λ) + f(λ)r̄ (9)

where e(λ) and f(λ) are parameters > 0. In addition, g depends on cloud
phase as well, because the size and the shape of ice particles di�er from those
of water clouds.

For water clouds two of the three quantities comprising the cloud albedo
can be approximated and the importance of the cloud optical thickness, τ ,
becomes evident. From equation 8 it is clear that higher τ corresponds to
higher cloud albedo. The optical thickness of a cloud layer indicates that a
fraction 1−e−τ of the incident vertical SW radiation beam has been scattered
at least once in passing through the layer. τ is given by (Twomey, 1977):

τ =

∫ zt

zb

kEdz

= π

∫ zt

zb

∫ ∞

0

Qe(r/λ)r2n(r, z)drdz

τ ≈ 2πNr̄2∆z (10)

Here kE is the extinction coe�cient and n(r)dr the number of drops per
unit volume with radius in the interval (r, r + dr). N is the total number
concentration of droplets and Qe the extinction e�ciency. The latter may be
approximated by Qe ≈ 2 for wavelengths in the visible where λ << r (Liou,
2002). In the simpli�ed expression we have assumed that the cloud droplet
radii can be approximated by the e�ective radius, r̄. This is a mean of droplet
size where the droplet cross section is included as a weighting factor. It is
given by (Liou, 2002)(page 372):

r̄ =

∫
πr3n(r)dr∫
πr2n(r)dr

(11)

We have also assumed that ∆z represents the depth of a homogeneous cloud
layer. All model layers are homogeneous and the above assumption is there-
fore suited for our purposes. In a homogeneous cloud layer the liquid water
content, LWC = 4

3
πρLr̄3N , will be constant with height. This leads to a
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simpli�ed expression for the liquid water path:

LWP =

∫ zt

zb

LWCdz (12)

≈ LWC ∗ ∆z (13)

=
4

3
πρLr̄3N∆z (14)

Inserting this into the above expression for τ one is left with a very simple
expression for the optical thickness of warm clouds as a function of liquid
water path and e�ective radius:

τ =
3

2

LWP

ρLr̄
(15)

From this equation, it is evident that τ increases with increasing LWP and
decreasing r̄. The same relation is used by Zhang, Stamnes and Bowling in
their study of �Impact of Clouds on Surface Radiative Fluxes and Snowmelt
in the Arctic and Subarctic� (1996) (see also Liou (2002) and Slingo and
Schrecker (1982)).

For ice clouds the optical depth is given as a function of ice water path
(IWP), a mean e�ective crystal size (De) and parameters depending on crys-
tal type (c and b) (Liou, 2002):

τ ≈ IWP (c +
b

De

) (16)

The IWP can be approximated as IWC*∆z, the mass of ice per unit volume
of air times the depth of the cloud layer. For ice columns c≈-6.656*10−3 and
b≈3.686 (Liou, 2002). From this equation we see that ice and water clouds
have similar characteristics. Increasing the ice water path or reducing the
e�ective crystal size in ice clouds leads to an increase in the cloud optical
depth.

In addition to what is mentioned above the wavelength of the incoming
radiation is also of importance to the cloud albedo.

3.2 Cloud Forcing

Clouds in the Arctic region di�er from clouds elsewhere in that they have
a net warming e�ect on the surface environment - there is positive cloud
forcing (CF). Cloud forcing is de�ned as �the radiative impact that clouds
have on the atmosphere, surface, or top-of-the-atmosphere (TOA) relative to
clear skies� (Shupe and Intrieri, 2004). It tells you how much more energy
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Figure 1: Cloud forcing mechanisms in the Arctic environment. SW radiation
in yellow and LW radiation in dark red.

is received at a certain level in the atmosphere with clouds present than
without. Assuming all �uxes are de�ned as positive towards the surface,
cloud forcing is de�ned as:

CFLW = NetfluxLW,allsky − NetfluxLW,clear (17)

= F↓LW,allsky − F↑LW,allsky − F↓LW,clear + F↑LW,clear (18)

CFSW = NetfluxSW,allsky − NetfluxSW,clear (19)

= F↓SW,allsky − F↑SW,allsky − F↓SW,clear + F↑SW,clear (20)

CF = CFLW + CFSW (21)

(22)

In general CF is calculated using the true atmospheric state including clouds
which we call allsky, and using a hypothesized clear sky atmosphere. The
latter is simulated through numerical modeling. The best estimate of the true
state of the atmosphere is used as input and the clouds then removed. The
radiation �uxes are then calculated to give the clear sky net �uxes. (Some
claim that the water vapor amount in a vertical column of the atmosphere
is larger when clouds are present than when they are not. Simply removing
the clouds is in that case not a good approximation of the clear sky state as
water vapor interferes with the radiative �uxes. Ignoring such an e�ect will
lead to an underestimation of the cloud forcing.)

The sign and magnitude of the cloud forcing depends on several factors.
First we will consider the cloud forcing at the surface. The longwave part of
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this forcing is positive and re�ects the warming e�ect caused by downward
longwave radiation emitted at the cloud base. This radiation increases the
LW allsky net �ux, and hence the cloud forcing. The increase in LW allsky
net �ux is larger the higher the cloud base temperature, Tb, is relative to the
surface temperature. However, higher surface temperatures, Ts, increase the
cloud forcing as this increases the clear sky upward �ux. The magnitude of
the LW cloud forcing (LWCF) is thus larger for both high Tb

Ts
ratio and for

high Ts. The two e�ects dominate at di�erent times of the year.
In the Arctic the longwave cloud forcing experiences little annual vari-

ability. During the SHEBA campaign (Surface Heat Budget of the Arctic
Ocean) a 30 W/m2 annual variability was observed in the net LW �ux (In-
trieri et al., 2002a). The components that comprise the forcing change with
season. In winter, the net allsky �ux can be close to or even larger than zero.
This happens because of temperature inversions and the cloud base being
warmer than the surface (the Tb

Ts
ratio is high). Assuming that the clouds are

black bodies, the ground thus receives more energy from the cloud than it
emits itself (see equation 1). The net clear sky �ux is rather small because
of low surface temperatures but it gives a positive contribution to the LW
cloud forcing at the surface.

In summer observations show a LW cloud forcing of comparable magni-
tude to the winter case. This is caused by di�erent phenomena. In summer,
inversions are not as common, and the net �ux in a cloudy atmosphere is
negative - the ground receives less radiation from the cloud base than it emits
itself. However, the clear sky upward �ux is larger during summer than in
winter because of higher surface temperatures. This contributes to increase
the LWCF. The sum of decreased allsky net �ux and decreased net clear sky
�ux makes the LWCF approach the same level as it does in winter. This
argument clearly states the importance of cloud temperature. One should
also mention that the Arctic usually has a larger cloud cover in summer,
increasing the LW e�ect (Intrieri et al., 2002a).

The SW part of the cloud forcing is negative and thus leads to cooling
by clouds in areas where this radiation dominates. Depending on the cloud
albedo, a fraction of the incoming solar radiation is re�ected to space and
thus never reaches the environment below the cloud. Receiving less energy
this environment becomes colder in the presence of clouds.

The shortwave cloud forcing is, unlike the longwave, strongly variable over
the annual cycle because of change in incoming solar radiation and surface
albedo. The contribution of solar radiation is smaller for high solar zenith
angles because its path through the atmosphere is longer (Shupe and Intrieri,
2004). The radiation is therefore attenuated before hitting the clouds and
the ground. The lack of solar radiation in winter (zenith angles above 90◦)
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leads to zero SW cloud forcing during this season. The solar zenith angle is
therefore of crucial importance in calculating the cloud forcing.

The surface albedo also varies with season and in�uences the SWCF
greatly. As mentioned above, the di�erence, or rather lack thereof, between
the re�ective properties of the clouds and the ground is part of what keeps
the surface SWCF low in the Arctic. The large areas covered by ice and
snow have an albedo very close to that of overlaying clouds. Therefore the
energy absorbed by the surface may not change much in the presence of
clouds. A decrease in surface albedo will increase the importance of clouds
and the shortwave cloud forcing along with it. The surface ice cover is at
its minimum in September (NSIDC, 2009a) and the surface albedo generally
reaches a minimum simultaneously, even if it also depends on meteorological
conditions such as presence of fresh snow, melt ponds on top of the ice etc.

The annual variability in shortwave cloud forcing will thus depend mainly
on two factors. The solar radiation will increase towards summer solstice and
decrease later in the summer season. From this one would assume that the
SWCF was at its peak around late June. The surface albedo, however, will
continue to decrease all the way into September and thus works to increase
the SW cloud forcing throughout the summer. The sum of these e�ects
makes the shortwave cloud forcing generally reach its peak in July, depending
somewhat on meteorological conditions. The peak in cloud cover in August
also a�ects the SW e�ect.

On a smaller time scale, the magnitude of both the longwave and the
shortwave contribution strongly depends on the microphysics and water con-
tent of each cloud. In the longwave case, cloud longwave emissivity is of
crucial importance. If the cloud is not optically thick in the LW it will emit
less radiation and less radiation will reach the ground. The allsky net �ux
is then reduced, and so is the LW surface cloud forcing. An emissivity less
than unity is mainly a consequence of a low cloud liquid water path (see
equation 2).

Cloud microphysics and water content are of importance also in the short
wave case. These parameters are what decide the cloud albedo and hence to
what extent the cloud in�uences the incoming solar radiation. Some claim
that this is especially important for thick clouds as they are already saturated
in the LW, but are not so in the SW (Shupe and Intrieri, 2004) - the albedo
continues to increase in the SW after it is saturated in the LW, and thus
makes the short wave contribution to the cloud forcing increasingly important
(Figure 2).

The same physics applies in the case where we consider the top of the
atmosphere (TOA). The main di�erence between results at the surface and
at this level, is that at the surface, the cloud forcing is a measure of how
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Figure 2: Cloud SW albedo and LW emissivity as a function of liquid water
path. (Cloud ice fraction = 0 and e�ective radius = 10 µm)

much the clouds in�uence the radiation budget at that speci�c level. At
the top of the atmosphere, however, the cloud forcing indicates how the
energy available to the entire earth-atmosphere system has changed. It thus
comprises all levels of the atmosphere.

The sign of LW forcing at the TOA will depend on whether the cloud
top emits more or less energy than the underlying surface. In winter the
cloud top is often warmer than the surface. This leads to negative cloud
forcing if the cloud emissivity is high. More energy is then leaving the earth-
atmosphere system than it would without clouds present. In an atmosphere
without temperature inversions the cloud top will be colder than the surface
and the LWCF at the top of the atmosphere is positive.

In the SW the sign of the forcing will depend on whether the cloud has a
higher albedo than the earth surface. A higher albedo means more re�ected
radiation and negative cloud forcing - the clouds in this case force more
energy to leave the system. If on the other hand the cloud albedo is lower
than the surface albedo (not very common), the SWCF at the top of the
atmosphere will be positive.

3.3 Pollution

Most cloud condensation nuclei in the Arctic are believed to be sulfate parti-
cles from marine and pollution sources (Curry and Ebert, 1992). According
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to Quinn et al. (2008) the tropospheric aerosol concentrations in this region
show a marked increase during late winter and early spring. This is a result of
transport patterns and meteorological conditions. Aerosols are transported
to the Arctic mainly from mid-latitude Eurasia. Barrie (1986) explains how
east-west pressure gradients exist for long periods of time between the semi-
persistent Siberian high and low pressure centers over northern Europe at
this time of year. These are associated with large scale eddies that result in
surges of polluted air from Eurasia into the Arctic region. Also worth men-
tioning is the fact that the pollution in this case travels mainly over snow
covered land-ice areas and hence is not much a�ected by precipitation. There
is also a pathway leading from the east coast of North America into the Arctic
(Barrie, 1986). However, the pollution travelling along this pathway crosses
the north Atlantic, an area prone to heavy precipitation. This removes much
of the pollution before the air mass reaches the Arctic.

A change in transport in summer exists because of a shift in the polar
air mass and the pressure patterns. In Eurasia the mean �ow in the lower
troposphere shifts from southwest to northeast and there is little transport
into the Arctic region.

The increase in aerosol concentration during winter is also a consequence
of the aerosols having longer atmospheric lifetimes during winter. As men-
tioned above temperature inversions are common in the Arctic during winter.
This is associated with a stably strati�ed environment which inhibits turbu-
lent transfer and thus removal through dry deposition (Quinn et al., 2008). In
addition to this the Arctic troposphere is dry and there is little precipitation,
most of which falls during the summer (Barrie, 1986). This results in very
little wet deposition during winter and spring. During summer temperature
inversions are less common and precipitation is heavier, leading to increased
removal by both dry and wet deposition during the warmer half of the year.

3.4 The First and Second Indirect E�ect

Pollution and the presence of tropospheric aerosols may a�ect the Arctic
climate in several ways. The direct e�ect relates to how aerosols scatter or
absorb incoming solar radiation. Scattering leads to a decrease in the radi-
ation reaching the environment below the aerosols and hence the radiation
reaching the surface. However, the Arctic surface has a relatively high albedo
and the increased re�ection to space by aerosols may only be a minor contri-
bution. SW absorption by the aerosols is potentially of greater importance
as the aerosols emit longwave radiation towards the surface, which has an
emissivity close to unity for these wavelengths (Quinn et al., 2008). Aerosols
may also a�ect the terrestrial radiation directly if they are hygroscopic and
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grow large, or a�ect the surface albedo if they are deposited to snow and
ice surfaces. The focus of this study however is how aerosols lead to climate
forcing through interacting with clouds, known as the indirect e�ects. For
this to happen, it is crucial that periods with high pollution levels coincide
with periods prone to certain cloud types.

Figure 3: Change in cloud properties with pollution. Left) clean, non-opaque
cloud with few large droplets. Right) Polluted cloud, more optically thick
with numerous small droplets. From Lohmann (2005).

3.4.1 The First Indirect E�ect

The �rst indirect e�ect has been described as an increase in the SW cloud
albedo through decreased e�ective radius and increased number concentra-
tion of the cloud droplets (Twomey, 1977). These changes result from pol-
lution leading to an increased number concentration of cloud condensation
nuclei (CCN). The �rst indirect e�ect assumes that the cloud liquid water
content is held constant and that the water in the cloud is divided between
an increased number of droplets, each having a smaller radius.

It is previously shown that the albedo increases with optical depth, τ .
One can see directly from equation 15 (τ = 3

2
LWP
ρLr̄

) that reducing the e�ective
radius while holding the water amount constant will lead to a higher τ and
therefore increase the cloud albedo.

From equation 10 it is clear that it is the total droplet cross-section,
σ = πr2N , not the volume that determines the impact of clouds on shortwave
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radiation.

τ ≈ 2πr̄2N∆z (23)

= 2σ∆z (24)

This fact is what leads to increased albedo with smaller and more numerous
droplets. A given volume of a population of droplets, V = 4

3
πr̄3N , cor-

responds to several optical depths depending on the e�ective radius of the
droplets. Expressing the total droplet cross section in terms of this volume
gives σ = 3

4
V
r̄
. For a given V, σ increases with decreasing r̄. The optical

depth and the albedo increase along with it.

This increase in the shortwave albedo will reduce the net radiative �ux
in the environment below the cloud if it is located over a low albedo surface.
The e�ect should reach a peak when the surface albedo is low, but the solar
radiation still high. Like the SW cloud forcing, we expect the in�uence of the
indirect e�ect to reach a maximum sometime in July. One should mention
that the shortwave �rst indirect e�ect will be smaller in this region than
elsewhere on earth as the Arctic receives relatively little sunlight and has
highly re�ective surfaces.

As mentioned earlier the main focus of changes in cloud microphysics
with pollution has been on how it in�uences properties related to shortwave
radiation. It is evident, however, that reducing the e�ective radius of a cloud
changes properties in the longwave as well.

Keeping the LWP constant, the longwave emissivity is a�ected only through
changes in the absorptivity coe�cient (see equation 2). For radii greater than
10 µm, the absorption coe�cient will increase with a decrease in r̄, while for
r̄ < 10µm kabs,liquid is constant with r̄. The emissivity thus either increases
with decreasing r̄ or remains constant depending on the average size of the
particles in the cloud. Reductions in cloud particle size through the �rst
indirect e�ect may therefore in�uence the longwave radiation balance. Equa-
tion 2 shows, as before, that if the LWP is large, the emissivity is already
close to unity. For there to be a longwave �rst indirect e�ect it is therefore
crucial not only that the e�ective radius of the cloud is larger than 10 µm,
but also that the cloud is not already optically thick in the longwave.

An increase in longwave emissivity will result in stronger LW cloud forcing
and warming of the areas below the cloud and can in�uence the Arctic climate
throughout the year. Because of the LW dominance and the thin non-opaque
clouds common in this region, the longwave �rst indirect e�ect may be of
large importance here.
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3.4.2 The Second Indirect E�ect

The second indirect e�ect is an increase in the SW cloud albedo and LW
emissivity following an increased liquid water path in the cloud. The water
path increases because the larger number concentration of CCN leads to
smaller more numerous drops and thus increases the amount of water the
cloud can hold without the onset of precipitation. Precipitation starts as
droplets reach a certain size. This is mainly because the auto conversion
increases greatly as the e�ective radius increases above 10 to 15 µm due to
large collection e�ciencies.

From equation 15 and equation 2 we know that an increased LWP in-
creases not only the shortwave cloud albedo but also the longwave emissiv-
ity, assuming the cloud is not already a black body in the given wavelength
ranges. Thus the second indirect e�ect may bring changes to the longwave
radiation budget as well as to the shortwave.

In addition to the above it has been suggested that the suppression of
precipitation will lead to a cloud lifetime e�ect, allowing the cloud to persist
longer. However, this has not been con�rmed by observations (Menon et al.,
2002).

3.4.3 Increased Pollution

For there to be changes in the cloud properties as a result of pollution,
there must be an increase in the number concentration of CCN in the Arctic
atmosphere. As clouds in low layers usually have higher temperatures than
clouds at higher altitudes, we will focus on changes at low levels.

Garrett and Zhao (2006) show that the amount of anthropogenic sulfate
particles released into the atmosphere today should be su�cient to a�ect
cloud LW emissivity. They calculate that increasing the concentration of
CCN in the lowest 4 km of the Arctic atmosphere by 5 cm−3 requires about
5 kt of material. They further state that this is enough to ensure a nominal
increase in emissivity of about 0.01. With a characteristic lifetime of these
particles up to 39 days, it requires about 365

39
∗ 5kt = ∼ 50 kt of material

to sustain such an increase in CCN throughout one year. Including the
uncertainty of this calculation Garrett and Zhao (2006) suggest that a long
range transport of 10 to 100 kt of material into the Arctic each year would
su�ce to a�ect the cloud forcing in the region. This is only about 1 per cent
of the SO2 emitted north of 60◦ in the Eurasian region alone. If pollution
a�ects the LW emissivity, it would also a�ect the SW cloud albedo as it
depends on the same parameters as ϵ.
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Hobbs (1993) (p.43) shows that even when assuming a CCN lifetime of
only 2 days, anthropogenic emissions of sulfur should be a�ecting cloud prop-
erties.
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4 Model Tools and Methods

To study the �rst and the second indirect e�ect we have used both a one
dimensional (1D) model based on the NCAR CCM3 radiation scheme and
the three dimensional (3D) CAM-Oslo climate model. The 1D model was
used to study how speci�c changes in e�ective radius and liquid water path
alter the cloud forcing in the Arctic at di�erent times of the year. It was
also used to look at what clouds are most sensitive to indirect e�ects and to
investigate whether we could reproduce the �ndings of earlier studies. The
3D model was run to study how changes in anthropogenic aerosol pollution
a�ect the cloud forcing depending on time and location.

4.1 Model Modi�cation - LW Emissivity as a Function

of E�ective Radius

When the models were used to simulate clouds at lower latitudes, the cal-
culations in the longwave part of the spectrum did not depend on cloud
droplet radius. This is because this dependence is insigni�cant when short-
wave radiation is dominating the radiation regime. In the Arctic however,
LW radiation is much more important, and we can no longer neglect the LW
emissivity dependence on cloud droplet size. If this was ignored we would
see no �rst indirect e�ect in the LW. We therefore deduced an expression for
LW emissivity that depends on cloud droplet size. We then reprogrammed
both the 1D and the 3D model to use this expression and thus increased the
accuracy of these models, especially when used to simulate Arctic conditions.

In order for the longwave cloud emissivity to depend on droplet size, the
liquid water mass absorption coe�cient (kabs,liquid) is expressed in terms of
e�ective radius. The absorption coe�cient for liquid particles is given by:

kabs,liquid =
βa

LWC
(25)

where βa is the volume absorption coe�cient for liquid droplets and LWC
is the liquid water content of the cloud in units of mass per volume. These
components will be examined closer in order to show how this coe�cient
depends on droplet size.

The volume absorption coe�cient is given by:

βa = π

∫ ∞

0

n(r)r2Qa(r)dr (26)

where n(r) is the cloud droplet size distribution as a function of radius, r,
and Qa is the absorption e�ciency. Qa is approximately constant and equal
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to 1.0 for e�ective radius, r̄, greater than 10µm. For r̄ smaller than 10µm,
Qa increases linearly with r̄: Qa = Qa(r̄) = 0.1r̄. These relations are based
on �ndings by Garrett et al. (2002). The absorption e�ciency depends on
wavelength. Here the wavelength of terrestrial radiation is assumed to be
constant at the peak of its intensity between 10 and 12 µm.

The e�ective radius is constant in the population of droplets and Qa(r̄)
can be taken outside the integral.

For r̄ < 10µm:

βa = πQa(r̄)

∫ ∞

0

n(r)r2dr (27)

For r̄ ≥ 10µm:

βa = πQa

∫ ∞

0

n(r)r2dr (28)

We simplify these equations by expressing the integrals in terms of LWP
and r̄. The liquid water path is given by Liou (2002)(p. 373). Each vertical
layer in the model is homogeneous and one can therefore assume a vertically
homogeneous cloud layer.

LWP =

∫
LWCdz (29)

≈ ∆zLWC (30)

= ∆z
4

3
πρL

∫
r3n(r)dr (31)

Dividing through by e�ective radius (equation 11) we are left with an
integral on the similar form as the ones found in equation 27 and 28:

LWP

r̄
=

∆z 4
3
πρL

∫
r3n(r)dr∫

πr3n(r)dr

∫
πr2n(r)dr (32)

=
4

3
∆zπρL

∫
r2n(r)dr (33)

⇒
∫

n(r)r2dr =
3

4

1

∆zπρL

LWP

r̄
(34)

Inserting into βa:

βa =
3

4

Qa

ρL∆z

LWP

r̄
(35)
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As mentioned above, the liquid water content can be approximated by
LWC ≈ LWP

∆z
. The mass absorption coe�cient for liquid droplets then be-

comes:

kabs,liquid =
βa

LWC
≈ βa

∆z

LWP
(36)

=
3

4

Qa

ρL∆z

LWP

r̄

∆z

LWP
(37)

=
3

4

Qa

ρLr̄
(38)

kabs,liquid =
3

4

Qa

ρLr̄
,

{
Qa = 0.1 ∗ r̄ for r̄ < 10µm
Qa = 1.0 for r̄ ≥ 10µm

(39)

Thus the mass absorption coe�cient may depend on droplet e�ective radius.
This is the coe�cient used in the model simulations for this thesis.

4.2 The One Dimensional Model

Using a one dimensional model involves great simpli�cations, but it allows
us to look at speci�c atmospheric conditions and thus gives valuable insight
into the mechanisms we want to study. The main advantage of using such
a model is of course just this simplicity. We can easily create conditions
highly adapted for our study and make changes in them to study certain
e�ects. One might question whether the conditions we specify are realistic.
We do not worry about this, however, as we are using this model mainly to
check how certain changes in e�ective radius and LWP in�uence the Arctic
radiation balance and to see what magnitude of change is possible under
these conditions. However, we are basing our input on observational studies
performed in the Arctic and on model runs for this area. This suggests that
our results are plausible.

Another advantage of using this model is that its radiation scheme is
similar to that of the three dimensional model. If results from the 1D model
show changes in cloud forcing with indirect e�ects we know that if similar
conditions appear in the 3D model simulations, we should see similar changes
in the forcing.

In addition to this, the �exibility of the model allows us to insert speci�c
values of e�ective radius and LWP and check whether we can recreate the
�ndings of earlier studies.

The one dimensional model was created by Jón Egill Kristjánsson and
Gunnar Myhre. The model uses the radiation scheme from the NCAR CCM3
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model to give instantaneous values of radiation �uxes, and thus cloud forcing,
in the atmosphere. Using the model input one can place a speci�c type
of cloud in a preferred environment and study the instantaneous radiation
e�ects of this cloud. The model input includes cloud parameters such as
e�ective droplet radius, liquid water path, cloud cover, equivalent e�ective
radius of ice crystals, cloud height and thickness etc. It also includes location
given by latitude and time of the year, and gas and temperature pro�les
suited for the chosen environment. It returns an output averaged over the
chosen latitude, equal to a 24 hour mean in the SW. In our study the model
ran with 26 layers in the vertical.

4.2.1 1D Model Methods

In running the one dimensional model we chose to look at mid January as
representative of the Arctic winter and mid July of the Arctic summer. We
did this to capture the most extreme conditions in two model cases. In
the winter case the solar radiation is absent, the surface albedo is high and
the vertical pro�le is marked by inversions in temperature. The summer
case includes solar radiation, has lower surface albedo and does not have
temperature inversions. The cloud conditions modeled are speci�ed for each
run by choosing di�erent e�ective radii and liquid water paths and will thus
not depend directly on time of year chosen. The speci�c input also allows us
to simulate both high and low pollution events.

Based on the �ndings of Intrieri et al. (2002b) from the SHEBA campaign
the model runs for January included a single cloud layer. Their results show
that during summer it is common to have multiple cloud layers, one and
two layers being the dominant regimes. Based on this, the July simulations
included both one and two model cloud layers. The SHEBA campaign ran
for one year and the averages found may therefore not re�ect the truly most
common scenarios. However, because of lack of more comprehensive studies,
we chose to use the results from this campaign as a guidance. Through the
SHEBA results we know that the scenarios chosen are occurring in the Arctic
region.

Each model run involves specifying several cloud parameters. This input
is based on �ndings in the literature on Arctic clouds. Observational studies
of clouds in the Arctic region are however limited. First of all there have
been few research campaigns in this area. Secondly, the campaigns that have
taken place were usually very limited in both time and space. Aside from
the SHEBA campaign, few other studies last longer than a season. Most
campaigns are centered over northern Alaska and the Beaufort Sea and thus
do not necessarily give a detailed picture of the Arctic in general. Our input
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may therefore not be representative for the true Arctic average, but will be
included in the span of possible conditions in this region.

An example of such input is data describing the cloud droplet e�ective
radius. Studies have found it to be anywhere between 7 and 13 µm on average
(eg. Shupe et al. (2001) and Curry et al. (2000)). In the 1D simulations this
parameter is therefore set between these values. The focus is however on
values between 10 and 13 µm, assuming the smaller e�ective radii represent
an atmosphere subject to pollution. This choice is supported by Garrett and
Zhao (2006) who have observed an average decrease in e�ective radius from
12.9 to 9.9 µm when going from clean to polluted conditions under cloudy
skies.

In studying the possible impact of indirect e�ects, another important
input parameter is the liquid water path. A range of LWP from 5 to 150
g/m2 were used in the 1D simulations. The lower values are based on the
�ndings of Curry et al. (1996) which suggest that the LWP of Arctic stratus
is often less than 20 g/m2. The higher limit of liquid water paths is used to
study the radiation e�ects as the increasing water amounts saturate clouds
in the LW while they are of continued importance in the SW.

The equivalent e�ective radius of ice particles, Rei, was chosen based on
an article by Kristjánsson et al. (2000) where ice particle e�ective radius is
given as a function of temperature. In our case, this was only of importance
in the winter case as the average summer cloud did not contain ice crystals
because of high temperatures. In our runs Rei was between 110 µm and
140µm, being larger for larger temperatures.

The model runs were made with total cloud cover and cloud layers of
di�erent height and thicknesses. The output was then averaged to study
general trends.

4.2.2 1D Model Modi�cations

The model was modi�ed to better suit the simulations needed for this project.
One challenge was to adapt it to the Polar region as it had not previously
been used for calculations at these latitudes. The program code had to be
modi�ed and new gas and temperature pro�les were needed.

The original gas pro�les were based on the McClatchy pro�les, and did
not include Arctic pro�les. Given the low number of observational studies in
the Arctic it was di�cult to get pro�les based on measurements, especially
since averages over long time periods at di�erent times of the year were
needed. In this study the pro�les used are therefore based on output from
the CAM-Oslo climate model averaged over the Arctic region. This region
was taken to be north of the Arctic circle, 66.561◦N.
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The new pro�les were also better suited for Arctic cloud simulations as
they had better vertical resolution close to the surface than pro�les found in
the model originally. The program code was modi�ed to run with changed
vertical resolution.

Originally the model was written for calculations in a column above the
open sea surface. To make it representative for the Arctic region as a whole
the surface conditions were speci�ed by changing the average surface albedo.
Here we chose again to use the output from the CAM-Oslo model in order to
have consistent input in our simulations. One drawback of using an averaged
albedo like this is that it will contain values from large areas of open water,
especially during summer, as the region extends far southwards. This will
signi�cantly decrease the surface albedo and thus increase the SW contribu-
tion to the cloud forcing. However, since we are looking at the Arctic as a
whole, we choose to keep this albedo average. We are aware that the SW
contribution in summer might be unrealistically large and will take this into
account when studying the model output.

Both input pro�les for gas and temperature and albedo averages were
created for January and July separately. The model was also rewritten in
order to make it possible for it to run with two separate cloud layers.

4.3 The Three Dimensional Model

Using a three dimensional (3D) model ensures a much more comprehensive
study of the phenomenon. Such models are state of the art and the closest
we get to true Arctic conditions. They include important aspects of and
the variation in the atmospheric conditions, surface properties and radiative
balances. Here we only specify di�erent emission scenarios and let the model
physics handle the rest - to transport the pollution into the Arctic region and
to modify the clouds in the proper manner. The 3D model allows us to look at
spatial di�erences in the in�uence of pollution. It may thus point to regions
that are more sensitive to increased release of anthropogenic aerosols. As the
3D model does not only give instantaneous output one can study the e�ect
of increased pollution over some time and in di�erent seasons. A long term
average tells us something about the overall importance of the phenomenon.
A 3D model also makes it possible to look at vertical cross sections to study
the vertical structure of the atmosphere in areas particularly interesting to
our research.

The three dimensional model used in this thesis is the CAM-Oslo climate
model. This model was developed at the University of Oslo based on the
NCAR CAM3.0 model. The horizontal resolution is approximately 2.8◦ x
2.8◦ (T42), and there are 26 layers in the vertical. The vertical coordinate
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is a hybrid coordinate that follows the terrain in the lower troposphere and
gradually becomes pressure coordinates when entering the lower stratosphere
(Rasch and Kristjánsson, 1998). A 20 minute time step is used for the model
dynamics.

4.3.1 3D Model Methods

In this thesis three emission scenarios were used in order to study the e�ect
of increased amounts of pollution on cloud forcing: One scenario describes
present day emissions, hereby referred to as PRES, one scenario describes
pre-industrial times, hereby referred to as PIND, and one scenario where
present day emissions of SO2 from fossil fuel have been doubled, referred to
as 2SOx. The scenarios are based on the AEROCOM emissions.

We chose to modify the pre-industrial emission �eld. Originally this sce-
nario included areas where the pre-industrial emissions from organic carbon
and black carbon were higher than in the industrial case. This was based on
an assumption that the emissions from forest �res were higher before man
started to put them out. Some believe, however, that more forest �res occur
today because of intervention of human beings, some even started deliber-
ately. Because of this uncertainty we rewrote the PIND scenario so that
the emissions prior to the industrial revolution were never higher than the
present day scenarios.

All model versions were run for �ve years and the results shown in this
thesis are averaged over these years. This helps exclude variations due to
speci�c weather events. The summer season includes the months of June,
July, August and September, while the winter season is an average of the
remaining months.

The model was run both on-line and o�-line. The �rst case involves letting
the emission scenario in question be part of the evolution of the simulations
through in�uencing the weather and creating feedback. Running the model
o�-line, on the other hand, involves the same meteorological evolution in all
model runs. For each time step the model will calculate the in�uence of the
emission scenario we wish to study and return �uxes of radiation, e�ective
radius, liquid water path, etc. A speci�ed background scenario will then
be used to recalculate the properties of this time step. This will be the
same for all model runs and is what will decide the simulated meteorological
development.

Running the model o�-line is an advantage because it allows us to study
how the clouds are changed by di�erent emission scenarios without changes
in the meteorological situation. The change in cloud forcing with pollution
simulated is then only a result of aerosols interacting with the clouds and we
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avoid noise from other sources in our results.

4.3.2 3D Model Modi�cations

Several model modi�cations were made to better suit the model to the focus
of our study, the most important being to let the LW absorption coe�cient
depend on e�ective radius (see section 4.1). It was also modi�ed so that the
o�-line calculation of LW e�ects now depends on the e�ective radius resulting
from increased pollution amounts. Previously this was not necessary as the
LW emissivity calculations did not depend on the e�ective radius.

In order to use the o�-line version of the 3D model it had to be rewritten
to return output it did not previously return. To study the indirect e�ects
only, we rewrote the model so that the optics of clear sky simulations did not
change between di�erent emission scenarios.

4.3.3 3D Model Veri�cation

For model veri�cation output from CAM-Oslo was compared to theory and
observations. The latter was challenging because quantitative knowledge
about Arctic cloud microphysics is extremely limited (Lin et al., 2001). In
this section theory on air transport into the Arctic, as described in section
3.3, will be used to investigate whether the spacial pattern of pollution in the
model is as can be expected. Observations are used to verify that the model
cloud forcing and properties that a�ect its size compare to observational
studies. At the end of this section we will suggest model modi�cations to
enhance the validity of our study.

Observations taken during the SHEBA experiment are used to validate
the model output. This campaign took place in the Beaufort and Chukchi
Seas from October 1997 to October 1998. It only covers a small region of our
area of interest, and measurements taken here do not verify the model over
the entire Arctic region. We acknowledge that this leads to uncertainties in
our results.

Patterns of Pollution

The annually averaged present day concentration of sulfate (SO4) over the
Arctic region is plotted in Figure 4(a). The concentration is largest over
northern Eurasia, and gradually decreasing as we move away from this re-
gion. This is consistent with the main transport into the Arctic coming from
Eurasia and suggests that the model transports pollution into the region in
accordance with the theory presented in section 3.3. The annual concentra-
tions of organic and black carbon follow the same pattern.
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(a) (b)

Figure 4: Annually averaged sulfate concentrations in the Arctic region. a)
Column SO4 [kg/m

2], b) SO4 concentration [µg/m3].

In order for indirect e�ects to occur clouds and pollution must be co-
located. The vertical distribution of aerosols, and especially sulfate, is there-
fore important. Comparing the CAM-Oslo simulated vertical pro�les of SO4

to observations is challenging. First of all, measurements of SO4 in the Arc-
tic are limited both in number and in geographical distribution. According
to Scheuer et al. (2003) there is generally a lack of information on �spatial
variability, both horizontally and vertically�. There are not enough long term
measures of the vertical SO4 distribution to conclude on an � average Arc-
tic vertical pro�le�. Secondly, there is large variability in the observations,
also when taken with short time intervals in the same regions (eq. Dreiling
and Friederich (1997) and Scheuer et al. (2003)). This makes it di�cult to
compare these observations to our monthly averaged vertical pro�les.

Figure 4(b) shows the concentration of sulfate with height in terms of µg
sulfur per unit volume of air. The values are annually averaged over the Arc-
tic region. Concentrations at the surface are consistent with measurements
(Quinn et al., 2007), as is the seasonal variability of this quantity.

The vertical cross section shows that north of 70 to 75◦N the largest
concentrations are found in layers around 800 to 900 hPa. Although we have
no average observed vertical pro�les to verify the concentrations of this cross
section by, 800 hPa is the height found by Dreiling and Friederich (1997) often
to have the largest concentration of particles of all sizes. Our results show
that concentrations are lower during summer than during winter, especially
close to the surface. During summer there is a sharp positive gradient in
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the concentration with height from the surface to the level of maximum
concentration. This is consistent with �ndings of Talbot et al. (1992).

It should be mentioned that Tre�eisen et al. (2005) suggests that the
high variability of the Arctic aerosol distribution in both time and space can
not be accounted for by coarse resolution global climate models. The coarse
resolution of our model may thus lead to uncertainty.

Although we can not verify that the magnitude of sulfur concentration
with height is accurate in the CAM-Oslo runs, we �nd no reason to assume
otherwise. The surface concentrations are within the range of measured
values and the trend in concentration with height in di�erent seasons �ts
with earlier �ndings. However, lack of more comprehensive measurements of
this quantity and therefore proper model veri�cation does lead to uncertainty
in our simulations.

Cloud Cover

The seasonal variation in Arctic cloud cover has a minimum occurring during
winter time with values around 50 percent. A maximum occurs in late sum-
mer/early fall and peaks around 80 percent in August(Zhang and Lohmann
(2002) and Rasch and Kristjánsson (1998)). This trend is reproduced well
by the model, as shown by Figure 5.
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Figure 5: Simulated monthly variation in average Arctic cloud cover (CAM-
Oslo)
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Surface Albedo

The CAM-Oslo surface albedo was averaged over the SHEBA region for com-
parison with observations. There are, however, several di�ering sets of sur-
face albedo measurements available from the campaign. This illustrates the
di�culty of getting accurate measurements of this quantity. Intrieri et al.
(2002a) use two sets from the campaign, but state that only one is expected
to be quantitatively correct. This is a single sight albedo and is located
precisely above an ice �oe. In addition to these measurements, Curry et al.
(2000) show aircraft measurements taken over the SHEBA region from May
through July the same year.

The CAM-Oslo albedo is below the single sight SHEBA albedo for the
entire summer season, although it lies closer to the observed values during the
months that corresponds to the peak in cloud forcing; June through August.
However, the CAM-Oslo results are consistent with the measurements taken
from Curry et al. (2000). Rough monthly estimates of the aircraft measured
albedos are 0.76, 0.67 and 0.50 for May, June and July respectively. CAM-
Oslo results from the same region and time period are 0.79, 0.70 and 0.52.
In this case, the model results are in fact somewhat higher than what was
observed. Hence we can conclude that the model surface albedo is within
reasonable range.

E�ective Radius

The model e�ective radius of the clouds in the SHEBA region has an annual
average of 10.0 µm (10.3 µm during winter and 9.4 µm during summer). This
is a realistic value when compared to several Arctic observations (eg. Curry
et al. (2000),Morrison et al. (2009)). However, Shupe et al. (2001) found a
mean e�ective radius from April to July during SHEBA of 7.4 µm. Although
this is comprised of measurements in all-liquid clouds only, it may suggest
that the CAM-Oslo e�ective radius is somewhat too large.

Liquid Water Path

Measurements taken during the SHEBA campaign were used by Zhang and
Lohmann (2002) to retrieve monthly averaged liquid water paths for this
region. They reach a maximum of around 100 g/m2 in August, when the
cloud fraction reaches its peak value. This value seems to be in accordance
with the typical range of Arctic LWP only seldom exceeding 150 g/m2 (Löh-
nert et al., 2003). The monthly averaged LWP (including its uncertainty)
retrieved from measurements is much lower than the output given by CAM-
Oslo for the same area. In fact, the CAM-Oslo LWP for the SHEBA region
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is overestimated by a factor 3 to 5, depending on season (see Figure 6).

1 2 3 4 5 6 7 8 9 10 11 12
−50

0

50

100

150

200

250

300

350

Month number

g/
m

²

 

 

SHEBA observations
SHEBA uncertainty
CAM−Oslo original LWP
CAM−Oslo LWP/5
CAM−Oslo 1st Autoconv.
CAM−Oslo 2nd Autoconv.

Figure 6: Monthly variation in average cloud liquid water path in the SHEBA
region. Observed values reproduced from Zhang and Lohmann (2002).

Morrison et al. (2009) performed an intercomparison study of an observed
versus modeled multilayer mixed-phase cloud from observations made during
the ARM Mixed-Phase Arctic Cloud Experiment. A similar intercomparison
was conducted by Klein et al. (2009) for a single-layer cloud. In both cases
a single-column version of the CAM3 (SCAM3) was part of the analysis.
Results show that the single-layer cloud was reproduced fairly well by the
SCAM3, but the multilayer cloud was not. In the latter case the SCAM3
overestimated the LWP almost by a factor of three. Although the single-
column version does not compare exactly to the CAM-Oslo, it suggests that
overestimation of LWP may be a problem in the CAM-Oslo as this too is
developed from the standard NCAR CAM3.0 model.

Too high liquid water amounts may be caused by several factors. An
underestimated auto conversion rate will lead to little loss of water through
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precipitation. Another possibility is too little conversion from liquid water
to ice particles. It may also be caused by an overestimated transport of
moisture into the region or by stably strati�ed conditions allowing model
clouds to become thicker than what occurs in nature. Ice water path (IWP)
retrievals have very high uncertainties. Nevertheless, it should be mentioned
that Shupe et al. (2005) found an IWP on the order of 42 g/m2 and Morrison
et al. (2003) found IWPs on the order of 34.6 g/m2 for the SHEBA region.
Our model result is 24.0 g/m2. This may point to a bias in the conversion
between liquid and solid particles or a bias in the distinction of solid particles
in the model. Due to the limited amount of measurements in the Arctic
combined with high uncertainties we can not conclude on the main cause of
the high model liquid water path.

Cloud Forcing

The cloud forcing returned by the model is checked against the �ndings of
Intrieri et al. (2002a). They present �An annual cycle of the Arctic surface
cloud forcing at SHEBA� based on both measured allsky and modelled clear
sky properties. The clear sky �ux was modelled because of a lack of satis-
fying measurements of clear sky �ux, especially during summer when cloud
occurring frequencies were high. Using this approach they found an annually
averaged cloud forcing at the surface of 23 W/m2 including turbulent �ux.
This �ux is not part of our calculations and is therefore removed from the an-
nual cloud forcing mean. The CAM-Oslo surface cloud forcing was averaged
over the SHEBA region for comparison (144◦-169◦W and 74◦-81◦N (Zhang
and Lohmann, 2002)). Table 7 shows the annual, winter and summer mean
of the cloud forcing measured at SHEBA and modeled over this region by
CAM-Oslo.

The modeled cloud forcing at the surface di�ers signi�cantly from what
was measured at SHEBA, especially during summer. This is mainly caused
by a large di�erence in SW cloud forcing between the modeled and the ob-
served value. We know that the cloud cover is reproduced well by the model,
and that this should not a�ect our result greatly. The discrepancy in the SW
may therefore be caused either by a lower model surface albedo, an overesti-
mation of the model cloud optical thickness or a combination of the above.
As shown previously, the surface albedo used by Intrieri et al. (2002a) is
lower than what is used in our model and may a�ect our results. However,
the albedo is consistent with other observations and is likely to be within
reasonable range.

Di�erences in SWCFmay also be caused the model cloud optical thickness
being larger than what is observed. This can happen because of an underes-
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timation of r̄ or an overestimation of LWP. The model e�ective radius of the
clouds in this region has been shown to be reasonable, or if anything higher,
not lower than what was observed at SHEBA. This excludes underestima-
tion of r̄ as an explanation for the discrepancy, and leaves the overestimation
of model LWP as a plausible cause of the di�erence between modeled and
observed cloud forcing in the SW.

The LW contribution to the total cloud forcing during summer is also of
larger magnitude than what is observed (see Figure 7). Like in the SW this
can have three di�erent causes: a higher model cloud base temperature, a
higher model cloud emissivity or a combination of the above. Higher model
cloud base temperatures would lead to a higher allsky LW net �ux at the
surface and an increase of the LWCF. This could either be caused by dis-
crepancies in vertical temperature pro�les or in cloud base heights between
model and observations. Unfortunately, without time averaged tempera-
ture pro�les available from the SHEBA campaign, we cannot decide for sure
whether temperature di�erences are in�uencing our model runs.

A higher cloud LW emissivity in the CAM-Oslo would increase the LW
cloud forcing in our results. As the model e�ective radius does not appear
to be underestimated, a higher emissivity is likely to be caused by the over-
estimated LWP.

To summarise the above �ndings, the model cloud forcing is too large
in both wavelength ranges. The large negative SW surface cloud forcing
may be caused by a lower model surface albedo or by a high model LWP.
The discrepancy in LW forcing may be caused by higher model cloud base
temperatures or by high model LWP. Surface albedo does not in�uence the
LWCF and cloud base temperature does not a�ect the SWCF. Additionally,
the di�erence in SWCF is larger than the di�erence in the LW. This �ts
with the clouds becoming optically thick at lower liquid water paths in the
LW than in the SW. Adding water to a cloud would then have a tendency
to in�uence the SW radiation more than the LW, for which the cloud may
already be saturated. These �ndings suggest that modi�cations of the model
LWP are necessary.

Model Version With Enhanced Validity

We tried to better align the model to the observations, �rst by tuning the
auto conversion so that more water was lost through precipitation. We did
this through modifying the auto conversion threshold radius form 15 to 10
and 7.5 µm. This radius decides the size that cloud particles must reach
before the onset of precipitation and is described in Rasch and Kristjánsson
(1998) (equation 21). In addition to this we changed the proportionality
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factor Cl,aut from 5.0Cl,aut to 0.5Cl,aut and 0.0Cl,aut. This parameter is also
described in equation (21) in Rasch and Kristjánsson (1998) and accounts for
the decrease in collection e�ciency in a cloud droplet distribution that has
been modi�ed by precipitation. The smaller the auto conversion threshold
radius and the proportionality factor are, the more water is lost through
precipitation. The NCAR CAM3.0 model uses an auto conversion threshold
radius of 10 µm and a proportionality factor of 0.5. It thus loses more water
through precipitation than the CAM-Oslo does originally.

The results of this tuning are seen as the light blue and the red line in
Figure 6. These liquid water paths lie much closer to the observed values,
but are still high.

For simplicity we then conducted several idealized experiments where
we forced the LWP to be within the range of the observed values. This was
done through reducing either the e�ective radius or the cloud droplet number
concentration (CDNC). The liquid water path was divided by a factor three
to a factor �ve in these experiments. The goal was to keep the LWP within
the range the of the observations and simultaneously �nd what experiment
gave the values of cloud forcing closest to the SHEBA measurements.

The columns to the right in Table 7 show the cloud forcing computed for
some of the experiments, including one version of the tuned auto conversion.
It is clear that reducing the LWP by a factor �ve through reducing the CDNC
(holding r̄ constant) greatly improves the model result for this speci�c area
and gives the best �t to the observed surface cloud forcing. Here we keep
the reasonable, but possibly somewhat high, e�ective radius. The di�erences
still present may be caused by the albedo and temperature e�ects discussed
above. Using the second approach, where we reduce the LWP by reducing
the e�ective radius, leads to much higher forcing than reducing it through
reducing the CDNC. This is as expected, as we know that both LW emissivity
and SW cloud albedo increase with decreasing radius.

In chapter 6 results from the best �t version of CAM-Oslo, referred to as
the forced model version, are investigated further.
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Figure 7: Cloud forcing [W/m2] as given by measurements made during
SHEBA and by di�erent versions of the CAM-Oslo in the SHEBA region.
Note that a turbulent heat �ux of approximately -6 W/m2 has been sub-
tracted from the SHEBA total cloud forcing described here.
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5 Results and Discussion: One Dimensional Model

In this chapter we will present results from the one dimensional simulations
on how changes in cloud droplet e�ective radius and liquid water path alter
the cloud forcing. We will focus on three questions when presenting the
results. First, does the radiation scheme show changes in cloud forcing with
changes in r̄ and LWP in accordance with what is expected from section 3.4
(theory on indirect e�ects)? Secondly, for what clouds is the forcing most
susceptible to change with pollution and why? Thirdly, is the LW part of the
radiation scheme capable of reproducing �ndings of Garrett and Zhao (2006)
when using their averaged observed change in e�ective radius and LWP as
input? We will start by looking at the results of simulations in the LW. We
will then discuss changes in shortwave and total cloud forcing with e�ective
radius and LWP. The main focus of our discussion will be on cloud forcing
at the surface. At the end of this section we will look brie�y at changes in
cloud forcing at the top of the atmosphere with increased aerosol amounts.

5.1 Longwave Cloud Forcing at the Surface

In this section we will present 1D model results of LW cloud forcing at the
surface. We will show output from the winter season only. However, our
results have the same general behaviour and magnitude in both seasons, as
can be expected from section 3.2 (cloud forcing).

In section 3.4 (indirect e�ects) we explained how the emissivity, and hence
the LW cloud forcing, generally increases with indirect e�ects. Figure 8 shows
the simulated LW cloud forcing at the surface for the winter season as a
function of e�ective radius and liquid water path. The forcing is positive and
increases for clouds with larger liquid water paths and smaller e�ective radii.
Results from the LW radiation scheme thus behave in accordance with what
is expected from the section on indirect e�ects.

We will now consider what clouds are most susceptible to create change in
forcing with an increase in liquid water path. First of all, clouds with liquid
water paths greater than 40 to 50 g/m2 are close to black bodies in the LW.
Increasing the LWP beyond these values will not in�uence the LW radiation
budget. For liquid water paths smaller than 40 to 50 g/m2, however, an
increased water amount will in�uence the LW emissivity and therefore the
LW cloud forcing. From Figure 8(a) it is clear that the increase in LW cloud
forcing with LWP depends on the amount of water already in the cloud. This
behaviour is explained by the LW emissivity not changing linearly with LWP
(see Equation 2). The smaller the liquid water path is initially the larger
the change in ϵ is with a given ∆LWP. The surface LW cloud forcing of thin
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Figure 8: LW cloud forcing at the surface for January as a function of (a)
liquid water path and (b) e�ective radius.
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clouds is thus more susceptible to change with LWP than clouds with large
liquid water paths.

Figure 9 shows how the LW cloud forcing at the surface changes with
e�ective radius as a function of LWP. Notice how the in�uence of a change
in r̄ reaches maximum for clouds with liquid water paths between 10 and 15
g/m2. We will now show that this maximum is directly linked to the shape
of the emissivity curve and is not a model artifact. The change in emissivity
between e�ective radii r̄1 > r̄2 is given by:

∆ϵ = (1 − e−1.66∗kabs(r̄2)∗LWP ) − (1 − e−1.66∗kabs(r̄1)∗LWP )

(40)

= (1 − e−α∗LWP ) − (1 − e−β∗LWP ) (41)

= e−β∗LWP − e−α∗LWP , (42)

kabs ∝
1

r̄
so α > β

⇒ ∆ϵ > 0

We take the derivative of this to �nd the maximum di�erence in emissivity.

d

d(LWP )
∆ϵ = −βe−β∗LWP + αe−α∗LWP (43)

With absorption coe�cients from the winter case, Equation 43 equals zero
for liquid water paths between 10 and 15 g/m2. The physical explanation
for the maximum is that the change in emissivity with r̄ goes to zero both
for large LWP (ϵ → 1 for all r̄) and for small LWP (ϵ → 0 for all r̄). This
behaviour leaves clear maxima for intermediate liquid water paths.

Figure 9 and the above calculations show that a given change in r̄ will
a�ect the LW cloud forcing the most for cloud with liquid water paths be-
tween 10 and 15 g/m2. A stratiform cloud has a typical liquid water content
of 0.1 g/m3 (Rogers and Yau, 1989). A liquid water path of 10 to 15 g/m2

then corresponds to a cloud thickness of 100 to 150 m (∆z ≈ LWP
LWC

). It is
clear that clouds with LWP of this magnitude are very thin. The �gure
shows, however, that even for thicker clouds the cloud forcing may change
signi�cantly with reductions in e�ective radius. At a LWP of 30 g/m2 the
longwave cloud forcing at the surface may increase by almost 5 W/m2 during
winter if r̄ goes from 13 to 10 µm.

In section 3.1 (radiation theory and clouds) we explained how the LW
absorption coe�cient is constant for droplet e�ective radii below 10 µm.
Figure 8 b shows how this in�uences the surface LW cloud forcing - for r̄
smaller than 10 µm a change in e�ective radius will not a�ect the LWCF.
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Figure 9: Change in average surface LW cloud forcing with e�ective radius
as a function of liquid water path. High numbered cloud layers corresponds
to layers close to the surface. The cloud base temperature increases with
cloud height. Note that scales di�er.

This result is important in limiting the possible radiative impact of the first
indirect e�ect through increased pollution. If this e�ect is to in�uence the
LW cloud forcing, the e�ective radius of the cloud in question must be greater
than 10 µm.

In addition to the above, the change in LW cloud forcing with indirect
e�ects is directly in�uenced by the temperature of the cloud base. Our
results suggest that the absolute change is large for clouds with high base
temperatures (see Figure 9). This behaviour can be explained by studying the
change in LWCF with indirect e�ects for di�erent cloud base temperatures.
Using the Stefan-Boltzmann law (Equation 1), the change in emission of LW
radiation towards the surface for a given change in e�ective radius and LWP
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is given by:

∆F↓ = ϵ(r̄1, LWP1) ∗ σT 4 − ϵ(r̄2, LWP2) ∗ σT 4 (44)

= [ϵ(r̄1, LWP1) − ϵ(r̄2, LWP2)] ∗ σT 4 (45)

= ∆ϵ ∗ σT 4 (46)

From Equation 2 we know that for water clouds ∆ϵ is constant for a given
change in r̄ and LWP and that it is independent of cloud base temperature,
T. Equation 46 thus tells us that clouds with high temperatures will have
high changes in LW cloud forcing when subject to pollution. The height of
the cloud base is therefore likely to a�ect the sensitivity for changes in forcing
with pollution.

Results from model runs with two cloud layers show that the top layer has
little in�uence on the LW cloud forcing at the surface. Radiation emitted
by this top layer is largely absorbed by the bottom layer (depending on
the emissivity of the bottom cloud) and therefore has little in�uence on the
surface radiative balance.

Summary of the key �ndings in this section:

� LWCF is most sensitive to changes in LWP if this is initially low.

� LWCF is most sensitive to changes in r̄ for LWP between 10 and 15
g/m2.

� LWCF changes more with indirect e�ects if the cloud base temperature
is high. The height of the cloud base is therefore likely to a�ect the
change in LW cloud forcing with pollution.

� LWCF at the surface is mainly a�ected by the bottom cloud layer.

5.1.1 Comparison with Earlier Findings

In this section we will investigate whether the one dimensional model can
reproduce the �ndings of Garrett and Zhao presented in Nature in 2006. We
will study whether the LW radiation scheme used in our models reacts to
indirect e�ects as observed in nature.

To reproduce the earlier �ndings we forced the simulated clouds to be
similar to the ones observed; The clouds are at low levels (tops below 1.5 km)
and are all liquid. We then used the averaged observed change in e�ective
radius and liquid water path as input in our simulations. Garrett and Zhao
found a change in r̄ of 3µm, from 12.9µm in pristine air to 9.9µm in polluted
conditions. For the same scenarios they observed an average change in LWP
from 31.1 to 33.5 g/m2.
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Results from the 1D simulations show slightly more moderate changes in
LW cloud forcing with pollution than what was found by Garrett and Zhao.
Our results show changes on the order of 2.1 to 2.6 W/m2 depending on
cloud base height and season, while they found changes of 3.3 to 5.2 W/m2

for the same type of clouds.
There are several reasons to expect discrepancies between our simulated

and their observed results. While the study by Garrett and Zhao is based on
data from a small region around Barrow, Alaska, our study is based on input
averaged over the entire Arctic region. It is therefore likely that the vertical
pro�les used in our study di�er from the environment studied by Garrett
and Zhao. It was shown in the previous section that the temperature of the
cloud base will in�uence the change in LW cloud forcing with pollution. A
di�erence in vertical pro�les will therefore cause our results to di�er from the
observed quantities.

Another reason to expect results to di�er is that Garrett and Zhao study
the e�ects of pollution for all seasons, while our study covers the summer
and the winter season only.

Despite these di�erences, our results are the same order of magnitude
and are consistent with the �ndings of Garrett and Zhao (2006). This result
suggests that the LW radiation scheme used both in the 1D and the 3D
model reacts to indirect e�ects in accordance with observations. The scheme
is therefore well suited for studying the radiative impact of changes in cloud
parameters with pollution.

5.2 Shortwave Cloud Forcing at the Surface

In this section we will present the 1D model results of SW cloud forcing at the
surface. We will consider the summer season only and only present results
from the case with single cloud layers. The case with two layers behaves
similarly to what is presented here.

Figure 10 shows the simulated SW cloud forcing at the surface for the
month of July as a function of e�ective radius and liquid water path. The
SW forcing is negative and its magnitude increases with increasing liquid
water path and decreasing e�ective radius. We know from section 3.4 on
indirect e�ects that this is the expected behaviour of the SW cloud albedo and
therefore of the SW cloud forcing. The SW radiation scheme thus reproduces
the general pattern of change in SW cloud forcing with indirect e�ects.

Figure 10 also shows two aspects of SW cloud forcing that di�er from
the LW case. First, the increased magnitude of SW cloud forcing with LWP
continues after the cloud has become a black body in the LW. SW e�ects of
increasing the LWP beyond 50 g/m2 are therefore assumed to dominate as
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Figure 10: SW cloud forcing at the surface for the month of July as a function
of liquid water path (a) and e�ective radius (b).
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clouds are already saturated in the LW. This corresponds well with results
of Shupe and Intrieri (2004). Secondly, the SW cloud forcing is a�ected by
changes in cloud droplet size when the e�ective radius is smaller than 10 µm.
This implies that changes in forcing with r̄ when the cloud has a lot of small
droplets will be dominated by SW e�ects as the LW cloud forcing is constant
for radii < 10 µm.

We will now consider what clouds are most sensitive to indirect e�ects
in the SW. We will start by looking at how the SWCF changes with LWP.
Similarly to the LW case, a given change in liquid water path will change the
SW cloud forcing most if the cloud contains little water to begin with (see
Figure 10). This is because the SW cloud albedo does not change linearly
with LWP (see Equations 8 and 15). The less water the cloud holds initially
the larger the change in SW cloud forcing with a given increase in LWP.

0 20 40 60 80 100 120 140
−15

−10

−5

0

Liquid water path, g/m2

[W
/m

2 ]

Average change in surface SWCF. Arctic summer.

 

 

SWCFS(Re=10 µm) − SWCFS(Re=13 µm)
SWCFS(Re=11 µm) − SWCFS(Re=13 µm)
SWCFS(Re=12 µm) − SWCFS(Re=13 µm)

Figure 11: Change in average surface SW cloud forcing with e�ective radius
as a function of liquid water path.

Figure 11 displays how changing the e�ective radius of cloud droplets
a�ects the surface SW cloud forcing for di�erent LWPs. Notice how the
in�uence of a decrease in r̄ reaches maxima for LWPs of approximately 90
g/m2. Like in the LW case we will show that these maxima are not model
artifacts by investigating for what LWP the SW cloud albedo changes most
with ∆r̄. We start by expressing the SW cloud albedo as a function of
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e�ective radius and liquid water path:

A =
(1 − g)τ

1 + (1 − g)τ
(47)

=
1

1 + 1
(1−g)τ

(48)

=
1

1 + γ
τ

, (49)

where γ =
1

1 − g
(50)

Inserting for the optical depth, τ = 3
2

LWP
ρLr̄

:

A =
1

1 + 2
3
γρL

r̄
LWP

(51)

The change in albedo for clouds with di�erent e�ective radii is then given
by:

∆A = A(r̄ = 10, 11, 12µm) − A(r̄ = 13µm) (52)

=
1

1 + 2
3
γ2ρL

r̄2

LWP

− 1

1 + 2
3
γ1ρL

r̄1

LWP

(53)

where γ1, γ2 =
1

1 − g(r̄1, )
,

1

1 − g(r̄2, )
(54)

The derivative with respect to liquid water path shows for what water amount
the SW cloud albedo is most sensitive to changes in e�ective radius. (Found
where Equation 55 = 0).
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For asymmetry factors around 0.9 (see section 3.1), the LWP of maximum
sensitivity to changes in r̄ �ts with the maximum found in the results pre-
sented here - around 90 g/m2.

Reducing the cloud droplet e�ective radius in�uences the cloud albedo
through increasing the optical depth of the cloud. Physically, the maximum
in�uence of such a reduction is controlled by two competing factors. First,
the cloud albedo dependence on optical depth levels o� as the cloud gets
close to saturation in the SW. A continued increase in τ through reducing
the e�ective radius will therefore a�ect the albedo and the surface SW cloud
forcing less as the water amount increases beyond a certain level.
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On the other hand, an increase in τ will a�ect the SW cloud albedo if the
cloud is not saturated and the increase in optical depth with ∆r̄ is larger for
large liquid water paths than it is for small. This is because a certain change
in r̄ in�uences the total droplet cross section most if the water amount in the
cloud is large. We will now show this second factor in some detail.

Consider a change in e�ective radius from r̄a to r̄b where r̄a > r̄b. This
occurs for two di�erent cloud liquid water amounts X1 > X2. For these
amounts, changing the e�ective radius leads to a change in the total droplet
cross sections of (see section 3.4.1):

∆σ1 = πr̄2
bN1b − πr̄2

aN1a (56)

∆σ2 = πr̄2
bN2b − πr̄2

aN2a (57)

The two water amounts are given by:

X1 =
4

3
πr̄3

aN1a =
4

3
πr̄3

bN1b (58)

X2 =
4

3
πr̄3

aN2a =
4

3
πr̄3

bN2b (59)

We solve these expressions for the droplet number concentrations N1a, N1b,
N2a and N2b and insert these into the expressions for ∆σ:

∆σ1 =
3

4

r̄a − r̄b

r̄ar̄b

X1 (60)

∆σ2 =
3

4

r̄a − r̄b

r̄ar̄b

X2 (61)

Since X1 > X2 the change in cross sectional area is larger for the large water
amount, X1, than it is for X2. The optical depth is therefore more in�uenced
by changes in r̄ if the LWP is large than if the LWP is small.

Combined the two factors above explain why there is a maximum in the
in�uence of changes in r̄. For large LWP a change inr̄ a�ects the τ more than
for small LWP. The cloud albedo, however, is less sensitive to this increase
in τ the larger LWP is initially.

In addition to ∆LWP and ∆r̄, the LW cloud forcing was found to be
a�ected by cloud base height through temperature. In the SW, on the other
hand, cloud forcing is not a�ected by cloud height and temperature directly.
Cloud temperature does, however, a�ect the cloud optical properties through
a�ecting the ice fraction. For mixed phase clouds, height is therefore of
importance. For identical water clouds the only possible change in SW forcing
with cloud height is due to the amount of scattering by particles in the
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atmosphere above or below the cloud. The e�ect of this change in scattering,
however, is assumed to be small compared to the forcing from the cloud itself.

Results from model runs with two cloud layers show that adding an addi-
tional cloud layer signi�cantly increases the SW cloud forcing at the surface.
Independent of cloud height or layer number, clouds will re�ect a portion of
the incoming solar energy and reduce the amount of SW radiation reaching
the surface. The SW cloud forcing is therefore likely to increase in magnitude
when multiple cloud layers are present and depends little on the height of
these layers.

In addition to the observed behaviour of the results, the magnitude of the
forcing modelled is of importance. Shupe and Intrieri (2004) found that the
monthly average maximum in SW cloud forcing at the Arctic surface occurred
during July and reached a value of approximately 60 W/m2. If we assume
an average LWP for this month of 60 - 70 g/m2 from the SHEBA results,
Figure 10 shows that our results are substantially higher than the �ndings
by Shupe and Intrieri for all e�ective radii. However, this is not surprising
when considering what assumptions were made when running this model.
As mentioned above, the Arctic region used here is extending far southwards
and therefore covers a lot of open sea. This reduces the surface albedo and
therefore enhances the in�uence of clouds on the radiation balance.

Summary of the key �ndings in this section:

� SWCF is most sensitive to changes in LWP if this is low initially.

� SWCF is most sensitive to changes in r̄ for clouds with LWP around
90 g/m2.

� Contrary to LWCF, SWCF changes with ∆LWP and ∆r̄ if the LWP is
above 50 g/m2 initially. SWCF also changes with ∆r̄ is r̄ is below 10
µm initially.

� SWCF is a�ected by cloud height to a minor degree.

� All cloud layers between the top of the atmosphere and the surface will
in�uence the SW cloud forcing.

5.3 Net Cloud Forcing at the Surface

We will now present results from the 1D model simulations of net cloud
forcing. The total e�ect of change in cloud parameters with pollution will
depend on what dominates this forcing - increased surface �ux due to LW
e�ects or decreased surface �ux due to e�ects in the SW. In this section
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there will be a main focus on net cloud forcing during summer as the SW
contribution during winter is considered negligible.

Figure 12 displays net cloud forcing for July as a function of e�ective
radius and liquid water path. Notice how it is positive for small to moderate
liquid water paths, but negative for LWPs above 50 to 65 g/m2. It was ex-
plained in section 5.1 how the change in LW forcing with LWP levels o� with
increasing liquid water paths. The continued increase in SW cloud forcing
with LWP eventually lets SW e�ects dominate the net radiation balance. As
found by Zhang et al. (1996), the combined e�ect leaves a maximum cloud
forcing at moderate liquid water paths. In our simulations of the July case,
the maximum CF occurs for LWP between 14 and 20 g/m2. The LWP re-
trieved from the SHEBA campaign showed average values of around 65 g/m2

in July (see Figure 6). For this water amount, the average simulated net
cloud forcing is around 0 to -10 W/m2 depending on cloud droplet e�ective
radius.
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Figure 12: Net cloud forcing for di�erent e�ective radii as a function of liquid
water path for July.

We will now consider the change in net surface cloud forcing with liquid
water path. Like in the LW and the SW case, the change in forcing with
LWP is a�ected by the amount of water in the cloud initially. For very small
initial LWPs the change in forcing is dominated by LW e�ects. Increasing
the LWP increases the net cloud forcing. However, for liquid water paths
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above ∼15 g/m2 SW e�ects dominate and increasing the LWP will reduce
the net cloud forcing (see Figure 12). Both the LW and the SW sensitivity
to change in LWP decrease with increasing initial liquid water path. The
net e�ect, however, behaves di�erently. The largest sensitivity of net cloud
forcing to changes in LWP is for liquid water paths between 35 and 50 g/m2.
This is shown as the steepest inclination of the forcing with liquid water path
in Figure 12. Clouds with liquid water paths between 35 and 50 g/m2 are
therefore most susceptible to create change in net cloud forcing with LWP.

The net cloud forcing will also be a�ected by changes in e�ective radius.
Figure 13 shows that the net surface cloud forcing during July decreases with
decreasing r̄ for LWP greater than about 15 g/m2. This behavior is consis-
tent with the �ndings of Zhang et al. (1996) and is of great importance to
our study. From the SHEBA measurements we know that a typical LWP
in the Arctic during July is ∼65 g/m2 (Figure 6). The above result there-
fore suggests that introducing an increased amount of anthropogenic sulfate
aerosols into this region during summer is likely to decrease the net radiative
�ux at the surface.

Figure 13 also shows that the maximum increase in surface cloud forcing
with decreasing r̄ occurs for a LWP around 7 g/m2, while the maximum
decrease occurs around 90 g/m2. This water amount is where changing r̄
a�ects SW cloud forcing the most and it shows the SW dominance of forcing
from clouds of such liquid water paths.

Our 1D simulations do not include changes in the direct e�ect due to an
increased aerosol concentration. In reality, an increase in cloud condensation
nuclei is likely to reduce the SW clear sky net �ux because aerosols themselves
scatter and absorb radiation. The change in SW cloud forcing between a
polluted and a clean emission scenario is given by:

∆SWCF = NetSWallsky,polluted − NetSWclearsky,polluted

−(NetSWallsky,clean − NetSWclearsky,clean)

∆SWCF = NetSWallsky,polluted − NetSWallsky,clean

−NetSWclearsky,polluted + NetSWclearsky,clean (62)

The SW cloud forcing is increasingly negative with pollution: ∆SWCF <
0. Because of a larger direct e�ect in a polluted regime, NetSWclearsky,polluted

< NetSWclearsky,clean. The magnitude of change in SW cloud forcing with
pollution therefore decreases if we include the direct e�ect. In the most
polluted scenario some of the SW radiation is blocked by aerosols and the
presence of clouds will therefore have less in�uence on the radiation reaching
the surface than it will in a clean scenario. Changing the albedo of a cloud in
a polluted environment will therefore a�ect the SW cloud forcing less than
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the same change in albedo in a pristine environment. If the change in direct
e�ect is ignored the change in SW cloud forcing will be overestimated. This
overestimation will a�ect the change in net forcing with r̄ and LWP to be
too a�ected by SW e�ects.

Based on the �ndings above it may seem like introducing particles into the
Arctic stratus in summer will not lead to an increase in the surface radiative
�ux, but rather to a reduction in this due to increased SW cloud forcing
e�ects. This is unless the cloud is very thin. However, one must keep in
mind that the 1D simulations are a�ected by the low model surface albedo.
In areas where this is high, the SW forcing will be of less importance and
the LW e�ects may dominate for LWPs larger than what we see in the July
case presented here. One must also consider that the direct e�ects are not
accounted for. Additionally, the SW cloud forcing is at its peak in July.
During spring and autumn the SW radiation is less dominant and the LW
e�ects may dominate for larger liquid water paths than what was found in
the July case.
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Figure 13: Change in average surface cloud forcing with e�ective radius as a
function of liquid water path.

From the above �ndings it is clear that conditions outside as well as
within the cloud itself will a�ect the cloud forcing. If conditions allow for
large SW cloud forcing through low solar zenith angles, low surface albedos
and su�ciently large LWP, the total forcing will be dominated by the cooling
e�ect clouds have when interfering with the SW radiation. If conditions
are right for large LW cloud forcing through lack of sunlight, temperature
inversions and LWPs around 50 g/m2, the LW warming e�ect of clouds will
dominate the cloud forcing completely.
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Summary of the key �ndings in this section:

� Net CF is most sensitive to changes in LWP for intermediate initial
LWP (35 to 50 g/m2 depending on r̄).

� For clouds with LWP above ∼ 15 g/m2, a reduction in e�ective radius
will decrease the cloud forcing.

� Net CF increases most with reductions in r̄ for clouds with LWP around
7 g/m2 and decreases most for clouds with LWP around 90 g/m2.

� The sign of the net CF depends on conditions outside as well as within
the cloud itself. External factors are primarily solar zenith angle and
surface albedo. Internal factors are cloud liquid water path, e�ective
radius and temperature of the cloud base.

5.4 Cloud Forcing at the Top of the Atmosphere

In this section we will brie�y present and discuss how changes in the low level
arctic stratus a�ect the radiation budget at the top of the atmosphere (TOA).
Here it is assumed that the radiation entering the earth atmosphere system
is constant. The downward components of the net cloud forcing then cancel
and the CF at the TOA depends only on radiation received from below.

CF = Netfluxallsky − Netfluxclear (63)

= F↓allsky − F↑allsky − F↓clear + F↑clear (64)

= F↑clear − F↑allsky (65)

In the SW case this is the solar radiation re�ected by the earth surface
or by clouds and particles in the atmosphere. Clouds have high albedos and
thus re�ect a large portion of incoming SW radiation - usually more than the
underlying surface. This leads to negative SW cloud forcing at the TOA, as
con�rmed by Figure 14.

The amount of LW radiation reaching the TOA depends on the temper-
ature and the emissivity of the surface of the emitting body, whether that
surface is the ground or a cloud. Usually the ground emits more radiation
than a cloud top, leading to positive longwave cloud forcing. This is, however,
often reversed in the Arctic because of the temperature inversions common
to this area during winter. Figure 15 shows the average LW cloud forcing at
the top of the atmosphere for both January and July. During January the
cloud top is warmer than the underlying surface and the forcing is negative -
more radiation is lost to space with clouds present than without. In the July
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Figure 14: SW cloud forcing at the top of the atmosphere for the month of
July as a function of liquid water path and e�ective radius.

simulations the average temperature of the cloud tops is colder than the sur-
face. Clouds thus lead to more radiation being kept in the earth-atmosphere
system.

The �gures presented in this section show the same characteristics as
results in the surface case - the cloud forcing increases in magnitude with in-
creasing liquid water path and decreasing e�ective radius. These e�ects alter
the cloud SW albedo and the LW emissivity as described earlier. The higher
the cloud albedo the more radiation is re�ected and the larger the magnitude
of the SW cloud forcing at the TOA. The higher the cloud emissivity, the
more of the surface LW radiation is absorbed in the cloud and the larger
the portion of radiation emitted at the cloud top. Changes in forcing with
indirect e�ects thus behave precisely the same way at the TOA as as they
do in the sections describing surface cloud forcing. Cloud forcing sensitivity
to changes in cloud parameters is also as described for the surface case.

5.5 One Dimensional Model: Summary

Results from the 1D model show that the radiation scheme simulates changes
in cloud forcing with r̄ and LWP in accordance with what is expected from
the section on indirect e�ects (3.4). In this chapter the 1D model has been
used to �nd what clouds are most susceptible to create change in forcing
with indirect e�ects. Key �ndings of this investigation are summarized at
the end of each section. Furthermore, in section 5.1.1 we concluded that the
LW radiation scheme is well suited to study the radiative impact of changes
in cloud properties due increased levels of pollution.

The model input has been taken from observations when this was possible,
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Figure 15: LW cloud forcing at the top of the atmosphere as a function of
liquid water path and e�ective radius. a) January. b) July.
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the rest from climate model output. Because of this the results given by this
model are plausible. It is clear that if releasing an amount of pollution into
the Arctic leads to cloud changes in the way modeled here, it may a�ect the
radiation balance of the region by a fair amount. Results from the 3D model
should help determine whether pollution �nds it way into the Arctic and
whether this leads to the indirect e�ects seen above. From these results one
may conclude further as to whether the magnitude of the changes in surface
�ux is of any importance.
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6 Results and discussion: Three Dimensional

Model

In this chapter we will show and discuss results from the three dimensional
model. We will investigate whether cloud properties change according to
theory on indirect e�ects and study how this a�ects the radiative balance in
the region. There will be a focus on seasonal trends and whether conditions
are right for a change in cloud forcing with increased aerosol levels. We will
start by looking at LW cloud forcing at the surface and go on to discuss the
SW and the net forcing at the same level. At the end of the chapter we will
brie�y discuss the changes in cloud forcing at the top of the atmosphere with
increased concentrations of sulfate.

When presenting our results, we will show results from the o�-line calcu-
lations only (see section 4.3.1). A student T-test was conducted on results
from the on-line simulations and there was found no statistically signi�cant
change in forcing with pollution. This lack of signi�cant results is caused by
the large variations in forcing due to the di�erence in meteorology between
the runs. Small changes caused by pollution are hidden by large changes
caused by weather events. This was the case even when running the model
for a �fteen year period.

6.1 Longwave Cloud Forcing at the Surface

We will now examine the change in longwave cloud forcing at the surface
between di�erent emission scenarios. There will be a focus on magnitude
and time of year. At the end of the section we will compare our results to
the �ndings of Garrett and Zhao (2006) and Lubin and Vogelmann (2006).
We will start by looking at the simulated changes between present day and
pre-industrial times (case 1), and then look at the changes between the hy-
pothetical 2SOx scenario and present day (case 2). The focus of this section
will be on the area north of 71◦N. This is because of relatively large signals
over continental Europe that would interfere with our averages if we include
regions south of this latitude.

6.1.1 LWCF at the Surface, Present Day Compared to Pre-industrial
emissions

Figure 16 displays the annually averaged change in LW cloud forcing for both
the original CAM-Oslo and the modi�ed 3D model with forced LWP. The
results from the original code shows an average increase of 0.11 W/m2 in the
LW surface �ux in case 1. This low signal of change is consistent with clouds
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in this model version holding enough water to be close to saturation in the
LW. The cloud emissivity is practically insensitive to changes in r̄ and LWP.
There will be no further discussion of results from the original model in this
section.

(a) ∆LWCF. Original CAM-Oslo (b) ∆LWCF. Forced model

Figure 16: Annually averaged change in LW cloud forcing at the surface
[W/m2] for the original model code and the version with forced LWP. (PRES
- PIND) Note that scales di�er.

The forced model version shows larger changes in LW cloud forcing under
di�erent aerosol regimes than the original code. The average LWP of this
model version is relatively low (section 4.3.3) and the LW emissivity is there-
fore sensitive to changes in cloud parameters, as shown in section 5.1. The
annually averaged change in surface LWCF is 0.64 W/m2 north of 71 ◦N.
From this we know that the increase in anthropogenic sulfate concentrations
has lead to an average 1.5 percent increase in the LW cloud forcing at the
surface from pre-industrial times until today.

Results show that there is a signi�cant seasonal variation in the change in
LWCF with anthropogenic aerosol emissions (Figure 17)(seasons are de�ned
in section 4.3.1). Averaged north of 71◦N the LW cloud forcing changes by
1.16 W/m2 during summer, while it changes by only 0.39 W/m2 during
winter time. The large changes in LW cloud forcing during summer may be
caused by several factors. Figure 17 (c) and (d) show that the cloud liquid
water path changes much more in summer than it does in winter. However,
our results also show that the LWP itself is large in summer. High initial
LWP leaves the clouds less sensitive in the LW to changes in this parameter
during summer than during winter (see section 5.1). Despite this, the very
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low changes in LWP during winter are likely to contribute to larger changes
in surface LW �ux in summer than in winter.

The large summer signals may also be caused by larger simulated changes
in e�ective radius during this season than during winter (not shown here).
Our results show, however, that this property is smaller during summer than
during winter and clouds will therefore be less sensitive to these changes as
well as to changes in LWP.

In addition, the change in LW cloud forcing with pollution may be highly
in�uenced by the fraction of low clouds being larger during the summer
season than during winter (Figure 18). According to Shupe and Intrieri
(2004), clouds that are important to the LW radiation balance at the Arctic
surface typically have bases at low altitudes (below 4 km). A high fraction
of these clouds allows changes in cloud radiative properties to occur often
and a�ects the LW radiation budget more than less frequent changes during
winter.

The importance of changes in the low level clouds can be illustrated by
comparing vertical cross sections of the change in LW cloud forcing and the
change in in-cloud liquid water mixing ratio along 30◦E. Between 75 and
80◦N in Figure 19 one can see a minimum of change in liquid water amount
at low levels co-located with a minimum of change in LW cloud forcing at the
surface. The change in water amount at low levels clearly a�ects the change
in surface LW cloud forcing greatly.

One additional aspect that may cause the change in forcing to be larger
in summer than in winter is the temperature pro�les. Our results show that
the average Arctic temperature pro�les generally have higher temperatures
in summer than in winter at altitudes where clouds are frequently present.
As shown in section 5.1 cloud bases with high base temperatures will lead to
a larger change in LW cloud forcing with a given change in cloud properties
than clouds with low base temperatures. This behavior may a�ect the signals
of change in LW cloud forcing with anthropogenic aerosols to be larger during
summer than during winter.

Despite the seasonal variation, some signals persist for both seasons. An
example of this is a relatively strong signal of change occurring over central
Greenland. This is the region that holds the lowest amount of water originally
and is therefore very sensitive to changes due to increased aerosol amounts
(see section 5.1). From our results we know that there is a large frequency
of mid and high leveled clouds in this region throughout the year (40-50
percent). Although the liquid water amount does not change much at these
altitudes, the e�ective radius in general changes more here than close to
the surface. Optically thin clouds combined with relatively large changes
in e�ective radius at these levels make the LW cloud forcing at the surface
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(a) ∆LWCF, winter (b) ∆LWCF, summer

(c) ∆LWP, winter (d) ∆LWP, summer

Figure 17: Change in LW cloud forcing at the surface [W/m2] and in liquid
water path [g/m2]. (PRES - PIND) Forced model version.

change here in both seasons.
Our results suggest that there has been as increase in the LW radiative

surface �ux in the Arctic due to anthropogenic sulfate aerosols. This increase
is larger in summer than it is during winter. This is due to larger changes
in cloud properties with pollution, larger fractions of low level clouds and
higher cloud base temperatures in summer than in winter.

6.1.2 Changes in Parameters that A�ect the LW Cloud Forcing

The increase in LWCF from pre-industrial times until today is caused by
changes in di�erent parameters. Since the meteorology is the same in all
model runs, the clouds will be identical in location and extent. Only changes
in properties within each cloud can a�ect the LW cloud emissivity and there-
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(a) Fraction of low clouds, winter (b) Fraction of low clouds, summer

(c) Average cloud fraction, winter (d) Average cloud fraction, summer

Figure 18: The fraction of low clouds above and the annually averaged Arctic
cloud fraction below. Forced model version. Note that scales di�er in c) and
d).

fore the model cloud forcing. These changes occur when an increase in the
aerosol concentration in�uences the e�ective radius and/or liquid water path.
We will start by looking at how the concentration of sulfate changes in case
1 and go on to study how this a�ects the e�ective radius and the cloud liquid
water path. While doing this we will comment on how these changes may
in�uence the LW surface cloud forcing. At the end of this section we will
mention some aspects of the 3D model and our methods that may in�uence
the simulated LWCF.
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Figure 19: Changes in in-cloud liquid water mixing ratio (LWMR) [kg/kg]
and LW cloud forcing along 30◦E during summer. (PRES - PIND) Forced
model version.

Sulfate Concentration

The only input parameter that changes between the simulations is the aerosol
concentration. Figure 20(a) shows the increase in column integrated con-
centration of sulfate from pre-industrial times until today. Notice how the
spatial pattern of change has similarities with the pattern of change in LW
cloud forcing at the surface (Figure 16(b)). The increase in sulfate amount is
largest over the European continent where the concentration itself is largest
in present day (Figure 4(a)). The large increase in this area is not surprising
as northern Eurasia is a source region of anthropogenic sulfate precursors
(section 3.3).

Figure 20(b) shows the vertical distribution of change in sulfate for case
1 annually averaged over the Arctic region. The largest changes in concen-
tration occur in layers around 900 hPa. However, there are relatively large
signals of change both above and below this value. (The large changes south
of 70 to 75◦N is due to the large increase in SO4 concentrations over northern
Europe.) From section 5.1 we know that the LW cloud forcing at the surface
will mainly be a�ected by the bottom cloud layer, as radiation emitted from
layers above is partially or fully absorbed by the bottom cloud. Intrieri et al.
(2002b) found that the Arctic clouds often lie close to the surface (bases be-
low 1 km). This tendency is reproduced by the 3D simulations (Figure 18).
Combined, the two e�ects suggest that the changes seen in aerosol concen-
tration close to the surface is of crucial importance for a change in surface
LW cloud forcing with anthropogenic aerosols.
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We will like to mention that due to the importance of the bottom cloud
layer, an inaccurate vertical placement of aerosols will in�uence the LW cloud
forcing especially. However, in section 4.3.3 we found no evidence to suggest
that the model sulfate is misplaced in the vertical.

(a) ∆SO4 (b) ∆SO4

Figure 20: Changes in SO4 concentrations, annual mean. a) column SO4 [kg
S/m2]. b) Vertical concentration, Arctic average [µg S/m3]. (PRES - PIND)
Forced model version.

E�ective Radius

A change in the sulfate concentration changes the concentration of cloud
condensation nuclei. From section 3.4 on indirect e�ects we know that a in-
crease in CCN is likely to a�ect the size of the cloud droplets. The simulated
e�ective radius averaged annually over the cloud droplet number concentra-
tion decreases from 13.7µm in pristine conditions to 11.5µm in the polluted
present day regime. This is consistent with observations by Garrett and Zhao
(2006), who �nd an average decrease in e�ective radius from 12.9µm to 9.9µm
between clean and polluted regimes. It appears that the �rst indirect e�ect
is present in our simulations and that it is of the same order of magnitude
as observed values.

It was explained in the last subsection how the LW cloud forcing is a�ected
by the height of the change in cloud properties. The e�ective radius described
in the last paragraph is averaged in height and therefore do not give any
information about the vertical distribution of the change in cloud droplet
size. Figure 21(a) displays a vertical cross section of the annually averaged
e�ective radius over the Arctic region. This �gure shows that the layers
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below 500 to 600 hPa are sensitive to the first indirect e�ect in the LW as
the r̄ of these layers is above 10µm (see section 3.1).

(a) Annual Arctic mean of r̄. (b) Annual Arctic mean of ∆r̄.

Figure 21: Annual Arctic mean of e�ective radius [µm] in present day and
change in this parameter between the PRES and the PIND scenarios. Forced
model version

Figure 21(b) displays the change in e�ective radius between the PRES
and the PIND emission scenarios. It is clear that the simulated e�ective
radius changes the most in a layer around 600 hPa, while the changes are
smaller close to the surface. The absolute change in e�ective radius is large
if the r̄ is large initially and there is a large increase in the cloud droplet
number concentration. This is what creates the maximum around 600 hPa.
Above this level the initial r̄ is small, while below there are small changes in
the cloud droplet number concentration (not shown here).

The largest changes in e�ective radius happens well above the layers of
the highest average cloud fraction (Figure 18) and are therefore not likely
to in�uence the surface LW cloud forcing much. However, the decrease in r̄
of between 0.6 and 1.0 µm close to the surface will increase the surface LW
cloud forcing when going from the pre-industrial to the present day emission
scenario.

Liquid Water Path

As displayed in Figure 22(a) the spacial pattern of annually averaged change
in LWP between the PRES and the PIND scenarios has similarities with both
the change in SO4 and the change in LW cloud forcing at the surface (espe-
cially over northern Europe and around Spitsbergen). Notice that the LWP
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increases in the more polluted regime. This is an expected manifestation of
the second indirect e�ect.

The average increase in liquid water path between the two scenarios is
about 2.6 g/m2 north of 71◦N, going from 32.4 to 35.1 g/m2. This is within
the same range as the change found by Garrett and Zhao (2006) of 2.4 g/m2,
from 31.1 in pristine conditions to 33.5 g/m2 in a atmosphere with high
aerosol concentrations. It is important to note that the clouds of the pre-
industrial aerosol regime have liquid water paths in the same range as the
average clean cloud observed by Garrett and Zhao. We found in section 5.1
that the LW emissivity does not change linearly with LWP. A certain ∆LWP
will therefore a�ect the cloud forcing di�erently depending on the amount of
water in the cloud initially.

(a) ∆LWP annual mean (b) ∆LWMR annual Arctic mean

Figure 22: Change in liquid water path [g/m2] and in in-cloud liquid water
mixing ratio [kg/kg] between the present day and the pre-industrial scenario.
Forced model version

As in the case of the e�ective radius, the changes in LWP described
above are two dimensional. A vertical cross section of changes in in-cloud
liquid water mixing ratio (LWMR) averaged annually over the Arctic region
is shown in Figure 22(b). Contrary to the changes in e�ective radius, the
LWMR changes most in layers close to the surface. The reason for this is
that the liquid water amount is largest in surface layers in pre-industrial times
(not shown here). These layers are therefore where the onset of precipitation
is most likely to be suppressed with a change in cloud properties. Although
a small change in CDNC leads to only small changes in e�ective radius at
these levels, this change may still be large enough to a�ect the model auto-
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conversion. Hence the amount of water lost through precipitation decreases.
Note that there is a second layer of change at altitudes around 800 hPa.

The liquid water mixing ratio decreases steadily with height, but is still large
enough at 800 hPa to be a�ected by changes in e�ective radius, which in-
creases with height up to 600 hPa. Combined, this leaves a second maximum
around 800 hPa.

The average liquid water path described so far in this section says nothing
about the thickness of each individual cloud simulated by the 3D model.
There may be episodes of very low or very high LWPs that a�ect this average
greatly. One might therefore question whether clouds are thin enough to be
a�ected by indirect e�ects in the LW. Clouds with LWP higher than 50
g/m2 have emissivities close to unity and the LW cloud forcing will not be
a�ected by indirect e�ects (section 5.1). Figure 23 shows the present day
fraction of time that has vertically integrated LWPs below 50 g/m2 when
cloud are present. It reaches a minimum in August, simultaneously with the
maximum in average LWP (Figure 6). The fraction is never below 55 percent
and we conclude that a large portion of clouds in the present day regime is
non-opaque and therefore sensitive to changes in e�ective radius and liquid
water path with anthropogenic sulfate. The pre-industrial fraction of clouds
that are sensitive will be even higher as these clouds are thinner in general -
leaving even more clouds sensitive to changes due to indirect e�ects.
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Figure 23: Fraction of time when clouds are present with vertically integrated
LWP below 50 g/m2. Forced model version

In this subsection we have found that our simulated change in average
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LWP between the present day and the pre-industrial scenarios is consistent
with earlier �ndings. We have also found that a large fraction of clouds are
sensitive to changes in r̄ and LWP and that the largest changes in liquid
water amount occur in layers that are likely to a�ect the LW cloud forcing
at the surface.

Limitations in the 3D Model and in Our Methods

We will now go through some aspects of the 3D model and of our methods
that may in�uence the simulated changes in surface LWCF.

Vertical Resolution

Menon et al. (2002) have found that the vertical resolution of climate models
is particularly important when simulating the cloud indirect e�ects. This
is because of sharp gradients in aerosol concentrations with height and the
detailed vertical distribution of clouds in the lower troposphere. In order
to accurately simulate the change in cloud forcing with pollution Menon et
al. �nd that a better vertical treatment of atmospheric conditions and cloud
properties is needed than what is used in most climate models. The coarse
vertical resolution used in the CAM-Oslo model do not include vertical treat-
ment of properties as suggested by Menon et al. (2002). This may cause our
results to be inaccurate.

Liquid Water vs. Ice Particles in Mixed-phase Clouds

In section 4.3.3 our results pointed to a possible overestimation of the frac-
tion of liquid water in mixed-phase clouds. A biased amount of water versus
ice particles will a�ect the change in LW cloud forcing with pollution, as
aerosols in this study a�ect droplet nucleation only. However, the average
liquid water path in our study is expected to be within the range of observed
values. If there is an underestimation of ice relative to water it therefore
means that the clouds holds too little water in total and may be somewhat
thin. An underestimation like this may therefore cause our cloud emissivity
to be too sensitive to changes in r̄ and LWP and cause our estimated change
in LW surface cloud forcing to be too high.

Cloud Lifetime E�ect

As we are running the model o�-line, changes in cloud parameters are not
allowed to in�uence the further evolution of the meteorology. Whether there
exists a cloud lifetime e�ect associated with suppressing precipitation is un-
certain (see section 3.4.2). If there is such an e�ect, it would not be included
in our o�-line simulations, and would therefore be a source of uncertainty in
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our results.

6.1.3 Comparison with Earlier Findings

In section 6.1.1 we found an annually averaged increase in surface LW cloud
forcing of 0.64 W/m2 from the pre-industrial to the present day emission
scenario. This increase is one order of magnitude less than what is suggested
by Garrett and Zhao (2006) and Lubin and Vogelmann (2006). In the two
Nature articles, there were found increases in the LW radiative �ux at the
surface of between 3.3 and 8.2 W/m2 when going from pristine to polluted
conditions under cloudy skies (see chapter 2). In section 5.1.1 we concluded
that the LW radiation scheme is well suited for simulating the radiative
impact of changes in cloud parameters with pollution. Although there are
elements of uncertainty in our study not linked to the LW radiation scheme,
we �nd no evidence to suggest that our results are unreasonable. We will in
the following discuss possible reasons for the signi�cant discrepancy between
our and earlier �ndings.

The low average change in LWCF in our study may either be caused by
low average changes in cloud parameters between di�erent emission scenarios
or by clouds being less sensitive to these changes in our study than clouds
studied in the background articles. We found in the previous section that
our average initial LWP is consistent with observations by Garrett and Zhao.
This should leave clouds sensitive to changes in r̄ and LWP. In the same
section we found that the changes in r̄ and LWP averaged in height are also
consistent with the above mentioned observations. Although the integrated
LWP include changes at all altitudes (Figure 22(b)), the liquid water amount
changes most close to the surface and is therefore expected to in�uence the
change in LW cloud forcing. The e�ective radius, on the other hand, changes
much less in surface layers than it does averaged in height. While Garrett
and Zhao found a decrease in r̄ of 3 µm between the pristine and the polluted
regime, our results show a change of 0.6 to 1.0 µm in layers important to the
surface LWCF. We thus do �nd average changes in cloud parameters lower
than in the Garrett and Zhao study.

The low average change in r̄ and LWP may help explain the noted dis-
crepancy in results. We believe that these averages are highly in�uenced by
di�erences in the approach used in this and the background studies.

One important aspect that is very likely to in�uence the results is that
the earlier studies mentioned have looked at speci�c conditions for cloud
type and pollution. By only looking at non-opaque clouds and episodes
of particularly high or low aerosol levels Garrett and Zhao and Lubin and
Vogelmann should �nd only the largest changes in surface �ux caused by
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anthropogenic emissions. It may be that these favorable conditions are met
too seldom or over too short time periods to a�ect the annual mean of our
results. If this is the case, instantaneous results should include signals of
change that are signi�cantly larger than our seasonal average. The fraction
of time with change in surface LW cloud forcing above 3.3 W/m2 is plotted
in Figure 24. 3.3 W/m2 is the lower boundary of the increase in surface �ux
found in the background articles. Except for the month of May, changes
of this magnitude do occur between the present day and the pre-industrial
emission scenario. The 3D model thus simulates changes consistent with the
range observed by both Garrett and Zhao and Lubin and Vogelmann. The
fraction of time when this occurs, however, is very limited, with a peak of
approximately 4 percent in late summer/early fall.

It is di�cult to decide whether this alone is enough to explain why our
average results are lower than the earlier �ndings, as there is no information
on the fraction of time studied in the background articles. We can, how-
ever, show that the fraction of time included in the earlier studies will be
signi�cantly smaller than in our study. Lubin and Vogelmann use the low-
est and the highest 25th percentiles of pollution found in their data set and
thus excludes one half of the time with data available. Following this they
only study times when there are clouds present and exclude the cases where
clouds are black bodies. There is no information on the fraction of clouds
co-incident with high and low pollution events or on the fraction of clouds
that are black bodied. This means that the fraction of time they are left
studying is below 50 percent, but how much below is unclear.
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Figure 24: Fraction of time with change in LW cloud forcing at the surface
greater than 3.3 W/m2 (PRES - PIND). Forced model version
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It should also be mentioned that the examples and demonstrations used
in the Lubin and Vogelmann (2006) article are of clouds with LWP in the
interval between 10 and 15 g/m2. This is the interval where the LWCF is
most sensitive to changes in e�ective radius (section 5.1). Signals of change
with the �rst indirect e�ect should therefore be large.

Another possible explanation for the discrepancy between our results and
earlier �ndings is that our average present day scenario will not have aerosol
concentrations as high as the highly polluted regimes studied by Garrett
and Zhao (2006) and Lubin and Vogelmann (2006). The polluted regimes
in the earlier studies only include the highest 25 percent of the present day
aerosol concentration. Our study, on the other hand, compare an average
of all pollution events in the present day regime to the clean pre-industrial
scenario. We are not comparing a low to a high, but a low to an �average�
pollution scenario.

Additionally both background studies were carried out in Alaska and their
�ndings may not be representative for the Arctic in general. However, the
modeled change in surface LW cloud forcing found in Figure 16(b) does not
show larger values over this region than over other areas within the Arctic.

One last aspect that will lead to discrepancies in results is that there
may be di�erences in the weather and temperature anomalies of the model
and the observed cases. In section 5.1 we showed that cloud bases with
high temperatures give large changes in cloud forcing with changes in r̄ and
LWP. If the temperature pro�les di�er, it will a�ect the results. However,
large systematic biases in this property are needed for this to in�uence the
results greatly. We found in the model veri�cation that the LW cloud forcing
simulated by the forced model version compares fairly well to observations,
and that we have no reason to suggest that the temperature pro�les used are
unreasonable. Additionally, it should be mentioned that the results shown
in this section are averaged over �ve years and no particular meteorological
event or temperature anomaly will a�ect the average results.

It is clear that there are signi�cant di�erences between this and earlier
studies of change in surface LWCF with increased aerosol levels. While our
study shows the overall importance of the phenomenon, the background stud-
ies show the maximum possible in�uence of the increased levels of pollution.
The average increase in LW cloud forcing found in our study is signi�cantly
lower than the high increase in surface LW �ux found by Garrett and Zhao
(2006) and Lubin and Vogelmann (2006).
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6.1.4 LWCF at the Surface, 2SOx Compared to Present Day

In this section the simulated change in LW cloud forcing at the surface be-
tween the hypothetical 2SOx scenario and the present day emissions will be
examined.

The annually averaged increase in LWCF at the surface is 0.35 W/m2

north of 71◦N (Figure 25(a)). The magnitude of this change is 0.29 W/m2

lower than the change found in case 1 due to indirect e�ects, and implies that
the change in the LW emissivity is lower. This can be a result of either lower
changes in the parameters that in�uence the emissivity, e�ective radius and
LWP, or of clouds being less sensitive to changes in these parameters. This
would be the case if the clouds are already optically thick.

In the case studied here the regime of low aerosol concentrations is the
present day regime. This emission scenario has a signi�cant aerosol concen-
tration and clouds have higher emissivities than clouds in the pre-industrial
simulations. This implies that the clouds in the low aerosol regime in this
case will be less sensitive to changes in e�ective radius and liquid water path
than they were in case 1. Figure 23 shows, however, that the fraction of
clouds sensitive to changes in cloud properties is never below 55 percent.

In addition to clouds having higher emissivities initially in case 2 than in
case 1, the simulated changes in e�ective radius at all levels are smaller in
the 2SOx - PRES case than in case 1. While this decrease is on the order
of 2.2 µm in case 1 (13.7 to 11.5 µm), in case 2 the average e�ective radius
decreases by only 0.6 µm (11.5 to 10.9 µm). Small changes in the e�ective
radius in turn lead to a reduced suppression of precipitation. The change in
LWP (Figure 25(b)) is therefore also smaller between the scenarios studied
here than in case 1. The spacial pattern of change in this parameter is,
however, similar to the previous case.

Both the e�ective radius and the cloud liquid water path are in�uenced
by the amount of aerosols already available in the atmosphere. A clean
environment will in general have smaller LWP and larger r̄ than a polluted
environment. The e�ect of a given increase in sulfate aerosols will therefore
depend on the initial aerosol concentration. Results from the 3D model show
that the absolute increase in the sulfate concentration is of the same order
of magnitude in both cases studied, with a maximum concentration around
1.6∗10−6 to 1.8∗10−6 kg S/m2. The reduced sensitivity of the present day
clouds compared to the cleaner pre-industrial conditions leads to a lower
change in both e�ective radius and LWP in case 2 than in case 1.

Lastly, we would like to mention that if the emission of SO2 is over a
certain magnitude, clouds saturate and can not take up more of this chemical
compound. SO4 is produced through oxidation of SO2 that has reacted with
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water and through clear air oxidation. If clouds are saturated with SO2, the
production of SO4 may therefore be low even if the emission of its precursors
increase (personal communication with Terje Berntsen).

The 2SOx - PRES scenario shows that the sensitivity of Arctic clouds to
changes in LWCF with pollution is approaching saturation. High initial liquid
water paths combined with small initial e�ective radii leads to low changes
in surface LW cloud forcing with increased amounts of anthropogenic sulfate
aerosols.

(a) ∆LWCF (b) ∆LWP

Figure 25: Annual change in LW cloud forcing at the surface [W/m2] and
LWP [g/m2] between 2SOx and PRES scenario. Forced model version.

6.1.5 Summary of Changes in LW Cloud Forcing at the Surface

Results from the 3D model show that there is an annually averaged increase
in surface LW cloud forcing of 0.64 W/m2 when going from the pre-industrial
to the present day concentration of aerosols. We also �nd that the increase is
larger during summer (1.16 W/m2) than during winter (0.39 W/m2). This is
due to larger changes in LWP and r̄, a larger fraction of low clouds and higher
cloud base temperatures during summer than during winter. Additionally, we
found changes in both aerosol concentrations, liquid water path and e�ective
radius in layers important to the surface LW cloud forcing, although the
largest changes in r̄ occur in layers too high to be of in�uence.

The annually averaged changes in surface LW cloud forcing simulated by
the 3D model is one order of magnitude less than the increase in this forcing
found by Garrett and Zhao (2006) and Lubin and Vogelmann (2006) when
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going from pristine to polluted conditions under cloudy skies. The earlier
studies have found the maximum in�uence of anthropogenic emissions under
favorable conditions, while we study the average impact of anthropogenic
sulfate emissions on the surface LW cloud forcing in the Arctic region. Our
results suggest that the overall importance of increased LW surface �ux is
not as high as can be expected from the results of the studies by Garrett and
Zhao and Lubin and Vogelmann.

Lastly we found that the sensitivity of the Arctic clouds to changes in
LWCF with pollution is approaching saturation.

6.2 Shortwave Cloud Forcing at the Surface

The background articles that were a motivating factor for conducting this
study consider LW e�ects only. It is clear, however, that as long as solar
radiation is present, changes in r̄ and LWP will a�ect the magnitude of the
SW surface cloud forcing as well as the LW. In the following we will look at
the average changes in the SW surface cloud forcing created by an increase in
the anthropogenic sulfate concentrations. First the e�ects of going from pre-
industrial to present day emissions will be examined. We will then study the
changes occurring when further increasing the emissions to the hypothetical
2SOx regime.

6.2.1 SWCF at the Surface, Present Day Compared to Pre-industrial
Emissions

Figure 26 displays the annually averaged change in SW cloud forcing between
the present day and the pre-industrial emission scenarios both for the original
model code and the forced model version. Results from the original model
code give an annually averaged change in SWCF at the surface of -0.98 W/m2

north of 71◦N.

For the forced model version the increased magnitude of the surface SW
cloud forcing averages to -0.99 W/m2 north of 71◦N. This is a 6.5 percent
increase in the SW cloud forcing from pre-industrial times until today. How-
ever, the change in forcing simulated with this model version is not much
stronger than the results given by the original model code and the relative
change is not as large as the change between the two model versions in the
LW. This is because clouds saturate for higher LWPs in the SW than in the
LW. The SWCF is therefore sensitive to indirect e�ects even for the large
LWP found in the model originally. The SW cloud forcing itself, however, is
much stronger in the original model version than in the version with reduced
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(a) ∆SWCF. Original CAM-Oslo (b) ∆SWCF. Forced model

Figure 26: Annually averaged change in SW cloud forcing at the surface
[W/m2] for the original model code and the model version with forced LWP.
(PRES - PIND)

LWP. There will be no further discussion of results from the original model
in this section.

The seasonal variation in change in SWCF at the surface with anthro-
pogenic emissions is much stronger in the SW than in the LW. This is caused
by the sun being absent or at high solar zenith angles through most of the
winter season. Because of the low signals during winter, we will now focus
on the summer season.

The change in surface SW cloud forcing during summer has an average of
-2.53 W/m2 north of 71◦N. From Figure 27(a) it is clear that the changes are
larger towards lower latitudes. This happens for two reasons. First, the solar
zenith angle is lower here and the radiation more energetic, leaving a larger
possible impact of the clouds on the radiation budget. However, Figure 27(b)
shows that during this time of the year, the cloud fraction increases toward
the north. The total in�uence of this e�ect is therefore lower than it would
have been if the clouds had been evenly distributed within the Arctic region.

Secondly, areas around the North Pole and over Greenland are covered by
surface and sea ice. The increased albedo of clouds subject to indirect e�ects
will be less important here as the clouds are above highly re�ective surfaces.
The clouds thus have relatively little in�uence on the amount of radiation
re�ected to space. The importance of this phenomenon is underlined by
the decreasing change in SW cloud forcing when approaching the edge of
the multiyear ice (Figure 28). While the surface in these areas is highly
re�ective in the beginning of summer, as the ice melts the surface albedo
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(a) ∆SWCF, summer (b) Total cloud fraction, summer

Figure 27: (a) Change in SW cloud forcing [W/m2] at the surface between
PRES and PIND scenario. (b) Simulated total cloud fraction. Summer
season. Forced model version.

decreases and the impact of changes in cloud albedo becomes larger. This
leads to the pattern of decreasing change in surface SW cloud forcing when
moving towards the area covered by multiyear sea ice located around the
North Pole.

The magnitude of both the relative and the absolute change in SW cloud
forcing at the surface during summer is larger than the magnitude of change
simulated for the LW case. There are several reasons for this large change
in the SWCF with anthropogenic emissions. In section 5.3 we showed that
during mid July a given change in r̄ or LWP will a�ect the SW cloud forcing
more than its LW counterpart for initial LWPs above 15 g/m2. The changes
in SW cloud albedo are more abrupt than the changes in LW emissivity. The
simulated average of LWP is well above 15 g/m2 during summer (55 g/m2).
Depending on the surface albedo it is likely that the SW cloud forcing during
this season will change more with a given ∆r and ∆LWP than the LW surface
cloud forcing.

Another reason for the large SW signals of change is that changes in cloud
albedo at any altitude will a�ect the amount of SW radiation received at the
surface (section 5.2). In section 6.1.2 we showed that the annual average
of change in r̄ is largest in a layer around 600 hPa when going from pre-
industrial to present day emissions (Figure 21(b)). Our results show that the
main changes during summer season occur in the same levels, or in levels a bit
higher in altitude. In the same section (6.1.2) it was found that the liquid
water mixing ratio also experience change at levels well above the surface
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Figure 28: Multiyear ice cover (2000). Figure from NSIDC (2009b).

(800 hPa, Figure 22(b)). In summer, the changes around this altitude are
approximately 50 percent larger than the annual average. In the LW case,
changes at these altitudes were found to have little in�uence on the surface
cloud forcing. The SW surface cloud forcing is a�ected by changes in cloud
albedo at all altitudes and will be a�ected by the changes in cloud droplet
size and water amount occurring at high levels as well as low. This may add
to the reasons why the signal of change in SW cloud forcing is larger than
the change in the LW.

Additionally, since clouds are saturated at higher LWPs in the SW than
in the LW, a larger fraction of clouds have radiative properties sensitive to
changes in r̄ and LWP. This is likely to create larger changes in SW than in
LW surface cloud forcing with pollution.

We want to point out that the changes in in-cloud liquid water amount
and e�ective radius at high latitudes (Figures 22(b) and 21(b)) are not re-
�ected in the SW cloud forcing results. This is again because of the highly
re�ective surface in this part of the Arctic region.

It is important to point out that the results presented here are of changes
within the clouds only - the optics in clear sky is the same in all model
runs and the direct e�ect unchanged. This means that the SW clear sky net
�ux is the same for both pre-industrial, present day and 2SOx simulations.
In reality, however, this net �ux will decrease with increased amounts of
sulfate present in clear sky (section 5.3). Thus, the amount of solar radiation
reaching the surface under clear skies in the more polluted scenarios will be
less than under pristine conditions. With less radiation reaching the ground
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in general, the SW cloud forcing will decrease. The net or total e�ect of
introducing a given increase in the SW cloud albedo would therefore be less
in present day, and even more so in the 2SOx case, than in the cleaner pre-
industrial scenario. Including the direct e�ect in our simulations reduces the
annual change in surface SW cloud forcing between the PRES and the PIND
scenarios from -0.99 W/m2 to -0.56 W/m2 and the summer average from -
2.53 W/m2 to -1.50 W/m2. Ignoring the change in direct e�ects between the
scenarios thus in�uences the SW results signi�cantly. In this study, however,
we are investigating changes in the radiative balance at the surface due to
indirect e�ects and focus on how increased levels of anthropogenic sulfate
aerosols change the amount of radiation emitted from or passing through the
clouds. Including the changes is direct e�ects highlights the overall change in
importance of clouds and their properties in polluted versus clean conditions.
It does, however, conceal changes occurring within clouds due to interaction
with increased aerosol levels.

Lastly, we would like to mention that the elements that may a�ect the
accuracy of the LW results will be equally important in the SW (see section
6.1.2).

The changes in SW cloud forcing due to indirect e�ects from pre-industrial
times until today are signi�cant. During summer the magnitude of the de-
crease in SW radiative �ux is of the same order as the average increase in
surface �ux resulting from anthropogenic emissions of greenhouse gases (-2.5
vs. 2.3 W/m2 (IPCC, 2007)).

6.2.2 SWCF at the Surface, 2SOx Compared to Present Day

From Figure 29 it is clear that the spacial pattern of change in SW cloud
forcing between the 2SOx and the PRES scenarios is nearly the same in
this case as in case 1. The magnitude is, however, much smaller in the case
studied here. North of 71 ◦N the change in SW forcing averages to -1.29
W/m2 during summer time and -0.51 W/m2 annually. The lower signal of
change in case 2 than in case 1 may, like in the LW case, be caused by several
factors. We found that both the e�ective radius and the liquid water amount
change less in this case than in case 1 (see section 6.1.4). This leads to weaker
signals of change in the SW cloud forcing.

We also found that the clouds were optically thicker in the �low pollution�
scenario in case 2 than in case 1. This leaves the clouds less sensitive to
changes in surface SW cloud forcing with ∆LWP and ∆r̄ and may help
explain the low signals of change between the 2SOx and the PRES scenario.

We would like to point out that the SW cloud albedo is most sensitive
to changes in e�ective radius for LWP around 90 g/m2 (section 5.2). The
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initial clouds containing more liquid water may therefore make the cloud
albedo more sensitive to changes in this parameter. However, this does not
seem to a�ect our results greatly.

(a) ∆SWCF. Annual average (b) ∆SWCF. Summer season

Figure 29: Annual change in SW cloud forcing [W/m2] at the surface between
2SOx and PRES scenario. Forced model version.

6.2.3 Summary of Changes in SW Cloud Forcing at the Surface

Results from the 3D model show that the SW cloud forcing at the surface
decreases by 0.99 W/m2 due to indirect e�ects when going from pristine
conditions in pre-industrial times to the polluted conditions found in the
Arctic today. Our results also show that the change in SW cloud forcing
during summer averages to -2.53 W/m2. This large change in surface SWCF
is caused by the high sensitivity of the SW cloud albedo to changes in r̄ and
LWP, combined with changes in cloud albedo at all altitudes a�ecting the
surface SW cloud forcing. During summer, the increase in anthropogenic
sulfate aerosols from pre-industrial times to present day will signi�cantly
decrease the surface SW radiative �ux under cloudy skies in the Arctic region.

Lastly we found that the sensitivity of the Arctic clouds to changes in
SWCF with pollution is lower today than it was pre-industrially.

6.3 Net Cloud Forcing at the Surface

The changes in cloud forcing in both the LW and the SW have now been
examined. Here, we will study the total in�uence of increased aerosol levels
interfering with Arctic clouds and examine the net change in cloud forcing
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at the surface. We will start by looking at the present day compared to the
pre-industrial scenario in some detail, and continue to describe changes in
net cloud forcing at the surface between the 2SOx and the PRES scenario.

6.3.1 Net Cloud Forcing at the Surface, Present Day Compared
to Pre-industrial Emissions

Figure 30(a) shows that the annually averaged surface net cloud forcing is
positive over the entire Arctic region in the present day scenario. The areas
where the net forcing is strong are either areas where the surface SW cloud
forcing is weak (eg. over Greenland - due to high surface albedo) or areas
where the surface LW cloud forcing is particularly strong (eg. the west coast
of Spitsbergen - due to a high fraction of low clouds throughout the year).
Areas of weak net cloud forcing are co-located with areas of strong surface
SW cloud forcing - at low latitudes and areas of low surface albedo due
to open water. The magnitude of the annually averaged surface net cloud
forcing is 25.9 W/m2 north of 71◦ in present day (LWCF + SWCF = 42.0
W/m2 - 16.1 W/m2).

(a) Net CF at the surface. Annual aver-
age

(b) ∆CF at the surface. Annual average

Figure 30: a) Net cloud forcing [W/m2] at the surface in present day simu-
lations. b) Change in net surface cloud forcing [W/m2] between the PRES
and the PIND scenarios. Forced model version.

Despite the overall positive net cloud forcing found in this region, the
annually averaged change in this forcing between the PRES and the PIND
scenario is negative. The change in surface net cloud forcing is shown in
Figure 30(b). On an annual basis, the increase in cloud optical thickness due
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to anthropogenic pollution is simulated to give a 0.35 W/m2 decrease in
the positive cloud forcing typical of the Arctic region. This con�rms that the
increased magnitude of SW cloud forcing with pollution is larger than the
increased warming by clouds due to LW e�ects (see section 6.2.1).

The annual average gives information on the overall importance of the
change in net cloud forcing from pre-industrial times to present day, but
gives little insight into the seasonal variability of change in forcing with pol-
lution. During summer the net cloud forcing in present day is positive over
ice covered surfaces, while the areas of open water and the southern regions
of the Arctic experience negative cloud forcing (Figure 31(a)). The LW com-
ponent thus dominates where the surface albedo is high, as can be expected
from section 5.3 (net cloud forcing, 1D), and the average net cloud forcing
is 19.1 W/m2 north of 71◦N. The change in surface net cloud forcing with
indirect e�ects is, on the other hand, negative over most of the Arctic re-
gion during summer (Figure 31(b)). The large change in SW cloud forcing
dominates the change in net forcing completely, even over areas covered by
surface ice (see Figure 28). The change in net surface cloud forcing averages
to -1.38 W/m2 north of 71◦N during this season. The increased amount
of anthropogenic aerosols in clouds thus leads to an overall decrease in the
surface radiative �ux under cloudy skies in summer.

In winter, the SW cloud forcing is of less importance than in summer and
the net surface cloud forcing is positive everywhere. It averages to 29.3 W/m2

north of 71◦N (Figure 31(c)). The change in net forcing with pollution is also
controlled by LW e�ects. From Figure 31(d) it is clear that the increased
LW component of the surface cloud forcing dominates during this season.
Anthropogenic aerosols interacting with clouds lead to a net increase in the
surface �ux on the order of 0.16 W/m2 north of 71◦.

The magnitude of the change in surface net cloud forcing during winter
can be put into perspective by using �ndings of Rothrock et al. (1999). They
suggest that an approximate increase of 6.5 W/m2 in the net radiation at
the Arctic surface for one year is enough to decrease the thickness of the sea
ice by 1.4 meters. Our winter period lasts for 2

3
of the year, meaning that an

increased net �ux of ∼7.0 W/m2 (6.5
1.4

∗ 3
2
) throughout this period could lead

to a one meter decrease in sea ice thickness. Our net increase of 0.16 W/m2

during the winter season should therefore be enough to decrease the sea ice
thickness by approximately 2 cm (0.16

7.0
≈ 0.02). During summer the change

in net cloud forcing with indirect e�ects is negative and is therefore expected
to inhibit or delay the ice melt.

The results presented in this section do not include the change in the
direct e�ect between the two scenarios. The change in this e�ect will in�uence
the change in net surface cloud forcing through its in�uence on the SW
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(a) Net CF at the surface. Summer (b) ∆CF at the surface. Summer

(c) Net CF at the surface. Winter (d) ∆CF at the surface. Winter

Figure 31: Net cloud forcing [W/m2] at the surface in present day simulations
(left) and the change in this between the PRES and the PIND scenario
(right). Forced model version.

component. The annually averaged change in surface cloud forcing in case
1 increases from -0.35 W/m2 to +0.08 W/m2 when including the change
in direct e�ect. The summer average increases from -1.38 W/m2 to -0.35
W/m2 and the winter average from 0.16 W/m2 to 0.30 W/m2. The change
in the net surface cloud forcing for simulations including both the direct and
the indirect e�ects is thus positive. The increase in anthropogenic sulfate
aerosols from pre-industrial times to present day leads to an overall increase
in the warming e�ect of clouds in the Arctic. The increased direct e�ect with
this increase in pollution will, on the other hand, act to reduce the radiative
�ux at the Arctic surface.
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6.3.2 Net Cloud Forcing at the Surface, 2SOx Compared to Present
Day

The change in surface net cloud forcing between the 2SOx and the present
day scenario shows the same behaviour as in case 1. The magnitude of this
change is low because of the small changes in both the LW and the SW
cloud forcing between these scenarios. As shown earlier, these low signals
of change are mainly due to small changes in the parameters that a�ect the
LW cloud emissivity and the SW cloud albedo, combined with high initial
optical thickness.

The annual average of change in surface net cloud forcing between the
2SOx and the PRES scenarios is -0.16 W/m2 north of 71◦N, while the winter
mean is 0.09 W/m2 and the summer mean -0.66 W/m2. These low values
of change further con�rms that the clouds are less sensitive to increases in
aerosol levels today than they were in pre-industrial times.

Our �ndings suggest that clouds in the Arctic are approaching saturation.
Despite this, an increased amount of sulfate aerosols will continue to increase
the direct e�ect of the aerosols and decrease the SW clear sky �ux. This will
decrease the magnitude of change in SW cloud forcing between the 2SOx
and the PRES scenario. Including the change in direct e�ect in simulations
of change in net surface �ux in case 2 leads to the following results: Annual
increase in surface cloud forcing of 0.19 W/m2, winter increase of 0.22 W/m2

and a summer increase in the surface cloud forcing with pollution of 0.14
W/m2. The increased direct e�ect of the aerosols reduces the increased
magnitude of the SW cloud forcing enough for LW e�ects to dominate, also
during summer.

6.3.3 Summary of Changes in Net Cloud Forcing at the Surface

To summarize, our results show that the net surface cloud forcing is positive
over much of the Arctic. Introducing increased amounts of sulfate aerosols
into the Arctic clouds will lead to a decrease in the amount of radiation
reaching the surface under cloudy skies (-0.35 W/m2). During summer, the
magnitude of the increased SW component dominates completely and the
surface �ux under cloudy skies decreases signi�cantly (-1.38 W/m2). In win-
ter time, on the other hand, the magnitude of increased LW �ux emitted
by the clouds subject to pollution is most important (+0.16 W/m2). An in-

creased cloud thickness due to increased amounts of anthropogenic aerosols

will therefore in sum lead to a slight decrease in the net radiative �ux at

the surface, but will during winter lead to increased surface warming by the

Arctic clouds.
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6.4 Cloud Forcing at the Top of the Atmosphere

Traditionally when discussing cloud forcing and indirect e�ects, the focus is
on the top of the atmosphere. The change in radiative �ux at this level over
cloudy skies describes the total change in �ux within the earth-atmosphere
system. It tells us how much more or less energy is kept in the system with
clouds present than without. We will now brie�y discuss the change in cloud
forcing at the top of the atmosphere with pollution as simulated by the forced
version of the CAM-Oslo climate model. We will consider the present day
versus the pre-industrial emissions only.

LW Cloud Forcing at the TOA

In the LW the average simulated cloud forcing at the TOA is positive for all
seasons (Figure 32(a)). Averaged annually clouds increase the energy kept in
the climate system by 14.7 W/m2 north of 71◦N. This can be explained by
studying the clouds common in the Arctic region.

Figure 18(c) and 18(d) show that the largest fraction of clouds in the
Arctic is found close to the surface. In summer, the simulated temperatures
of these layers are very close to the surface temperature. Cloud tops in these
layers will therefore emit approximately the same amount of energy as the
surface and should contribute little to LW cloud forcing at the TOA. In
winter, on the other hand, there are temperature inversions in the Arctic.
Cloud tops are therefore often warmer than the underlying surface and the
LW cloud forcing from these clouds should be negative at the TOA. Clouds
close to the surface can therefore not explain the relatively large positive LW
cloud forcing at the top of the atmosphere.

Figure 18(c) and 18(d) also show that a second cloud layer of much greater
altitude is common both in summer and in winter (around 400 hPa). Clouds
around this altitude have temperatures much lower than the temperatures
at the surface (230-240 K vs. 255-270 K) and decrease the LW radiation
reaching the TOA greatly. These clouds are what lead to the positive cloud
forcing at the top of the atmosphere.

The change in LW cloud forcing at the TOA with pollution is very small
(0.1 W/m2 annually, Figure 32(b)). There are two main reasons for this.
First, the high cloud layer important to the LW cloud forcing is primarily
made up of ice particles. An increased amount of aerosols will only a�ect
cloud droplet nucleation in our simulations and will therefore have little in-
�uence on this layer.

Secondly, the clouds at low levels have temperatures very close to the
surface temperature. Changing the emissivity of these clouds will therefore
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have little in�uence on the amount of radiation emitted towards the top of
the atmosphere. Additionally, the main changes simulated both in e�ective
radius and in liquid water path occur below the high cloud layer (see section
6.1.2). This reduces the possible in�uence of a change in LW emissivity with
∆LWP and ∆r̄ as the radiation emitted at levels where changes occur will
be partially absorbed by the clouds above.

Combined, small changes in cloud radiative properties of high leveled
clouds and little importance of changes occurring at low levels, lead to small
changes in LW cloud forcing at the top of the atmosphere with increased
amounts of anthropogenic sulfate.

SW Cloud Forcing at the TOA

The average SW cloud forcing at the TOA is negative for all seasons and
averages to -14.1 W/m2 north of 71◦N on an annual basis (Figure 32(c)).
The SW cloud forcing at this level is negative because clouds in general
re�ect more energy than the underlying surface. The average change in
SWCF at the top of the atmosphere averages to -1.1 W/m2 on an annual
basis (Figure 32(d)). This signal of change is much greater than the change
in LWCF at the TOA.

The SWCF is not a�ected directly by the temperature of the cloud top
and therefore not by the height of the cloud layer (section 5.2). A given
change in cloud albedo will a�ect the cloud forcing equally, independent of
the height of the cloud layer. We just found that the cloud layer common
around 400 hPa experiences little change in cloud parameters with pollution.
This cloud layer is, however, not always present and because it is a thin
layer with low average water content (not shown here) it is not likely to be
optically thick in the SW. Changes in cloud albedo in levels below the top
cloud layer are therefore likely to cause the relatively large changes in SWCF
at the top of the atmosphere.

Net Cloud Forcing at the TOA

Simulations of the net cloud forcing at the top of the atmosphere shows that
the forcing it self has both large positive and large negative values depending
on surface albedo (Figure 32(e)). SW e�ects dominate over open water while
LW e�ects dominates over ice covered surfaces. Averaged annually north of
71◦N the TOA net cloud forcing is 0.6 W/m2.

The average change in TOA net cloud forcing with increased aerosol levels
is negative both during summer and winter season. Small changes in LWCF
at the TOA lead to the net forcing being completely dominated by SW e�ects
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(Figure 32(f)).
Increasing the concentration of anthropogenic aerosols in the Arctic clouds

in the way simulated in this study has a decreasing e�ect on the net cloud
forcing at the top of the atmosphere. More sulfate thus leads to more energy
leaving the Earth-Atmosphere system.
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(a) LWCF TOA (b) ∆LWCF TOA

(c) SWCF TOA (d) ∆SWCF TOA

(e) Net CF TOA (f) ∆Net CF TOA

Figure 32: Cloud forcing at the top of the atmosphere [W/m2], annual aver-
age. Forced model version. Note that scales di�er.
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7 Summary and Conclusions

In this thesis we have studied simulated changes in the radiative properties
of Arctic clouds with pollution and how these changes a�ect the radiative
balance at the surface. Our results show that the indirect e�ects of increased
amounts of anthropogenic aerosol are close to the same magnitude in the LW
and the SW wavelength ranges and nearly cancel on an annual basis.

The Arctic region is highly sensitive to climate change (Wang and Key,
2005) and the increase in air temperature near the surface is almost twice
as large here as in the rest of the world (Graversen et al., 2008). Studies
by Garrett and Zhao (2006) and Lubin and Vogelmann (2006) suggest that
there are large increases in the LW radiation emitted towards the surface
when going from pristine to polluted conditions under cloudy skies. They
�nd an increase in surface radiative �ux of 3.3 to 8.2 W/m2, which is signif-
icantly larger than the average estimated increase due to the anthropogenic
emissions of greenhouse gases (2.3 W/m2) (IPCC, 2007). We found it im-
portant to study the overall e�ect of changes in cloud radiative properties
with anthropogenic aerosols because of these earlier �ndings and the high
sensitivity of this region to climate change. Additionally, it is important to
study indirect e�ects in general as these are a major source of uncertainty in
projections of future climate by the IPCC (IPCC, 2007).

The CAM-Oslo climate model was used to study the overall importance
of the indirect e�ects. This model was veri�ed by using observations from
the SHEBA campaign (Intrieri et al. (2002b)). While the cloud fraction and
the e�ective radius were reproduced well by the model, the magnitude of the
liquid water path and the cloud forcing were both overestimated. Results
presented in this thesis are from a forced version of the CAM-Oslo where the
LWP has been reduced by a factor �ve through reducing the cloud droplet
number concentration. This version is what gave the LWP and the cloud
forcing closest to the observed SHEBA values.

Summary of key �ndings in this thesis:

� Results from the 1D model show that the cloud forcing of clouds with
small initial liquid water paths is most susceptible to change with pollu-
tion. Changes in surface LWCF increase with increasing temperature
of the cloud base. Changes in SWCF with pollution are large if the
albedo of the underlying surface is low. The behaviour of the net cloud
forcing depends on whether LW or SW e�ects dominate. This depends
on the time of year, the underlying surface, the temperature of the
cloud base and properties within the cloud - the e�ective radius and
the liquid water path.
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� The 1D model is capable of reproducing observed changes in LW cloud
forcing with pollution. The LW radiation scheme, which is similar in
the 1D and the 3D model, is therefore well suited for studying the LW
radiative impact of changes in cloud properties with increased levels of
anthropogenic sulfate aerosols.

� The simulated increase in LW cloud forcing at the surface due to anthro-
pogenic sulfate aerosols averages to 0.64 W/m2 annually. The increased
LW surface �ux is larger in summer (1.16 W/m2) than in winter (0.39
W/m2). This behavior is caused by larger changes in cloud emissivity
with pollution in summer than in winter, combined with high fractions
of low clouds and high cloud base temperatures in summer.

� The 3D model results of changes in LWCF due to indirect e�ects are one
order of magnitude lower than the �ndings of Garrett and Zhao (2006)
and Lubin and Vogelmann (2006). These background studies focused
on cloud and aerosol conditions favorable to create changes in surface
LWCF with pollution. Our study includes all conditions at all times of
the year. While Garrett and Zhao and Lubin and Vogelmann �nd the
maximum possible change in LW radiative �ux due to anthropogenic
aerosols in Arctic clouds, we �nd the overall radiative impact of changes
in clouds with pollution.

� The simulated SWCF at the surface increases in magnitude due to
indirect e�ects. The decrease in surface �ux because of increased cloud
albedo averages to -0.99 W/m2 annually and -2.53 W/m2 in summer.

� Results from the 3D model show an annual change in surface net cloud
forcing of -0.35 W/m2 due to indirect e�ects. Introducing more sulfate
aerosols into clouds in the Arctic thus leads to an overall decrease in
the radiative �ux at the surface under cloudy skies. This decrease is
not nearly large enough, however, to lead to negative net cloud forcing.
During summer, the ability of clouds to increase the radiative �ux at the
surface decreases by 1.38 W/m2 due to indirect e�ects. In winter, on
the other hand, LW e�ects dominate and a changes in cloud properties
due to anthropogenic aerosols increase the surface radiative �ux by 0.16
W/m2.

� Our simulations only include changes in cloud properties with pollution.
An increase in anthropogenic sulfate aerosols will also in�uence the
direct e�ect and the amount of energy reaching the surface under clear
skies. Including the changes in direct e�ects between pre-industrial
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times and present day reduces the change in SWCF signi�cantly. The
simulated change in net cloud forcing then averages to +0.08 W/m2 on
an annual basis. The overall e�ect of introducing increased amounts of
anthropogenic sulfate aerosols into the Arctic is thus a slightly increased
warming e�ect of clouds in this region (assuming that the direct and
indirect e�ects dominate over other possible e�ects of such an increase).

Results from the hypothesised scenario where the emissions of SO2 from fos-
sil fuel combustion were doubled are not included in the summary above.
We now know that the emissions of this sulfate precursor have decreased
in Europe and Russia over the last years (Karnieli et al., 2009). One can
therefore question whether this scenario is realistic. However, results from
simulations using these emissions are informative. They show that an abso-
lute increase in SO4 concentrations of the same magnitude as the increase
from pre-industrial times till today will a�ect the cloud forcing less than
when the initial concentrations were lower. It shows that the system is closer
to saturation today than in pre-industrial times.

The simulated overall change in surface net cloud forcing is negative due
to the strong SW contribution where the surface albedo is low. In recent
years the extent of the sea ice over the North Pole has decreased, reaching
a minimum in September 2007 (NSIDC, 2009a). Because of the ice-albedo
feedback and an expected further increase in Arctic surface temperatures
many expect further reductions in the polar ice cap. This reduction is coin-
cident with a reduction in surface albedo and it is likely that the importance
of the SW component of cloud forcing is increasing. The indirect e�ects in
the Arctic will thus have a larger negative in�uence on the surface net cloud
forcing in the future than today. During winter time, however, the lack of
sunlight ensures that the LW component of change in surface cloud forcing
with pollution will still be positive.

Based on our �ndings and the sensitivity of the Arctic climate, the indirect
e�ects in the Arctic should be studied further. Several measures can be made
in order to deepen our understanding of these e�ects and get more precise
answers. First of all, the accuracy of climate models needs to be improved,
especially in dealing with cloud water amount and conversion between liquid
water and solid phased particles. Secondly, a higher frequency and larger
geographical spread in Arctic measuring campaigns are needed. The current
lack of comprehensive observations limits the possibility of verifying and
improving current climate models.

The empirical studies conducted by Garrett and Zhao and Lubin and Vo-
gelmann on the topic of indirect e�ects in the Arctic show a potentially large
increase in LW surface �ux when polluted air and clouds interact. In this
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thesis we �nd that indirect e�ects may lead to an increase in the LW surface
�ux, but our study nevertheless concludes that the overall e�ect of increased
levels of anthropogenic aerosols under cloudy skies is a small decrease in
surface radiative �ux.
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