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Thesis





Chapter 1

:Introduction

1.1 Motivation

Despite strong evidence of human impact on climate over the last century, large uncer-
tainties are still associated with the contributions from the different climate drivers, with
the lowest level of confidence linked to cloud adjustment due to atmospheric aerosol
changes (IPCC, 2013).

Cloud droplets form when water vapor condenses onto liquid or solid particles sus-
pended in air, also known as aerosols, that can act as cloud condensation nuclei (CCN).
Given a fixed cloud liquid water content, more numerous CCN are associated with more
numerous, but smaller droplets that brighten the clouds and scatter more of the incom-
ing solar radiation back to space (Twomey, 1974). This is known as the first aerosol
indirect effect. The reduction in cloud droplet size can also be followed by modula-
tion of cloud water content, lifetime and/or extent through rapid cloud adjustments,
known as the second aerosol indirect effect. Albrecht (1989) was the first to present
the idea of an enhanced aerosol indirect effect caused by rapid cloud adjustments, ar-
guing that precipitation formation is suppressed when droplets are smaller, leading to
more water retention and extended cloud lifetime. While global models tend to only
capture increased cloudiness due to suppressed precipitation, observations have shown
both positive, negative and negligible responses in cloudiness when the aerosol concen-
tration is enhanced (Ackerman et al., 2004; Gryspeerdt et al., 2019; Malavelle et al.,
2017; McCoy et al., 2018; Michibata et al., 2016; Quaas et al., 2009; Toll et al., 2017,
2019; Wang et al., 2012; Zhou and Penner, 2017), indicating other mechanisms occur-
ring in addition to that proposed by Albrecht (1989). Identifications and investigations
of these processes that can buffer cloud responses to aerosol perturbations are needed
to improve confidence.

The aerosol concentration in the atmosphere has changed since preindustrial times,
contributing to the total anthropogenic radiative forcing (RF). RF is ”the net change
in the energy balance of the Earth system due to some imposed perturbation” (Myhre
et al., 2013, p. 664), and with its positive value from preindustrial to present day, the
Earth system receives more energy now in present day (+2.29 [1.13 to 3.33] Wm−2)
(IPCC, 2013). Together with its following feedback processes, RF results in a chang-
ing climate. Changes in atmospheric aerosol concentrations impact RF directly through
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Figure 1.1: Probability density function (PDF) of ERF due to total greenhouse gases (red), aerosol
forcing (blue, both ERFaci and ERFari) and total anthropogenic forcing (black). The large spread in
the blue curve is dominated by uncertainties in ERFaci. Figure from Myhre et al. (2013).

changes in absorption and reflection of radiation by the aerosols, and indirectly through
clouds. Cloud adjustments due to aerosols are referred to as Effective Radiative Forcing
through Aerosol Cloud Interactions (ERFaci), including both RFaci (the first aerosol
indirect effect) and the following rapid cloud adjustments (the second aerosol indirect
effect). ERFaci has been estimated to contribute with -0.55 [-1.33 to -0.06] Wm−2 to
the total anthropogenic forcing over the industrial era (IPCC, 2013). Together with
the direct impact aerosols can have on radiation (Effective Radiative Forcing through
Aerosol Radiation Interactions, ERFari), it most likely suppresses the warming of the
greenhouse gases, which is illustrated in Fig. 1.1.

With the large spread in estimates of ERFaci+ari (and especially the aci-component),
we do not know how much warming from the greenhouse gases has been modified by
the cooling effect of aerosols and clouds. With projected reductions in emissions of
aerosols driven by the desire to improve air quality, some of this warming is expected
to be unmasked in the near future. For this reason, strong effort within the community
is put into research on aerosol-cloud interactions to reduce the uncertainty and enhance
the confidence in estimates of ERFaci. Increased understanding of how aerosols and
clouds interact, and more certain estimates of how much cooling they have been con-
tributing with over the last centuries are needed in order to better predict the climate for
the future. The climate sensitivity, a measure of the temperature response to the forcing
by a doubling of the CO2-concentration in the atmosphere, is crucial to know to be able
to predict future climate. Attempts have been made to derive the climate sensitivity
by combining observed temperature and CO2 records with modelled forcing estimates
(Hoffert and Covey, 1992), but large uncertainties are introduced by the contribution
from ERFaci. Since aerosol-cloud interactions are among the key factors controlling
the hydrological cycle, improvements in how they are modelled will also improve pre-
dicted changes in precipitation.
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Challenges in retrieving ERFaci are two-fold. Firstly, observations of how aerosols and
clouds interact are limited on a global scale, and especially observations from prein-
dustrial times are limited. Secondly, ERFaci seems difficult to model, witnessed by
the large spread in global model estimates from the latest years that spans more than
1 Wm−2 (Boucher et al., 2013; Grandey et al., 2018; Neubauer et al., 2017; Zelinka
et al., 2014; Zhou et al., 2018), and the low level of confidence in estimates of ER-
Faci presented in the latest report by the Intergovernmental Panel on Climate Change
(IPCC. See Fig. SPM.5 in IPCC (2013)). This thesis will focus on the second issue.

Reasons for the large uncertainty and low level of confidence in global model estimates
of ERFaci are many. This is due to the dependency on correct representations of both
radiation, cloud and aerosol processes, in addition to correct treatment and concentra-
tions of gases in the atmosphere. Inadequate or uncertain cloud parameterizations are
large sources of uncertainty (Gettelman, 2015). Aerosol-cloud interactions occur on
microscales, while global models that are needed to get global radiation estimates have
grid cells that span several tens of kilometers. Since it is not possible to resolve the
clouds in these models, parameterizations are applied to describe the many processes
that aerosols and cloud droplets may go through. Even though many of these parameter-
izations are evaluated against observations from selected places, they may not represent
aerosols and clouds in different locations, at different times, or when other components
of the model are modified, tuned or replaced through model development. Some pa-
rameterizations may also be lacking, for example representations of processes that can
explain reduced cloudiness when the aerosol concentration increases (positive second
indirect effect).

To be able to achieve the most accurate and credible estimate of how anthropogenic
activities have contributed to ERFaci, model setups also need to be optimized. ERF,
as introduced by Myhre et al. (2013) allows all physical variables, except for those
concerning the ocean and sea ice, to respond to perturbations. This includes changes
in rapid cloud adjustments and land surface temperatures, among others. A common
way to model this is by replacing the ocean and sea ice components by fixed datasets
with prescribed sea surface temperatures (SSTs) and sea ice extent, and carry out two
simulations with emissions of aerosols and aerosol precursor gases from preindustrial
times (PI) and present day (PD), respectively. As models have developed over the last
decades, more of the emissions that previously were prescribed are now replaced with
interactive emission algorithms, and more of the aerosol life cycle is represented by
physical parameterizations rather than concentrations read in from files. Although this
improves the model performances in many ways, it also introduces challenges when it
comes to modelling ERFaci. One of these challenges is linked to the treatment of the
oxidants, which impact the aerosol processes in the atmosphere by converting volatile
gases into gases that more easily can condense and form new aerosol particles, or con-
dense onto pre-existing aerosols making them grow larger. If anthropogenic activities
have directly been impacting the oxidant levels, and not only through temperature feed-
backs as a response to a warmer ocean, the question arises of whether these differences
between PI and PD should be taken into account when modelling ERFaci. As the im-
pacts of historical oxidant changes on ERFaci, and on aerosol growth and formation
mechanisms in general, have not been studies before the work with this thesis, it was
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a need for investigations of this topic to enhance confidence in model estimates of ER-
Faci.

Another challenge that occurs when modelling ERFaci is the natural variability. Both
aerosol concentrations and cloud properties affected by aerosol changes are highly de-
pendent on variable meteorological conditions. As a result, long and computationally
expensive simulations are required to separate the radiative effects caused by aerosol-
cloud interactions from that of the natural variability. If not, uncertainties are intro-
duced. This is also an issue for model intercomparison studies, or comparisons be-
tween models and observations where the modelled circulation can be very different
from that observed. As a solution, methods for constraining the circulation by relaxing
meteorological fields toward pre-defined conditions (Jeuken et al., 1996), also known
as nudging, are implemented in global models (Kooperman et al., 2012), but it has been
a need for upgrades (Zhang et al., 2014).

1.2 Objective

The overall objective of this thesis is to contribute towards enhancing the confidence
in estimates of ERFaci through improved global modelling. This is done through
applying and developing the Norwegian Earth System Model, NorESM. As a part of
the research project EVA (Earth system modelling of climate Variations in the An-
thropocene), which aimed to ”further develop, extend, quality check, and apply the
Norwegian Earth System Model (NorESM) to key research questions in the field of
climate science” (Bjerknes Centre, 2015), the aim of this thesis has been to contribute
to this work, with a more narrow focus on the field of aerosol-cloud interactions. As
the reasons for the large uncertainty and low level of confidence in model estimates of
ERFaci are many, several approaches are made in this thesis to seek for improvement
strategies. This includes improvements to

• technical aspects of the model, with extra focus on the nudging capabilities

• pre-industrial to present day changes in factors controlling aerosol formation and
growth, with extra focus on changes in the oxidant level

• cloud parameterizations impacting modelled rapid cloud adjustments, with ex-
tra focus on processes capable of reducing cloudiness under conditions with in-
creased aerosol concentrations

The more specific sub objectives and their relation to the papers and specific chapters
of the thesis are as follows:

1. To investigate, apply and improve the nudging capabilities in NorESM. (Paper I
and Chapter 4.1)

2. To develop and apply a reanalysis dataset for nudging in NorESM, enabling com-
parisons of modelled aerosol-cloud interactions to observations. (Paper I, III and
IV, and Chapter 4.1)
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3. To investigate the impact of historical oxidant changes on ERFaci, and propose
improved treatment of oxidants when modelling ERFaci (Paper II)

4. To identify issues linked to global modelling of rapid cloud adjustments by taking
part in an intercomparison study that uses a recent volcanic eruption as a testbed
to evaluate model performance in simulating aerosol-cloud interactions. (Paper
III)

5. To explore impacts on rapid cloud adjustments by implementing size-dependency
on two processes with the potential to reduce cloudiness with increased aerosol
concentrations (evaporation and entrainment). (Paper IV).
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Chapter 2

:Background

While each paper presents the scientific background relevant for the individual paper,
with an overview of updated research with new findings within the given research field,
the following chapter covers a broader and more basic background necessary for un-
derstanding all of the work carried out and presented in this thesis.

2.1 Forcing and feedback

This thesis focuses on effective radiative forcing through aerosol-cloud interactions,
which is a measure of how interactions between aerosols and clouds affect climate. A
perturbation imposed on the Earth system (for example a change in the concentration
of aerosols or greenhouse gases in the atmosphere) can result in an imbalance in Earth’s
energy budget (i.e., the balance between incoming shortwave and outgoing longwave
radiation). This imbalance, measured in units of Wm−2, is defined as the radiative forc-
ing (RF) caused by the perturbation. On short time scales, rapid adjustments within the
Earth system caused by fast responses to the imposed perturbation can occur. This can
lead to adjustments to the initial RF, which together with RF results in an Effective
Radiative Forcing (ERF), appearing as an imbalance measured at the top of the atmo-
sphere (Myhre et al., 2013). Regarding enhanced anthropogenic emissions of aerosols,
the ERF is not just including the direct radiative impact aerosols have on radiation (ER-
Fari), but also their impact through changes in cloud droplet (or ice crystal) number and
size (RFaci) and possible following rapid adjustments of the cloud water content, ex-
tent and lifetime.

An imbalanced Earth system gains or loses energy, which eventually will lead to tem-
perature changes that can result in more changes in the components of the Earth system,
impacting the climate even more. To separate the effect of these changes from those
leading to ERF, the definition of feedbacks is introduced. Feedbacks include adjust-
ments in the Earth system that follow a change in the sea surface temperature. Due to
the large heat capacity of the ocean, feedbacks occur on a much longer time scale than
the rapid adjustments, but a clear time separation is not defined. The resulting total
imbalance of the Earth system, ∆N, can be expressed as seen in Eq. (2.1)

∆N = ∆F +α∆T, (2.1)
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Figure 2.1: Radiative forcing estimates in 2011 relative to 1750. For well-mixed greenhouse gases,
aerosols and clouds, rapid adjustments are included, thus their values represent ERF. ERFaci is rep-
resented the bar named ”Cloud adjustments due to aerosols”, while ERFari is representd by the bar
named ”Aerosols and precursor gases”. Figure SPM.5 from IPCC (2013).
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where ∆F (Wm−2) is the ERF-part and α∆T is the feedback part, where ∆T (◦C) is the
change in global mean near surface air temperature and α (Wm−2 ◦C−1) is the feedback
parameter expressing how much the imbalance is affected per unit of global warming
(Rotstayn and Penner, 2001). While ∆N represents the actual imbalance, many studies
focus on ERF and the feedbacks separately to better understand the processes behind
the observed climate change.

This thesis focuses on ERF, and only on its contribution from aerosol-cloud interac-
tions. Figure 2.1 shows forcing estimates from the many different drivers affecting the
Earth’s energy imbalance. As mentioned in the introductory chapter and shown in Fig.
2.1 by the black error bars, aerosols and clouds are the largest contributors to the un-
certainty in the total preindustrial-to-present-day anthropogenic forcing. As seen in the
right column of Fig. 2.1, the lowest level of confidence is linked to cloud adjustments
due to aerosols. The level of confidence in Fig. 2.1 is a qualitative measure, based on
the evaluations of the underlying scientific understanding by the author teams of the
fifth Assessment Report (AR5) from the Intergovernmental Panel on Climate Change
(IPCC). According to the report, confidence is ”the validity of a finding, based on the
type, amount, quality, and consistency of evidence (e.g., data, mechanistic understand-
ing, theory, models, expert judgment) and the degree of agreement.” (Cubasch et al.,
2013, p. 139). The level of confidence is thus a measure of how much we can trust the
estimates.

2.2 Aerosols and oxidants

Aerosols are liquid or solid particles suspended in air, with highly variable sizes and
chemical compositions (Heintzenberg et al., 2000; Putaud et al., 2010). In addition
to naturally originating aerosols, such as sea salt, mineral dust, organic matter, bacte-
ria and sulfate from volcanic eruptions, anthropogenic activities also contribute sub-
stantially to the aerosol burden (Boucher et al., 2013). This happens directly through
emissions from industrial and agricultural activities, but also through modifications of
natural emissions caused by for example land use change (Lathière et al., 2010; Paci-
fico et al., 2012; Unger, 2013). Aerosols can either be injected directly into the atmo-
sphere, or formed in situ by gaseous or aqueous phase oxidation of precursor gases to
condensable species (Kulmala et al., 2004). The first is the case for larger aerosols,
such as sea salt, mineral dust, organic matter and black carbon. The latter is the case
for secondary organic aerosols (SOA) and part of the sulphate (SO4) aerosol. SOA can
be produced when Biogenic Volatile Organic Compounds (BVOCs) are oxidized by
ozone (O3), nitrate radical (NO3) or hydroxyl radical (OH), producing several differ-
ent products with low volatility. These products can condense onto existing aerosol, or
even take part in new particle formation, also called nucleation of aerosols (Shrivastava
et al., 2017). Some sulfate (SO4) aerosols are emitted directly into the atmosphere, but
most of them are produced in situ either through gas phase oxidation of SO2 by OH
forming sulphuric acid (H2SO4) or aqueous phase oxidation inside cloud droplets by
O3 or hydrogen peroxide (H2O2) (Seinfeld and Pandis, 2016). Natural aerosols and
aerosol precursor gases can stem from both land and ocean. In addition to the release
of sea salt when bubbles burst or drops are teared from waves, primary organic matter,
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Figure 2.2: Schematic of the main aerosol sources, groups and processes as a function of size. Note
the logarithmic scale on the x-axis. BC refers to black carbon, while POM refers to particulate organic
matter. Figure from Lohmann et al. (2016). Reprinted with permission from Cambridge University
Press.

BVOCs and dimethyl sulfide (DMS) are also injected from the ocean into the atmo-
sphere (Lovelock et al., 1972; Shaw et al., 2010). DMS can be oxidized by OH or NO3
to SO2 (Andreae et al., 1985) and methanesulfonic acid (MSA). In recent years, MSA
has also been found to contribute to aerosol growth by condensation onto pre-existing
aerosols, and possibly also participation in new particle formation (Bork et al., 2014;
Hodshire et al., 2019; Mäkelä et al., 2001).

As mentioned in the previous section and in Chapter 1, anthropogenic activities have
contributed substantially to changes in the aerosol burden by increasing emissions of
both primarily aerosols and secondary aerosol precursor gases. Since the formation of
secondary aerosols is initiated by oxidation of precursor gases, changes in the oxida-
tion capacity of the atmosphere will also impact the aerosols. In addition to reacting
with aerosol precursor gases, oxidants also react with several other gases, like methane
(CH4), nitrogen oxide (NOx) and carbon monoxide (CO) (Seinfeld and Pandis, 2016).
With the strong increase in emissions of these gases since preindustrial times, the ox-
idation capacity of the atmosphere has changed due to changes in chemical loss rates
(Crutzen and Lelieveld, 2001). The work in this thesis represents the first investigation
into the impact of changes in the oxidant levels over the industrial era to ERFaci.

Figure 2.2 shows a size-distribution of aerosols with an overview of which aerosols
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we find in the different size categories. The smallest aerosols are called nucleation
mode particles since they typically form through nucleation. These can grow either by
condensation or coagulation into Aitken mode aerosols, named after the meteorologist
John Aitken. The growth by condensation and coagulation slows down as the aerosols
become larger, and since they still are too small to fall out by dry deposition at a sig-
nificant rate, they accumulate in an accumulation mode. Larger aerosols, such as sea
salt, mineral dust and bacteria form the coarse and giant mode. Dry deposition is the
dominant deposition mechanism for the largest aerosols due to their weight, while wet
deposition through uptake in cloud droplets and fall out by rain is dominating for the
smaller ones (Ginoux et al., 2001; Textor et al., 2007; Zhang and Vet, 2006).

To what extent aerosols can impact the radiative budget through aerosol-cloud interac-
tions depends on various factors, such as their size, composition, atmospheric lifetime
and burden. Larger sizes and higher solubility favor the ability of the aerosols to act as
CCN and thus cloud droplet growth, which will be described more in detail in the next
section. Aerosols with surfaces not suitable for water uptake, such as black carbon,
can still turn into CCN if they are coated through condensation of more hydrophilic
components, for example sulfate or SOA (Bond et al., 2013; Dalirian et al., 2018). As
already mentioned, the atmospheric lifetime of aerosols can also be important for their
impact on climate through aerosol-cloud interactions. In models, it is common to de-
fine the atmospheric aerosol lifetime as the ratio between the aerosol burden (integrated
mass from the ground and all the way up to the top of the atmosphere) and the rate of
deposition or emission. Aerosols with long atmospheric lifetime can be transported to
more remote regions with low cloud droplet number concentrations, where their impact
on radiation, both directly and indirectly through clouds, can be more efficient than in
polluted areas (Twomey, 1991).

2.3 Clouds

2.3.1 Physics

Collections of liquid water droplets, ice crystals, or a mix between the two, form the
clouds that we observe in the atmosphere all over the globe. To limit the scope for
this thesis, the work is focused on warm clouds, which only consists of liquid water
droplets.

Cloud droplets can form when water vapor molecules grow into large clusters. Whether
this process will happen or not depends on the supersaturation, defined as one minus
the ratio of the atmospheric partial pressure of water vapor and partial pressure of wa-
ter vapor needed for balance between evaporation and condensation above a flat, pure
surface of liquid water. The supersaturation required for a droplet to continue to grow,
and not evaporate, is calculated by Köhler theory (Köhler, 1936). This theory com-
bines Raoult’s solute effect, expressing that a lower supersaturation is required if the
solubility is high, and Kelvin’s surface area effect, expressing that the smaller the clus-
ter or droplet is, the higher the supersaturation required for it to grow is because more
work is required to maintain their surface tension. The supersaturation required for
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Figure 2.3: (a) Shortwave and (b) longwave cloud radiative effect from CERES-EBAF. The values are
averaged over the period 2001-2011. Figure from AR5, IPCC, Boucher et al. (2013).

water vapor to cluster and form cloud droplets without any help from an aerosol to in-
crease solubility or size is so high that this usually only happens in laboratories, and
not in typical atmospheric conditions. During the initial phase of droplet creation, the
aerosol will swell by taking up water. This will dilute the solute effect, and thus re-
quiring higher supersaturations for further growth. At a certain size, the droplet is large
enough that the surface tension effect will dominate and then the supersaturation re-
quired for further growth will decrease. At this size we say that the droplet is activated.
Under typical atmospheric conditions, activation of cloud droplets will not occur with-
out the presence of an aerosol with diameter above 50-100 nm, but the exact size will
depend among others on the solubility of the aerosol (Seinfeld and Pandis, 2016).

Supersaturation can be achieved by adding water vapor in the air (increase in moisture
sources), or by reducing temperatures. The latter can happen either through (1) cooling
of lifted air caused by convective motions or forced orographic or frontal lifting, (2) by
mixing of air masses with different temperature and saturation, or by (3) radiative or
evaporative cooling. When the vapor pressure above the droplet surface is so high that
the energy barrier is passed, the droplet will continue to grow by condensation. This
growth mechanism is efficient for small droplets, since the surface area exposed to va-
por compared to the volume is large. As this relation shifts when the droplets become
larger, growth by collision and coalescence, also named collection or autoconversion,
takes over. This is the process where liquid cloud water droplets merge and it is needed
to form raindrops. Many other processes, beside growth by condensation and collec-
tion, also occur in clouds. These involve both vapor, liquid water and ice, in additon
to interactions between them (Lohmann et al., 2016). An overview of many of the pro-
cesses included in the model applied in this study is found in the documentation of the
microphysics scheme in NorESM (Gettelman et al., 2008; Morrison and Gettelman,
2008), which will be returned to in Chapter 3.
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2.3.2 Radiative impact

Covering more than two thirds of the globe, clouds have a strong impact on the radia-
tive budget, both when it comes to reflecting incoming shortwave radiation from the
sun (cooling) and absorbing longwave radiation from the Earth (warming) (Boucher
et al., 2013). Figure 2.3 shows the annual mean global cloud radiative effect estimated
by ”Clouds and the Earth’s Radiant Energy System - Energy Balanced And Filled”
(CERES-EBAF), which is a product based on satellite retrievals of radiation fluxes, ad-
justed to be consistent with the ocean heat storage (Loeb et al., 2018). When having
in mind that the top of the atmosphere receives ∼342 Wm−2 from the sun, Fig. 2.3(a)
shows that as much as 14 % of this energy is reflected back to space by clouds. The
strength of the shortwave effect depends on the difference in reflectivity between the
bright clouds and the underlying surface. Figure 2.3(a) shows that this is large in ar-
eas covered by ocean. Figure 2.3(b) shows that, like greenhouse gases, clouds in the
atmosphere also absorb and emit longwave radiation, contributing to a warming effect.
The strength of the longwave effect depends on the temperature difference between
the cloud and the underlying surface. Since the temperature drops with height in the
troposphere, higher clouds contribute the most to this warming. By comparing Figs.
2.3(a)-(b), we can see that clouds are cooling the planet on a global scale, which means
that their ability to reflect radiation contributes more to the global average radiative
budget than their longwave effect. This is especially the case for low level subtropical
clouds, like marine stratocumulus clouds, which have a low cloud top height, overlay a
much darker ocean surface, and have a large horizontal extent (Wood, 2012).

2.4 Aerosol-cloud interactions

As mentioned in the introductory chapter, humans have not only contributed to per-
turbing Earth’s energy budget through emissions of greenhouse gases, but also through
emissions of aerosols and aerosol precursor gases. Enhanced aerosol concentrations
lead to enhanced competition for water vapor between cloud droplets during growth.
This can result in smaller and more numerous cloud droplets, which reflect more of the
incoming solar radiation back to space (Twomey, 1974). A common example of this
is the clearly visible ship tracks in satellite images, as seen in Fig. 2.4. Several rapid
cloud adjustments can follow the reduction in cloud droplet size. Some of these, and
their impact on the total amount of integrated liquid cloud water from the ground and
all the way up in the atmosphere (LWP - Liquid Water Path) are seen in Fig. 2.5. While
suppressed precipitation (left branch) due to dampened autoconversion rate for smaller
droplets generally increase LWP (Albrecht, 1989), smaller more numerous droplets also
favor processes that can reduce LWP. These are illustrated by the middle and the right
branches in Fig. 2.5. As for the growth of cloud droplets by condensation, evapora-
tion of cloud droplets also depends on the total droplet surface area. Given the same
conditions and a fixed cloud water content, more numerous and smaller droplets are
associated with large total droplet surface area, which again is associated with stonger
evaporation rate compared to that of fewer, larger droplets (Squires, 1952a,b). En-
hanced evaporation can also lead to so-called evaporation-entrainment feedbacks (Ack-
erman et al., 2004; Altaratz et al., 2008; Feingold et al., 2006; Hill et al., 2009; Jiang
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Figure 2.4: Ship tracks observed by NASA’s MODIS instrument on board the Aqua satellite. Figure
from NASA (2010), retrieved from https: // svs. gsfc. nasa. gov/ 3667 October 9, 2019. More
information about the instrument is found in Chapter 3.

and Feingold, 2006; Xue and Feingold, 2006; Xue et al., 2008). When evaporation
is enhanced, the cloud top experiences enhanced evaporative cooling, which promotes
sinking of air masses. This can induce enhanced turbulent mixing, entraining air from
above the cloudtop into the cloud. If this air is dry, cloud water can evaporate, and
LWP is reduced. Most global models include a size-dependent parameterization of
the autoconversion process that dampens precipitation formation and increases LWP
when cloud droplets become more numerous and smaller due to aerosol perturbations
Gettelman (2015); Quaas et al. (2009); Wang et al. (2012). On the other hand, param-
eterizations of evaporation and entrainment processeses usually lack size-dependency
Stevens and Feingold (2009); Zhou and Penner (2017). The result is that the models
only include processes that could lead to increased LWP due to aerosol increase, while
neglecting the possible LWP reducing processes. This issue is the focus of Paper IV,
where impacts of adding size-dependent evaporation and entrainment to a global model
are explored. The rightmost branch in Fig. 2.5 illustrates evaporation-sedimentation
feedbacks (Bretherton et al., 2007), which also has the potential to reduce LWP. When
droplets are small, sedimentation of cloud droplets from the cloud top is suppressed
since smaller droplets fall slower than larger droplets. This accumulation of droplets in
the cloud top increases the mass of cloud water in the cloud top relative to the rest of
the cloud. Combining this increase in available liquid water at the cloud top with en-
hanced evaporation and entrainment for smaller droplets, the overall result could be an
even stronger reduction in LWP. This process is, however, not the focus in this thesis.
More detailed information about rapid cloud adjustments are found in Paper IV.

Aerosol-cloud interactions also occur in ice clouds and mixed-phase clouds (both liq-
uid and ice). While pure cloud droplets can freeze to ice crystals when temperatures
drop below -38 ◦C (Pruppacher and Klett, 1997), ice crystals are formed in the atmo-
sphere at higher temperatures with help of aerosols acting as Ice Nucleating Particles
(INPs). Aerosol precursor gases can also condense on INPs, suppressing their ability
to initiate nucleation. For these reasons, enhanced emissions of aerosols and aerosol
precursor gases can impact where, when, how, and if ice nucleation occur. This can
impact the cloud radiative effect through modifications of the cloud optical thickness,

https://svs.gsfc.nasa.gov/3667
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Figure 2.5: Schematic of some rapid cloud adjustments that can follow an aerosol perturbation that
resulted in more numerous and smaller cloud droplets. Some processes result in increased LWP (+),
while some reduces LWP (-). Figure from Paper 4.

which is low for clouds with few, large ice crystals compared to clouds with many,
small droplets (Lohmann, 2017; Storelvmo, 2017). The mechanisms in ice clouds and
mixed-phase clouds are many and complex, and not the focus of this thesis.

In addition to all processes mentioned above, aerosols may also cause invigoration of
deep convective clouds (deepening and expanding their anvil), resulting in both en-
hanced warming effect due to reduced cloud top temperature and enhanced cooling
effect due more reflection of incoming solar radiation by the larger and longer lasting
clouds (Koren et al., 2010; Rosenfeld et al., 2014). The magnitude of the effect is un-
certain and the opposite (suppression) has also been found (Liu et al., 2019).

This thesis mainly focus on aerosol-cloud interactions in warm and shallow clouds,
which mainly is the Twomey effect and the rapid-cloud adjustments described in the
first part of this section.

2.5 Global modelling of ERFaci

While aerosol effects on clouds in the present-day atmosphere can be observed, infor-
mation about aerosol-cloud interactions and their impact on Earth’s energy budget back
in time is missing. Global observations only exist from the beginning of the satellite era
at the end of the 70’s, centuries after humans began to impact the global climate with
the industrial revolution at the end of the 18th century. For this reason, in order to be
able to find out how much of the greenhouse gas warming the aerosols may be mask-
ing through aerosol-cloud interactions, global models are applied, where the latest and
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most advanced types are the Earth System Models (ESMs).

2.5.1 Earth System Models

Global climate models consist of a network of grid boxes covering the surface of the
globe, upwards in the atmosphere and downwards in the ocean. Equations describ-
ing physical processes are solved within the boxes, in addition to interactions between
them. Figure 2.6 illustrates the first decades of evolution of global climate models,
with increased complexity and more numerous components included. Today’s Earth
System Models (ESMs) are even more advanced, also including biogeochemical pro-
cesses and feedback cycles. The resolution has also become finer, with ESMs today
generally applying a resolution of 1×1 degree (∼100 km grid space near equator) or
finer for the atmospheric component (Eyring et al., 2016). ESMs can be applied as
fully coupled versions, with all components (atmosphere, ocean, land, sea ice, etc.)
running interactively, or just with one or few interactive components, with the others
prescribed. The first is necessary for transient climate simulations, simulating the evo-
lution of climate over longer time periods to capture a whole and realistic evolution
of climate change. When only studying effective radiative forcings, only one or a few
components are usually applied. This is computationally less expensive than running
the fully coupled version, and makes it easier to separate out the forcings from the feed-
backs. As mentioned in the introductory chapter, it is common to prescribe the SSTs
and sea ice extent when modeling ERFaci, and only use a fully interactive atmosphere
and a partly interactive land component (Hansen et al., 2005). This method is known as
”the fixed-SST method”. Another way to model ERF is to use the so-called ”regression
method” (Gregory et al., 2004), where a fully coupled model carries out two transient
simulations, with and without a perturbation by a forcing agent (for example increased
emissions of aerosols), and linear regression of the response in the energy imbalance
to the temperature change is applied to estimate the initial ERF. Being more computa-
tionally affordable and making it easier to separate the forcings from the freedbacks,
the fixed-SST method is applied in the work carried out as a part of this thesis. The
model and setups applied are described in more detail in Chapter 3, as well as in the
description of the model and the experimental setups in the individual papers.

2.5.2 Nudging

Nudging, also known as Newtonian relaxation, is used to relax meteorological fields to-
wards pre-defined conditions (Jeuken et al., 1996). Since different meteorological con-
ditions can have a much stronger impact on the studied variable than the impact from
the forcing of interest, nudging is useful when comparing modelled fields to that of ob-
servations, or for model intercomparison studies (Kipling et al., 2016; Koffi et al., 2016;
Malavelle et al., 2017; Mann et al., 2014; Schulz et al., 2006). It is also commonly used
to reduce computational costs (Ghan et al., 2016; Kooperman et al., 2012; Lin et al.,
2016). When for example modelling ERFaci, Kooperman et al. (2012) showed that
even after 100 years of simulations with free running (not nudged) meteorology, the
standard error was larger than that of 10 years with nudged meteorology.

Equation (2.2) shows the concept of nudging.
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Figure 2.6: Schematic of the increase in complexity of global climate models from the Mid-1970’s to
the Assessment Report number 4 (AR4) from the Intergovernmental Panel on Climate Change (IPCC)
back in 2007. FAR, SAR and TAR are the first, second and third assessment report from IPCC. Today’s
Earth System Models are even more advanced. Figure from Treut et al. (2007).
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Xm,new =

(
1− ∆t

τ

)
Xm,old +

∆t
τ

Xp (2.2)

Xm,old is a modelled variable, for example temperature, before entering the nudging
code. Xp is a predefined value of the same variable, taken from an input file that ei-
ther stems from observations, reanalysis or from a previous model simulation. ∆t is the
length of a timestep in the model, while τ is the relaxation time that gives the strength
of the nudging. Xm,new is the updated variable after the nudging is applied. If ∆t is 0.5
h and τ is 6 h, the new updated variable consists of ∼8.3 % of the value of Xp and 91.7
% of the modelled value of Xm,old .

The nudging capabilities in NorESM are investigated and updated, and the method is
applied in all studies presented as a part of this thesis.



Chapter 3

:Research tools

This chapter provides an overview of the model, satellite and reanalysis dataset applied
in the thesis. Note that the work with preparing and analysing the satellite data in
Paper III were performed by two other authors of the paper; Florent Malavelle and Jim
Haywood.

3.1 NorESM

3.1.1 General information

All papers in this thesis make use of the Norwegian Earth System Model (NorESM). It
is based on the Community Earth System Model (CESM), developed primarily at the
National Center for Atmospheric Research (NCAR). The simulations carried out for
this thesis do not apply the fully coupled version of NorESM, but a setup where only the
atmospheric component runs fully interactively. This component in NorESM is based
on the Community Atmosphere Model (CAM) (Liu et al., 2016; Neale et al., 2012).
The first version of NorESM, that participated in the Coupled Model Intercomparison
Project Phase 5 (CMIP5), applied CAM4 as its base (Bentsen et al., 2013; Iversen et al.,
2013; Kirkevåg et al., 2013), while the second version used for the Coupled Model
Intercomparison Project Phase 6 (CMIP6) is based on CAM6. During the process of
developing CAM6-Oslo, an intermediate version, CAM5.3-Oslo was applied, which is
documented in Paper I of this thesis (Kirkevåg et al., 2018).

3.1.2 OsloAero and AeroTab

The main difference between CAM5.3 and CAM5.3-Oslo is the online aerosol module
OsloAero and the offline size-resolving sectional model AeroTab. While the aerosol
size distributions in CAM5.3 are represented by three or seven log-normal functions,
aerosols in CAM5.3-Oslo are so called ”production tagged”. 15 lognormal background
modes represent the aerosols coming directly from emissions or from production by
nucleation in the atmosphere. The 13 tracers representing the direct emissions are con-
sisting of various sizes of sea salt, dust, black carbon, organic matter and sulfate, while
the 2 tracers representing the newly formed aerosols through nucleation are sulfate
and SOA. These background tracers contribute to the aerosol number concentration.
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Through microphysical aerosol processes calculated by OsloAero, such as condensa-
tion (2 tracers), coagulation (3 tracers) and production within cloud droplets (1 tracer),
6 process tracers change the chemical composition and shape of the background modes.
After these processes, aerosol size-distributions are no longer modal, and are therefore
referred to as ”mixtures” rather than ”modes”. Information about the mass and compo-
sition of each mixture are fed into preprocessed lookup tables generated by the offline
sectional model, AeroTab, consisting of 44 size bins. AeroTab gives information about
the size and the optical properties of each mixture, which later is used in calculations
of cloud microphysics and radiation. In addition to the background and process trac-
ers, 8 aerosol precursor and oxidant gas tracers are also transported by the model.

AeroTab only treats aerosol particles with diameter larger than 23.6 nm. Primarily
emitted aerosols are assumed to be larger than this, but secondary aerosols need to
grow up to this size by condensation to be included in the model as nucleation parti-
cles. This new particle formation process is included in the model for SOA and SO4,
and is based on Makkonen et al. (2014), with modifications described in Kirkevåg et al.
(2018). It includes both binary homogeneous nucleation of SO4 based on Vehkamäki
et al. (2002), and boundary layer activation type nucleation based on Eq. (18) in Paa-
sonen et al. (2010). The gas-phase and oxidant chemistry leading to the condensable
species suited for nucleation and condensation are described in detail in Paper II.

Many of the emissions of aerosols and aerosol precursor gases in NorESM are pre-
scribed by monthly averaged files based on CMIP5-data provided by Lamarque et al.
(2010). A full overview of the emissions, burdens, lifetimes and loss rates of the differ-
ent species in the model is provided in Paper I. As global models have developed and
become more complex, also more of the emissions are calculated interactively as the
models run. For NorESM, this is the case for BVOC, dust, sea salt, DMS and oceanic
primary organic aerosols. These emission algorithms are described in Paper I.

For more information about the aerosol module and its predecessor model versions,
see Paper I and Seland and Iversen (1999), Iversen and Seland (2002), Kirkevåg et al.
(1999), Kirkevåg and Iversen (2002) Kirkevåg et al. (2005), Seland et al. (2008),
Kirkevåg et al. (2008) and Kirkevåg et al. (2013).

3.1.3 Cloud treatment

Clouds are affected by several parts of the model, which is illustrated by the simplified
workflow in Fig. 3.1. When OsloAero and AeroTab have calculated updated proper-
ties and sizes of the different aerosol mixtures, an activation scheme based on Abdul-
Razzak and Ghan (2000) activates cloud droplets. Ice nucleation parameterizations
based on Hoose et al. (2010) and Wang et al. (2014) also form ice crystals by heteroge-
neous ice nucleation with black carbon and dust acting as ice nucleating particles. The
droplets and ice crystals in stratiform clouds are treated by the double moment bulk
microphysics scheme MG1.5 (Gettelman et al., 2008; Morrison and Gettelman, 2008),
which is almost the same as MG1, but with activation moved before the microphysics
(Gettelman, 2015). ”Double moment” means that it is prognostic both when it comes to
mass and number. Deep and shallow convective clouds include calculations of the mass
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Figure 3.1: Simplified workflow in CAM5.3-Oslo, showing the order of some of the most important
processes in the model that affect cloud mass. Figure adapted from Paper IV.

of water vapor, ice and liquid detrained from these clouds. The corresponding change
in cloud droplet number is calculated based on the detrained mass and predefined con-
stant cloud droplet sizes. This means that aerosol-cloud interactions only are included
in the stratiform clouds of the model. Parameterizations of the deep convective clouds
follow Zhang and McFarlane (1995), while the treatments of the shallow convective
clouds and moist turbulence are based on work done at the University of Washington
(Bretherton and Park, 2009; Park and Bretherton, 2009). The macrophysics, which
includes saturation adjustment, is described in Park et al. (2014).

3.1.4 Why NorESM?

NorESM is a very well suited tool to apply when studying aerosol-cloud interactions
on a global scale. With its participation in previous and upcoming global model in-
tercomparison projects, and a model base similar to that of many other CESM-based
models, research on aerosol-cloud interactions carried out with NorESM can be repre-
sentative for other global models as well. With its production tagged aerosol scheme,
the NorESM results can also represent novel and unique contributions to the research
field.
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3.2 ERA-Interim

3.2.1 General information

ERA-Interim is a global atmospheric reanalysis product created by the European Centre
for Medium-Range Weather Forecasts (ECMWF), spanning the period from 1979 to
August 2019 (Berrisford et al., 2011). Atmospheric reanalysis products are mainly
used to initialize numerical weather prediction models, but can also be applied in ESMs
to constrain the meteorology, as is done in Paper I, III and IV of this thesis. ERA-
Interim is produced through data assimilation, where the output from a forecast model
is corrected by several observations, before the corrections again are used to initialize
the forecast model in the next time step. 4D atmospheric products describing the state
of the general circulation are produced every 6 hours on 60 model levels in the vertical
up to 0.1 hPa, and on the horizontal spectral grid T255 (∼80 km).

3.2.2 Why ERA-Interim?

The reanalysis dataset used in this thesis was chosen in order to be able to contribute to
Paper III and an upcoming model intercomparison project. For the main model of the
study of Paper III, HadGEM, ERA-Interim was applied to constrain its meteorology,
so this reanalysis was also chosen for NorESM for better comparisons. ERA-Interim is
one of the most frequently used reanalysis datasets, with high documented performance
skill in several studies (Boilley and Wald, 2015; Hofer et al., 2012; Lindsay et al., 2014).

3.3 MODIS-Aqua

3.3.1 General information

Satellite data is used to evaluate modelled cloud properties over large areas. Paper
III in this thesis compares modelled cloud effective radius and liquid water path with
MODIS-Aqua products (King et al., 2003; Platnick et al., 2003). The spectroradiome-
ter MODIS (Moderate Resolution Imaging Spectroradiometer) is placed on the satellite
Aqua, which is a part of the sun-synchronised satellite constellation A-train. MODIS
measures radiation with wavelengths in 36 bands between 0.405 µm and 14.385 µm,
thus both reflected solar radiation and emitted longwave radiation from the Earth sys-
tem. After applying calibration (L0→ L1) and retrieval algorithms (L1→ L2) to the
rawdata, level 2 products (L2) describing microphysical properties, such as effective
radius, cloud optical thickness and liquid water path, are generated. Several spectral
bands are applied during the retrievals, but the combination of reflectances from the
bands at 1.24 µm and 2.13 µm are typically used for retrieving both effective radius
and cloud optical thickness at the same time. The calibration and retrieval algorithms
have been updated several times since the launch of the satellite, resulting in several dif-
ferent collections of products. Paper III in this thesis applied products from collection
5.
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3.3.2 Why MODIS-Aqua?

MODIS is also placed on the satellite Terra, but data from this instrument were not
chosen because it has experienced a degradation in some of the channels, resulting in
significant trends in several products, where LWP, re and cloud optical thickness are
among these (see supplementary of Paper III). Other instruments for measuring cloud
properties from satellites also exists, such as AVHRR on the NOAA satellites or VIIRS
on the NPP satellites, but MODIS was chosen to both get a long record (which is not
possible with a newly launched satellites, like NPP), and high resolution (which is
better with MODIS compared to AVHRR).
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Chapter 4

:Presentation of findings

In this chapter, the research conducted as a part of this thesis is presented. The sec-
tion is divided into three parts. The first part gives an overview of the work done with
improving the nudging capabilities in NorESM. This work is the base for all simula-
tions carried out for this thesis, but is not fully documented through any of the papers.
The second part briefly presents the different papers, with objectives, summaries, au-
thor contributions, main findings and main conclusions, while the last part summarizes
the specific answers to the sub objectives of the thesis. Note that only a limited contri-
bution to Paper I, and contributions specifically to the modelling part of Paper III are
included in this thesis, thus only some of the findings from those papers are listed here.

4.1 Improved nudging capabilities in NorESM

4.1.1 Description of modifications

To be able to participate in model intercomparison studies, compare model outputs
to observations, or reduce computational costs when simulating aerosol-cloud interac-
tions, the nudging capabilities in NorESM were sought to be improved.

Before, NorESM was only set up to nudge to model produced meteorology. Through
the work with this thesis, 19 years (2000-2018) of ERA-Interim nudging data with a
temporal resolution of 6 hours were generated. This work included downloading the
rawdata, converting it to a suitable format (NetCDF, Network Common Data Form),
interpolating it to the NorESM-grid and modifying the files to include all informa-
tion needed to serve as input for NorESM-simulations. Instructions on how to gener-
ate more nudging data, for example for different periods or different grids, were also
produced. The Climate Data Operator (CDO), developed at the Max Planck Institute
for Meteorology, was used for interpolation (Schulzweida, 2019). This method makes
sure that mass is conserved by adjusting the surface pressure, without influencing the
geostrophic velocities.

By using the old setup in NorESM for self-nudging, simulated cloud variables, such
as LWP, differed greatly from those obtained with a free running version of the model.
Figure 4.1(a) shows how LWP differed between simulations from a model version run-
ning with free meteorology, and simulations carried out with nudging towards mete-



28 Presentation of findings

NUDGEold−FREE
∆LWPPD avg = -5.9

−2

18 14 10 6 2 2 6 10 14 18

gm−2

NUDGEnew−FREE
∆LWPPD avg = 0.0 gm−2

18 14 10 6 2 2 6 10 14 18

gm−2

(a) (b)gm

Figure 4.1: Difference in total gridbox averaged Liqud Water Path (LWP) between a nudged and a free
running version of the model. The values in the headers are global annual mean, averaged over the
four last years of a simulation of six years. Both setups have fixed SSTs and sea-ice extent. The nudged
simulation applied meteorology from the same free running version that it is compared to. NUDGEold
(a) used the old nudging setup with a relaxation time scale of 0.5 h and nudging towards many fields
(U, V, PS, TS, T, Q, QFLX, LHFLX, TAUX, TAUY), while NUDGEnew (b) used the new setup with a
relaxation time scale of 6 h and nudging towards only U, V and PS.

orological fields produced by the free running model. Both setups have fixed SSTs
and sea-ice extent. For the results obtained when nudging to represent the free running
model version, they should not deviate as seen in Fig. 4.1(a). In order to solve this is-
sue, the relaxation time scale was increased to 6 hours rather than 30 minutes, and the
fields applied when nudging were reduced from 10 to just 3 (the horizontal wind com-
ponents and the surface pressure). The results from the simulations in Fig. 4.1 and Tab.
4.1 show improvements.

According to Eq. (2.2), a relaxation time scale of only 30 minutes practically means
that the meteorological fields were forced rather than nudged, since the time step of
the model is 30 minutes. The meteorological fields from the free running version of
NorESM applied for nudging are only written to files every 6 hours. For time steps in

Table 4.1: Overview of simulations exploring nudging changes in NorESM. ∆LWPPD is the difference
in global annual mean LWP between a nudged and a free running version of the model. The nudged
simulation applied meteorology from the same free running version that it is compared to. MANYVARS
stands for all these variables: U, V, PS, TS, T, Q, QFLX, LHFLX, TAUX, TAUY. τ is the relaxation time
scale.

Case name τ [h] Nudging variables ∆LWPPD [gm−2]

NUDGEold 0.5 MANYVARS -5.9

NUDGErelax 6.0 MANYVARS -1.7

NUDGEUV PS 0.5 U, V, PS 0.6

NUDGEnew 6.0 U, V, PS 0.0
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Figure 4.2: Illustration of a meteorological field from the free running version of the model, Xm, f ree and
the resulting inputdata, Xp, applied for nudging the same meteorological field in another simulation
with constrained meteorology, following Eq. (2.2).

between, linear interpolation is applied, as illustrated in Fig. 4.2. Strong nudging or
forcing to Xp can make a meteorological variable differ a lot from that of the free run-
ning model, Xm, f ree. Since many cloud properties strongly depend on meteorological
conditions, too strong nudging or forcing could make modelled cloud properties from
nudged simulations deviate considerably from the ones obtained with the free running
model version.

The default setup in NorESM nudged the horizontal wind components (U, V), surface
pressure (PS), surface temperature (TS), atmospheric temperature (T), atmospheric hu-
midity (Q), surface fluxes of latent and sensible heat (QFLX, SHFLX) and surface drag
(TAUX, TAUY). In one way, more variables nudged means more similar meteorology
between the free running and the nudged version of the model, but it also means putting
more control on the system, possibly dampening or removing rapid adjustments that
we want to capture when modelling ERFaci. When for instance carrying out two sets
of simulations, nudged to the same meteorological fields, but with different aerosol
perturbations, we want to allow them to respond differently. Different responses to
aerosol perturbations in for example temperature or humidity profiles could lead to dif-
ferent rapid cloud adjustments, which will not be captured if these profiles are strongly
nudged. An increase in the relaxation time scale can help, while turning off all nudg-
ing of these fields will allow more of the rapid adjustments to be captured. Through
the work with this thesis, the option of choosing which fields to nudge was included in
NorESM, and the practice from now on is only nudging horizontal wind components
and surface pressure. Zhang et al. (2014) shows that this is especially important when it
comes to nudging to reanalysis data. They point out that nudging variables with known
systematic biases in a model to that of reanalysis could result in different behavior in
the model performance in simulating cloud responses to aerosol perturbations that is
not representative for the model.

4.1.2 Overview of the use of nudging in the different papers

Nudging is applied in all papers of this thesis. Each paper gives a detailed description of
the use and the results, but here follows a brief summary of the advantages of applying
nudging in the studies.

• Paper I documents differences and similarities between modelled aerosol, cloud
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and radiation properties from a simulation with the free running version of
CAM5.3-Oslo to a simulation nudged to ERA-Interim meteorology, as well as
to various observations.

• Paper II applies nudging towards meteorology generated by the model itself in a
previous simulation (self-nudging) to be able to carry out several sensitivity sim-
ulations to investigate the physical mechanisms behind the signal from the main
simulations of the study. This would have been too computationally expensive to
do with a free running version of the model.

• In Paper III, cloud responses to a volcanic eruption are compared between models
and observations. Without the use of nudging towards meteorology from ERA-
Interim reanalysis data, the results would have been biased by natural variability.

• Paper IV uses nudging towards meteorology generated by the model itself in a
previous simulation to be able to carry out several sensitivity simulations without
the need for long and expensive simulations. It also uses nudging towards ERA-
Interim meteorology to simulate the same volcanic eruption as in Paper III.
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4.2 Summary of papers

4.2.1 Paper I: ”A production-tagged aerosol module for Earth system
models, OsloAero5.3 - extensions and updates for CAM5.3-Oslo”

Objective

To document updates of the aerosol module OsloAero5.3 and the atmospheric model
CAM5.3-Oslo, and present, validate and discuss the model performance.

Summary

After documenting all updates, this paper presents the model performance through two
sets of simulations, with free and nudged meteorology. Various aerosol, cloud and
radiation properties generated by the different simulations are compared to one-another,
to those generated by CAM5.3-Oslo’s predecessor, and to those generated within model
intercomparison studies and derived from observations.

Author contribution

I developed the ERA-Interim nudging data set applied for constraining the meteorology,
updated the source code for nudging, and carried out one of the four main simulations
in the paper (NUDGE_PD). I also modified the source code to carry out extra CDNC
diagnostics, compared it to a dataset based on observations, produced the correspond-
ing figures and participated in the discussion and writing of Chapter 4.3 - Cloud droplet
concentration. I also participated in the discussions and writing of Chapter 5 - Interac-
tions with radiation and clouds. Test simulations concerning the treatment of MSA (p.
3957) and the semi-direct effect (p. 3971) were also carried out by me.

Main findings

Only the findings presented below are the ones linked to the author contribution.

• ERFaci was modelled to be -1.34 Wm−2 when nudging the meteorology to that
of ERA-Interim, and -1.3 ± 0.2 Wm−2 when not constraining the meteorology.

• With the model setup applied, estimates of ERFaci also includes the semi-direct
effect, but test simulations found it to be small (-0.02 Wm−2).

• Including the MSA contribution to SOA impacts the indirect effect (+0.10
Wm−2). Whether MSA can participate in nucleation or only to condensation
is found to be subordinate.

• Modelled values of CDNC are underestimated when considering averages over
the oceanic areas between 60 ◦N and 60 ◦S, but overestimated downwind of major
emission sources of mineral dust and biomass burning aerosols.
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Main conclusion

The main conclusion related to the author contribution is that nudging can be applied
to study aerosol-cloud interactions, without impacting the main results.
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4.2.2 Paper II: ”Strong impacts on aerosol indirect effects from histori-
cal oxidant changes”

Objective

To investigate the impact of historical oxidant changes on the PD-PI aerosol indirect
effect (ERFaci), and propose improved treatment of oxidants when modelling ERFaci.

Summary

In this paper, aerosol precursor gases in the PI-simulation, when modelling ERFaci
with CAM5.3-Oslo, are exposed to PI-oxidants rather than PD-oxidants. The latter
is common practice in the community when carrying out global model estimates of
ERFaci. We argue that the precursor gases should be exposed to oxidants of its era for
new particle formation and aerosol growth to be correct. Through several sensitivity
tests, where impacts from the different oxidants were separated and the role of different
chemical reactions were studied, the mechanisms behind the change in aerosol indirect
effects were discovered.

Author contribution

I initiated and designed the study, carried out all model simulations, modified the source
code and the input data files for all sensitivity simulations, generated the nudging data
files and produced all figures. I also analysed the model output and wrote the text for
the paper with help from the co-authors.

Main findings

These bullet points are copied from Section 5 in Paper II:

• The total aerosol indirect effect is reduced from -1.32 to -1.07 Wm−2 , mainly
due to a cloud brightening in the modified PI simulation.

• NO3 is the oxidant that contributes the most to the changes.

• When the precursor gases are exposed to an atmosphere with relatively lower
oxidative power (PI oxidants vs. PD oxidants), their lifetimes increase and they
are transported higher up in the atmosphere and horizontally towards more remote
areas before they are oxidized.

• The increased lifetime of the precursor gases contributes to an increase in the for-
mation of new aerosol and a decrease in the deposition and in the coagulation sink
of the newly formed aerosols, contributing to an increase in the aerosol number
concentration.

• A large portion of the new aerosol formation and the increase in aerosol number
concentration occurs where the cloud-weighted susceptibility is high, giving a
large impact on the radiative effects.
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• The change from PD to PI oxidants in the PI simulation yields a shift in the chem-
ical reactions towards increased production of condensate relative to the amount
of gases that can nucleate, which increases the size of the aerosols, making it
easier for them to activate.

Main conclusion

ERFaci is highly impacted by the oxidant changes between PI and PD, suggesting
that historical oxidant changes should be taken into account for more credible model
estimates of ERFaci.
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4.2.3 Paper III: ”Strong constraints on aerosol–cloud interactions from
volcanic eruptions”

Objective

To use the 2014-2015 fissure eruption in Holuhraun on Iceland as a testbed to study
and constrain aerosol-cloud interaction, and evaluate associated model performances.

Summary

In this paper, satellite observations of cloud property changes caused by the eruption,
and corresponding modelled changes by four global models, are presented.

Author contribution

I have carried out the simulations with CAM5.3-Oslo after preparing the model for the
study. This includes generating emission files and reanalysis meteorology suited for
this model. I was also involved in the discussions about the results in general.

Main findings

• Reduced cloud droplet size caused by the eruption was detected by satellite ob-
servations, while cloud adjustments through changes in LWP were not.

• The observations indicate that clouds are buffered against LWP change, and that
forcing caused by rapid cloud adjustments (the second aerosol indirect effect) is
small.

• Four global models, including CAM5.3-Oslo, were able to model the sign of the
observed effect on cloud droplet size, but their LWP response differed.

• Most models, including CAM5.3-Oslo, showed large positive responses in LWP
that were not identified in the observations.

Main conclusion

While the study enhance our confidence in a negative first aerosol indirect effect, it
indicates that LWP are well buffered against aerosol changes, constraining estimates of
ERFaci by abling rejections of results from climate models with an excessive response
in LWP. It should be noted that this conclusion can be dampened by a more recent
study indicating that cloud water content in clouds in cyclonic regions in the area was
impacted by the eruption (McCoy et al., 2018).
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4.2.4 Paper IV: ”Exploring impacts of size-dependent evaporation and
entrainment in a global model”

Objective

To investigate possible results of implementing size-dependent evaporation and entrain-
ment in global models.

Summary

In this paper, LWP and LWP changes caused by aerosol perturbations in CAM5.3-Oslo
are studied when letting evaporation and entrainment vary with the cloud droplet size.
Both processes are scaled to be proportional to the total cloud droplet surface area.
Effects on LWP changes caused by aerosol differences between PI and PD, and differ-
ences caused by the Holuhraun eruption, are studied. The results are also compared to
those from simulations with other suggested modifications to the model that can impact
aerosol indirect effects, such as the autoconversion parameterization and the inclusion
of aerosol-cloud interactions in more cloud types than the stratiform ones.

Author contribution

I was involved in the planning of the project, carried out all model simulations, modified
the source code for all sensitivity simulations, generated the nudging data files and
produced all figures. I also analysed the model output and wrote the text for the paper
with guidance from the co-authors.

Main findings

These bullet points are copied from Section 5 in Paper IV:

• Size-dependent entrainment, implemented by varying a tuning parameter in the
expression for the entrainment efficiency between its maximum recommended
values, had a moderate impact on the PD-PI total aerosol indirect effect (ERFaci),
with a dampening from -1.07 Wm−2 to -0.98 Wm−2. The result was mostly
caused by a reduction in the PD-PI change in LWP.

• The same size-dependent entrainment reduced the LWP-response of the Holuhraun
eruption slightly from +8.2 % to +7.8 %, much less than the impact of adding a
suggested dampening of the dependency of cloud droplet number concentration
to the autoconversion rate (+4.6 %).

• An additional size-dependent evaporation was also implemented, but the resulting
change in the total aerosol indirect effect was caused by susceptibility changes
due to enhanced evaporation rather than the size-dependency.

• Scaling the additionally implemented evaporation by the surface area differences
between the PI- and the PD-droplets gave too small differences between the eras
to impact aerosol indirect effects.
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• Enhanced evaporation of small droplets only resulted in large impacts on LWP
when either increasing the evaporation factor up to very large values, or allowing
for mixing of moist air between the cloudtop layer and the layer above.

• When allowing for mixing between the layers, LWP increased in some areas as a
response to enhanced evaporation. This increase in LWP was caused by enhanced
shallow convection due to stability changes. It was also shown that the stability
changes can have the opposite effect on LWP through altering the estimated in-
version strength.

Main conclusion

Implementations of size-dependency on entrainment and evaporation processes in
global models may not result in strong suppressions of initial increases in LWP when
aerosol concentrations increase. The reasons are that droplet sizes between polluted and
clean clouds can be too small, and that feedback processes linked to stability changes
can be counteracting.
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4.3 Summary of answers to the sub objectives

This section summarizes the specific answers to the sub objectives of the thesis.

1. To investigate, apply and improve the nudging capabilities in NorESM.
Results carried out with the old nudging setup in NorESM were found to differ
from results carried out with a version of the model running with free meteo-
rology. This was improved by reducing the number of constrained variables, in
addition to reducing the nudging intensity (increasing the relaxation time scale).
The method of nudging was applied in all papers of the thesis.

2. To develop and apply a reanalysis dataset for nudging in NorESM, enabling
comparisons of modelled aerosol-cloud interactions to observations.
A nudging dataset suited for NorESM, based on 19 years of reanalysis data from
ERA-Interim, was generated. This was applied in Paper III and IV to be able to
compare modelled cloud responses to the Holuhraun eruption to those of satellite
retrievals. It was also used in Paper I to show that various modelled aerosol, cloud
and radiation properties carried out by a nudged version of the model were mostly
similar to the same properties carried out by a version of the model running with
free meteorology.

3. To investigate the impact of historical oxidant changes on ERFaci, and pro-
pose improved treatment of oxidants when modelling ERFaci.
Paper II found that including oxidant changes between PI and PD is very im-
portant for the magnitude of the modelled ERFaci (+0.25 Wm−2, 19 % change),
mainly because of its impact on the lifetime of the precursor gases, affecting both
where, when and how aerosol formation, aerosol growth and cloud droplet ac-
tivation occur. When modelling changes in aerosol-cloud interactions between
different eras, the findings of this thesis suggest that not only aerosols and aerosol
precursor gases should be switched between the two simulations, but also the ox-
idant fields. Aerosol precursor gases should be exposed to oxidants of its era.

4. To identify issues linked to global modelling of rapid cloud adjustments by
taking part in an intercomparison study that uses a recent volcanic eruption
as a testbed to evaluate model performance in simulating aerosol-cloud in-
teractions.
While satellite retrievals from the time of the eruption indicate that LWP are well
buffered against aerosol changes, global models in Paper III did not find the same,
indicating their inadequacy of simulating rapid cloud adjustments properly. Re-
garding the first aerosol indirect effect, global models were able to capture its sign
and magnitude, as found from satellite retrievals, enhancing our confidence in it
being both negative and of importance.

5. To explore impacts on rapid cloud adjustments by implementing size-
dependency on two processes with the potential to reduce cloudiness with
increased aerosol concentration (evaporation and entrainment).
Paper IV found that implementations of size-dependency on entrainment and
evaporation processes in global models may not result in strong suppressions
of initial increases in LWP when aerosol concentrations increase. The reasons
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for this result are that droplet sizes can be too small between polluted and clean
clouds, and that feedback processes linked to stability changes can be counteract-
ing. This highlights more complex aspects of the previously proposed buffering
mechanisms of rapid cloud adjustments that has been in focus before.
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Chapter 5

:Discussion, future outlook and
concluding remarks

The overall objective of this thesis was to contribute towards enhancing the confidence
in estimates of ERFaci through improved global modelling. This was addressed by
three main topics in focus: (1) nudging, (2) historical changes impacting aerosol pro-
cesses, and (3) rapid cloud adjustments. The first part of this chapter provides discus-
sions of the results related to each of these topics, in addition to point out directions for
future research within the field. The chapter ends with some concluding remarks, and
a discussion on how the main objective was achieved and which relevance the findings
from this thesis has to the larger scientific community.

5.1 Nudging

The advantages of the work with improving the nudging capabilities in NorESM are
already discussed in Chapter 4.1. This work made it possible to achieve both objec-
tives by applying NorESM in all the other papers, with the opportunity of constraining
the meteorology to that of the observed and also enabling numerous sensitivity simu-
lations due to lowered computational costs. When using the method of nudging, en-
ergy and momentum is not conserved. This means that one should be careful using this
method when dynamical feedbacks are involved (Lin et al., 2016; Lohmann and Hoose,
2009). Since ERFaci allows for rapid adjustments, e.g. feedbacks on a short time scale,
all parts of ERFaci may not be captured when nudging. When studying ERFaci, one
should be aware of the links between the nudged variables and the emissions and con-
centrations of aerosols. One example is that enhanced aerosol concentrations can lead
to changes in the heating rates, and thus changes in the wind fields, which again can im-
pact the wind-driven emissions of aerosols (sea salt, dust, DMS, oceanic OM, etc.) and
further change the radiative impact of an aerosol perturbation. Only in cases where dy-
namical feedbacks are weak, results from model simulations with nudged meteorology
will be comparable to those from a free running model.
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Figure 5.1: Relative change in annual mean oxidant mixing ratio (mol mol−1) from the surface and
up to 550 hPa between present-day (year 2000) and year 2105, following RCP8.5. Note the different
scales on the color bars.

5.2 Historical changes impacting aerosol processes

5.2.1 Including historical oxidant changes

Through the work with Paper II, the treatment of the oxidants when carrying out model
estimates of ERFaci was investigated, and an improved setup, with the use of differ-
ent oxidant concentrations in PI and PD, was presented. This setup provides a more
realistic aerosol formation and growth in the PI atmosphere, which is important to in-
clude in all global model estimates of ERFaci for reduced uncertainties and enhanced
confidence. It should be emphasized that the results presented in this study only stem
from one model, with its unique combination of treatments of physics and chemistry
regarding aerosols and clouds. Although the strong modelled impact on ERFaci (+0.25
Wm−2) could have been of a different magnitude if another model was used, the study
contributes with new knowledge within the field by being the first to reveal and high-
light changes in atmospheric processes regarding aerosol-cloud interactions when oxi-
dant levels change. The process changes revealed are not unique for the studied period,
thus also expected if studying oxidant changes over other time periods, for example in
future projections. Exactly how much oxidant changes in the future will impact forcing
estimates caused by aerosol-cloud interactions depends strongly on the level of future
emissions. Figure 5.1 shows how the full chemistry model CAM-chem v3.5 in the
study of Lamarque et al. (2010) predicted oxidant changes between year 2000 and year
2105, following the Representative Concentration Pathway 8.5 (RCP8.5). With reduc-
tions in the hydroxyl radical (OH), mainly due to loss through reactions with methane,
and predominantly increases in the other oxidants, the overall effect is unknown and
has yet to be simulated by global models. This is of interest in order to retrieve better
estimates of how aerosols impact on clouds will impact global warming in the future.
It should be pointed out that the RCP8.5-scenario is the most extreme scenario with
a policy of ”business as usual” when it comes to emission pathways and mitigation
strategies, and that oxidant changes will be different in other scenarios. Ozone (O3),
for instance, is projected to decrease under the RCP2.6, RCP4.5, and RCP6.0 scenar-
ios due to reduced emissions of pollutants that favor O3 production (Kim et al., 2015).
Also worth noting when modelling future projections is that the RCP-scenarios have
a much more narrow range of outcomes regarding future air pollutant trajectories than
the newly developed Shared Socioeconomic Pathways (SSP) scenarios that will serve
as inputs for the simulations of future climate in CMIP6 (Rao et al., 2017).
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5.2.2 Including human impacts on natural emissions

In addition to the question of how oxidants should be treated when modelling ERFaci,
questions of how to treat other parts of the model code can also be raised. Natural
emissions are an example. Changed emission rates of aerosols and aerosol precursor
gases are not only caused by enhancements through human activities like fossil fuel
combustion and biomass burning. Changes also occur through our impact on natural
emissions, but are generally not included in model estimates of ERFaci carried out us-
ing the fixed SST method (Myhre et al., 2013). If anthropogenic activities have directly
impacted natural emissions, and not only indirectly through temperature feedbacks, this
raises the question of whether these differences in the natural emissions over the indus-
trial era should be taken into account when modeling anthropogenic radiative forcings.
Uncertainties in the magnitude of natural emissions have been highlighted by several
studies as large contributors to uncertainties in ERFaci, since the impact of an aerosol
perturbation depends on the initial concentration (Carslaw et al., 2013; Hoose et al.,
2009; Kirkevåg et al., 2008; Lohmann et al., 2000; Rap et al., 2013; Scott et al., 2014).
However, there is a lack of studies that have modeled how changes in these emissions
directly caused by human activities may have impacted ERFaci.

Deforestation can be used as an example of how humans directly have impacted natu-
ral emissions. Previous model setups have included the additional emissions of organic
matter, black carbon and SO4 when trees are burned, but have not included the corre-
sponding reduction in emissions of BVOCs due to fewer trees, or the increase in emis-
sions of dust due to more crops and bare soil. To the extent that this has been included
in models, it has been a part of the contribution to the total ERF over the historical pe-
riod from land use change (Myhre et al., 2013). Scott et al. (2014) presented model
estimates of how the inclusion of several different representations of SOA formation
from BVOCs affect the radiative effect in both PI and PD, but did not include changes
in emissions of BVOCs between the eras. A representation of the second aerosol indi-
rect effect was also lacking in the model applied. Unger (2014) simulated changes in
radiative forcings caused by the reduction in BVOC emissions since PI, but focused on
the impact on O3, CH4 and the direct aerosol effect of SOA, while excluding aerosol-
cloud interactions in the simulations. Scott et al. (2018) modelled several different
radiative forcings from PD and into the future caused by deforestation, including the
effect of changes in short lived climate forcers. They point out that the inclusion of
the first aerosol indirect effect due to reduced emissions of BVOCs shifts the RF from
the short lived climate forcers from -0.08 Wm−2 to +0.12 Wm−2 for the greatest defor-
estation case, indicating that we also might had an effect between PI and PD. A recent
study by Zhu et al. (2019) let the BVOC emissions in the PI simulation be impacted
by both climate and land use from PI. The resulting ERFaci was 3.5 % less negative
(+0.06 Wm−2) compared to that of the setup using the same climate and land use in
both PI and PD, but a separation of the impacts by land use change (forcing) and cli-
mate change (including feedbacks) was missing.

The direct anthropogenic impact on natural emissions, and the resulting change in ER-
Faci, could be an interesting topic for future studies. As an attempt to investigate how
two such emission changes can impact ERFaci, simulations applying NorESM and the
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Figure 5.2: (a-d) Relative change in aerosol and cloud properties from the default PI simulation
PIBVOCPDLU , to the modified PI simulations PIBVOCPILU , where BVOC emissions are impacted by
land use from PI rather than PD. (a) Emissions of isoprene, (b) emissions of monoterpene, (c) column
burden of SOA and (d) column integrated cloud droplet number. (e-f) The resulting change in the di-
rect aerosol effect (ERFari) and the total aerosol indirect effect (ERFaci) when replacing the simulation
PIBVOCPDLU with PIBVOCPILU .

same setup as in Paper II (PDAER_PDOXI and PIAER_PIOXI) have already been
carried out, but with different emissions of BVOCs and dust (separately) in the PI-
simulation. Instead of using BVOC emissions impacted by land use from PD, emis-
sions generated in a previous simulations that applied land use and land cover infor-
mation from PI instead of PD were read from file every model timestep. The results
from the simulation where the BVOC emissions were changed are shown in Fig. 5.2.
More land covered by forests in PI results in moderate enhancements of the emissions
of BVOCs and a resulting 10 % increase in the column burden of SOA in PI. While Fig.
5.2 shows that this results in a negligible impact on ERFari, the impact on ERFaci is
moderate (+0.11± 0.01 Wm−2, 10 %) due to enhanced activation of cloud droplets giv-
ing brighter clouds in PI, reducing the difference in reflectance between the eras. The
corresponding effect of dust emission changes were negligible, both for ERFari (-0.01
± 0.01 Wm−2) and ERFaci (+0.01 ± 0.01 Wm−2). A deeper analysis of the results,
in addition to several simulations of other emission types or using other models for the
same purpose can be the focus in future research studies. The question of whether these
emissions changes should be included in model estimates of ERFaci should also be ad-
dressed in order to retrieve the full ERFaci, in addition to make modelling groups agree
upon a setup for reduced uncertainties and enhanced confidence.
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5.3 Rapid cloud adjustments

5.3.1 Advances in recent years

Paper III (Malavelle et al., 2017) was one of the pioneering studies in its field using
satellite observations to identify the lack of increase in LWP due to aerosol perturba-
tions on a larger scale, despite reductions in cloud droplet size. It also presented large
discrepancies in LWP response to aerosol perturbations between the satellite products
and most models of the study. This highlighted the importance of further development
of parameterizations involving rapid cloud adjustments in the models for improved
model estimates of ERFaci. Although only few years have passed since Paper III was
published, progress has been made within the field of research on rapid cloud adjust-
ments to aerosol perturbations. Advances have been made in the observational con-
straints on the relationship between LWP and the cloud droplet number concentration
(Nd) through the use of improved satellite products, which no longer need to rely on the
crude assumption of Aerosol Optical Depth (AOD) being a measure of Nd (Gryspeerdt
et al., 2019; Rosenfeld et al., 2019). In addition, Toll et al. (2017, 2019) have presented
several satellite based observations of LWP-differences between clean clouds and pol-
luted clouds downwind of know emissions sources, like volcanoes, cities, ship tracks
and fires. All these studies indicated weak average response in LWP to Nd, underpin-
ning the results in Paper III.

5.3.2 Separating the components of ERFaci

Toll et al. (2019) also uses their results to put numbers on the contributions to the radia-
tive forcing from the Twomey effect (RFaci, -0.52 Wm−2) and the LWP change (rapid
cloud adjustments, +0.12 Wm−2). A clear separation of the two effects can not at this
point be calculated directly by the standard setup in NorESM or by using the monthly
mean outputs from the model. Previous studies (Gettelman, 2015; Malavelle et al.,
2017) carried out new simulations with a constant value of the cloud droplet number
concentration (Nd) in the autoconversion parameterization, and used the difference be-
tween this value and the result from simulations with the main setup as a measure of
the radiative effect caused by the LWP change (rapid cloud adjustments). Although the
autoconversion parameterization, which allows for suppressed rain formation when Nd
increases, is the only process in most global models that can result in rapid cloud ad-
justments, this method of separating the effects has weaknesses. By using a constant
value of Nd, even if using the global mean value of Nd in the default model setup, the
clouds in this sensitivity setup can be very different due to the large spatial variabil-
ity in Nd. This method will introduce too many droplets over ocean and too few over
land, resulting in clouds with different susceptibility to aerosol perturbations than in
the main model setup. For this reason, modelled estimates using this method to sepa-
rate rapid cloud adjustments and RFaci may not represent the actual contribution from
the different processes in the model.

Mülmenstädt et al. (2019) showed how the Partial Radiative Perturbations (PRP, Col-
man and Mcavaney (1997); Wetherald and Manabe (1988) approach can be applied to
separate the contributions to ERFaci from changes in in-cloud droplet number, in-cloud
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LWP and cloud fraction. Since the method is computationally expensive and time con-
suming by requiring 3 hourly output, in addition to new radiative transfer simulations,
it is beyond the scope of this thesis to make use of it. While the method of Mülmen-
städt et al. (2019) should be used in upcoming modelling studies regarding different
components of ERFaci, a more simplified and crude separation of the components is
introduced to get a first hint of the magnitude of the components relative to each other,
enabling first comparisons to that of Toll et al. (2019). First, expressions of the cloud
albedo (A) and the cloud optical thickness given by Hobbs (1993) are combined into
Eq (5.1) to express how A varies with the effective radius of the cloud droplets (re) and
LWP. If using the change in A caused by an aerosol perturbation as a measure of the
shortwave component of ERFaci, dA due to changes in re (Eq. (5.2)) can be used as a
measure of the Twomey effect (RFaci), while dA due to changes in LWP (Eq. (5.3))
can be a measure of the rapid cloud adjustments. If using this method on the output
from simulations in paper II (PIAER_PIOXI and PDAER_PDOXI), the results show
that 34 % of the albedo change from PI to PD is caused by the change in re, while 66
% is caused by the change in LWP. Converting this to forcings by using the modelled
shortwave component of ERFaci from Paper II results in RFaci of -0.37 Wm−2 and
rapid cloud adjustments of -0.66 Wm−2. Even though this method is very crude com-
pared to that of Mülmenstädt et al. (2019), using monthly mean output, not taking into
account albedo differences due to zenith angle differences, and neglecting the long-
wave contribution, it is clear that the model produces far too much cooling caused by
the LWP-change relative to RFaci if compared to the respective numbers of Toll et al.
(2019) of -0.52 Wm−2 and +0.12 Wm−2.
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5.3.3 Proposed solutions to remaining challenges

Even if including buffering effects represented by enhanced entrainment feedback for
small droplets as explored and proposed in Paper IV, the measure of the contributions
to ERFaci by its two different components are still far away from those of Toll et al.
(2019). Explored implementations of size-dependent evaporation in Paper IV can not
solve this issue, due to small differences in evaporation between PI and PD, and the
revealed counteracting feedback processes caused by stability changes. While observa-
tional constraints on the response of LWP to changes in Nd have improved over recent
years, challenges linked to reducing the differences between models and observations
still remain. Rosenfeld et al. (2019) highlight several important aspects concerning
this issue. First, they show that even though LWP averaged over a larger domain does
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not increase much when Nd increases, they find high sensitivity of the cloud fraction
to changes in Nd. Increased cloud fraction linked to increased Nd was also found by
Gryspeerdt et al. (2016), which used satellite retrievals to find that aerosol influence on
the liquid cloud fraction gives a contribution to ERFaci of -0.48 Wm−2 (-0.1 to -0.64
Wm−2). With constant liquid content, clouds expanding horizontally impact radiation
differently than clouds expanding vertically. The simulations carried out as a part of
this thesis (for example PIAER_PIOXI and PDAER_PDOXI in Paper II) do not give
any significant changes in cloud fraction between clean (PI) and polluted (PD) clouds.
Reasons why the cloud fraction in NorESM, and probably in many other models as
well, does not behave in the same way as found by Rosenfeld et al. (2019) is beyond
the scope of this thesis, but should be an interesting topic for future studies. In these
upcoming studies, the cloud fraction parameterization, and especially the one for the
stratiform clouds which is often just based on relative humidity, should be examined.
Secondly, Rosenfeld et al. (2019) speculate that enhanced cooling due to increases in
cloud fraction might be compensated by enhanced warming caused by aerosol-cloud in-
teractions in convective clouds, which are yet to be implemented in most global models.
As pointed out in Paper IV, NorESM only include aerosol-cloud interactions in strati-
form clouds. For reduced uncertainties and enhanced confidence in global model esti-
mates of ERFaci in future studies, aerosol-cloud interactions should be implemented in
all clouds.

5.3.4 An upcoming study

As a follow-up to Paper 3, the intercomparison project ”Volcanic ACI experiment (Vol-
cACI)”, is ongoing within the framework of Aerosol Comparisons between Observa-
tions and Models (AEROCOM). In addition to further exploring the mechanisms be-
hind the model responses to the Holuhraun eruption, it also includes more models,
several sensitivity simulations and simulations of two other volcanic eruptions from
Kilauea, Hawaii, in 2008 (Yuan et al., 2011) and 2018. I am contributing to this study
with simulations from NorESM.

5.4 Concluding remarks and implications

The overall objective of this thesis was to contribute towards enhancing the confidence
in estimates of ERFaci through improved global modelling. As pointed out in Chap-
ter 1, aerosols and clouds are the largest contributors to the uncertainty in the total
preindustrial-to-present-day anthropogenic forcing, and the estimates of effective ra-
diative forcing caused by cloud adjustments due to aerosols have the lowest level of
confidence. As given in the description of the concept of confidence (see Chapter 2.1
and Cubasch et al. (2013)), it will be low if the agreement is low between estimates
from observations, between estimates from models, and between estimates from both
categories. Several parts of this thesis have facilitated for future estimates to show bet-
ter agreement. One example is the ability to carry out model estimates of forcings
related to aerosol-cloud interactions under approximately equal meteorological condi-
tions as the observations to which they are compared. Another example is the proposed
guidelines in Paper II of exposing the precursor gases to oxidants of its era when car-



48 Discussion, future outlook and concluding remarks

rying out model estimates of ERFaci. If all models in an intercomparison study follow
these guidelines, the results from models are expected to show better agreement than if
the treatment of the oxidants vary between modelling groups. The level of confidence is
also affected by how well the relevant physical and chemical processes are understood.
In Paper II we show that model simulations can indeed capture aerosol-cloud related
forcings due to different atmospheric oxidation capacaties. This enhances our confi-
dence in the results being credible. Paper III enhances confidence in the negative first
aerosol indirect effect, by increasing the amount of evidence. In this paper the effect
was both detected in satellite retrievals and simulated by all models in the study. Paper
III also claimed to constrain aerosol-cloud interactions by being able to reject model
estimates of ERFaci with an excessive response in LWP, supported by several other re-
cent studies presented in Chapter 5.3 (Gryspeerdt et al., 2019; Toll et al., 2017, 2019).
However, conflicting results from recent studies regarding cloud water responses in cy-
clonic cloud systems (McCoy et al., 2018) and impacts on the cloud fraction by aerosol
changes (Gryspeerdt et al., 2016; Rosenfeld et al., 2019), in addition to implications of
the findings in Paper IV, indicate that further research on rapid-cloud adjustments and
associated model parameterizations still is needed.

As presented above, this thesis has improved global modelling of aerosol-cloud inter-
actions, with results contributing to enhanced confidence in global model estimates of
ERFaci. Although emissions of aerosols and aerosol precursor gases are predicted to
be reduced by the policies aimed at improving air quality, enhanced confidence and
reduced uncertainty in ERFaci are still crucial. Without knowing ERFaci, we do not
know how much of the greenhouse gas warming the aerosols may be masking through
aerosol-cloud interactions. This means that we are not able to attribute observed tem-
perature changes to previous emissions of CO2 and use this to find the climate sen-
sitivity (introduced in Chapter 1). Knowing the climate sensitivity, which includes
temperature changes directly caused by the forcing and by the following feedback pro-
cesses, is needed to predict how much warming future emissions will entail. Improved
estimates of climate sensitivity also lead to improved estimates of the remaining carbon
budget, which is the amount of CO2 we have left to emit to stay below a certain temper-
ature limit (Enting et al., 1994). Since aerosol-cloud interactions also are amongst the
key factors controlling the hydrological cycle (see Chapter 1), the contributions from
this thesis to enhancing the confidence in ERFaci can also improve predicted changes
in precipitation.

While it is intrinsically difficult to provide certain answers to questions concerning the
climate impact of aerosol-cloud interactions, this thesis has contributed in several ways
to enhancing the confidence in ERFaci through global modelling.
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Abstract. We document model updates and present and dis-
cuss modeling and validation results from a further devel-
oped production-tagged aerosol module, OsloAero5.3, for
use in Earth system models. The aerosol module has in this
study been implemented and applied in CAM5.3-Oslo. This
model is based on CAM5.3–CESM1.2 and its own predeces-
sor model version CAM4-Oslo. OsloAero5.3 has improved
treatment of emissions, aerosol chemistry, particle life cycle,
and aerosol–cloud interactions compared to its predecessor
OsloAero4.0 in CAM4-Oslo. The main new features con-
sist of improved aerosol sources; the module now explicitly
accounts for aerosol particle nucleation and secondary or-
ganic aerosol production, with new emissions schemes also
for sea salt, dimethyl sulfide (DMS), and marine primary or-
ganics. Mineral dust emissions are updated as well, adopting
the formulation of CESM1.2. The improved model represen-
tation of aerosol–cloud interactions now resolves heteroge-
neous ice nucleation based on black carbon (BC) and min-
eral dust calculated by the model and treats the activation
of cloud condensation nuclei (CCN) as in CAM5.3. Com-
pared to OsloAero4.0 in CAM4-Oslo, the black carbon (BC)
mass concentrations are less excessive aloft, with a better fit
to observations. Near-surface mass concentrations of BC and

sea salt aerosols are also less biased, while sulfate and min-
eral dust are slightly more biased. Although appearing quite
similar for CAM5.3-Oslo and CAM4-Oslo, the validation re-
sults for organic matter (OM) are inconclusive, since both of
the respective versions of OsloAero are equipped with a lim-
ited number of OM tracers for the sake of computational ef-
ficiency. Any information about the assumed mass ratios of
OM to organic carbon (OC) for different types of OM sources
is lost in the transport module. Assuming that observed OC
concentrations scaled by 1.4 are representative for the mod-
eled OM concentrations, CAM5.3-Oslo with OsloAero5.3 is
slightly inferior for the very sparsely available observation
data. Comparing clear-sky column-integrated optical proper-
ties with data from ground-based remote sensing, we find a
negative bias in optical depth globally; however, it is not as
strong as in CAM4-Oslo, but has positive biases in some ar-
eas typically dominated by mineral dust emissions. Aerosol
absorption has a larger negative bias than the optical depth
globally. This is reflected in a lower positive bias in ar-
eas where mineral dust is the main contributor to absorp-
tion. Globally, the low bias in absorption is smaller than in
CAM4-Oslo. The Ångström parameter exhibits small biases
both globally and regionally, suggesting that the aerosol par-
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ticle sizes are reasonably well represented. Cloud-top droplet
number concentrations over oceans are generally underesti-
mated compared to satellite retrievals, but seem to be over-
estimated downwind of major emissions of dust and biomass
burning sources. Finally, we find small changes in direct ra-
diative forcing at the top of the atmosphere, while the cloud
radiative forcing due to anthropogenic aerosols is now more
negative than in CAM4-Oslo, being on the strong side com-
pared to the multi-model estimate in IPCC AR5. Although
not all validation results in this study show improvement for
the present CAM5.3-Oslo version, the extended and updated
aerosol module OsloAero5.3 is more advanced and appli-
cable than its predecessor OsloAero4.0, as it includes new
parameterizations that more readily facilitate sensitivity and
process studies and use in climate and Earth system model
studies in general.

1 Introduction

Humans influence the production of aerosols (microscopic
solid and liquid particles suspended in air) in various ways,
giving rise to local and regional air pollution. Furthermore,
Earth’s climate can be influenced by aerosols, either directly
through changes to the scattering and absorption of solar
radiation or more indirectly through the effects these parti-
cles have on cloud properties and precipitation. Numerical
modeling of Earth’s climate therefore requires a description
of aerosols in which mass and number concentrations and
chemical composition as a function of size are important
properties.

Even without going all the way in calculating how aerosols
impact climate by including slow responses and feedbacks
through atmospheric and ocean–atmosphere interactions that
can be simulated in fully coupled climate models or Earth
system models (ESMs), one may quantify a first-order effect
on Earth’s radiative budget in partly uncoupled model config-
urations through estimates of the so-called aerosol radiative
forcing. It is common to distinguish between the traditional
concepts of radiative forcing (RF) and the effective radiative
forcing (ERF), which includes rapid adjustments that mod-
ify the radiative budget through fast atmospheric and sur-
face changes (IPCC AR5: Boucher et al., 2013; Myhre et
al., 2013). ERF from aerosols can furthermore be decom-
posed into a forcing term due to aerosol–radiation interac-
tions (ERFari), which includes the traditional direct effect
and semi-direct effects (as rapid adjustments to atmospheric
heating by absorbing aerosols), and an aerosol–cloud interac-
tion term (ERFaci) (Boucher et al., 2013), which includes the
cloud albedo effect (Twomey, 1977) and associated adjust-
ments in the form of lifetime effects (e.g., Albrecht, 1989). In
this study we follow the method outlined by Ghan (2013) for
calculating the effective radiative forcing of aerosols, which
is decomposed into a direct radiative forcing, a cloud radia-

tive forcing, and a surface albedo forcing term. In contrast to
the terminology used in IPCC AR5, the semi-direct effect is
integrated into the cloud radiative forcing term here.

Traditionally, mainly two methods have been used to cal-
culate aerosol size and chemical composition. Modal ap-
proaches (e.g., Binkowski and Shankar, 1995) approximate
the aerosol size distribution as lognormal distributions. Sec-
tional methods (e.g., Bergman et al., 2012) discretize the size
distribution into fixed size intervals that have constant prop-
erties. In a sectional aerosol module the size distribution does
not have to be lognormal or of any other specified shape and
is generally considered to be closer to “first principles”.

An alternative “production-tagged” aerosol module is
used in the atmospheric component (CAM-Oslo) of the
Norwegian Earth System Model (NorESM) and in vari-
ous predecessor model versions. This aerosol module has
been documented in Kirkevåg et al. (2013) for CAM4-Oslo
(NorESM1) and in earlier studies (Kirkevåg et al., 1999,
2005, 2008; Kirkevåg and Iversen, 2002; Iversen and Se-
land, 2002, 2003; Seland et al., 2008). The production-
tagged method describes a number of “background” lognor-
mal modes. These modes can change their size distribution
due to condensation, coagulation, and cloud processing. The
corresponding aerosol microphysical calculations are per-
formed in a detailed size-resolving model and run offline.
A selection of results in terms of bulk properties from these
aerosol microphysics calculations are stored in lookup ta-
bles, which during the NorESM model simulation provide
information about aerosol optical parameters as well as size
and composition where needed (for details, see Sect. 2.1 in
Kirkevåg et al., 2013). Production-tagged refers to the fact
that the tracers which change the aerosol size distribution
represent their production pathway (e.g., condensation, co-
agulation, and cloud processing). We will refer to the on-
line aerosol module as OsloAero and to the offline size-
resolving model that produces the lookup tables as AeroTab.
Although the aerosol module has been developed over many
years and already been used in numerous model versions,
it has previously not been given any name or version num-
ber. For the purpose of simplicity and clarity in the intercom-
parison of the respective module versions, we hereafter de-
note the OsloAero module described and used by Kirkevåg
et al. (2013) as OsloAero4.0 and the present version as
OsloAero5.3. We similarly denote the respective versions of
the offline size-resolving lookup table model as AeroTab4.0
(Kirkevåg et al., 2013) and AeroTab5.3.

In this work we have ported OsloAero to the Commu-
nity Atmospheric Model version CAM5.3 (Neale et al.,
2012; Liu et al., 2016) so that it exists as an option
alongside the CAM modal aerosol modules (MAM3 and
MAM7). We hereafter refer to the atmospheric model in-
cluding OsloAero5.3 and the AeroTab5.3-produced lookup
tables as CAM5.3-Oslo. CAM5.3 is part of the Commu-
nity Earth System Model version 1.2, CESM1.2 (http://www.
cesm.ucar.edu/models/cesm1.2, last access: 24 September
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2018). The Norwegian Earth System Model version based
on CESM1.2, which we name NorESM1.2, uses CAM5.3-
Oslo instead of CAM5.3 and an updated MICOM version
based on NorESM1 (Bentsen et al., 2013) instead of POP2 as
the ocean model, while the land model CLM4.5, the sea ice
model CICE4, and the coupler CPL7 are all as in CESM1.2.
In this study we do not make use of the fully coupled model
system, but prescribe sea surface temperatures and sea ice
fractions (i.e., an AMIP setup). In the following discussions
we therefore just refer to the model as CAM5.3-Oslo.

CAM5.3-Oslo is after some final updates and tuning
planned to be merged with the atmospheric component,
CAM6, from the upcoming release of the NCAR/DOE
Community Earth System Model, CESM2 (http://www.
cesm.ucar.edu/working_groups/Atmosphere/, last access: 24
September 2018). This merged version is expected to be the
atmospheric component of NorESM2. NorESM2 is planned
to participate in the Coupled Model Intercomparison Project
6 (CMIP6). NorESM1.2 (using a further adapted and tuned
version of CAM5.3-Oslo) is at present a fallback version and
may be used in the early phases of CMIP6 if NorESM2 is
not finalized in time. Two versions of NorESM1, NorESM1-
M (Bentsen et al., 2013; Iversen et al., 2013; Kirkevåg et al.,
2013) and NorESM1-ME (Tjiputra et al., 2013), contributed
with results for CMIP5 and were analyzed together with
the other CMIP5-contributing models in IPCC AR5 (Myhre
et al., 2013).

The main purpose of this study is to document the changes
in the treatment of aerosols and aerosol–cloud interactions
since the predecessor model version CAM4-Oslo, as well as
to summarize the main principles behind the aerosol schemes
applied in earlier and the present model versions. We then
evaluate CAM5.3-Oslo’s performance with respect to var-
ious aerosol and cloud droplet properties and present and
discuss new estimates of effective radiative forcing, both
for comparison with results from CAM4-Oslo and other
CMIP5 models.

The article is organized as follows: Sect. 2 describes the
model components that have changed since Kirkevåg et
al. (2013), with an emphasis on the aerosol module. Section 3
describes the model configurations used in this study. Sec-
tion 4 compares the aerosol and cloud droplet concentrations
and optical properties to observations and remote retrievals,
as well as to previous studies wherever feasible. Section 5
puts the results into a climate context by discussing the effec-
tive radiative forcing due to aerosol–radiation and aerosol–
cloud interactions, before presenting the summary and con-
clusions in Sect. 6.

2 Aerosol model description

OsloAero5.3, as it is implemented in CAM5.3, applies the
same method of aerosol activation (Abdul-Razzak and Ghan,
2000), transport, and transition between aerosols in the inter-

stitial and cloud phase as in Liu et al. (2012), with the sim-
plifications proposed by Ghan and Easter (2006) that cloud-
borne aerosols are not advected, except by vertical turbulent
mixing. An important feature of CAM5.3 is that it includes
a general chemical solver (CAM-Chem) as well as a stan-
dardized chemical code preprocessor (MOZART; Emmons
et al., 2010), which OsloAero5.3 (unlike earlier versions)
makes use of. The sulfur chemistry is now also as in Liu
et al. (2012), except for the DMS+OH addition reaction in
which 75 % of the reaction product is SO2 (as in Pozzoli et
al., 2008) compared to 50 % in Liu et al. (2012). However, the
treatments of nucleation and secondary organic aerosols dif-
fer, as in many other processes that are specific to CAM5.3-
Oslo, i.e., to OsloAero5.3 and AeroTab5.3.

Since Kirkevåg et al. (2013) (CAM4-Oslo), several im-
provements have been made to OsloAero and AeroTab.
These updates will be described in detail in this section, but
may be briefly summarized as follows. Aerosol nucleation
and secondary organic aerosols have been taken explicitly
into account based on Makkonen et al. (2014), with some ex-
tensions. Sea salt emissions and emission sizes have been
changed to those of Salter et al. (2015). Dimethyl sulfide
(DMS) and oceanic primary organics are now emitted from
concentration- and wind-driven parameterizations (Nightin-
gale et al., 2000; Vignati et al., 2010), and dust emissions are
calculated online based on Zender et al. (2003). Aerosol hy-
groscopicity and a few other microphysical properties have
also been changed since CAM4-Oslo. Finally, heterogeneous
ice nucleation is implemented based on Wang et al. (2014),
which was based on a modified version of the scheme in
CAM3-Oslo (Hoose et al., 2010).

2.1 The production-tagged aerosol module

The production-tagged aerosol module has been used pre-
viously in many studies. The life-cycling component of the
online aerosol module we now call OsloAero was first devel-
oped and described by Seland and Iversen (1999) and Iversen
and Seland (2002, 2003). The offline size-resolving aerosol
model we call AeroTab, including table lookups and interpo-
lations with respect to aerosol–radiation and aerosol–cloud
interaction calculations in OsloAero, was first developed
and described by Kirkevåg et al. (1999) and Kirkevåg and
Iversen (2002), with some updates by Kirkevåg et al. (2005).
Later versions of both components of the production-tagged
aerosol module as a whole are described by Seland et
al. (2008) and Kirkevåg et al. (2008), and Kirkevåg et
al. (2013), hereafter referred to as K13. The essential dif-
ference to other aerosol module treatments is the division
of tracers into “background” and “process” tracers. Back-
ground tracers, which are mainly primary emitted particles
(nucleation being the exception), form lognormal modes and
contribute to the aerosol number concentration. The pro-
cess tracers change the shape and chemical composition of
the initially lognormal background modes. Examples of pro-

www.geosci-model-dev.net/11/3945/2018/ Geosci. Model Dev., 11, 3945–3982, 2018



3948 A. Kirkevåg et al.: Extensions and updates for CAM5.3-Oslo

Table 1. Transported aerosol tracers included in OsloAero5.3. The aerosol precursor and oxidant gas tracers transported by the model are
SO2, H2SO4, DMS, isoprene, monoterpene, SOAG_LV, SOAG_SV, and H2O2.

Tracer variable ID Meaning
S4: SO4 (particulate sulfate); SOA: secondary organic aerosol;
BC: black carbon; OM: primary organic matter; SS: sea salt;
DU: DST (mineral dust)

Notation in Fig. 1

SO4_NA SO4 formed by co-nucleation with SOA S4(n)
SO4_A1 SO4 condensate on existing particles from H2SO4 (gas) S4 (yellow)
SO4_A2 SO4 formed from aqueous-phase chemistry S4
SO4_AC SO4 particles coagulated with other particles S4(ac), S4(c)
SO4_PR SO4 primary emissions, emitted as particles S4(ac)
SOA_NA SOA formed by co-nucleation with SO4 SOA(a)
SOA_A1 SOA condensate on existing particles from SOAGSV (gas) SOA (yellow)
BC_N BC emitted externally mixed as nucleation sized mode BC(n)
BC_AX BC emitted externally mixed as fractal accumulation mode BC(ac)
BC_NI BC emitted internally mixed with OM, Aitken mode OM/BC(a)
BC_A BC coated with water-solubles, Aitken mode OM/BC(a)
BC_AI BC coexisting with OM and coated Aitken mode OM/BC(a), BC(a)
BC_AC BC particles coagulated with other aerosols (coagulate) BC(ac), BC(c)
OM_NI OM emitted internally mixed with BC, Aitken mode OM/BC(a)
OM_AI OM coexisting with BC and coated, Aitken mode OM/BC(a)
OM_AC OM and SOA particles coagulated with other aerosols

(coagulate)
OM(ac), OM(c),
SOA(ac), SOA(c)

DST_A2 Mineral dust, accumulation mode DU(ac)
DST_A3 Mineral dust, coarse mode DU(c)
SS_A1 Sea salt aerosol, Aitken mode SS(a)
SS_A2 Sea salt aerosol, accumulation mode SS(ac)
SS_A3 Sea salt aerosol, coarse mode SS(c)

cess tracers are sulfate condensate, sulfate coagulate, sulfate
from cloud processing (aqueous-phase chemistry in cloud
droplets, followed by evaporation), and secondary organic
aerosol (SOA) condensate. All tracers that are calculated ex-
plicitly are listed in Table 1.

For gas-phase and aqueous aerosol chemistry, concen-
trations of OH, NO3, O3, and HO2 are prescribed (see
also Karset et al., 2018) as time-varying climatological 3-
D monthly mean fields from simulations with the global
stratosphere–troposphere chemistry model CAM-chem v3.5
in the study of Lamarque et al. (2010), representative for
conditions in the year 2000. H2O2 is calculated as in Liu et
al. (2012) and depends on the prescribed (monthly averaged)
HO2 concentrations.

As soon as the aerosol background modes have changed
composition and shape, we refer to them as “mixtures”.
Because the resulting size-distribution from AeroTab is no
longer lognormal and “modes” are traditionally used for
aerosol size distributions that are lognormal, the term mix-
ture is used in order to avoid confusion. The resulting mix-
tures, which the lookup tables are based on, are given in
Table 2. The table shows which tracers are assumed to be
background tracers (lognormally distributed at the point of
emission or production) and which tracers are purely size
and composition modifying. OsloAero calculates how much

of each “modifying” tracer should be distributed onto each
of the background modes (thus forming mixtures of mass
from the various tracers) within a time step. When that frac-
tion is known, interpolations in the lookup tables (generated
by AeroTab) return the optical properties or the best lognor-
mal fit (in terms of modal median radius and standard de-
viation) of the final dry size distribution of that mode after
growth. The assumed standard deviation of the initially log-
normal size distributions and the accommodation coefficients
for each of the mixtures are still as in Table 1 in K13.

Concerning the basic principles behind the production-
tagged aerosol module (see K13 and references therein), we
may look at it as a three-stage process over a time step in the
model. First, during atmospheric transport the background
aerosol tracers are assigned typical tropospheric dry sizes
(i.e., the sizes at the point of emission, augmented to take into
account atmospheric growth for the finest particles; mixture
nos. 1–4 in Table 2). The size-modifying aerosol tracers are
also assigned prescribed sizes (see Table 2). Their respective
sizes after hygroscopic growth, calculated as in OsloAero4.0
(K13), are eventually used for the calculation of dry depo-
sition, in which both types of aerosol tracers are treated as
if they were separate particles. Secondly, when the size dis-
tribution resulting from aerosol microphysics is needed, the
mass of the size-modifying tracers is distributed onto the dif-
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Table 2. Distribution of aerosol tracers in the particle mixtures treated in the model. Tracer names in bold and italic fonts are background
tracers, while the others are tracers that modify the size distribution. The initial number median dry radius (NMR) and standard deviation
(SIGMA) of each background mode are listed in the second and third column. Also listed (with numbers in brackets) are the prescribed dry
NMR values assumed during transport (including atmospheric growth) for the finest particle mixtures (nos. 1, 2, and 4). For other mixtures,
the dry sizes of transported tracers are assumed to be identical to the initial sizes. Note that for historical reasons, particle mixture numbers
3, 11, and 13 do not exist in the present model version. For the sake of consistency and transparency, the numbering is the same as in the
model code. Assumed dry size parameters for the size-modifying tracers during transport: NMR= 0.04 µm and SIGMA = 1.8 for SO4_A1;
NMR = 0.1 µm and SIGMA = 1.59 for SO4_A2, SO4_AC, OM_AC, BC_AC, and SOA_A1.

Particle
mixture no. NMR (µm) SIGMA Aerosol tracers (cf. Table 1) contributing to the particle mixture

0 0.0626 1.6 BC_AX
1 0.0118 (0.025) 1.8 SO4_NA SOA_NA SO4_A1 SOA_A1
2 0.024 (0.025) 1.8 BC_A SO4_A1 SOA_A1
4 0.04 (0.06) 1.8 OM_AI BC_AI SO4_A1 SO4_A2 SOA_A1
5 0.075 1.59 SO4_PR BC_AC OM_AC SO4_A1 SO4_AC SO4_A2 SOA_A1
6 0.22 1.59 DST_A2 BC_AC OM_AC SO4_A1 SO4_AC SO4_A2 SOA_A1
7 0.63 2.0 DST_A3 BC_AC OM_AC SO4_A1 SO4_AC SO4_A2 SOA_A1
8 0.0475 2.1 SS_A1 BC_AC OM_AC SO4_A1 SO4_AC SO4_A2 SOA_A1
9 0.3 1.72 SS_A2 BC_AC OM_AC SO4_A1 SO4_AC SO4_A2 SOA_A1
10 0.750 1.6 SS_A3 BC_AC OM_AC SO4_A1 SO4_AC SO4_A2 SOA_A1
12 0.024 1.8 BC_N
14 0.04 1.8 OM_NI BC_NI

ferent background size modes according to how large the
sink is for the tracer in question, estimated online following
Kirkevåg et al. (1999). For example, the amount of conden-
sate added to a background mode is proportional to the back-
ground mode’s condensation sink (prior to growth). Finally,
the mass of these mixture-apportioned tracers is fed into
the interpolation code connected to the lookup tables, giv-
ing us estimated sizes and optical properties. The lookup ta-
bles have been calculated offline by using AeroTab5.3 based
on the fully size-resolved (with 44 size bins) solution to the
continuity equations for particle number and mass concen-
trations (Kirkevåg et al., 1999) after aerosol growth. Note
that the full size distribution (i.e., number concentration for
each size bin) is not stored in these lookup tables, but rather
the subsequent bulk (i.e., size-integrated) parameters that are
required by the atmospheric model, such as single scatter-
ing albedo, asymmetry factor, and mass specific extinction,
in addition to lognormal fits to the dry size distributions af-
ter growth. Tabulated aerosol optical parameters include the
effect of humidity swelling.

Using this technique, we lose information about which
sizes were modified by which tracer in the past, since the de-
tailed size information is lumped back into a limited number
of tracers before atmospheric transport. However, we gain
computational efficiency since the technique requires fewer
transported tracers. The size of the aerosol mixtures, i.e.,
of background tracers including growth by process tracers,
could in principle be estimated by using the tabulated size
parameters for the particle mixtures in the previous time step.
Such a link has not yet been implemented in the model, but

is something that should be investigated and tested in future
model versions.

The total number of transported aerosol and gas tracers
in OsloAero5.3 is 29 (21 aerosol and 8 gas tracers; see Ta-
ble 1) compared to 20 (15 and 5) in MAM3 and 37 (31 and
6) in MAM7. Comparing CAM5.3-Oslo simulations using
OsloAero5.3 with MAM3, we find a ca. 49 % increase in
model cost (50 % for the atmosphere module alone). Much
of the relatively large increase in model cost compared to
MAM3 is due to the multidimensional table lookups and
interpolation calculations for aerosol optical properties and
sizes in OsloAero5.3. For comparison, according to Liu et
al. (2012), CAM5.1 set up with MAM7 runs about 30 %
slower than with MAM3.

2.2 Secondary organic aerosols and nucleation

The treatment of secondary organic aerosol (SOA) and nu-
cleation has been much improved since K13, for which SOA
was simply prescribed as a monthly surface source, and
nucleation (sulfate only) was implicitly determined by the
amount of available H2SO4 left after condensation during a
model time step. The treatment is now based on Makkonen
et al. (2014), hereafter referred to as M14, who implemented
emissions of monoterpene and isoprene in a research version
of NorESM1-M (see also Boy et al., 2018). These SOA pre-
cursors are oxidized by OH, O3, and NO3.

The chemical reactions and assumed yields (0.15 and 0.05)
are given below, with reaction rates (not shown) taken from
IUPAC (Atkinson et al., 2004, 2006). These yields are sim-
ilar to values used in other studies (e.g., Mann et al., 2010;
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Figure 1. Flow diagram of processes in the aerosol module
OsloAero5.3. The source terms to the left, labeled Q(X)y, where
X is the constituent name and y is the source type, can be pri-
mary emissions or secondary production. The source labels y= bb,
ff, or biopart indicate biomass burning, fossil fuel or biofuel com-
bustion, and biogenic particle sources. Primary particles are emit-
ted (red arrows) as accumulation-mode sulfate (S4(ac)), nucleation-
and accumulation-mode black carbon (BC(n), BC(ac)), Aitken-
mode BC (BC(a)), internally mixed Aitken-mode organic mat-
ter and black carbon (OM/BC(a)), Aitken-, accumulation-, and
coarse-mode sea salt (SS(a), SS(ac), SS(c)), and accumulation-
and coarse-mode mineral dust (DU(ac), DU(c)). Model-calculated
gas-phase components are DMS, SO2, isoprene (IsoP), monoter-
pene (MonoT), H2SO4, and gaseous secondary organics (SOAGLV
and SOAGSV). SOAGLV partly co-nucleates with nucleation-mode
sulfate (S4(n), SOA(n), turquoise arrows) and partly condensates
(yellow arrows) on existing particle surfaces, while SOAGSV only
forms SOA through condensation. Sulfate produced in cloud water
droplets (SO4(in droplets), blue arrow) is partly added to S4(ac) and
partly to a broad internal mixture of accumulation- and coarse-mode
particles coagulated with either mineral dust or sea salt. Black ar-
rows represent coagulation that contributes to the latter two particle
types. Components in dashed boxes are not explicitly calculated.

Tsigaridis et al., 2014).

monoterpene+O3→ 0.15 ·SOAGLV (R1)
monoterpene+OH→ 0.15 ·SOAGSV (R2)
monoterpene+NO3→ 0.15 ·SOAGSV (R3)
isoprene+OH→ 0.05 ·SOAGSV (R4)
isoprene+O3→ 0.05 ·SOAGSV (R5)
isoprene+NO3→ 0.05 ·SOAGSV (R6)

The idea of separating SOAGSV and SOAGLV is that the
SOA gas (SOAG) tracer labeled “SV” is assumed to be
semi-volatile, with an equilibrium vapor pressure too high
to contribute to new particle formation but instead goes
to condensation. In addition to contributing to condensa-
tion, the tracer labeled “LV” is assumed to be low volatile
enough to also contribute to particle nucleation and subse-
quent aerosol growth below the number median radius of the
SO4_N/SOA_N mixture (mixture no. 1 in Table 2). Only

low-volatile products are assumed to take part in new parti-
cle formation as described by Kulmala et al. (2004). In M14,
low-volatile products are only assumed to form in the reac-
tion between monoterpene and O3. This choice is supported
by an observed correlation between growth rates of 7–20 nm
(in diameter) aerosol and monoterpene ozonolysis (Yli-Juuti
et al., 2011), as well as the relatively higher yield of ex-
tremely low-volatility organic compounds (ELVOCs) from
O3 compared to OH reaction with monoterpenes (Jokinen et
al., 2015). The fractions of monoterpene and isoprene that
do not react to form SOA gas in Reactions (R1)–(R6) are
not taken into account, assuming that they form other gas
or aerosol products that we do not track in the model. This
approach is a good way to resolve oxidant-mediated varia-
tions in SOA production and is suitable for global aerosol
models with simplified aerosol precursor chemistry schemes
(e.g., Spracklen et al., 2008). We also note that, since the
model uses the “offline oxidant approach”, Reactions (R1) to
(R6) need only resolve one product, meaning that the prod-
ucts of the second reactants (the oxidants) do not need to be
included on the right-hand side of the chemical equations.
While methanesulfonic acid (MSA) in K13 was emitted di-
rectly into the OM_NI tracer as primary OM, we now also
treat MSA as a biogenic VOC that may form SOA, assuming
that 20 % and 80 % of the mass is added to the SOAGLV and
SOAGSV tracers, respectively (see Fig. 1). The exact LV-to-
SV ratio is unknown, but some of the MSA is of low enough
volatility to contribute to nucleation and subsequent growth
(Chen et al., 2017; Willis et al., 2016).

The concentrations of the condensable gases H2SO4,
SOAGLV, and SOAGSV are calculated based on the produc-
tion rates from the gas-phase chemistry solver MOZART
(Horowitz et al., 2003). The solver is configured to use the
chemical mechanism used in K13 with the additional reac-
tions for SOA. The chemical mechanisms in OsloAero5.3,
for sulfur and oxidant chemistry as well as the SOA chem-
istry in Reactions (R1)–(R6), have been described in more
detail by Karset et al. (2018, Sect. 2). For an overview of
the chemical reactions and the respective reaction rate coef-
ficients, see Table 2 in Karset et al. (2018).

Furthermore, only a fraction of the SOAGLV oxidation
products (50 %, as in M14) is assumed to be low volatile
enough to nucleate or condense onto nucleation-sized par-
ticles, while the remaining fraction and the semi-volatile
tracer is allowed to condense on preexisting particles. Bi-
nary nucleation of H2SO4 vapor is based on Vehkamäki et
al. (2002). Boundary layer nucleation is implemented ac-
cording to several semi-empirical parameterizations from
Paasonen et al. (2010). For the present model version and the
simulations in this study we have used Eq. (18) in Paasonen
et al. (2010).

After nucleation, particles grow further by condensation of
sulfuric acid and organic vapors. Growth of nucleated clus-
ters to the particle size of the corresponding mixture treated
in the model (see Table 2) is based on Lehtinen et al. (2007).
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The organic vapors available for this transition have been
found to be very important for the growth of atmospheric
particles (Riipinen et al., 2011; Keskinen et al., 2013).

The condensation sink is known from the surface area of
the background aerosols. After the gas-phase chemistry is
treated in the model, the concentrations of the condensable
gases are set back to their value from the start of the time
step, and the following equation is solved to obtain concen-
trations at the end of the time step:

dCgas

dt
= Pgas+Lcond ·Cgas−Lnuc ·Cgas, (1)

where Lcond is the loss rate (s−1) for condensation and Lnuc
is the loss rate (s−1) due to nucleation for the condensing
gas. Since Lnuc is dependent on the concentration we per-
form one iteration before the equation is solved with an Eu-
ler backwards method to obtain the concentration at the end
of the time step Cgas,new. In the first iteration, Lnuc is zero.
The resulting gas-phase concentration from the first iteration
is used to calculate the nucleation rate. When the concentra-
tion at the end of the time step has been found with the Euler
backwards method, the tendency is calculated as

dCgas

dt
= (Cgas,new−Cgas,old)/dt. (2)

Nucleated particles from SOAGLV and H2SO4 have
much smaller diameters (dnuc ∼ 1–3 nm) than the respective
aerosol mixture in CAM5.3-Oslo (mixture no. 1 in Table 2),
which has a median modal diameter (dx) of 23.6 nm. The
smallest particles can either coagulate with the background
particles or grow by condensation of SOAGLV and H2SO4
until they reach sizes that have a longer lifetime with respect
to coagulation. The following formula (Eq. 7 in Lehtinen et
al., 2007; see also M14) gives the rate Jx at which particles
of size dx form, growing from nucleation size to that of the
corresponding mixture (no. 1) in the model:

Jx = Jnuc · exp(−γ · dnuc
CoagS(dnuc)

GR
);

γ =
1

m+ 1
[(
dx

dnuc
)m+1
− 1]. (3)

Here Jnuc is the nucleation rate of dnuc sized particles,
CoagS is the coagulation sink, and GR is the rate of parti-
cle growth due to condensation. The factor γ is expressed
as a function of dnuc and dx , as well as a background size-
dependent exponent m. Here we simply let m=−1.6 (as in
M14), which is a typical value for atmospheric conditions
(Lehtinen et al., 2007). The formation rate is in other words
determined by the concentration of sulfuric acid and organic
vapors available for condensational growth and by the coag-
ulation sink of the newly formed particles onto preexisting
aerosols.

There are four important differences in the SOA treatment
compared to M14.

1. We close the mass balance both for H2SO4 and for or-
ganic vapors, while M14 put nucleated mass into the
model as H2SO4, thus allowing sulfur mass to be pro-
duced by organic vapors. Unlike the M14 study, which
focused on changes in aerosol life cycling but not on
the radiative effects of SOA, the lookup tables for optics
and sizes with respect to aerosol–radiation and aerosol–
cloud interactions are now also taking into account
SOA.

2. We add the non-nucleated vapor as condensate. The
condensate is only added through condensation on pre-
existing particles and does not produce new particles. In
M14, non-nucleated vapor was added to the tracer rep-
resenting primary organics. Since primary organics is a
background tracer in OsloAero5.3, increasing primary
organic mass also increases aerosol number concentra-
tion. In the updated treatment condensate does not in-
crease particle number concentrations (unless it leads to
increased nucleation rates).

3. M14 assumed secondary organic aerosol formation only
from monoterpenes. In this work both monoterpenes
and isoprene are assumed to produce SOA mass. Still
only monoterpene ozonolysis products are allowed to
produce new particles by nucleation (via SOAGLV).

4. We now also make use of interactive emissions of
SOA precursors from CLM4.5 using the MEGAN v2.1
(Guenther et al., 2012) algorithm instead of reading
them in from file. This allows us to study the ef-
fects of a changing climate on SOA formation and
facilitates feedback studies. We lump 21 monoter-
pene species (myrcene, sabinene, limonene, 3-carene,
t-β-ocimene, β-pinene, α-pinene, dimethyl styrene,
p-cymene, o-cymene, α-phellandrene, α-thujene, α-
terpinene, γ -terpinene, terpinolene, β-phellandrene,
camphene, bornene, α-fenchene, allo-ocimene, and cis-
β-ocimene) into one atmospheric monoterpene tracer.

The main advantages of the new treatment of SOA in this
study compared to M14 are that the atmospheric composi-
tion influences the aerosol size distribution and particle num-
ber, as well as its optical properties, that SOA is allowed to
form outside the boundary layer, and that the use of interac-
tive biogenic volatile organic compound (BVOC) emissions,
including MSA from the ocean surface, facilitates studies of
the effects of climate change on SOA formation, as well as
on subsequent feedbacks.

2.3 Aerosol microphysics

Diffusion coefficients for condensable gases have been cal-
culated based on Eqs. (11)–(4.4) and Table 11-1 in Poling et
al. (2001). For SOA, which was not explicitly treated in the
predecessor model CAM4-Oslo (K13), we use a molecular
weight of 168.2 (g mol−1), corresponding to C10H16O2 as
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our assumed representative SOA molecule. Due to a lack of
exact information about the large range of possible organic
compounds we call SOA, for simplicity and computational
efficiency we assume SOA to have the same microphysical
properties (mass density, hygroscopicity, refractive index) as
OM in the model, i.e., both in AeroTab5.3 and OsloAero5.3.
A bug in the life cycle scheme (OsloAero4.0; K13) that pro-
duced too-slow growth by condensation has also been found
and rectified in OsloAero5.3. The effect of this is discussed
to some degree by Iversen et al. (2017).

Mass densities and refractive indices are unchanged
from K13, except for BC and mineral dust. For BC
we have adopted the recommendations by Bond and
Bergström (2006) of using a monomer mass density of
1800 kg m−3 and a refractive index of m= 1.95–0.79i (as-
sumed to be wavelength independent). The refractive index
for mineral dust has also been modified. This now follows
Hess et al. (1998) for all wavelengths, which gives somewhat
more light absorption by dust than in K13.

Modal number median radii and standard deviations for
background tracers at the point of emissions (Table 2) are as
in CAM4-Oslo, except for BC and sea salt (SS_A1, SS_A2,
and SS_A3). Sea salt particle sizes have been changed to fit
the new emission parameterization by Salter et al. (2015).

NMR for mixture nos. 2 and 12 (BC_A and BC_N from
fossil fuel combustion) has been ca. doubled (to 24 nm) com-
pared to CAM4-Oslo (11.8 nm) in order to account for some
growth from the BC monomer size near the emission source
to a more representative model grid mean value. This NMR
is consistent with observations of somewhat aged BC mass
size distributions of diesel exhaust and urban aerosol (Ning
et al., 2013) and has also been shown to give more realistic
aerosol number concentrations in a version of CAM4-Oslo
with improved nucleation parameterization (M14). The new
NMR is also more in line with the Aitken-mode fossil fuel
carbonaceous particle size assumptions applied by the par-
ticipating models in the multi-model AeroCom aerosol mi-
crophysics model intercomparison study (Mann et al., 2014),
which were in the range 15–40 nm. We note, however, that
most of those models emitted particles as mixed BC–POM
particles, so the size for a pure BC emission mode is not ex-
actly comparable.

The externally mixed BC_AX mixture is a “fluffy” fractal-
structured agglomerate consisting of BC_N particles as-
sumed to be formed by rapid self-coagulation in exhaust
from fossil fuel combustion. We keep the standard deviation
(SIGMA= 1.6) as in K13, but have reduced NMR from 0.1
to 0.0626 µm in order to conserve number concentrations as
BC_AX gets coated and ages into BC_AI. We keep the as-
sumed fractal dimensionD (Ström et al., 1992) as in CAM4-
Oslo; i.e., D = 2.5.

One aerosol tracer has been removed compared to CAM4-
Oslo, namely the nucleation-mode sulfate (SO4_N, origi-
nally mixture no. 11 in Table 2). This was done in order
to save computational cost and has been found to affect
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Figure 2. Hygroscopic growth factors (wet–ambient radius divided
by dry radius) for aerosol components at some typical dry radii
and for relative humidities up to RHmax = 99.5 %, as treated in
AeroTab5.3 and the optics lookup tables. Note that the growth factor
curve for sea salt at dry radius 0.3 µm is not visible due to overlap
with that for 0.75 µm. To relate this figure to the nomenclature in
Table 2, H2SO4 (sulfuric acid) may come as SO4_NA, SO4_PR,
or SO4_A1, (NH4)2SO4 (ammonium sulfate) as SO4_A2, BC
as BC_AX, BC_N, BC_NI, or BC_A, OM as OM_NI, OM_AI,
SOA_NI, or SOA_A1, mineral dust as DST_A2 or DST_A3, and
sea salt as SS_A1, SS_A2, or SS_A3.

the overall life-cycling properties with respect to, e.g., sul-
fate concentrations and atmospheric residence times negligi-
bly. This tracer was originally introduced to help mimic the
growth in time from freshly nucleated sulfate particles (with
a fixed size and composition) to aged particles. Since the as-
sumed chemical composition (with respect to life cycling in
OsloAero) in effect is quite similar to those of the aged par-
ticles, the division between those two aerosol tracers, despite
their somewhat different sizes, has been found unnecessary
in OsloAero5.3.

Although the aerosol scheme is different from that of Liu
et al. (2012), we use the same method for calculating the ag-
ing of externally mixed BC and organic aerosols. The layer
thickness of SOA and sulfate condensate collected by the ex-
ternally mixed species BC_N and BC_AX must exceed three
monolayers (sulfate equivalent) before transitioning to the re-
spective coated or aged particle mixtures is allowed. In K13
the BC_AX mixture was assumed to be large enough so that
aging by condensation could be ignored, an assumption that
was based on near-surface measurements of BC in the re-
mote Arctic. However, the extreme conditions in Arctic win-
ter are not representative of conditions elsewhere, and this
assumption contributed to the somewhat exaggerated upper
troposphere mass concentrations of BC that were modeled in
CAM4-Oslo.

Hygroscopicities have also been modified somewhat, both
with respect to internal consistency and simplicity. The
new treatment ensures that the hygroscopicity of an aerosol
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mixture for humidity swelling (for use with the offline
optics calculations in AeroTab5.3) at slight sub-saturation
(RH= 99.5 %) is the same as the value used for calculating
activation to cloud droplets at supersaturated conditions (on-
line in OsloAero5.3). These two cases were treated indepen-
dently and could be slightly different in OsloAero4.0. The
new growth factors (i.e., wet radius divided by dry radius)
for RH values up to the cutoff value of 99.5 %, hereafter re-
ferred to as RHmax, are shown in Fig. 2.

For BC we now assume a very low hygroscopicity of
B = 5.0× 10−7 (Ghan et al., 2001) for all relative humidi-
ties. In CAM4-Oslo BC was assumed to be entirely hy-
drophobic (B = 0) in calculations of hygroscopic swelling,
butB = 8.9×10−7 with respect to CCN activation. Although
the hygroscopicity for CCN activation is nearly halved since
CAM4-Oslo, the values are already so small that the effect
of this on cloud droplet production is probably negligible.

For ammonium sulfate we assume that B = 0.507 (Ghan
et al., 2001) at RHmax and at supersaturated conditions. This
value is the same as in CAM4-Oslo with respect to CCN
activation, but larger than what was used for hygroscopic
growth at RHmax (0.434). Instead of imposing a linear growth
in the hysteresis domain, i.e., for RH= 37–80 % (Tang and
Munkelwitz, 1994; Tang, 1996) as in CAM4-Oslo, we simply
assume here that B is reduced to the half (B = 0.2535) be-
tween the points of crystallization and deliquescence. Below
the point of crystallization, the hygroscopicity is assumed
to be the same as for BC (i.e., very low) compared to 0
in CAM4-Oslo.

While sulfate in OsloAero5.3 is consistently treated as am-
monium sulfate, just as in CAM5.3 (Liu et al., 2012), in
AeroTab5.3 we still (as in AeroTab4.0) treat both nucleated
sulfate particles and condensate (SO4_NA and SO4_A1, re-
spectively) as sulfuric acid with respect to hygroscopicity.
This hygroscopicity is now parameterized to vary with RH
in such a way that the growth factor equals that of H2SO4
(for a range of RH values from 50 % to 99 %) in Table 2 in
Köpke et al. (1997). By solving the Köhler equation, B is
then estimated to be 0.534 at RH= 99 % (and assumed to be
the same at RHmax) compared to 0.646 in CAM4-Oslo.

For sea salt we have inferred the B values from Köpke et
al. (1997) and then reduced the values by 50 % in the hystere-
sis domain, i.e., for RH= 46–75 % (Tang and Munkelwitz,
1994; Tang, 1996). This gives B = 1.20 at RHmax, which
is slightly larger than the CAM4-Oslo B values of 1.15 at
RHmax and 1.16 for CCN activation (as in Ghan et al., 2001).

The OM hygroscopicity is assumed to be 0.14 (Ghan et
al., 2001) for all RH values, slightly below the B value of
0.158 at RHmax but the same B value with respect to CCN
activation as in CAM4-Oslo.

For mineral dust a B value of 0.069 has been chosen, con-
sistent with a ca. 10 % soluble mass fraction of dust. This is
a high-range value of the “less-hygroscopic” dust category
in Koehler et al. (2009). In CAM4-Oslo much lower val-
ues were assumed: B = 4.8×10−5 at RHmax and B = 0.015

with respect to CCN activation. However, the new B value
is still low compared to the value 0.14 assumed by Ghan et
al. (2001).

In this model version, as in CAM4-Oslo, hygroscopic-
ity with respect to CCN activation is not calculated within
AeroTab. AeroTab instead provides lookup tables of aerosol
size parameters for each mixture, which in addition to B is
used as input to the activation code (Abdul-Razzak and Ghan,
2000). The hygroscopicity is calculated as a mass-weighted
B for mixtures that are uncoated or have a thin coating of
soluble components (i.e., sulfate, OM, and/or sea salt) and
as a mass-weighted B of the coating itself when the coat-
ing is sufficiently thick. This threshold coating thickness is
assumed to be 2 nm, as in K13.

2.4 Emission fluxes

DMS and biogenic OM emissions from the ocean have been
updated to be wind driven. In K13 DMS emissions were
taken from Dentener et al. (2006) and given as daily aver-
ages. Biogenic OM was assumed to have the same spatial
distribution as the fine mode of sea salt emissions given in
Dentener et al. (2006) and scaled to the global number in
Spracklen et al. (2008). The DMS emissions are now instead
given as the product of the transfer velocity and the ocean
DMS molar concentration:

FDMS = C · k600 ·MDMS ·CDMS. (4)

Here FDMS is the flux of DMS (kg m−2 s−1), C is a unit
conversion coefficient in the model code (not a tuning fac-
tor), CDMS is the DMS concentration in the ocean given as
monthly averages by Lana et al. (2011), MDMS is the mo-
lar mass of DMS, and k600 is a transfer coefficient (cm h−1)
from Nightingale et al. (2000):

k600 = 0.222 ·U2
10+ 0.333 ·U10, (5)

where U10 is the 10 m wind speed.
The flux of oceanic primary organic aerosols is given by

O’Dowd et al. (2008) and Vignati et al. (2010) to be pro-
portional to the submicron sea salt flux of the finest mode
(SS_A1) and to the (monthly) organic matter concentration
fraction in the water. Vignati et al. (2010) give the OM frac-
tion as

OMfrac = 0.435 · ρChl a+ 0.13805. (6)

OMfrac is saturated at 90 % according to O’Dowd et
al. (2008). ρChl a is the mass concentration of chlorophyll a
(mg m−3) in the surface water using SeaWiFS climatology
(O’Reilly et al., 2000). A tuning constant has been added
to the equation so that the OM flux from the ocean (still)
matches the estimate of Spracklen et al. (2008) of approxi-
mately 8 Tg yr−1.

The treatment of sea salt fluxes in K13 has been changed to
the formulation used for CAM4-Oslo in Salter et al. (2015),
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Figure 3. Probability p(α) of the α-PDF model used for calculating
the contact angle for immersion freezing. Different bin numbers are
tested in order to correct the numerical formulation that is used in
Wang et al. (2014).

both being functions of near-surface wind and sea surface
temperature. Dust sources were prescribed in K13. They are
now wind driven and calculated from the Dust Entrainment
and Deposition (DEAD) model (Zender et al., 2003), which
is implemented in the Community Land Model and is made
available to OsloAero5.3. The parameterization is the same
as that used by Liu et al. (2012), but fitted to the dust aerosol
sizes used in OsloAero5.3.

As described in Sect. 2.2, the biogenic emissions of
monoterpene and isoprene are calculated online (called every
time step, which is 30 min) from MEGAN (Guenther et al.,
2012). The oxidant fields are prescribed as monthly averages
but with a daily variation superimposed for OH and HO2 and
are therefore decoupled from the BVOC concentrations.

For aerosol and precursors not mentioned above, as in
K13, the emissions are taken from the IPCC AR5/CMIP5
(Lamarque et al., 2010) for the year 2000 (for simplicity
called present day, PD) and 1850 (preindustrial, PI) condi-
tions. The emissions and their vertical distribution are essen-
tially the same as those used by Liu et al. (2012): the IPCC
AR5 emission data set includes anthropogenic emissions for
primary aerosol species OC and BC, as well as the precur-
sor gas SO2. We assume that 2.5 % of the sulfur emissions
are emitted directly as primary sulfate aerosols and the rest
as SO2. Anthropogenic emissions are defined as originating
from industrial, energy, transportation, domestic, and agri-
cultural activity sectors.

2.5 Heterogeneous ice nucleation

In this new version of CAM5.3-Oslo, the stochastic nature of
freezing is considered for heterogeneous freezing in mixed-
phase clouds, which is described according to classical nu-
cleation theory (CNT; Pruppacher and Klett, 1997). Dust
(DST_A2 and DST_A3) and black carbon (BC_AI) can act
as ice nucleating particles (INP). Water molecules can form
small agglomerates of ice on the surface of INP, and if these

ice clusters reach a critical size the thermodynamic energy
barrier 1G of the water–ice transformation is passed.

A common formulation for the ice nucleation rate is used
for deposition and immersion freezing, as well as for contact
nucleation, which is identical to Eq. (1) in Wang et al. (2014).
Deposition freezing and contact nucleation take place if the
particles are uncoated or not completely coated. The coating
thickness is calculated from the coated volume of the tracers
and the volume of the dust and black carbon cores. The par-
ticle ability to act as INP in these mixtures is suppressed if
the coated volume exceeds the thickness of one monolayer
of sulfate. Particles can be coated according to Table 2. Im-
mersion freezing is allowed to take place on cloud-borne dust
and black carbon, which becomes cloud-borne when intersti-
tial particles merge with an already existing droplet or act as
condensation nuclei themselves.

Two different approaches are considered for describing the
contact angle for immersion freezing. The single contact an-
gle (α) model is similar to previous descriptions with CNT
(Hoose et al., 2010). An α-PDF model can also be applied for
dust immersion freezing, in which the contact angle is formu-
lated by a lognormal probability density function (Wang et
al., 2014). Thus, the inhomogeneity within the aerosol pop-
ulation can be represented by accounting for differences in
the individual particle’s ice nucleation properties (described
in detail by Wang et al., 2014).

Compared to the study of Wang et al. (2014), we have
used a small correction to the α-PDF model, which is also
being taken into account in later releases of CAM versions
by the National Center for Atmospheric Research (NCAR).
The original calculation of the probability p(α) in the α-PDF
model relies on a bin number of 101, which we have found
to be too small to represent the lognormal distribution with a
small standard deviation σ (e.g., 0.01) properly (Fig. 3). This
resulted in an unphysical lower limit of the activated fraction
of INP so that the INP activated fraction values were not able
to fall below this limit and therefore stayed constant above
a certain temperature (e.g., at ∼ 5× 10−5 for T >−15 ◦C
in Fig. 1 in Wang et al., 2014). By increasing the bin num-
ber to 501, the distribution can be described more accurately
(Fig. 3) and the unphysical behavior of the activated fraction
is no longer present.

3 Model configuration and simulation setup

All simulations have been run with 0.9◦ (latitude) by 1.25◦

(longitude) horizontal resolution and with 30 layers in the
vertical. In hybrid sigma pressure coordinates, the uppermost
eta level (or top of the level) mid-value is 3.64 (2.26) hPa,
and for the lowermost level it is 992.56 (985.11) hPa. The
number of layers below approximately 1 and 2 km of height
a.s.l. are five and eight, respectively. CAM5.3, and therefore
also CAM5.3-Oslo, has two choices for stratiform micro-
physical cloud schemes: MG1.0 (Morrison and Gettelman,
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Table 3. Overview of the experiments in this study. Note that the
land model (CLM4.5) setup is for a PD climate, so BVOC emis-
sions are based on PD land use. All simulations have been run with
0.9◦× 1.25◦ horizontal resolution and with 30 layers in the vertical.

Years simulated
Name Meteorology Emission year (years analyzed)

NUDGE_PD ERA-Interim 2000 2004–2010
(2006–2010)

NUDGE_PI ERA-Interim 1850 2004–2010
(2006–2010)

AMIP_PD CAM5.3-Oslo/AMIP 2000 1–30 (3–30)
AMIP_PI CAM5.3-Oslo/AMIP 1850 1–30 (3–30)

2008) and MG1.5 (Gettelman and Morrison, 2015). Both
are double-moment (i.e., mass and number predicting) bulk
cloud microphysics schemes with prognostic cloud droplet
and cloud ice mass mixing ratios and number concentra-
tions. MG1.5 is an update of the original formulation MG1,
in which the location for updating prognostic droplet num-
ber mixing ratios with the tendency for droplet activation has
been moved to the beginning of the scheme. We have in this
study used MG1.5. The land model CLM4.5 (Oleson et al.,
2013) is configured with satellite-observed phenology.

Two different configurations have been used to study
and evaluate the aerosols: the nudged configuration (in the
NUDGE_PD and NUDGE_PI simulations) and the AMIP
configuration (in the AMIP_PD and AMIP_PI simulations);
see Table 3 for an overview. The model has been run with
aerosol and aerosol precursor emissions from year 2000 (PD)
and 1850 (PI) for both configurations. We have also used PD
oxidant levels in the PI simulations, as in K13. The effects
of using PI oxidant levels on the effective radiative forcing
in CAM5.3-Oslo, and on the indirect effects in particular, are
being studied by Karset et al. (2018). Only the aerosol and
aerosol precursor emissions or concentrations differ between
the PD and PI simulations, while greenhouse gas concentra-
tions, land use, and prescribed SSTs and sea ice concentra-
tions are identical. The concentrations of DMS and biogenic
OM in the ocean surface layer are also the same, although
the emissions of these into the atmosphere differ slightly due
to different meteorological conditions.

The difference between the AMIP and the nudged con-
figuration is that the latter includes additional terms to the
dynamical equations that push (nudge) the model meteorol-
ogy towards the observed (or reanalyzed, read in 6-hourly,
and interpolated in time) meteorology using a relaxation time
of 6 h (Kooperman et al., 2012; Zhang et al., 2014). The
main purpose of using the nudged configuration is to con-
strain natural variability, as a significantly higher number of
simulated years is required to isolate statistically significant
differences in cloud radiative forcing (due to anthropogenic
aerosols) with the free AMIP configuration (Kooperman et
al., 2012). Another objective is to obtain a model meteorol-
ogy that more closely resembles actual meteorological con-

ditions during the period of observations, which the model is
compared with in the aerosol and cloud validation in Sect. 4.
We have run both configurations in order to verify that the
results are coherent and to be able to study how much the
nudging affects the results.

In the nudged configuration, we use meteorological data
from ERA-Interim (Berrisford et al., 2011) for the period
2004–2010. We nudge only to horizontal winds and surface
pressures (Zhang et al., 2014). This way of nudging will al-
low the aerosols to influence temperatures and clouds. While
nudging to observed temperatures might also improve the
comparison of aerosol properties with observations, leaving
the temperature un-nudged is important for the calculation of
the indirect and semi-direct effect of aerosols (Zhang et al.,
2014), since these are most realistically (or at least consis-
tently) estimated with the model’s own vertical temperature
gradients, which again are crucial for atmospheric stability
and vertical mixing.

4 Results and discussion

The predecessor model version CAM4-Oslo has been exten-
sively validated and compared with other models through
the AeroCom project (Aerosol Comparisons between Obser-
vations and Models: http://aerocom.met.no, last access: 24
September 2018) in studies by Jiao et al. (2014), Tsigaridis
et al. (2014), Kipling et al. (2016), and Koffi et al. (2016),
as well as in K13. A separate evaluation of CAM4-Oslo and
other CMIP5 models by using the remote sensing of aerosols
in the Arctic was made by Glantz et al. (2014). In this sec-
tion we attempt to answer the following question: how does
CAM5.3-Oslo perform with respect to aerosol and aerosol-
related cloud properties compared with observations? We
first compare some of the results with CAM4-Oslo (K13) and
other studies, both in order to discuss properties that cannot
easily (or at all) be compared with observations and to be
able to see whether the updates and extended physical pa-
rameterizations have improved the model performance with
respect to aerosols or not. The latter question is not straight-
forward, since the host model itself has undergone a great
number of changes in moving from CAM4 to CAM5.3. Ad-
ditionally, CAM4-Oslo was run with a coarser horizontal res-
olution of 2◦.

4.1 Concentrations and budgets

4.1.1 Budgets and vertical profiles

Table 4 shows the budgets for the different species in the
model simulations. For each term in the table, results from
both present day (PD) and preindustrial (PI) conditions are
listed, together with the respective values found in K13. Un-
less otherwise stated, the discussed model values are from
the NUDGE_PD simulation.
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The result of the change in DMS emission parameter-
ization described in Sect. 2.4 is an almost doubled DMS
emission (34–35 Tg S yr−1) compared to the 18.1 Tg S yr−1

found in K13, accompanied by a similar increase in the SO2
source term from the oxidation of DMS. The main reason
for the increase is that the DMS emissions in Dentener et
al. (2006) (applied in K13) were based on the DMS clima-
tology of Kettle and Andreae (2000), with generally lower
DMS concentrations in seawater than in the updated version
of Lana et al. (2011). An experiment with wind-driven DMS
emissions in a research version of CAM4-Oslo using the
same transfer function gave 22.0 Tg S yr−1 with the Kettle
and Andreae (2000) data and 34.2 Tg S yr−1 with the Lana
et al. (2011) data. The shorter lifetime of DMS (1.5 days)
compared to K13 (2.4 days) is likely caused by the use of
different oxidant fields. Liu et al. (2012) obtain a lifetime
of 1.3 days using nearly the same chemical mechanism (see
Sect. 2) and the same oxidant fields as in the present work,
but with emissions from Dentener et al. (2006). An additional
test simulation with CAM5.3-Oslo with the AMIP PD setup
and 2◦ resolution shows that the effect of increased resolution
(to 1◦) on DMS emissions and lifetime alone is only about
5 % and 0.2 %, respectively (not shown). Note also that the
increase in column burden from CAM4-Oslo to CAM5.3-
Oslo is much smaller than the increase in emissions (see
Table 1), going from 0.12 to 0.14 Tg S. These both lie well
within the range of estimates (0.015–0.17 Tg S) from other
model studies reported by Liu et al. (2007); see their Table 1.

The chemical source for SO4 is divided into clear-air
sources through the SO2+OH reaction and production in
cloud water. The chemical sources of OM (via SOA) are
mainly from monoterpene and isoprene. This gives a total
of 78 Tg(OM) yr−1 of SOA produced from terpenes, which
lies within the range of AeroCom models published by Tsi-
garidis et al. (2014). For comparison, the total amounts
of BVOC emitted as isoprene and monoterpene are 438
and 119 Tg yr−1, respectively. There is also a source from
the oxidation of DMS to MSA assumed to form organics
(ca. 9 Tg(OM) yr−1), adding up to a total of 87 Tg(OM) yr−1.
As mentioned in Sect. 2.2, for the MSA contribution to
SOA, 20 % and 80 % of the MSA mass is added to the
SOAGLV and SOAGSV tracers, respectively. The exact LV-
to-SV ratio is unknown, but we find a quite low sensitiv-
ity of the anthropogenic change in cloud effective radiative
forcing (i.e., the indirect effect, which is the most impor-
tant in a climate change perspective) to the assumed ap-
portionment of MSA: test simulations indicate that the to-
tal shortwave and longwave indirect effect only changes by
about −0.03 W m−2 if all MSA goes into SOAGSV (no nu-
cleation) and by 0.00 W m−2 if we instead feed all MSA into
the SOAGLV tracer. The effect of neglecting the MSA con-
tribution to SOA altogether is similarly estimated to give a
−0.10 W m−2 change.

The zonal mean mass mixing ratios and their variation
with height for SO2, BC, OM, sulfate, mineral dust, and

sea salt (SS) are shown in Fig. 4, both for NUDGE_PD and
AMIP_PD. The figure shows that some BC is transported to
the stratosphere where the lifetime is longer. OM and sulfate
also have this secondary maximum in the stratosphere, but
the concentrations aloft are smaller in CAM5.3-Oslo than
in CAM4-Oslo (not shown). Dust and sea salt do not ex-
hibit the same clear secondary maxima in the stratosphere,
since these particles are generally larger and more readily re-
moved by sedimentation. The additional 2◦ test simulation
with CAM5.3-Oslo reveals that the effect of increased res-
olution on vertical profiles is very small compared to the
differences between the two model versions for all species
(not shown).

For BC we can compare the model with profiles from the
HIAPER (High-Performance Instrumented Airborne Plat-
form for Environmental Research) Pole-to-Pole Observa-
tions (HIPPO) of carbon and greenhouse gases study over
the (mainly remote) Pacific Ocean in January and Novem-
ber 2009, March–April 2010, and June–July and August–
September 2011 (Wofsy et al., 2011; Schwarz et al., 2013);
see Fig. 5. It is clear that the new model version does pro-
duce less excessive BC concentrations in the upper tropo-
sphere and in the stratosphere globally (Fig. 5a) and that it
now compares better with the HIPPO observations in the
Pacific (Fig. 5b), although the concentrations are still too
high in the upper troposphere and lower stratosphere for this
region, similar to the findings for CAM5.3-MAM4 in Liu
et al. (2016). This is probably related to the way aerosols
are transported and scavenged in deep convective clouds in
the model (see, e.g., Kipling et al., 2013, 2016). There are
currently ongoing tests with alternative treatments of con-
vective transport and mixing (see Sect. 2.1.5 of K13 for a
sensitivity test on this in CAM4-Oslo); these are improved
treatments which will possibly be included in the upcoming
CAM6-Oslo version for CMIP6. The additional 2◦ test sim-
ulation reveals that the effect of increased resolution on the
lifetime of BC is only about 0.3 % (not shown). Note that
NUDGE_PD and AMIP_PD yield almost identical results in
the troposphere. This indicates that the nudging, as long as
we are not nudging the temperature, only has modest effects
on the convective transport and mixing of BC in the model
(see also Fig. 4).

Some of the changes in aerosol concentration fields are
connected to changes in cloud microphysics in the host
model. Two major factors that affect both aerosols and
aerosol precursors are the amount of liquid cloud water
and the cloud fraction. Globally averaged, CAM5.3-Oslo
has only about one-third as high cloud liquid water path
(LWP) as CAM4-Oslo, while the precipitation rate is slightly
(7 %) larger. Since the loss rate of aerosol activated to cloud
droplets in the model is assumed to be proportional to
the precipitation-to-LWP ratio, an increased scavenging ef-
ficiency and a subsequent reduction in aerosols away from
source regions as a result of the reduced LWP is to be ex-
pected. A reduction in aerosol transport to remote regions is
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Figure 4. Modeled zonal mean mass mixing ratios of (a) SO2, (b) sulfate (as S), (c) BC, (d) OM, (e) dust, and (f) sea salt in the NUDGE_PD
(left panels) and the AMIP_PD (right panels) simulation (eta × 1000 is the model hybrid coordinate eta level multiplied by 1000). Note the
different scales for mineral dust and sea salt vs. the other components.
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Figure 5. (a) Globally averaged annual BC mass mixing ratio pro-
files as modeled in the NUDGE_PD (blue line) and AMIP_PD
(green line) experiments and in CAM4-Oslo (red line) for compar-
ison. (b) Modeled BC mass mixing ratio profiles from the same
simulations as in (a) compared to HIPPO aircraft campaigns aver-
aged over the areas and months in which the campaign took place
(Schwarz et al., 2013; see also Samset et al., 2014).

indeed found for all aerosol components and is particularly
pronounced in the Arctic and Antarctic regions. At the same
time, the total (low) cloud cover has increased from 53 %
(34 %) in CAM4-Oslo to 66 % (43 %) in CAM5.3-Oslo, with
the largest changes at high latitudes. This increase in cloud

cover likely also gives an increase in the frequency of pre-
cipitation events, which tends to reduce aerosol lifetimes.
The additional 2◦ test simulation (note that this by default
setup has a slightly different cloud tuning) reveals that the ef-
fect of increased resolution on LWP and on total (low) cloud
cover is small compared to the differences between the two
model versions, only about 1 % and −1 % (−3 %), respec-
tively (not shown).

Even sea salt burdens have been reduced away from the
source regions, despite an almost 4 times increase in global
lifetime, which is now 1.07 days. This is to a large degree
due to the shift towards more long-lived (i.e., accumulation
mode) particle sizes (compare Table 2 with Table 1 in K13).
While the lifetime is now longer, the emissions have de-
creased even more so that the overall sea salt burdens are
about 35 % smaller than in CAM4-Oslo. In Liu et al. (2012),
the sea salt lifetime lies between CAM4-Oslo and CAM5.3-
Oslo, but is quite dependent on the aerosol microphysics
(0.76 days in MAM3 and 0.55 days in MAM7). The effect
of increased resolution from 2 to 1◦ is found here to be 11 %
for the emissions (due to stronger winds), 9 % for the burden,
and only −2 % for the lifetime (not shown).

As for BC, the concentrations of OM, sulfate, and mineral
dust have also dropped in the upper troposphere and lower
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stratosphere when going from CAM4-Oslo to CAM5.3-Oslo.
This reduction is more substantial for carbonaceous aerosols
than for the other species, however. In addition to the in-
creased overall scavenging efficiency, BC and primary OM
now experience a more rapid transition from external to in-
ternal mixtures; see Sect. 2.3. The lifetimes of BC and OM of
approximately 5 days in CAM5.3-Oslo are now more com-
parable to the MAM7 values in Liu et al. (2012), which are
4.4, 4.9, and 4.1 days for BC, OM, and SOA, respectively.
The additional 2◦ test simulation reveals that the effect of
increased resolution on the OM lifetime is only about 1 %
(not shown).

The situation for sulfur is more complex. While the scav-
enging efficiency of SO2 is increased on the one hand, as
for aerosols, the lower liquid water content in CAM5.3-Oslo,
on the other hand, acts to reduce the aqueous-phase reaction
rates. The net effect of all changes is a ca. 20 % increase
in lifetime. Furthermore, while SO2 (and thus the potential
for the formation of sulfate) is now transported higher into
the atmosphere, the increase in aerosol activation scavenging
tends to counteract the effect of this enhanced transport. The
combined effect of a longer lifetime for SO2 and increased
aerosol loss rates in the lower troposphere is just a 3 % over-
all reduction in the atmospheric residence time of SO4. The
estimate at 3.70 days is very close to the sulfate lifetimes in
Liu et al. (2012): 3.72 days for MAM7 and 3.77 days for
MAM3. The additional 2◦ test simulation reveals that the ef-
fect of increased resolution on the SO2 lifetime is only about
−0.4 % (not shown).

As for carbonaceous aerosols, the lifetime of mineral
dust is also reduced. The main reason for this reduction
is most likely the general increase in activation scaveng-
ing. Below-cloud collection efficiencies are still as in Se-
land et al. (2008), so any changes in below-cloud scaveng-
ing are due to changes in precipitation and aerosol life cy-
cling. The relative amount of dust emitted in the accumula-
tion mode (DST_A2) in the new emission parameterization
(13 %) is larger than for the prescribed emissions in CAM4-
Oslo (11 %), which should rather contribute to a longer dust
lifetime in CAM5.3-Oslo due to reduced gravitational set-
tling. A test simulation performed with an earlier model ver-
sion showed that a tuning of the relative amount of emis-
sions taking place through the accumulation mode from 13 %
to 20 % led to a 20 % increase in lifetime globally. The in-
herent assumption of OsloAero that there is a constant size
background aerosol – the particles cannot shrink to smaller
sizes than that of the background as the largest particles are
deposited – may result in a shorter lifetime of the coarse
mode compared to the modal aerosol schemes (MAM3 and
MAM7) in Liu et al. (2012). Since Liu et al. (2012) calculate
number and mass independently, the size of the coarse-mode
particles may decrease with time, thereby increasing the life-
time of that mode. The estimated dust lifetime of 1.9 days is
shorter than in both MAM3 (2.6 days) and MAM7 (3.1 days)
in Liu et al. (2012). The additional 2◦ test simulation reveals

that the effect of increased resolution on the mineral dust life-
time is only about 2 % (not shown).

According to Kok et al. (2017), mineral dust in global
models is probably often too fine based on constrained atmo-
spheric dust properties and abundance. AeroCom emission
rates and loadings (Textor et al., 2006) are below the central
estimates in Kok et al. (2017) of 1000–2700 Tg yr−1 and 13–
29 Tg, respectively. We get a slightly higher global emission
rate of 3100 Tg yr−1 in NUDGE_PD, but 2500 Tg yr−1 in the
AMIP_PD simulation. The estimated global dust burden of
13 (NUDGE_PD) or 16 Tg (AMIP_PD) that follows, how-
ever, falls within the central estimates of Kok et al. (2017).
The global emission rate may be adjusted by a tuning factor
(a constant in the emission flux term) in CAM5.3, but in the
present version we have retained the value used in the origi-
nal CAM5.3 code.

Some of the aerosol burden changes from CAM4-Oslo
to CAM5.3-Oslo are due to differences in meteorology. To
roughly estimate the magnitude of such an effect, we com-
pare the NUDGE_PD and AMIP_PD results in Table 4.

The globally averaged burdens of DMS and SO2 differ
by less than 2 %, and SO4 and sea salt by less than 1 %,
while BC and OM and mineral dust are ca. 5 % and 7 %
lower in the free-running AMIP simulations, respectively.
So for these species the differences between NUDGE and
AMIP are quite small. We would probably have obtained
even smaller changes if the model was self-nudged, i.e., be-
ing nudged to a meteorology produced by the model itself
(e.g., the AMIP_PD simulation) instead of the ERA mete-
orology. In a similar comparison by Liu et al. (2016), they
obtain as much as ca. 20 % lower BC and OM burdens with
nudged (towards 1-year recurrent meteorology) vs. a free
simulation (10 years). They partly attribute this to interan-
nual variability, but mainly to (climatological) differences in
the meteorological conditions between the free and nudged
model simulations, which affect aerosol transport and cloud
processing. Unlike the nudging procedure applied here, Liu
et al. (2016) also nudged the model meteorology to reana-
lyzed temperatures (Tilmes et al., 2015), which may explain
the larger difference in simulated aerosol burdens between
their nudged and free AMIP simulations. A similar effect was
found in an older version of CAM5.3-Oslo as we went from
nudging temperatures, specific humidity, and U , V , PS, and
some surface fields to only nudging U , V , and PS: the dif-
ference in globally averaged LWP between the nudged and
free simulations was reduced by an order of magnitude. An
important effect of nudging is that it constrains the model’s
natural variability (Kooperman et al., 2012), which is use-
ful in calculations of the indirect effect of aerosols since it
reduces the simulation length required to obtain sufficiently
high signal-to-noise ratios. When nudging to an atmospheric
circulation produced by the model itself (self-nudging) in-
stead of using data from reanalysis (such as the ERA data),
the circulation mean and variability characteristics are less
affected, resulting in ERF estimates more consistent with the
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Table 5. Seasonal and annual normalized mean biases (NMBs) and Pearson correlation coefficients (R) for NUDGE_PD vs. observed
climatological surface concentrations (see http://aerocom.met.no, last access: 24 September 2018; cf. Fig. 6). NMBs with absolute values of
50 % or more are listed in bold font.

BC SO2 SO4 OM (OA) SS DUST

NMB R NMB R NMB R NMB R NMB R NMB R

DJF −53 % 0.32 154 % 0.45 −19 % 0.66 −34 % 0.31 20 % 0.49 −8.4 % 0.43
MAM −21 % 0.47 124 % 0.23 19 % 0.69 63 % 0.44 13 % 0.57 −39 % 0.82
JJA 8.2 % 0.61 143 % 0.21 46 % 0.87 294 % 0.37 28 % 0.59 −52 % 0.47
SON −28 % 0.38 180 % 0.26 31 % 0.70 96 % 0.25 26 % 0.53 −42 % 0.45
ANN −28 % 0.38 150 % 0.35 22 % 0.72 122 % 0.29 22 % 0.54 −39 % 0.52

model’s own innate behavior. However, since the circulation
variability is not “synchronized” here with the observed vari-
ability of a specific time period, self-nudging does not facil-
itate a comparison of modeled aerosol properties with obser-
vations for that time period.

The 3 % increase in sea salt emissions in going from
NUDGE_PD to AMIP_PD, which is consistent with larger
simulated 10 m wind speeds in the extratropical storm track
regions, is almost offset by a reduction in lifetime (more wet
scavenging), giving only a 1 % net increase in column bur-
den. There is one exception for which the difference between
NUDGE_PD and AMIP_PD seems to be important, namely
for mineral dust. This is most readily seen from the global
dust emissions, varying with wind speed and soil humidity,
which are 19 % lower in AMIP_PD than in NUDGE_PD,
very close to the 18 % difference in atmospheric burden.

The contribution by interannual variations in the
NUDGE_PD simulation to global aerosol or aerosol precur-
sor burdens, given here as normalized standard deviations,
is found to be about 3.6 % for DMS, 0.8 % for SO2, 1.2 %
for SO4, only 0.1 % for BC, 1.0 % for OM, 2.6 % for sea
salt, and 2.5 % for mineral dust. Hence, the above-estimated
changes in burdens from NUDGE_PD to AMIP_PD are ac-
tually smaller than 1 standard deviation of the interannual
variation (in NUDGE_PD) for DMS, SO4, and sea salt so
that only SO2, BC, OM, and mineral dust can be said with
some confidence to be different (smaller) in the AMIP_PD
than the NUDGE_PD simulation.

4.1.2 Evaluation of near-surface mass concentrations

Column burdens cannot be measured and observed sur-
face concentrations are used here for validating the aerosol
masses in the model. Figure 6 and Table 5 show surface
mass concentrations of BC, SO2, OA (modeled OM vs. ob-
served OC*1.4; see explanation in the figure caption and
below), SS (sea salt), SO4 (sulfate), and DUST (mineral
dust) in NUDGE_PD compared with various observations
as available via the AeroCom intercomparison project (http:
//aerocom.met.no, last access: 24 September 2018). Note that
the amount of data and spatiotemporal coverage available for
the different parameters is inhomogeneous because of data

network fluctuations and incomplete storage in the databases
used (EBAS: Tørseth et al., 2012; see also http://ebas.nilu.no,
last access: 25 September 2018; AEROCE: Arimoto et al.,
1995; Huneeus et al., 2011). Tables 6–8 give an overview
of statistical evaluation for the NUDGE_PD and AMIP_PD
simulations as well as a range of AeroCom Phase II (AP2)
and AeroCom Phase III (AP3) models. These are compared
for different years, both for individual years (meteorology of
2006 for AP2 and 2010 for AP3) and our model climatology
against a climatology from the observational data.

We find that the model mainly overestimates SO2 concen-
trations. One possible explanation for the large positive bias
is the low vertical and horizontal resolution in the model.
With such low resolution the model does not capture the dis-
persion of primary emissions of SO2 well from large point
sources or shipping routes. A part of this bias probably
comes from the fact that we are comparing concentrations
at the midpoint of the lowermost model layer (∼ 50 m) with
ground-based observations (see discussion in Simpson et al.,
2012). For the climatologically averaged SO2 data, the Pear-
son correlation coefficient R (hereafter often just referred to
as the correlation) is slightly better for the nudged than for
the un-nudged AMIP simulation, in which instead the nor-
malized mean bias (NMB; hereafter often just referred to
as the bias) is slightly better. The bias and correlation for
each of the continents are 216 % and 0.52 for Europe, 134 %
and 0.94 for North America, and−53 % and−0.02 for Asia.
None of the AP3 models have available SO2 statistics, while
four of the five AP2 models that do exhibit higher biases
than ours. The correlations are also lower than ours in all the
AP2 models, while three of them have a higher percentage
of monthly model values within a factor of 2 of the observed
values (Fact2).

Sulfate is also somewhat overestimated, with a positive
bias of 22 % and a correlation as high as 0.72 for the monthly
climatological data, slightly above that of the free AMIP
simulation. CAM4-Oslo exhibits a smaller, slightly negative
bias, but is less correlated with the observations. The new
model version still yields a lower Fact2 value, all in all per-
forming slightly worse than the predecessor. Biases and cor-
relations for each of the continents are 15 % and 0.54 for
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Figure 6. Surface concentrations in the NUDGE_PD experiment compared with EBAS and AEROCE data through the AeroCom tools. OA
represents modeled OM concentrations vs. observed OC concentrations multiplied by 1.4 (the assumed OM/OC ratio for fossil fuel OC in
the model).

Europe, 38 % and 0.92 for North America, and −9 % and
0.59 for Asia. The bias for sulfate is better than in four of the
eight AP3 models with available concentration data (for year
2010), while the correlation falls just below the AP3 range.
Comparing against the 23 AP2 models (for year 2006), how-
ever, CAM5.3-Oslo has a lower bias than only 6 of the AP2
models, while outperforming or matching 14 models with re-
spect to correlation.

We see that the model mainly underestimates BC, espe-
cially the highest concentrations. The bias is −28 % and the
correlation 0.38, which is also higher here than for the AMIP
simulation. CAM4-Oslo has an almost twice as large bias
and a much lower correlation coefficient, so apparently there
has been an improvement in modeled BC surface concentra-

tions for the very limited number and geographical coverage
of stations available (in Europe only). As much as 75 % of
the model values lie within a factor of 2 of the observed val-
ues, compared to 68 % for CAM4-Oslo. The BC bias is also
better than in six of the eight AP3 models. Although the cor-
relations for BC are quite low for all the AP3 models, only
one has a lower correlation than CAM5.3-Oslo. Similarly,
comparing against the 23 AP2 models, CAM5.3-Oslo out-
performs only 7 of the models bias-wise and 6 with respect
to correlation.

For the calculation of mass concentrations of OM from
OC the model does not distinguish between tracers from dif-
ferent source types, since they are lumped together for each
of the background and size-modifying tracers. This has been
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Table 6. Normalized mean bias (NMB, in %) statistics from 1 year of monthly data (see AeroCom web interface for details on coverage and
networks). Compared are NMBs for the near-surface aerosol mass concentrations and column-integrated optical properties for CAM5.3-Oslo,
as well as for CAM4-Oslo and AeroCom models in the aerocom.met.no database (represented here by an NMB range). The top row indicates
the meteorological year for observations and nudged simulations; climatology means that all available years from the model or observations
are used for the statistics. The regional coverage areas for observations are abbreviated as follows: E: Europe, N: North America, A: Asia,
global: nearly all continents or world oceans (island sites) are represented. The control versions of the AeroCom Phase II (AP2) and Phase III
(AP3) models used in the model intercomparison are listed below the table, with names as on the AeroCom web interface. Optics diagnostics
listed for most of the AP2 and AP3 models (exact number is not available) are clear-sky values, in the sense that the clear-sky humidity
of the grid cell is used for calculating hygroscopic swelling of the aerosol (Michael Schulz, personal communication, 6 September 2018).
Supplementary information as provided by AeroCom modeling teams about optics diagnostics for 11 of the AP2 models included in this
study may be found at https://wiki.met.no/aerocom/optical_properties (last access: 25 September 2018). CAM4-Oslo and CAM5.3-Oslo
compute all-sky optical properties using the average humidity (RH) of the grid cell. Clear-sky (CS) properties are instead represented by
a 2-D cloud-free fraction-weighted average of the all-sky properties. Only a few other AeroCom models follow a similar clear-sky optics
definition, and the optics data submitted to AeroCom for a few of the models are all-sky values both in terms of cloud conditions and RH for
hygroscopic growth. Data from CAM4-Oslo and the two simulations with CAM5.3-Oslo, all run with 2000 (PD) emissions, can be found in
the aerocom.met.no database under the project label NorESM, subset NorESM-Ref2017. NMBs with absolute values of 50 % or more are
listed in bold font. Entries labeled N/A indicate that the respective model data are not available.

NMB (%)
Climatology 2006 2010

CAM5.3-Oslo
CAM4- NUDGE_PD AP2 range CAM5.3-Oslo AP3 range CAM5.3-Oslo

Coverage Oslo (AMIP_PD) Coverage (≤ 23models*) NUDGE _PD Coverage (≤ 8models*) NUDGE _PD

SO2 conc. E; N; A 16 150 (137) E; N 65–977 223 E NA 328
SO4 conc. E; N; A −5 22 (27) E; N −61–186 37 E −40–199 31
BC conc. E −54 −28 (−34) E −40–64 −32 E −65–35 -16
OA (OM) conc. E; N 108 122 (125) E; N −60–335 141 E −70–71 23
Sea salt conc. E; N; A 50 22 (40) E; N −97–477 66 E −56–301 36
Dust conc. Global −14 −39 (−24) Global −64–106 −34 Global −82–4 −46

OD550CS Global −22 −16 (−27) Global
−50–133 −18 Global

−53–−3
−24

OD550 Global −8 15 (3) Global 11 Global 12

ABS550CS Global −32 −25 (−30) Global
−80–21

−38 Global
NA

−36
ABS550 Global −33 −20 (−30) Global −30 Global −35

ANG4487CS Global NA −17 (−15) Global
−30–31

−15 Global
NA

−16
ANG4487 Global −19 −44 (−42) Global −44 Global −45

*Excluding models with missing data or with NMB<−99 % or NMB> 1000 % (see the main text for more details). AP2 models: CAM5.1-MAM3-PNNL.A2.CTRL, ECHAM-SALSA.A2.CTRL,
ECHAM-SALSA.A2.CTRL.emi2000, GISS-MATRIX.A2.CTRL, GISS-modelE.A2.CTRL, GLOMAPbin1pt1.A2.CTRL, GLOMAPmodev4.A2.CTRL, GLOMAPmodev6R.A2.CTRL, GMI.A2.CTRL,
GMI-v3.A2.CTRL, GOCART-v4.A2.CTRL, GOCART-v4Ed.A2.CTRL, HADGEM2-ES.A2.CTRL, HADGEM3-A-GLOMAP.A2.CTRL, INCA.A2.CTRL, MPIHAM_V1_KZ.A2.CTRL,
MPIHAM_V2_KZ.A2.CTRL, OsloCTM-v2.A2.CTRL, OsloCTM.A2.CTRL, SALSA_v1_TB.A2.CTRL, SPRINTARS-v384.A2.CTRL, SPRINTARS-v385.A2.CTRL, and TM5.V3.A2.CTRL. AP3
models: CNRM-CM6.2Nut127_AP3-CTRL2015, CNMR-CM6.2t127_AP3-CTRL2015, ETHZ-ECHAM-HAM2_CTRL2015, GEOS-Chem-v10-01_AP3-CTRL2015, OsloCTM3_AP3-CTRL2015,
SPRINTARS-T106_AP3-CTRL2015, SPRINTARS-T213_AP3-CTRL2015, and TM5_AP3-CTRL2015.

done in order to limit the CPU requirements as much as pos-
sible, as the model (when fully coupled with the ocean and
sea ice modules) is built for use in long climate simulations.
We compare modeled OM with observed OC values that have
been multiplied by 1.4 (defined as OA for the observations in
Fig. 6, while OA simply means OM for the model values) to
account for the conversion factor in going from fossil fuel OC
to OM in the model (K13). For OM from biomass burning,
defined as agricultural waste burning, grass fires, and forest
fires in the model, the respective conversion factor is assumed
to be 2.6 (K13; see also Formenti et al., 2003), i.e., 1.86
that of the fossil fuel emissions. If all OM originated from
biomass burning, the bias would therefore be 19 % instead
of 122 %. The latter value is simply based on the assump-
tion of zero OC contribution from biomass burning. The truth
concerning the validation probably lies somewhere between
these two estimates, even though OM /OC ratios exceeding

2.6 might be more representative for some sources, such as
MSA (see Sect. 4.2.1 in K13). For comparison, the respec-
tive bias values in CAM4-Oslo are 108 % and 12 %. The cor-
relation coefficient for OM in CAM5.3-Oslo’s NUDGE_PD
is substantially lower than for both BC and SO4, but very
close to that for OM in both AMIP_PD and CAM4-Oslo.
Regional bias and correlation values are 143 % and 0.44 for
North America, where most of the observation sites are lo-
cated, and −26 % and 0.01 for Europe.

Assuming that OA is representative for the modeled OM,
in North America the concentrations are most overestimated
in the months JJA, while being underestimated in DJF. In
Europe OM is overestimated only in JJA. This may indi-
cate that OC is overestimated in summer or that sources with
OM/OC ratios exceeding 1.4 dominate during summer, as
should be expected since relative contributions to OM from
SOA (e.g., Gelencsér et al., 2007) and forest fires are gener-
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Table 9. Globally and annually averaged PD mass extinction coefficients at 550 nm for each of the main aerosol components in CAM5.3-
Oslo compared to CAM4-Oslo and to AeroCom Phase I models. For a component X we calculate MECX = AODX/BX , where BX is the
burden of the component.

CAM5.3-Oslo
MEC (m2 g−1) NUDGE_PD AeroCom Phase I
decomposition CAM4-Oslo (AMIP_PD) median (min–max)

Sulfate (SO4) 6.7 5.84 (5.78) 8.5 (4.2–28.3)
OM 8.6 5.99 (6.06) 5.7 (3.2–11.4)
BC 6.5 7.56 (7.64) 8.9 (5.3–18.9)
Dust 1.4 1.64 (1.66) 0.95 (0.46–2.1)
Sea salt 3.1 5.04 (5.05) 3.0 (0.88–7.5)
Reference Kirkevåg This work Kinne et al. (2006)

et al. (2013)

Table 10. Globally and annually averaged aerosol radiative forcing (RF) and effective radiative forcing (ERF) decomposed into its SW and
LW components for CAM5.3-Oslo and CAM4-Oslo compared with the respective mean values and ranges reported in IPCC AR5. Note that
the estimates from IPCC AR5 are only available as sums of the SW and LW contributions and have been estimated for the period 1750 to
2011 (with one exception, see the footnote), whereas the CAM4-Oslo and CAM5.3-Oslo estimates are for year 1850 to 2000.

RF/ERF CAM4-Oslo CAM5.3-Oslo ERF (W m−2) IPCC AR5 IPCC AR5
decomposition RF (W m−2) NUDGE_PD (AMIP_PD) RF (W m−2) ERF (W m−2)

SW ari −0.10 −0.095 (−0.092)*
−0.35 (−0.85 to 0.15) −0.45 (−0.95 to 0.05)

LW ari – 0.026 (0.026)*

SW aci −0.91 −1.50 (−1.45)*
Not assessed −0.45 (−1.20 to 0.0)

LW aci 0.01 0.161 (0.155)*

ari & aci −1.00 −1.41 (−1.36)* Not assessed
−0.9 (−1.9 to −0.1)

−1.08 (−1.40 to −0.76)**

Reference Kirkevåg et al. (2013) This work Boucher et al. (2013) Boucher et al. (2013)

* The semi-direct effect is embedded here in the ERFaci term (Ghan, 2013), not in ERFaci as in the IPCC AR5 estimates. ** Mean ± 1 standard deviation for CMIP5 and
ACCMIP models for the period 1850–2000.

ally larger in this season. As discussed in K13, in addition to
the various OM/OC ratios in the model, as in nature, a fur-
ther complicating factor comes from the use of different stan-
dards and methods for measuring OC mass concentrations.
While being integrated over all particle sizes in the model,
the measured quantities may be based on PM2.5 or PM10
values in different observation networks, as is the case for
North America (PM2.5 in IMPROVE) vs. Europe (PM10 in
EMEP). This hampers reliable validation of OM in the model
in its present form. Ideally the model should carry separate
tracers for OC from SOA (preferably speciated), fossil fuel,
and biomass burning sources and also have separate mass di-
agnostics for the different size intervals, which would better
facilitate a more comprehensive evaluation of organic matter
in the model.

Compared to the eight AP3 models, the bias (i.e., modeled
OM–measured OA) is found to be smaller than in all but one
model. The correlation, however, is just below the range for
the AP3 models. It is slightly negative for the whole year

of 2010 (Europe only), as for the months MAM that year,
while being 0.15 or higher in the other seasons. Comparing
against the 22 AP2 models (1 model is missing surface con-
centration data), CAM5.3-Oslo has a smaller bias than only
1 of the models, while it performs better than 6 models with
respect to correlations for the year 2006. The Pearson corre-
lation in our model varies between 0.16 and 0.25 for years
2004–2006, when both North American and European sta-
tions are included, while being closer to zero or negative in
2007–2010 based only on European station data, in which it
varies between −0.12 and 0.12. It is surprising that there has
been practically no change in correlation for the all-year cli-
matology since K13 (CAM4-Oslo in Table 7), for which the
SOA treatment was very simplistic. This should be investi-
gated in future studies.

For the sea salt surface concentrations we obtain a bias of
22 % and a correlation of 0.54, and 31 % of the model val-
ues are within a factor of 2 of the observations. Compared
to CAM4-Oslo this is much better bias-wise, but with nearly
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Table 11. All-sky and clear-sky aerosol optical depth (OD) and absorptive optical depth (ABS) at 550 nm, liquid water path (LWP), in-cloud
cloud droplet number concentrations (CDNCs)* and effective cloud droplet radius (Reffl)** at 860 hPa (model layer 24), and ice water path
(IWP). Also shown are the column-integrated CDNC (CDNCcol) and ice crystal number concentration values (ICNCcol, calculated as part
of the post-processing).

CDNCcol CDNC Reffl
OD550 ABS550 LWP (1.e6 860 hPa 860 hPa IWP ICNCcol

Experiment (OD550CS) (ABS550 CS) (g m−2) cm−2) (cm−3) (m) (g m−2) (cm−2)

NUDGE PD 0.152 (0.124) 0.0048 (0.0049) 53.85 1.39 58.93 11.25 10.00 6874.16
NUDGE PI 0.128 (0.109) 0.0036 (0.0037) 50.29 1.10 49.12 11.56 10.03 6876.01
NUDGE PD–PI 0.025 (0.015) 0.0012 (0.0012) 3.56 0.29 9.81 −0.31 −0.03 −1.9
AMIP PD 0.142 (0.113) 0.0042 (0.0044) 53.52 1.37 57.57 11.50 10.25 6882.92
AMIP PI 0.119 (0.098) 0.0031 (0.0032) 50.10 1.08 47.78 11.86 10.29 6882.97
AMIP PD–PI 0.023 (0.014) 0.0011 (0.0012) 3.42 0.29 9.79 −0.36 −0.04 −0.05

*CDNC is calculated as the average cloud water concentration AWNC (a grid average multiplied with the fractional occurrence of liquid at each time step) divided
by the fractional occurrence of liquid, FREQL. **Reffl is calculated as the average cloud droplet effective radius AREL (a grid average multiplied with the
fractional occurrence of liquid at each time step) divided by the fractional occurrence of liquid, FREQL.

the same Fact2 value. The bias is also about half of that in
the free-running AMIP_PD simulation. Regional biases and
correlations are 59 % and 0.76 for Europe, 19 % and 0.72 for
North America, and 31 % and -0.04 for Asia. A considerable
number of the observation stations for sea salt are coastal and
inland, however, and are perhaps therefore not very represen-
tative for sea salt aerosol as such in the model. CAM5.3-Oslo
performs better than all the AP3 models bias-wise, and only
one of the AP3 models has a higher Pearson correlation for
sea salt. Our model is also less biased than 20 of the 23 AP2
models, and with higher correlation than 21 models.

For mineral dust we only have climatological observations
to compare with. The bias for all stations and months is found
to be −39 %, with a correlation of 0.52, which is slightly
lower here than in the free AMIP_PD simulation. The ob-
servation stations for mineral dust surface concentrations are
all quite distant from the largest dust source regions. Hence,
the negative bias found in CAM5.3-Oslo may very well be a
result of underestimated long-range transport rather than too-
small emissions. This is corroborated by the fact that aerosol
optical depths in the largest source regions (see Sect. 4.2)
are biased high compared to the remotely retrieved values.
Although the correlation coefficient is slightly better than
in CAM4-Oslo, in which mineral dust emissions are sim-
ply prescribed, CAM5.3-Oslo is more biased and has a lower
Fact2 value. We note, however, that even for the nudged sim-
ulation, the year-to-year variation for mineral dust is large
enough to affect these validation results. Comparing monthly
data from each individual model year with the observed cli-
matological dust concentrations, the bias here varies between
−46 % and −23 % and the correlation between 0.29 and
0.71. Part of this variability may be due to a varying number
of stations for which there are enough data to be included in
the multiyear climatology. Compared to the eight AP3 mod-
els, our model performs better than only three models bias-
wise, but lies above the middle of the AP3 range with respect

to correlations. It is also less biased than 14 of the 23 AP2
models and has a higher correlation than 7 of the models.

4.2 Optical properties

4.2.1 Mass specific extinction and absorption

Table 9 gives the modeled mass extinction coefficients
(MEC) for each of the aerosol components, calculated as
the component’s aerosol optical depth at 550 nm divided by
its atmospheric burden. What determines MEC for a mono-
disperse aerosol consisting of spherical (which we assume)
and homogeneous particles is the particle size (divided by
the radiative wavelength of interest), its mass density, and
refractive index. For an internally mixed component of an
aerosol size distribution, the size-integrated and atmospheric
column-averaged MEC depends on a range of factors in the
model. In addition to the refractive index of the components
in a given mixture and the mixture’s lognormal modal pa-
rameters (median radii and standard deviations) at the point
of emission or nucleation, the growth by added process trac-
ers and by hygroscopic swelling also play important roles.
Aerosol lifetimes and aerosol life cycling in general, includ-
ing transport and deposition, can further affect the results
by shifting the “center of mass” of the aerosol components
in question to areas and altitudes with different relative hu-
midity, which consequently also affects the globally averaged
MEC value.

Since neither the assumed mass density nor the initial log-
normal modal parameters of the sulfate background modes in
mixture nos. 1 and 5 have changed relative to the treatment
in K13, i.e., in CAM4-Oslo, the ca 14 % reduction in MEC
globally must be due to changes in growth, including the ef-
fects of life cycling on growth. As outlined in Sect. 2.3, the
hygroscopicity of sulfuric acid has been reduced by about
17 % for relative humidities close to RHmax, while for am-
monium sulfate there has been an equally large increase for
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these highest RH values but a larger reduction in large parts
of the hysteresis domain (RH≈ 50–80 %), up to a 50 % re-
duction at RH≈ 80 %. The net effect of this when introduced
into the model at the time (in an older model version), how-
ever, was small compared to the change from CAM4-Oslo to
the present model version, which points to changes in meteo-
rology and life cycling as the main cause. Although the atmo-
spheric residence times and burdens of sulfate are quite sim-
ilar globally (Table 4), in CAM5.3-Oslo they are both con-
siderably smaller at middle to high latitudes and somewhat
larger in the subtropics. At these low latitudes the relative
humidity (and cloud cover) in the lower troposphere is also
somewhat lower in CAM5.3-Oslo. Hence the sulfate “cen-
ter of mass” is in effect shifted towards typically less humid
regions, which is consistent with less hygroscopic growth
and the smaller MEC values found in CAM5.3-Oslo. Some
of the reduction may in addition be a result of having rel-
atively larger amounts of (less hygroscopic) OM internally
mixed with sulfate in the present model version, due to the
co-nucleation of sulfate and SOA (mixture no. 1) and to the
condensation of sulfuric acid and SOAGSV/SOAGLV onto
larger particles (mixture nos. 1–10). The sulfate MEC esti-
mates lie within the inter-model variability of the AeroCom
Phase I models (Kinne et al., 2006) for both configurations
of CAM5.3-Oslo, as for CAM4-Oslo.

MEC for OM aerosol has decreased by about 30 % com-
pared to CAM4-Oslo, also still within the range of the Ae-
roCom I models, but now closer to the AeroCom I median
value. Looking back on results from earlier model versions
of CAM5.3-Oslo, we find that the larger part of this change is
most likely due to a shift in OM burdens to less humid areas
(mainly at lower latitudes), just as for sulfate. An additional
change that might be of importance is that SOA now comes
as nucleation- or Aitken-mode particles (mixture no. 1) and
is distributed onto larger particles by condensation instead of
in the internally mixed primary OM/BC(a) mode (mixtures
4 and 14), which generally has a higher specific extinction.
For instance, MEC is about 0.4 (0.6) m2 g−1 for mixture 1 if
only consisting of nucleated OM at RH= 0 % (80 %) com-
pared to 3.0 (4.5) m2 g−1 for mixtures 4 and 14 when only
consisting of OM (and condensed water).

Despite a shift in burdens towards lower latitudes also
for BC, the mass specific extinction for BC (7.6 m2 g−1)

has increased by about 17 % from CAM4-Oslo to CAM5.3-
Oslo. This is also closer to the AeroCom I median value
(8.9 m2 g−1). Regionally the increase is largest in areas
downwind of relatively large sulfate and SOA or biomass
burning sources in northern South America (where MEC
is now at its largest at about 20 m2 g−1) and Indonesia (∼
15 m2 g−1), as well as over and downwind of eastern North
America to eastern Europe (∼ 10–15 m2 g−1). As men-
tioned, there is more growth by condensation in CAM5.3-
Oslo since SOA is no longer treated as primary particles
as in CAM4-Oslo. It is reasonable to assume that this extra
aerosol growth may also be linked to the increase in MEC.

Most importantly, however, the changes in BC emissions
size, mass density, and refractive index (see Sect. 2.3) did
change MEC for the pure and dry (RH= 0 %) background
particles of mixture nos. 2 (when containing only BC) and
12 from about 7.0 to 8.5 m2 g−1, i.e., a 20 % increase from
the background tracer with the largest mass-wise contribu-
tion (90 %) to fossil fuel BC emissions. For mixture no. 0,
the fractal fossil fuel BC particles, the net change in MEC
from altered size, density, and refractive index is just a 0.3 %
increase to 8.2 m2 g−1, due to compensating effects. The in-
crease in MEC is also very small (∼ 3 %) for fresh BC par-
ticles from biomass burning in mixture nos. 4 and 14 if we
assume that only BC is present in the OM/BC(a) mode.

MEC for mineral dust has increased by about 19 % glob-
ally and with a regional pattern quite similar to that of BC.
Mass densities and particle sizes at the point of emission are
the same here as in CAM4-Oslo for both tracers (DST_A2
and DST_A3). The effect of the change in refractive index
(see Sect. 2.3) only yields a 0.4 % increase in MEC at 550 nm
for pure dust in both mixture 6 and 7. Dust hygroscopicity
has increased somewhat (see Sect. 2.3), which together with
the extra growth potential from SOA is consistent with an in-
crease in MEC. We note, however, that MEC is now higher
even in the most arid source regions (e.g., Sahara) due to a
slightly larger fraction of accumulation-mode (DST_A2) to
total dust mass in the new emission parameterization (0.13)
compared to CAM4-Oslo (0.11). With MEC= 2.44 m2 g−1

and 0.335 m2 g−1 for DST_A1 and DST_A2 (assuming no
growth), this shift towards smaller sizes alone (i.e., before
further growth and deposition) can account for a 7 % larger
MEC for dust in CAM5.3-Oslo. Mineral dust MEC is still
within the range of the AeroCom I models, although it is now
closer to the highest model estimates. Note that the (com-
mon) assumption that dust particles are spherical leads to a
substantial underestimate in MEC for coarse particles, while
the error is much smaller for particles with geometric diame-
ters below about 0.6 µm (Kok et al., 2017). The bias towards
smaller emission sizes, however (see the discussion above),
should lead to an opposite-directed bias in MEC, since coarse
mineral dust has much lower MEC than submicron dust (e.g.,
86 % lower for DST_A3 than for DST_A2).

The hygroscopicity of sea salt has increased by about
4 % for high ambient relative humidities, now being smaller
throughout much of the hysteresis domain compared to
CAM4-Oslo (see Sect. 2.3). Together with changes in par-
ticle growth by the process tracers, such as by the conden-
sation of SOA (missing in K13 and M14), this might ex-
plain some of the changes in sea salt MEC in moving to
CAM5.3-Oslo. The main cause of the about 63 % increase,
however, is the shift in particle effective radii towards sizes
with higher specific extinction: globally averaged MEC for
sea salt in CAM5.3-Oslo (5.04 m2 g−1) is just 1 % lower
than in the CAM4-Oslo development version of Salter et
al. (2015), which used the same model parameters for sea
salt as in Table 2 while otherwise being the same as in K13.
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Note that these MEC estimates are based on the common
assumption that an internally mixed component’s contribu-
tion to the total extinction increases linearly with its vol-
ume fraction, which in our model (in AeroTab) is allowed to
vary with size. The same goes for the absorption or scatter-
ing when we focus on either of their contributions to the ex-
tinction separately. In this way nonabsorbing aerosols, such
as sulfate and sea salt, contribute to the total aerosol absorp-
tion wherever internally mixed with absorptive aerosols, such
as BC. Although the total extinction, scattering, and absorp-
tion is thus correctly found by summing up the contribu-
tions from each of the aerosol components, the method is
expected to give biased extinction estimates, especially for
the absorption part, compared to in situ measurements for
each aerosol component separately (or for less aged and/or
internally mixed particles close to the sources). Furthermore,
the refractive indices of mixtures consisting of absorbing
and nonabsorbing components are calculated by using the
semi-empirical Maxwell–Garnett mixing rule, which gives
less absorption (in better agreement with measurements) than
the volume mixing rule for homogeneous mixtures (Chýlek
et al., 1998), but more absorption than for purely external
mixtures (Chýlek et al., 1998; see also Fig. 6 in Kirkevåg
et al., 2005).

To obtain a first rough estimate of the magnitude of at
least parts of the uncertainty in connection with the choice of
methodology for calculating BC MEC and the correspond-
ing mass specific absorption, MAC (defined as absorption
aerosol optical depth (AOD) divided by aerosol burden),
we have also calculated the corresponding coefficients for
the anthropogenic part (i.e., using PD–PI AODs and bur-
dens). This means a shift towards sizes and specific ex-
tinctions more representative of fossil fuel sources. The an-
thropogenic MEC is found to be about 8 % larger than for
PD BC, 8.18 m2 g−1 for NUDGE_PD and 8.28 m2 g−1 for
AMIP_PD, and 10 % higher (7.14 m2 g−1) than for PD BC
in CAM4-Oslo. Similarly, the anthropogenic MAC value
is as much as 30 % higher than for PD BC, 3.15 m2 g−1

for NUDGE_PD and 3.27 m2 g−1 for AMIP_PD, and 31 %
higher for anthropogenic BC (3.15 m2 g−1) than for PD
BC in CAM4-Oslo. We note that this is still low com-
pared to measured values and the recommended range
of 7.5± 1.2 m2 g−1 for fresh, uncoated BC in Bond and
Bergström (2006). According to that review paper, MAC can
drop to about 5 m2 g−1 for collapsed BC aggregates, while
coating by negligibly absorbing aerosol typically enhances
MAC by 50 % (to ca. 11 m2 g−1).

One may also calculate alternative MAC values from the
PD simulations by assuming that nonabsorptive or less ab-
sorptive components do not contribute to the light absorption
of the mixture containing BC. First, leaving out only sul-
fate and sea salt and letting MAC=ABS(BC+SO4+SS)/BBC,
we find that MAC= 4.82 and 4.95 m2 g−1 in NUDGE_PD
and AMIP_PD, respectively, compared to 5.07 m2 g−1 in
CAM4-Oslo. MAC here exceeds 7 m2 g−1 over large areas

(for all the above simulations) somewhat downstream of ma-
jor BC emissions in North and South America and over
several smaller areas in Southeast Asia. Similarly, assum-
ing that mineral dust and OM do not contribute to the ab-
sorption either (as in Stjern et al., 2017), which is a much
less realistic assumption in many regions, we obtain global
MAC values of 23.2 and 21.4 m2 g−1 in NUDGE_PD and
AMIP_PD, respectively, and 13.6 m2 g−1 in CAM4-Oslo.
Assuming that the truth lies somewhere between the two
last assumptions we could even obtain globally averaged BC
MAC values within the recommended range of Bond and
Bergström (2006). The problem with this line of reasoning
is, of course, that BC is not the only absorbing aerosol com-
ponent and that nonabsorptive components also add to, and
even enhance (e.g., Chen et al., 2017), the total absorption
for internal mixtures. Finally, although both mineral dust and
OM individually have small MAC values, they have much
larger atmospheric burdens than BC and thus also contribute
considerably to the total absorption, even dominating region-
ally. In a test simulation with less absorptive mineral dust at
most wavelengths – the imaginary refractive index at 550 nm
is reduced from 0.0055 to 0.0024 – otherwise being identical
to NUDGE_PD, the latter BC MAC estimate is reduced by
25 % globally, from 23.2 to 17.5 m2 g−1. Assuming linearity
in MAC with respect to the imaginary part of the refractive
index, MAC for BC partially internally mixed with nonab-
sorptive dust can be estimated from this at ca. 10.1 m2 g−1.
The absorption by OM is still included in this estimate, how-
ever.

4.2.2 Column-integrated optical properties

Figure 7 shows aerosol optical depth and absorptive opti-
cal depth at 550 nm as well as the Ångström parameter for
wavelengths 440 to 870 nm in the NUDGE_PD simulation
compared with AERONET (Holben et al., 1998). The results
discussed and referred to below are shown in Fig. 7 and Ta-
bles 6–8.

We first look at modeled clear-sky aerosol optical depth
at 550 nm (OD550CS). This is in the model calculated as
the all-sky optical depth weighted (at each time step in the
simulation) with the clear-sky fraction and with hygroscopic
swelling calculated from average grid cell RH. This is the
method adapted in K13, while a more common method for
simulating the cloud-screened remote sensing assumes hy-
groscopic swelling based on the clear-sky RH fraction, but
for all-sky conditions (no sampling or weighting). Due to
the relatively large coverage (which we somewhat loosely
call global here; see Fig. 7 and http://aerocom.met.no (last
access: 25 September 2018) for the actual coverage) we
find an apparently wide spread for modeled vs. observed
(monthly) values, but with a relatively low NMB of −16 %,
R = 0.59, and Fact2= 42 %. The all-sky values (OD550)
look slightly better, with a positive NMB of 15 %, R = 0.64,
and Fact2= 68 %. In comparison, CAM4-Oslo has a slightly
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Figure 7. Scatter plots (left panels) and annual relative bias plots with respect to AERONET observations and retrievals (right panels) of clear-
sky aerosol optical depth (top), all-sky absorption optical depth (middle) at 550 nm, and Ångström parameter (bottom) for the wavelength
range 440–870 nm for the NUDGE_PD simulation.

stronger negative bias for OD550CS and a slightly smaller,
but negative, bias for OD550.

Across the various available observation years 2004–2010,
MNB for OD550CS varies between −27 % and −6 %. Re-
gionally, OD550CS is most underestimated in East Asia
(NMB=−59 %), followed by North America (−56 %), Eu-
rope (−38 %), South and Central America (−21 %), and In-
dia (−19 %). Europe is also defined here to include sites at
the northern coast of Africa. For northern Africa, which again
is defined to include sites at the Mediterranean coast in Eu-
rope, the bias is positive (12 %). The positive bias is even
larger in Australia (71 %), where mineral dust is also esti-
mated to dominate as the most optically thick aerosol. In

spite of the apparent underestimation of near-surface dust
mass concentrations discussed in Sect. 4.1.2, we may add
here that the global all-sky optical depth contribution to
mineral dust is biased by 65 % (not shown; see results at
http://aerocom.met.no, last access: 25 September 2018), i.e.,
much more than the 15 % bias for total OD550. It is further-
more clear from Fig. 7 that OD550CS is underestimated at
high latitudes. What is not known, however, is how much of
this negative bias is caused by missing or inaccurate emis-
sions (see, e.g., Stohl et al., 2013) and how much of it is a
result of other systematic biases such as deficiencies in the
modeling of transport, aerosol chemistry, microphysics, and
subsequent scavenging or dry deposition.

Geosci. Model Dev., 11, 3945–3982, 2018 www.geosci-model-dev.net/11/3945/2018/



A. Kirkevåg et al.: Extensions and updates for CAM5.3-Oslo 3969

Comparing OD550CS with the simulated aerosol optical
depth from the same eight AP3 models as in Sect. 4.1.2, we
find that four of the models have approximately the same
(one model) or larger (in absolute value) NMB values than
ours. The correlations are higher in six of the AP3 models,
and five models also exhibit higher Fact2 values. Comparing
with the 20 models with available data among the 23 AP2
models, we find that only 7 of these are less biased, but the
correlations are smaller than ours in only 3 of the models.
Although CAM5.3-Oslo performs well in terms of NMB, the
spread is so large that the Fact2 value is lower than in all of
these AP2 models.

Moving on to the clear-sky absorption aerosol optical
depth at 550 nm (ABS550CS), we similarly find that NMB=
−25 %, R = 0.47, and Fact2= 47 %. The all-sky values also
look slightly better here, with NMB=−20 %, R = 0.47,
and Fact2= 50 %. In comparison, CAM4-Oslo has a slightly
stronger negative bias for both ABS550CS and ABS550.

Across the individual years 2004–2010, MNB for
ABS550CS only varies very little between −41 % and
−36 %. Regionally it is most underestimated in India
(−52 %), followed by East Asia (−44 %), North America
(−39 %), Europe (defined as above,−29 %), South and Cen-
tral America (−20 %), and Australia (−13 %). For north-
ern Africa (defined as above), the bias is slightly positive
(4 %). Regionally the biases in ABS550CS and OD550CS
thus mainly have the same sign, which is consistent with too-
low or too-high (depending on the sign of the bias) modeled
aerosol burdens. Some exceptions are found, however, such
as for Australia as a whole and in (e.g.) some mineral-dust-
dominated areas over and downwind of the Sahara Desert
where the absorption optical depth is underestimated, while
the optical depth (at 550 nm) is overestimated. This may in-
dicate that the assumed imaginary part of the refractive index
at 550 nm is too small or that the effective size of the mineral
dust particles is underestimated, which has been identified as
a problem in many AeroCom models (Kok et al., 2017).

A few AP2 models and one AP3 model also have
absorption data available (ABS550). Comparing with the
AP3 model (MNB=−56 %) CAM5.3-Oslo is less biased
(−38 %). Comparing with the 16 models with available data
among the 23 AP2 models, we find that only 5 of these are
less biased than our model. The correlations are higher than
ours in all these AP2 models, however, and nine models have
larger Fact2 values.

Finally, we look at the statistics for the clear-sky Ångström
parameter, defined here through the clear-sky aerosol optical
depths at the wavelengths 440 and 870 nm in OD440CS and
OD870CS, respectively:

ANG4487CS=
−ln(OD870CS/OD440CS)

ln(870/440)
. (7)

Globally, for ANG4487CS we obtain NMB=−17 %,
R = 0.75, and Fact2= 83 %, a quite decent result indicating
that the aerosol size for the clear-sky atmospheric column is

fairly well modeled in terms of its relative abundance of large
vs. small particles. The all-sky equivalent ANG4487, how-
ever, yields a much poorer match with AERONET, having
NMB=−44 %, R = 0.46, and Fact2= 49 %. In compari-
son, CAM4-Oslo has a smaller negative bias for ANG4487
(no clear-sky value is available from that model version), in-
dicating that the effective particle sizes are indeed smaller
there than in CAM5.3-Oslo. For all-sky conditions the
aerosol sizes are biased much more towards large particles
(small ANG values), which is consistent with higher relative
humidities and thus more extensive hygroscopic swelling.

Across the individual years 2004–2010, the bias varies
as little as between −15 % and −16 %. Regionally,
ANG4487CS is most underestimated in northern Africa (de-
fined as above, i.e., extended to include sites along the Euro-
pean coast of the Mediterranean, −35 %), followed by Eu-
rope (defined as above, −32 %), Australia (−31 %), India
(−20 %), East Asia (−10 %), and North America (−7 %).
The pattern (see also Fig. 7) seems to point towards dust as
a source of large negative biases, which is consistent with
an excessive mineral dust contribution to the total aerosol
(as also indicated by the regional OD550CS biases) or, al-
ternatively, overestimated dust particles sizes (opposite of
what we found as a potential cause of the positive bias in
ABS550CS). For South and Central America NMB= 15 %,
i.e., an overestimate indicating slightly too-fine particles.
This positive bias is smallest (8 %) for the SON months,
i.e., late in the biomass burning season for the region, while
it is largest (22 %) for DJF. Since the negative biases for
OD550CS and ABS550CS here are smallest (−5 % and
−6 %, respectively) in JJA and largest (−32 % and −35 %)
in DJF, there is still a theoretical possibility that the biomass
burning aerosol contribution is exaggerated. This could be
the case if contributions from other sources are generally un-
derestimated, e.g., due to missing emissions or exaggerated
scavenging. Just based on these results, however, we cannot
conclude whether this is the case or not nor whether the as-
sumed OM /OC ratio of 2.6 for biomass burning aerosols is
too high or not.

None of the AP3 models but 13 of the AP2 models also
have ANG4487 information available at http://aerocom.met.
no (last access: 25 September 2018). Comparing with the 13
AP2 models, we find that 5 have larger biases than in ours.
The correlations are smaller in six models, and the Fact2 val-
ues are also smaller than ours in six models.

The particle sizes globally seem to be well represented.
Based on modeled ANG4487CS, the consistent low bias in
OD550CS and ABS550CS, and the assumption that the in-
trinsic optical properties and other factors that might affect
the result are fairly well represented, the modeled aerosol
column burdens may be underestimated. For the surface con-
centrations, only BC and mineral dust are underestimated
compared to in situ observations, as discussed in Sect. 4.1.2.
However, considering that the available in situ measurements
are very sparsely distributed globally and that we know little
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(a)

(b)

(c)

Figure 8. In-cloud cloud droplet number concentrations at cloud
top in (b) CAM5.3-Oslo (NUDGE_PD) compared to (a) Bennartz
and Rausch (2017), with the difference shown in (c). White ar-
eas indicate a lack of observations from MODIS meeting the cri-
teria on temperature and cloud fraction given by Bennartz and
Rausch (2017).

about the model performance in terms of the vertical distri-
bution of mass concentrations (except for BC), we cannot
expect these very different measures of model performance
to fully agree.

Further aerosol model validation is taking place through
ongoing multi-model studies that include results from
the present model version. These studies are the Aero-
Com Control EXPERIMENT 2016, the remote sensing
evaluation for AeroCom Control 2016, the AeroCom

in situ measurement comparison (for optical properties)
(https://wiki.met.no/aerocom/phase3-experiments, last ac-
cess: 25 September), and the BACCHUS CCN global model
intercomparison exercise (http://lists.met.no/pipermail/
aerocom-modeller/2017-January/000109.html, last access:
25 September 2018).

4.3 Cloud droplet concentrations

We also compare the modeled in-cloud droplet concentra-
tion (CDNC) to the data set provided by Bennartz and
Rausch (2017). This data set is a climatology of cloud droplet
number concentration (monthly mean, in-cloud 1◦× 1◦

CDNC values plus associated uncertainties for warm clouds)
based on 13 years of Aqua MODIS observations over the
global ice-free oceans. To facilitate this comparison, we take
out in-cloud droplet concentrations at the cloud top, de-
fined as the first layer – starting from the model top – in
which the stratiform liquid cloud fraction in a grid cell ex-
ceeds 10 % and the temperature criterion of Bennartz and
Rausch (2017) is fulfilled, i.e., 268 K<T < 300 K. The an-
nually averaged result for the NUDGE_PD simulation is
given in Fig. 8, which shows that, globally averaged, we cal-
culate lower droplet number concentrations than what is ob-
served. CAM5.3-Oslo mostly underestimates cloud droplet
concentrations over coastal ocean areas in East Asia, Europe,
and North America. The model overestimates the droplet
concentrations close to mineral-dust- and biomass-burning-
dominated areas, typically downwind of Saudi Arabia and
Africa. The results from AMIP_PD (not shown) are very
similar with an average of 49.8 cm−3 compared to 51.2 cm−3

for NUDGE_PD. One possible reason for the discrepancies
between the model and observations is that we have not ap-
plied a satellite simulator, and the simple way of outputting
the droplet concentration described above does not necessar-
ily correspond to what the satellite is seeing. A comprehen-
sive analysis of the discrepancies for the different regions,
however, is beyond the scope of this study.

5 Interaction with radiation and clouds

The effective radiative forcing (ERF) of aerosols has been
calculated using the method of Ghan (2013), in which radia-
tive fluxes for a “clean” (no aerosol extinction) and a “clear”
(cloud-free, but including aerosol extinction) atmosphere are
used together with the standard all-sky (including aerosol ex-
tinction) radiative fluxes in order to decompose the ERF into
its separate components. Differences between the PD and PI
simulations thus yield the anthropogenic ERF as a direct ra-
diative forcing, a cloud radiative forcing (note that this is the
contribution by anthropogenic aerosols, not the total cloud
forcing itself), and a surface albedo forcing term. We only
show and discuss the results for the cloud forcing and the di-
rect radiative forcing components here. The surface albedo
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forcing is small on a global scale and is not discussed. Nei-
ther is the semi-direct effect of aerosols, which is included
as part of the cloud radiative forcing term (Ghan, 2013) but
not calculated and shown separately, since this particular di-
agnostic requires extra sets of simulations in which (poten-
tially) anthropogenic aerosols are assumed to be totally non-
absorptive (Ghan et al., 2012). Results from such simulations
with an earlier, slightly differently tuned model version sug-
gest that the semi-direct effect in CAM5.3-Oslo contributes
very little to the total aerosol ERF. The globally averaged
SW+LW semi-direct radiative forcing was estimated to be
−0.02 W m−2.

Figure 9 shows modeled shortwave (SW) and longwave
(LW) direct radiative forcing at the top of the atmosphere
(TOA) annually averaged from both the nudged simulations
(i.e., NUDGE_PD–NUDGE_PI) and the longer AMIP sim-
ulations (AMIP_PD–AMIP_PI). Global averages are listed
and compared to estimates from CAM4-Oslo (direct RF)
and IPCC AR5 (direct RF and ERF) in Table 10. Region-
ally, the SW direct forcing is positive over some areas with
high surface albedo or high cloud fractions for low clouds,
mainly related to biomass burning activity, which compared
to PI conditions has led to increased levels of light-absorbing
aerosols such as fossil fuel or biomass burning BC (e.g., Sa-
hara, the Arctic, and off the west coasts of South America and
Africa). The direct forcing term is also positive in some areas
with reduced absorption, where the scattering aerosol optical
depth (mainly from OM) has decreased even more (such as in
the eastern USA and parts of Australia and South America).
However, negative SW direct forcing is dominant over the in-
dustrialized parts of the world due to the general increase in
scattering aerosol of anthropogenic origin (sulfate and OM).
The global annual average is estimated at −0.095 W m−2

(−0.092 W m−2 for the AMIP simulations). The LW direct
forcing is much smaller, having a regional maximum over
the Middle East where both large mineral dust and (internally
mixed) anthropogenic aerosol are abundant: the sulfate col-
umn burden has a local maximum in this region. The global
annual average here is 0.026 W m−2 for both the NUDGE
and the AMIP simulations. Just as for CAM4-Oslo, the esti-
mated total (joint SW and LW) global direct radiative forc-
ing in CAM5.3-Oslo lies within the range of the ERFari es-
timates of IPCC AR5 (Boucher et al., 2013); see Table 10.
Since the AR5 range has been evaluated for the period 1750–
2011 and ERFari in AR5 includes the semi-direct effect, the
numbers are not entirely comparable.

Figure 10 similarly shows the shortwave (SW) and long-
wave (LW) cloud radiative forcing (due to anthropogenic
aerosols) at TOA. Here we also obtain positive SW forcing in
some areas, mainly in the SH subtropics and at high latitudes,
consistent with the lower PD than PI cloud droplet concen-
trations (CDNC) and liquid water path (LWP) found in these
areas. Some of the positive cloud forcing is due to a reduc-
tion in organic emissions from biomass burning since 1850
(e.g., in England, Australia, and the eastern United States).

Also over the Southern Ocean there are areas with slightly
positive values, coinciding with areas with slightly smaller
column vertically integrated CDNC and LWP values in the
PD than in the PI simulations. This pattern has been found
to be even more prominent when the PI simulations apply
PI oxidant levels (instead of PD as in this study); see Karset
et al. (2018) for a more thorough discussion on the effect
of different oxidant levels on the cloud forcing. Areas with
a negative SW cloud forcing term, however, are dominant
due to the general increase in CDNC from PI to PD condi-
tions, being large (negative) over oceans downstream of areas
with high aerosol emissions from industrial activity, biofuel
consumption, or biomass burning. The negative SW cloud
forcing peaks over the northern Pacific Ocean near the coast
of East Asia. The global annual average value is estimated
at −1.50 W m−2 (−1.45 W m−2 for the AMIP simulations).
The LW cloud forcing is smaller and is in most regions of
opposite sign to the SW contribution. Its global and annual
average is 0.161 W m−2 (0.155 W m−2 for the AMIP simu-
lations). Compared to the ERFaci estimates in Table 10, the
total global cloud radiative forcing in CAM5.3-Oslo is thus
on the high side, lying just outside the 5 to 95 % confidence
range given by IPCC AR5. As mentioned, the AR5 range
in Table 10 is for the period 1750–2011 instead of 1850–
2000. Compared to this extended period we should expect
a somewhat smaller negative forcing contribution, since the
reference state in 1850 is less pristine than in 1750, while
changes due to aerosols in the latter part of the period are
of less importance (Carslaw et al., 2013). For the same time
period, however, we should expect a stronger negative cloud
forcing than that of AR5 since the second indirect effect is
included in our model (although not calculated separately),
whereas the ERFaci range in IPCC AR5 is (mainly) for the
first indirect effect.

The expert judgment of a 5 to 95 % (medium confi-
dence) uncertainty range for ERFari + ERFaci is in IPCC
AR5 estimated to be −1.9 to −0.1 W m−2, while the 17–
83 % (likely) range is −1.5 to −0.4 W m−2 (Boucher et
al., 2013). These estimates take into account the fact that
GCM studies calculate stronger aerosol ERF values than
what is found in satellite studies. Our model values of
−1.4 W m−2 (NUDGE_PD–NUDGE_PI) and−1.36 W m−2

(AMIP_PD–AMIP_PI) lie within both ranges of uncertainty.
Our model estimates are also very close to 1 standard de-
viation away from the multi-model estimate for the pe-
riod 1850–2000 in Boucher et al. (2013), which is given as
−1.08± 0.32 W m−2 based on results from the CMIP5 and
ACCMIP (Atmospheric Chemistry and Climate Model Inter-
comparison Project) models.

Table 11 lists some globally and annually averaged vari-
ables relevant for understanding the above estimates of ef-
fective radiative forcing by aerosols for both the NUDGE
and AMIP simulations. Although the globally averaged all-
sky aerosol optical depth at 550 nm (OD550) for PD is found
to be larger than in CAM4-Oslo (0.135; see Table 7 in
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Figure 9. Shortwave (SW, a and b) and longwave (LW, c and d) ERFari at the top of the atmosphere (TOA) for the simulations NUDGE_PD–
NUDGE_PI (a and c) and AMIP_PD–AMIP_PI (b and d). Note the different color scales. Note also that the semi-direct effect is not included
here, since ERFari in this study corresponds to the “direct radiative forcing” component in Ghan (2013).

K13), we now obtain an anthropogenic (PD–PI) AOD that
is 29 % smaller than in CAM4-Oslo, mainly due to lower at-
mospheric residence times and burdens of sulfate, BC, and
OM. The simulated anthropogenic AOD fractions of total
AOD (about 16 % in both NUDGE_PD and AMIP_PD) are
therefore considerably smaller than in CAM4-Oslo (26 %),
which is about the same as in the average AeroCom Phase
I model (25 %; Schulz et al., 2006). Anthropogenic absorp-
tion AOD (ABS) is about 40–45 % smaller than in CAM4-
Oslo (0.020), and the anthropogenic ABS fraction is esti-
mated at about 25 % compared to 43 % in CAM4-Oslo. Con-
sidering that the anthropogenic absorption optical depth has
decreased more (39 %) than the anthropogenic optical depth
itself (28 %), one would perhaps expect a more negative di-
rect radiative forcing in CAM5.3-Oslo. It is instead found to
be nearly the same: −0.095 (or −0.092 for the AMIP sim-
ulations) vs. −0.10 W m−2 (as an instantaneous direct forc-
ing) globally averaged. This can be partly understood as an
effect of the substantial increase in the cloud fraction (and
thus planetary albedo) for low clouds, 0.43 vs. 0.34, with the
largest increase found at middle to high latitudes. The sur-
face albedo is also higher in CAM5.3-Oslo: 0.163 vs. 0.156
in CAM4-Oslo. Regionally the largest increases (> 0.1) are
also found here at middle and high latitudes over continents
in the NH. The shift towards smaller anthropogenic BC con-
centrations and to lower altitudes (Fig. 5), which reduces the

absorption in the atmospheric column and therefore leads to
a less positive direct RF (e.g., Samset et al., 2013), is in other
words counteracted by the effect of increased surface or near-
surface albedos from CAM4-Oslo to CAM5.3-Oslo. The re-
duction in anthropogenic atmospheric absorption is reflected
in the difference in SW direct radiative forcing between the
TOA and the surface, which in CAM5.3-Oslo is estimated
at 0.51 W m−2 for NUDGE and 0.47 W m−2 for AMIP com-
pared to 0.95 W m−2 in CAM4-Oslo (K13).

In-cloud cloud droplet number concentrations and effec-
tive droplet radii are defined here differently than in CAM4-
Oslo by (for each time step) weighting the respective model
variables with the stratiform liquid cloud fraction (a num-
ber between 0 and 1) in CAM5.3-Oslo instead of the fre-
quency of cloud occurrence (being either 0 or 1). These two
model parameters are therefore not directly comparable be-
tween the two model versions. We can see, however, that the
vertically integrated liquid water path (LWP) in CAM5.3-
Oslo (∼ 54 g m−2) is much smaller than in CAM4-Oslo (∼
130 g m−2; see K13). Some of this drop in LWP may be due
to the changes in aerosol treatment, but the relative low sen-
sitivity of LWP to aerosol concentration levels (Table 11; Ta-
ble 4 in K13) suggests that much of it is a result of switch-
ing from the RK cloud microphysics scheme (Rasch and
Kristjánsson, 1998) in CAM4-Oslo to MG1.5 (see Sect. 3)
in CAM5.3-Oslo and how the respective schemes are tuned.
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(a)

(c)

(b)

(d)

Figure 10. Shortwave (SW, a and b) and longwave (LW, c and d) ERFaci at the top of the atmosphere (TOA) for the simulations
NUDGE_PD–NUDGE_PI (a and c) and AMIP_PD–AMIP_PI (b and d). Note that the semi-direct effect is embedded here in the ERFaci
term, which corresponds to the “cloud radiative forcing” component in Ghan (2013).

This may have contributed to an increase in the modeled
cloud susceptibility (Albrecht, 1989), thus leading to en-
hanced cloud forcing by anthropogenic aerosols. A more
thorough investigation of this falls outside the scope of this
study and has not been pursued. Note, however, that nudging
to the ERA data instead of the model’s own meteorology only
has small impacts on anthropogenic cloud forcing: Karset et
al. (2018), applying self-nudging (and when using the same
oxidant levels as in the present study) in CAM5.3-Oslo, esti-
mated it to−1.32 W m−2, which is very close to our estimate
of −1.34 W m−2 (SW+LW ERFaci in Table 10).

The size and even sign of the Albrecht (lifetime) ef-
fect is very uncertain and has in a recent observation-
ally based study been shown to be small or, more specif-
ically, not detectable above the level of natural variabil-
ity for the Holuhraun volcanic eruption (Malavelle et
al., 2017). In CAM5.3-Oslo the anthropogenic change in
LWP is estimated to be about 3.56 g m−2 in NUDGE_PD–
NUDGE_PI (3.42 g m−2 in the AMIP simulations). Com-
pared to 4.37 g m−2 in CAM4-Oslo (K13), this constitutes
a much larger relative change in LWP, being 6.6 % (6.4 %)
instead of 3.4 %. The lifetime effect was in CAM4-Oslo
calculated as a radiative forcing, however, by using dou-
ble calls to both the radiation and stratiform cloud micro-
physics modules, following Kristjánsson (2002). Since the
cloud cover is independent of liquid water content (mainly

depending on RH), that approach does not take into account
changes in cloud lifetime from changes in the cloud cover,
which may result in a low-end estimate of the indirect effect
(Kristjánsson, 2002). The relative (anthropogenic divided by
total) change in vertically integrated CDNC is about the same
in CAM5.3-Oslo (21 % in both NUDGE and AMIP) and
in CAM4-Oslo (21 %, not shown). Hence, a considerable
part of the increase in cloud effective radiative forcing from
−0.90 W m−2 to −1.34 W m−2 is probably due to the very
uncertain lifetime indirect effect.

Since the modeled ice crystal number concentrations (IC-
NCs) can be directly affected by aerosols only through the
heterogeneous freezing of mineral dust and BC in mixed-
phase clouds, it is quite insensitive to anthropogenic aerosols.
Vertically integrated ICNC is practically unchanged from PI
to PD in both the NUDGE and AMIP simulations (Table 11),
so the effect of this on the total cloud radiative forcing is
probably negligible.

6 Summary and conclusions

We have described in quite some detail changes in the treat-
ment of aerosols and aerosol–cloud interactions in going
from the predecessor model version CAM4-Oslo (Kirkevåg
et al., 2013; Iversen et al., 2013) to CAM5.3-Oslo. In broad
terms the changes consist of explicitly taking into account
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nucleation and secondary organic aerosols (based on Makko-
nen et al., 2014), using new sea salt emissions and emis-
sion sizes (Salter et al., 2015), applying interactive DMS
and primary organics emissions by using prescribed ocean-
surface-layer-concentration- and wind-driven parameteriza-
tions (Nightingale et al., 2000; Vignati et al., 2010), and now
also online dust emissions (Zender et al., 2003). Aerosol hy-
groscopicity and some other microphysical properties have
also been updated, and heterogeneous ice nucleation has
been implemented based on Wang et al. (2014). An up-
dated overview of the main principles behind the production-
tagged aerosol module, which is used in CAM5.3-Oslo and
a number of predecessor versions, has also been presented.

We have furthermore made an attempt to validate
CAM5.3-Oslo with respect to its simulated aerosol proper-
ties and aerosol cloud interactions by comparing monthly
model output with in situ observations and remote retrievals.
This is meant to more thoroughly complement several on-
going intercomparison studies, mainly under the AeroCom
project (see http://aerocom.met.no, last access: 25 September
2018), which focus on various model diagnostics at monthly
as well as finer time resolutions (down to 1 h) using results
from the same model version as in this study along with other
AeroCom models.

It is shown that the simulated vertical profile of BC con-
centrations is more realistic in CAM5.3-Oslo than in CAM4-
Oslo when comparing to in situ measurements from the
HIPPO aircraft campaign in the Pacific Ocean. The new
model version produces much less excessive BC mass con-
centrations in the upper troposphere and in the stratosphere,
although the concentrations are still overestimated at the
highest altitudes. This may be related to aerosol aging and
to how aerosols are transported and scavenged in deep con-
vective clouds (see, e.g., Kipling et al., 2016); the mass con-
centrations of the other aerosol components have also been
reduced (aloft) from CAM4-Oslo to CAM5.3-Oslo. This is-
sue is to a large degree dependent on the choice of host model
(which is CAM5.3 in this case) and will most likely con-
tinue to be an area of focus in future research and develop-
ment of the model. Note that there is a general tendency for
models participating in the AeroCom project to overestimate
BC compared to the aircraft measurements in the free tropo-
sphere in remote regions (Samset et al., 2014).

With an approximately doubled DMS emission and a sub-
sequent increase in the SO2 source term, near-surface mass
concentrations of SO2 now seem to be considerably overes-
timated (normalized mean bias NMB ∼ 150 %) compared to
in situ observations available via the AeroCom intercompar-
ison project (http://aerocom.met.no, last access: 25 Septem-
ber 2018), more so than in CAM4-Oslo. However, the mod-
eled concentrations are not adjusted with respect to represen-
tative height above the ground surface before comparing with
observations, which is an important factor for SO2 and there-
fore hampers reliable evaluation of the model performance.

Near-surface sulfate concentrations are biased slightly
high (22 %), more so than in CAM4-Oslo (−5 %), which in-
stead exhibits a slightly lower Pearson correlation coefficient,
R. All eight AeroCom Phase III (AP3) models with avail-
able information at aerocom.met.no have higher correlations,
and half of them also have smaller (in absolute value) biases.
The sulfate concentrations in CAM5.3-Oslo are found to be
less biased than only 6 of the 23 available AeroCom Phase
II (AP2) models, although with similar or better correlations
than 14 of the models.

Near-surface BC concentrations are mainly biased low
(−28 %), but less than in CAM4-Oslo (−54 %), which to-
gether with the more realistic vertical profiles indicates an
improvement in modeling of BC. The bias is also found to
be smaller than in 6 of 8 AP3 models, but only in 7 of the
23 AP2 models. The correlation values lie within the ranges
spanned by the AP2 and AP3 models, although in the lower
range for both AeroCom phases.

Since OsloAero5.3 (like earlier module versions) does not
trace OM from different source types with different assumed
OM/OC ratios, a reliable evaluation of the modeled mass
concentrations for OM cannot be obtained without doing fur-
ther work with this particular aim in mind. However, if we
simply assume that the OM/OC ratio in the model is 1.4 or
2.6 for all OC, which is assumed to be representative for
cases with no biomass burning and only biomass burning
emission sources, respectively, we find respective biases of
122 % or 19 % compared to 108 % or 12 % in CAM4-Oslo.
Unless the sparsely distributed in situ observation data rep-
resent OC very poorly globally (which is a possibility since
only North America and Europe are represented), these re-
sults do indicate an overestimation that is now slightly larger
than in the predecessor model despite the increased level of
sophistication in the new parameterization of SOA and pri-
mary biogenic OM emissions from the ocean. The correla-
tion value of 0.29 is just below that of CAM4-Oslo. The cor-
relation is also lower than in most of the AP2 models and
all of the AP3 models. If we assume that OM/OC= 1.4, the
bias is also larger than in the AP3 models and in all but one of
the AP2 models. Although CAM4-Oslo apparently performs
slightly better in this particular evaluation and for the cur-
rent OM/OC ratio assumption, we should keep in mind that
both SOA (treated as primary OM) and biogenic OC from the
ocean use prescribed emissions, rendering that model version
less useful for Earth system modeling and studies of past and
future climates, as well as for more detailed process studies
and sensitivity studies in general.

The sea salt aerosol concentrations are found to have a bias
of 22 %, which is an improvement compared to CAM4-Oslo,
although the correlation is slightly lower. Both model ver-
sions apply wind- and temperature-dependent emissions, but
CAM5.3-Oslo is using particle size parameters at the point of
emission that are closer to observed values in (and fully con-
sistent with) the updated treatment. Our model outperforms
the AP3 models bias-wise and has the second highest Pear-
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son correlation. It also ends up among the best in comparison
to the AP2 models.

The surface concentrations of mineral dust are biased low
by −39 %, but with a decent correlation of 0.52. The avail-
able observation sites are not representative for the source
regions of dust, however, and we have reasons to believe that
the negative bias is a result of an underestimate in dust trans-
port rather than in the emissions; see the summary for aerosol
optics below. The dust concentrations have quite large year-
to-year variations and differ the most between the nudged
and the free-running AMIP simulations, for which the bias is
smaller. Compared to the eight AP3 models, CAM5.3-Oslo
performs better than three bias-wise and four with respect
to correlation. Compared to the 23 AP2 models it performs
better than 14 models bias-wise, but only 7 with respect to
correlations. CAM4-Oslo is less biased, but uses prescribed
dust emissions and is therefore less applicable for climate
and Earth system modeling studies.

We have also compared column-integrated optical param-
eters with estimates from other models, most importantly
with ground-based remote sensing data (AERONET). Look-
ing first at the modeled mass extinction coefficients (MECs),
we find changes in all components compared to CAM4-Oslo:
a ca. 13 % decrease in MEC for sulfate and 30 % for OM,
while it has increased by ca. 17 % for BC, 18 % for mineral
dust, and as much as 63 % for sea salt, for which consider-
able changes in assumed particle size at the point of emission
have had a large impact. The new estimates are all within
the range of models that participated in AeroCom Phase I.
The globally averaged mass absorption coefficient (MAC)
for BC is smaller or larger than in the predecessor and in
observations, depending on how it is being calculated. The
practice for evaluating this parameter in climate models is to
our knowledge not standardized for internally mixed aerosols
and is often estimated based on the assumption that BC is the
only aerosol component that contributes to absorption. This
approach yields high globally averaged MAC values of about
21–23 m2 g−1 in CAM5.3-Oslo and 13.6 m2 g−1 in CAM4-
Oslo. Adopting the more realistic assumption that mineral
dust and OM also contribute to the absorption, a lower bound
of the globally averaged modeled MAC is estimated to be ap-
proximately 5 m2 g−1. If we take this lower bound as a repre-
sentative model value, it just touches the lower end of a rec-
ommended range of 5 to 11 m2 g−1 based on in situ measure-
ments. However, even here we find areas regionally where
MAC exceeds the recommended central value of 7.5 m2 g−1.

Comparing clear-sky aerosol optical depth at 550 nm
(OD550CS) with remotely retrieved values from AERONET
sun-photometer stations worldwide, we find a negative bias
of −16 % globally compared to −22 % in CAM4-Oslo. The
respective all-sky bias for CAM5.3-Oslo is positive at 15 %.
OD550CS is generally biased low at high NH latitudes and
high over and downstream of major mineral dust emission
areas. Compared to the eight AP3 models, half of these have
smaller bias values globally, while six perform better than

CAM5.3-Oslo with respect to correlations. Compared to 20
AP2 models, only 7 of these have lower biases, while corre-
lations are higher in 17 of the models.

For clear-sky absorption optical depth (ABS550CS) there
is a slightly stronger negative bias of−25 %, but smaller than
in CAM4-Oslo. The all-sky model variable is slightly less bi-
ased. The ABS550CS bias is of same sign and roughly the
same magnitude as for OD550CS for most regions world-
wide. The 1 AP3 model with data available has a stronger
low bias, and only 5 of 16 AP2 models have smaller biases
than CAM5.3-Oslo. All of these AeroCom models yield bet-
ter correlation values, however.

The clear-sky Ångström parameter (ANG4487CS) is
found to have a relatively small negative bias globally of
−17 %, while the all-sky variable has a much stronger neg-
ative bias. ANG4487CS is most underestimated in northern
Africa, which is consistent with exaggerated dust emissions.
Comparing with 13 AP2 models, CAM5.3-Oslo is outper-
formed by 7 models bias-wise and 5 models with respect to
correlation.

In an attempt to also evaluate an important aspect of cloud
microphysics with respect to the calculation of cloud–aerosol
interactions, we have compared modeled droplet concentra-
tions (CDNC) at the cloud top with remotely retrieved CDNC
from MODIS. This is done for ocean areas only, but these
are the areas contributing most to the global effective radia-
tive effect due to aerosol–cloud interactions. While overesti-
mating droplet concentrations downwind of major emissions
of mineral dust and biomass burning aerosols, CAM5.3-
Oslo (in NUDGE_PD) mainly underestimates CDNC over
the other coastal areas in East Asia and North America. This
might be related to biases in aerosol concentrations in the re-
spective continental source regions, but this cannot be known
for sure as long as we only have near-surface concentra-
tions for very limited areas to compare with and only mass
(not number) concentrations. The largest regional biases in
OD550CS from AERONET, which have mainly continen-
tal sites, seem to be consistent with the positive biases in
CDNC, however. Globally averaged (low-latitude to midlat-
itude ocean grid points only), cloud-top CDNC has a low
bias of −32 %.

Finally, we have presented and discussed model esti-
mates of effective radiative forcing (ERF) by anthropogenic
aerosols for comparison with previous radiative forcing (RF)
results from CAM4-Oslo and RF and ERF estimates from
IPCC AR5. Globally averaged, the SW direct effect is es-
timated at −0.095 W m−2 compared to −0.100 W m−2 in
CAM4-Oslo. The LW direct effect was not taken into ac-
count in CAM4-Oslo and in CAM5.3-Oslo is estimated to
be 0.026 W m−2. The joint SW and LW direct effective ra-
diative forcing (−0.069 W m−2) lies well within the range of
estimates in IPCC AR5. The effective radiative cloud forcing
due to anthropogenic aerosols for SW and LW radiation is es-
timated at−1.50 W m−2 and 0.16 W m−2, respectively, com-
pared to −0.91 W m−2 and 0.01 W m−2 in CAM4-Oslo. The
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joint SW and LW cloud forcing by anthropogenic aerosols
in CAM5.3-Oslo (−1.34 W m−2) is at the lower end of the
5–95 % confidence interval of IPCC AR5 based on model
and satellite studies, but lies just within 1 standard deviation
of the reported multi-model range of the CMIP5 and AC-
CMIP models.

Whether we use the short (7-year) simulations that have
been nudged to ERA-Interim meteorology or the longer
(30-year) free AMIP simulations does not make much of
a difference for the global averaged results, e.g., for the
ERF estimates (only 4 % weaker total aerosol ERF in the
free-running simulations). Regionally, differences are larger,
however, both for ERF estimates and for anthropogenic con-
tributions to model fields in general (i.e., differences PD–PI).

After the simulations for use in this study were finalized, it
was found that the median radius for mixture no. 12 (Aitken-
mode BC) with respect to dry deposition had not been in-
creased to the new number in Table 2, as intended. Instead
the old value of 0.0118 µm (K13) has been used. This only af-
fects the dry deposition (in OsloAero5.3), while the treatment
of aerosol optics and sizes for use in cloud droplet activation
(in AeroTab5.3, as well as in the lookup tables and the use of
those in the model) is correct and unaffected. The impact of
the bug has been tested by rerunning two of the least time-
consuming simulations (NUDGE_PD and NUDGE_PI) with
the bug fixed. This reveals that the code used in this study has
underestimated the BC lifetime and column burden by about
9 % and the globally averaged direct effective radiative forc-
ing by 0.02 W m−2. Since the bug affects only a small part of
the results discussed in this study and since the exact same
model version has been used in several ongoing AeroCom
Phase III intercomparison experiments (with additional sim-
ulations with finer time-resolved model output), we have de-
cided to keep this model version and the results as they are for
this particular study. In addition to correcting this bug for BC,
the presented results suggest that we should retune (reduce)
the dust emission strength in future work with CAM5.3-Oslo
in order to better match remotely retrieved aerosol optical
depths over the most dust-dominated areas. The somewhat
surprisingly small changes in OM results (including the val-
idation) compared to the predecessor model, in which the
SOA treatment is very simplistic, should also be investigated
in more detail. Vertical transport and aerosol cloud interac-
tions in convective clouds are other areas of great interest.

Code and data availability. The source code for CAM5.3-Oslo
is part of a restricted NorESM2 prerelease and stored within
the private GitHub NorESM repository (https://github.com/metno/
noresm/tree/NorESM1.2-v1.0.0, last access: 25 September 2018).
Access to the code and simulation output data produced in this study
can be obtained upon reasonable request to noresm-ncc@met.no
and requires entering a NorESM Climate modeling Consortium
(NCC) user agreement. The CAM4-Oslo and CAM5.3-Oslo data
in Tables 5–8 and Figs. 6 and 7 are available from the Aero-

Com database at http://aerocom.met.no (last access: 25 Septem-
ber 2018) under the project label NorESM, subset NorESM-
Ref2017. Most of the discussed model data (in the form of tables
and figures) are also available at http://ns2345k.web.sigma2.no/
nudged_NorESM_c12 (last access: 25 September 2018); see espe-
cially 53OSLO_PDandPIwPDoxi_vs_AMIP_PDandPIwPDoxi for
comparisons of NUDGE_PD with AMIP_PD and NUDGE_PD–
NUDGE_PI with AMIP_PD–AMIP_PI.
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Abstract. Uncertainties in effective radiative forcings
through aerosol–cloud interactions (ERFaci, also called
aerosol indirect effects) contribute strongly to the uncertainty
in the total preindustrial-to-present-day anthropogenic forc-
ing. Some forcing estimates of the total aerosol indirect ef-
fect are so negative that they even offset the greenhouse gas
forcing. This study highlights the role of oxidants in mod-
eling of preindustrial-to-present-day aerosol indirect effects.
We argue that the aerosol precursor gases should be exposed
to oxidants of its era to get a more correct representation of
secondary aerosol formation. Our model simulations show
that the total aerosol indirect effect changes from −1.32 to
−1.07 W m−2 when the precursor gases in the preindustrial
simulation are exposed to preindustrial instead of present-
day oxidants. This happens because of a brightening of the
clouds in the preindustrial simulation, mainly due to large
changes in the nitrate radical (NO3). The weaker oxidative
power of the preindustrial atmosphere extends the lifetime of
the precursor gases, enabling them to be transported higher
up in the atmosphere and towards more remote areas where
the susceptibility of the cloud albedo to aerosol changes is
high. The oxidation changes also shift the importance of dif-
ferent chemical reactions and produce more condensate, thus
increasing the size of the aerosols and making it easier for
them to activate as cloud condensation nuclei.

1 Introduction

It is well established that changes in atmospheric aerosol
abundance since preindustrial times have had a strong, al-
beit uncertain, influence on Earth’s climate over the last cen-
tury. Atmospheric aerosols are impacting climate not only
by directly absorbing and reflecting radiation but also by
indirectly acting as cloud condensation nuclei (CCN) and
ice nuclei (IN). Through cloud albedo increases mediated
by enhancements of CCN, aerosols brighten the clouds and
enhance their cooling effect by increasing the reflection of
incoming solar radiation (Twomey, 1977). More numerous
cloud droplets may also alter rain formation mechanisms,
and thus the cooling effect could be further enhanced by sup-
pressed precipitation followed by increased cloud lifetime,
cloud amount and cloud extent (Albrecht, 1989; Pincus and
Baker, 1994). The impact of IN changes remains uncertain
(Storelvmo, 2017; Lohmann, 2017).

Aerosol indirect effects on Earth’s radiation budget are
often quantified in terms of their effective radiative forcing
(Myhre et al., 2013). Unlike instantaneous radiative forcing,
effective radiative forcing includes effects from rapid tro-
pospheric adjustments (Boucher et al., 2013). Otherwise, it
does not include any feedbacks in the climate system. Model
studies of direct and indirect effects typically carry out two
simulations, with aerosols and aerosol precursor gases from
preindustrial times (PI) and present day (PD), respectively.
The difference in cloud forcing, measured as effective ra-
diative forcing between the two simulations, represents the
total aerosol indirect effect if the direct aerosol effect in
cloudy skies is negligible (Ghan, 2013). Results from sev-
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eral model studies show that this number varies consider-
ably. To what extent aerosol–cloud interactions have con-
tributed to the global radiative forcing in the Anthropocene
remains highly uncertain and continues to be a research topic
of much interest. Lohmann (2017) shows that model es-
timates of ERFari+aci (ari is aerosol–radiation interactions
and aci is aerosol–cloud interactions) vary from −0.07 to
−3.41 W m−2, while the Fifth Assessment Report (AR5)
from the Intergovernmental Panel on Climate Change (IPCC)
gives an expert judgement of ERFari+aci of −0.9 W m−2,
with a 5 to 95 % uncertainty range of −1.9 to −0.1 W m−2

mostly coming from the uncertainties in the aci component
(Boucher et al., 2013). Uncertainties in the natural back-
ground emissions have been highlighted as a large contrib-
utor to the uncertainty in the indirect effects (Lohmann et al.,
2000; Kirkevåg et al., 2008; Hoose et al., 2009; Carslaw
et al., 2013), while Gettelman (2015) pointed out that its
sensitivity to parameterizations of microphysical processes
in global models is even higher. In this study, we examine a
third factor, namely the oxidants involved in the formation of
aerosols.

Aerosols may enter the atmosphere directly, or they can
be formed after in situ oxidation of precursor gases to con-
densable species (Seinfeld and Pandis, 2016). The oxidation
process yields secondary gases with lower saturation vapor
pressure, which allows them to either condense on already
existing particles or nucleate into new particles under atmo-
spheric conditions. Both processes depend on the amount of
emitted precursor gases, as well as on the atmospheric oxi-
dation capacity. While model studies of PD–PI aerosol indi-
rect effects usually point out that they use different emissions
of aerosols and aerosol precursor gases for the two different
time periods, the choice of oxidant levels is usually not spec-
ified (Lohmann and Diehl, 2006; Menon and Rotstayn, 2006;
Hoose et al., 2008; Storelvmo et al., 2008; Lohmann, 2008;
Lohmann and Ferrachat, 2010; Wang et al., 2011; Yun and
Penner, 2013; Neubauer et al., 2014; Gettelman, 2015; Get-
telman et al., 2015; Tonttila et al., 2015; Sant et al., 2015). A
notable exception is Salzmann et al. (2010), who use differ-
ent oxidant levels for the different eras. Personal communica-
tion with scientists from different modeling groups confirms
that it is common to use PD oxidants for both PD and PI sim-
ulations (U. Lohmann, C. Hoose, A. Kirkevåg, A. Gettelman,
and D. Neubauer, personal communication, 2017).

Human activity has influenced the oxidant level mainly
through increased emissions of CO, NOx and CH4 from fos-
sil fuel combustion, biomass burning and the use of fertiliz-
ers in agriculture (Crutzen and Lelieveld, 2001). Due to this
anthropogenic activity, precursor gases emitted into the PI
atmosphere were exposed to a different oxidant level than
the gases emitted today, implying a difference in the rate and
distribution of new particle formation in the atmosphere. The
aim of this study is to quantify this difference and to give a
more realistic estimate of the total PD–PI aerosol indirect ef-
fect by letting the precursor gases in the PI simulation (the

simulation with emissions of aerosols and aerosol precursor
gases from PI) be exposed to an oxidant level that is repre-
sentative for its era.

Due to counteracting effects, the sign and magnitude of
the global mean historical oxidant change is uncertain (Naik
et al., 2013a, b; Murray et al., 2014). While in a low NOx
regime CO and CH4 act as sinks for the hydroxyl radi-
cal (OH), one of the most important oxidants in the tropo-
sphere, the opposite is the case in a high NOx regime (Collins
et al., 2002). As a consequence, OH has experienced an in-
crease in polluted areas where the NOx level is high, while it
has decreased in remote areas where the NOx level is low and
the CH4 level is high due to their different lifetimes (Wang
and Jacob, 1998; Prinn, 2003). The situation is different for
ozone (O3), where an increase in NOx , CO or CH4 usually
favors O3 production in both low and high NOx regimes (Se-
infeld, 1989; Chameides et al., 1992). This also holds for the
NO3 radical, which is produced through reactions between
NOx and O3 (Wayne et al., 1991) and probably was present
at lower levels everywhere in preindustrial times.

Difficulties in measuring the oxidants directly from the at-
mosphere and the lack of information about oxidants in sed-
iments and ice cores have resulted in limited information
about the atmospheric oxidant level (Pavelin et al., 1999).
This is especially the case for the time period before the in-
dustrial era, where it is limited to simple measurements of
surface ozone from a few European stations (Volz and Kley,
1988). Despite this limitation, results from model simula-
tions based on information about emission changes, in com-
bination with the few oxidant measurements that exist, give
an indication of how the oxidative power of the atmosphere
has changed since preindustrial time (Prinn, 2003; Berntsen
et al., 1997; Wang and Jacob, 1998; Tsigaridis et al., 2006;
Naik et al., 2013a, b; Young et al., 2013; Murray et al., 2014;
Khan et al., 2015).

When trying to get a better understanding of the response
of clouds to aerosol perturbations, or when comparing this
effect between models, the choice of oxidant level may not
be important as long as there is consistency between the dif-
ferent models. However, the oxidant level may be important
when the modeled preindustrial-to-present-day total aerosol
indirect effect is used as an estimate of the contribution
from aerosol–cloud interactions to the total forcing of climate
change since PI, as was done in IPCC AR5. Recent global
model estimates of the aerosol indirect effects do, to a larger
extent than before, represent more of the gas-to-aerosol for-
mation processes through oxidation followed by nucleation
(Boucher et al., 2013; Lohmann, 2017), increasing the impor-
tance of understanding the effects and the model treatment of
the oxidants. More and more models will also incorporate an
interactive atmospheric gas-phase chemistry in transient cli-
mate studies, making the characterization of effective radia-
tive forcing a larger challenge. With this study we aim to use
model simulations to investigate the impact on aerosol indi-
rect effects from historical oxidants changes by letting the
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aerosol precursor gases in the PI simulation be exposed to PI
instead of PD oxidant level.

Information about the model and the configurations ap-
plied in this study is found in Sect. 2. The experimental setup
for the default model configuration and the experimental se-
tups where the impact of separate oxidant changes is found
in Sect. 3. In Sect. 4, the results are presented and discussed,
divided into subsections focusing on the effect of the oxidant
changes on the aerosol number concentration (Sect. 4.1.1),
on the cloud droplet number concentration (Sect. 4.1.2) and
on the aerosol indirect effect (Sect. 4.1.3). The results and
discussions of the sensitivity tests where the oxidant changes
were separated are found in Sect. 4.2, while six other sensi-
tivity tests are studied in Sect. 4.3.

2 Model

2.1 General description

The model used in this study is CAM5.3-Oslo (Kirkevåg
et al., 2018), which is an updated version of the at-
mospheric component of the Norwegian Earth System
Model (NorESM) (Bentsen et al., 2013; Iversen et al., 2013;
Kirkevåg et al., 2013). CAM5.3-Oslo is based on the Com-
munity Atmospheric Model version 5.3 (Neale et al., 2012;
Liu et al., 2016), but has its own aerosol module (OsloAero).
It also includes other modifications, such as the implemen-
tation of heterogeneous ice nucleation (Wang et al., 2014;
Hoose et al., 2010). OsloAero has 21 aerosol tracers, dis-
tributed among six species (sulfate – SO4, secondary organic
aerosol – SOA, black carbon, organic matter, mineral dust
and sea salt), four precursor gases (SO2, dimethyl sulfide –
DMS, isoprene and monoterpene), three condensable gases
(sulfuric acid – H2SO4, SOALV and SOASV) and H2O2.
DMS emissions are wind-driven and based on Nightingale
et al. (2000); emissions of SO2 are interpolated from a pre-
scribed monthly mean decadal climatology given by Lamar-
que et al. (2010). The emissions of SO2 in CAM5.3-Oslo
deviate from Lamarque et al. (2010) when it comes to air-
craft emissions and volcanic emissions; the former is not
included in CAM5.3-Oslo and the latter is included in the
model but not in Lamarque et al. (2010). The emissions of
the biogenic volatile organic compounds (BVOCs) isoprene
and monoterpene are calculated online every time step of half
an hour by a satellite phenology version of the Community
Land Model version CLM4.5 (Oleson et al., 2013), using
the Model of Emissions of Gases and Aerosols from Na-
ture version 2.1 (MEGAN2.1) (Guenther et al., 2012), where
the emissions are impacted by both radiation and temper-
ature, inducing a diurnal variation. An overview of global
emissions and burdens of the precursor gases in CAM5.3-
Oslo is found in Table 1. The aerosol nucleation is based
on Makkonen et al. (2014), with improvements described
in Kirkevåg et al. (2018). This nucleation scheme is divided

Table 1. Overview of global emission rates and burdens of the pre-
cursor gases in CAM5.3-Oslo. The values come from three different
simulations using aerosols and oxidants from present day, aerosols
from preindustrial and oxidants from present day (in round brack-
ets) and aerosols and oxidants from preindustrial (in curly brackets).

Species Emission Burdens
rates (Tg)

(Tg yr−1)

SO2 130 0.705
(29.0) (0.319)
{29.0} {0.380}

DMS 66.3 0.276
(66.2) (0.274)
{66.2} {0.417}

Isoprene 406 0.148
(418) (0.150)
{417} {0.287}

Monoterpene 114 0.0358
(116) (0.0341)
{116} {0.0697}

into two parts, where the binary homogeneous sulfuric acid–
water nucleation based on Vehkamäki et al. (2002) can act in
the whole atmosphere, while the activation type nucleation
of H2SO4 and organic vapor based on Eq. (19) in Paasonen
et al. (2010) occurs only in the boundary layer. The survival
rate of particles with diameter from 2 to 23.6 nm (where the
upper limit corresponds to the smallest-sized particles that
are accounted for in the aerosol number concentration in the
model) follows Lehtinen et al. (2007). The stratiform clouds
are described by the two-moment bulk microphysics scheme
MG1.5, which is almost identical to MG1 described in Mor-
rison and Gettelman (2008), but with cloud droplet activation
moved before the cloud microphysical process rate calcula-
tions (Gettelman, 2015; Gettelman and Morrison, 2015).

Methods by Ghan (2013) are used for calculating the ef-
fective radiative forcing of aerosols. The part called “cloud
radiative forcing”, or 1Cclean, is often used as a measure of
the total aerosol indirect effect, where it represents the differ-
ence in the top of the atmosphere total cloud forcing between
simulations performed with different aerosols. The “clean”
subscript indicates that the cloud forcing is based on separate
calls to the radiation code where the scattering and absorp-
tion of radiation by the aerosols in the air around the cloud is
neglected. 1Cclean also includes semi-direct effects, but ad-
ditional simulations with CAM5.3-Oslo with non-absorptive
aerosols have shown that this term is negligible compared to
the indirect effects in the model global mean PD–PI values
(Kirkevåg et al., 2018). Henceforth we use1Cclean as a mea-
sure of the total aerosol indirect effect in this study.
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Table 2. Chemical reactions with corresponding rate coefficients. For Reaction (R1), f c= 3× 10−31
·

(
300
T

)3.3
, and

ko=
f c·M

1+
(
f c·M·1.5×1012) , where M is the number concentration of all molecules that can act as a third body (cm−3). If the model

does not trace an end product of a chemical reaction, the product is lost in the model and not written down in this table, explaining why the
stoichiometry is not exact in all of the reactions.

Reaction Reaction Rate coefficient (cm3 molecule−1 s−1)
number

(R1) SO2+OH+M→H2SO4+M ko · 0.6

(
1+

(
log10(f c·M·1.5×1012)

)2
)−1

(R2) DMS+OH→SO2 9.6× 10−12
· e−234/T

(R3) DMS+OH→ 0.75 ·SO2+ 0.5 ·HO2+ 0.029 ·SOALV+ 0.114 ·SOASV

(
1.7×10−42

·e7810/T
[O2]

)(
1+5.5×10−31e7460/T [O2]

)
(R4) DMS+NO3→SO2+HNO3 1.9× 10−13

· e−520/T

(R5) monoterpene+OH→ 0.15 ·SOASV 1.2× 10−11
· e−440/T

(R6) monoterpene+O3→ 0.15 ·SOALV 8.05× 10−16
· e−640/T

(R7) monoterpene+NO3→ 0.15 ·SOASV 1.2× 10−12
· e−490/T

(R8) isoprene+OH→ 0.05 ·SOASV 2.7× 10−11
· e−390/T

(R9) isoprene+O3→ 0.05 ·SOASV 1.03× 10−14
· e−1995/T

(R10) isoprene+NO3→ 0.05 ·SOASV 3.15× 10−12
· e−450/T

(R11) HO2,+HO2→H2O2 (3.5× 10−13
· e430/T

+ 1.7× 10−33
· e1000/T )

· (1+ 1.4× 10−21
· [H2O] · e2200/T )

(R12) H2O2+OH→H2O2+HO2 2.9× 10−12
· e−160/T

(R13) H2O2+hν→ 2 ·OH

2.2 Oxidant chemistry

CAM5.3-Oslo includes simple chemistry for sulfur and SOA
species, which makes use of the chemical preprocessor
MOZART (Emmons et al., 2010) modified for the CAM
framework (Liu et al., 2012). The preprocessor is a numer-
ical scheme that generates code for the model based on
some input chemical reactions and rates. The generated code
provides information of how the chemical tracers evolve
as a function of concentration of chemical species. Reac-
tions (R1)–(R10) in Table 2 represent the gas-phase oxida-
tion of the precursor gases in the model. Both SOALV and
SOASV are gaseous SOA (SOA(g)), low volatile and semi-
volatile, respectively, where only 50 % of the former can take
part in nucleation, while both can condense on already exist-
ing aerosols. While Reaction (R2) represents the H abstrac-
tion part of the complex reaction where DMS is oxidized
by OH, Reaction (R3) represents the OH addition part. At
standard conditions (temperature of 273.13 K and pressure
of 1013 hPa), the ratio between the reaction rates of Reac-
tions (R2) and (R3) is 7/13 (Reactions R2/R3). Methane-
sulfonic acid (MSA) is produced in Reaction (R3) follow-
ing Chin et al. (1996). Since CAM5.3-Oslo does not trace
MSA, 20 % of the MSA is put into the SOALV tracer, while
80 % is put into the SOASV tracer. The exact yields are un-
known, but there are studies supporting that MSA can obtain
low enough volatility to contribute to new particle formation
and growth (Bork et al., 2014; Willis et al., 2016; Chen and
Finlayson-Pitts, 2017). The oxidation of BVOCs in Reac-

tion (R5)–(R10) is based on Makkonen et al. (2014), but with
some extensions explained by Kirkevåg et al. (2018). The
yield of 15 % for monoterpenes (considered to be α-pinene
in this model) is widely used in other global models (Den-
tener et al., 2006; Tsigaridis et al., 2014). The yield for iso-
prene varies more between different laboratory and model-
based studies (0.9–12 %) (Lee et al., 2006; Kroll et al., 2005;
Spracklen et al., 2011; Jokinen et al., 2015), where the yield
applied in CAM5.3-Oslo of 5 % is within this range.

The model also includes aqueous-phase oxidation of SO2
by H2O2 and O3 (Tie et al., 2001; Neale et al., 2012).
H2O2 production and loss are calculated online through Re-
actions (R11)–(R13) in Table 2.

The concentrations of the other oxidants (NO3, O3, OH
and HO2) are prescribed by monthly mean values produced
by the global full chemistry model CAM-chem v3.5 in the
study of Lamarque et al. (2010). PD and PI values used in this
study are taken from decadal climatologies around year 2000
and 1855, respectively, and the percent change in the annual
mean values can be seen in Fig. 1. NO3 experiences a very
large change between PI and PD (up to more than 1000 % in
the Northern Hemisphere), which is also seen in other model
studies that show good agreement between modeled present-
day concentrations of NO3 and observations (Khan et al.,
2015). The prescribed PI values of surface layer O3 in the
region around Paris used in this study are around a factor of
2 higher than the measured PI values at a station near Paris
in the study of Volz and Kley (1988) (∼ 10 ppb). This over-
estimation of the PI level of O3 compared to observations
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Figure 1. Percent-wise change in the annual mean oxidant mixing ratio (mol mol−1) between PI and PD in the dataset from Lamarque et al.
(2010) used in this study. (a)–(d) Mean change from surface and up to 550 hPa. (e)–(h) Zonal mean change. Please note the different scales
on the color bars.

corresponds with findings from other studies (Parrish et al.,
2014). Evaluation of present-day concentrations of OH in a
comparable version of CAM-chem shows reasonable agree-
ment with the Spivakovsky et al. (2000) climatology (Lamar-
que et al., 2012). Simulated tropospheric concentrations of
O3 also agree well with ozone sondes, except for an overesti-
mation over eastern USA and Europe (Lamarque et al., 2012;
Brown-Steiner et al., 2018).

CAM5.3-Oslo applies a daily cycle to OH and HO2, which
is not included in CAM5.3. One should also be aware that
the ozone climatology used for the radiation in the model is
different from the ozone climatology used for the chemistry
(the ozone climatology for radiation is the same in the PI and
PD simulations).

2.3 Configurations

The model was configured with a horizontal resolution of
0.9◦ (latitude) by 1.25◦ (longitude) and 30 hybrid levels be-
tween the surface and ∼3 hPa. The simulations were carried
out using nudged meteorology produced by the model itself
to constrain the natural variability (Kooperman et al., 2012).
The horizontal wind components (U , V ) were nudged with a
relaxation timescale of 6 h, while the temperature was freely
evolving, allowing impacts by aerosol perturbations, which
could be important when calculating indirect effects (Zhang
et al., 2014). Prescribed climatological sea surface tempera-
tures and sea ice extent from the mean of 1982–2001 were
used in all simulations, as well as greenhouse gas concentra-
tions and land use information from the year 2000.

Time
[yr] 0

PDAER_PDOXI_XXX

PIAER_PDOXI_XXX

PIAER_PIOXI_XXX

PDAER_PDOXI_spinup

PIAER_PDOXI_spinup

PIAER_PIOXI_spinup

1 2 3 4 5 6

PDAER_PDOXI_MAKEMET

Figure 2. Overview of how the simulations were carried out.
PDAER_PDOXI_MAKEMET produced meteorology for the other
simulations from its last 4 years. Dashed lines show the part of
the simulations used as spin-up. Horizontal arrows show that the
simulations to the right of the arrow restarted from the already
spun up simulation to the left. The spin-up cases were not nudged,
but started with free-running meteorology from the same state as
PDAER_PDOXI_MAKEMET. XXX refers to either ORG (origi-
nal model setup), or the name of the sensitivity tests described in
Sects. 3.2 and 4.3.

3 Experimental setup

3.1 General

Figure 2 describes how the simulations were carried out. The
model was first run for 6 years to generate instantaneous
meteorological data using PD conditions for emissions, pre-
scribed oxidant and all other boundary conditions. All other
simulations were nudged to the meteorology of this simula-
tion. For each modification to the default model setup, three
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Table 3. Overview of the prescribed precursor and aerosol emissions and prescribed oxidant concentrations used in the three different
simulations that were carried out for each modification to the default model setup.

Name of simulations Prescribed Prescribed SSTs, sea ice
emissions concentrations extent, greenhouse
of aerosols of oxidants gases and

and precursor land use
gases

PDAER_PDOXI_XXX PD PD PD
PIAER_PDOXI_XXX PI PD PD
PIAER_PIOXI_XXX PI PI PD

different simulations were carried out. These three simula-
tions used the prescribed precursor and aerosol emissions
and oxidant concentrations given in Table 3. Each of them
was restarted from an earlier simulation that was already
spun up for 2 years with free meteorology, applying emis-
sions and oxidants from the same era. The nudged simula-
tions were then run for 4 years, and the last 3 years were
analyzed. Sensitivity tests with CAM5.3-Oslo (not shown
here) show that analyzing only these 3 years gives a stan-
dard error due to natural variability of only 0.01 W m−2 for
the total aerosol indirect effect and a magnitude of the to-
tal aerosol indirect effect that is the same as when running
the nudged simulations for 11 years and analyzing the last
10 years. To lower the computational cost, the simulations
in this study apply the setup described above, except for one
sensitivity test in Sect. 4.3 where longer simulations with free
meteorology are examined. The first set of simulations used
CAM5.3-Oslo as described in the previous section, without
any other modifications to the code. We name these simu-
lations ORG, and the impact of historical oxidant changes
on the PD–PI total aerosol indirect effect in CAM5.3-Oslo
are quantified by the difference we obtain (relative to the
PD simulation PDAER_PDOXI_ORG) when switching be-
tween the two PI simulations PIAER_PDOXI_ORG and PI-
AER_PIOXI_ORG.

3.2 Decomposing the oxidant change

To estimate the importance of the different changes in the
individual oxidants between PI and PD, four additional sim-
ulations with PI aerosols were carried out. In these simula-
tions, the oxidant of interest was changed to PI concentra-
tions, while all other oxidants were kept at PD levels. Ac-
knowledging the complexity of oxidant chemistry, one can-
not expect that separate oxidant changes in separate simula-
tions will add up to the same result as changing them all si-
multaneously. To explore the importance of this nonlinearity,
another four additional simulations were performed, keeping
all oxidants from PI except the one of interest, which was set
to PD levels.

4 Results and discussion

4.1 Original setup

The top panels of Fig. 3 show the PD–PI indirect effect for
(a) shortwave radiation, (b) longwave radiation and (c) to-
tal radiation when using the standard setup with PD oxidants
in both simulations. The bottom panels of Fig. 3 show the
impact of historical oxidant changes on the PD–PI indirect
effect. Figure 3d shows that letting the precursor gases in
the PI simulation be exposed to oxidants from its era, in-
stead of oxidants from PD, makes the shortwave indirect
effect 0.39 W m−2 less negative (changing from −1.48 to
−1.09 W m−2). This implies that the clouds in the PI simu-
lation with PI oxidants are cooling the climate more through
shortwave (SW) effects than the clouds in the PI simulation
with PD oxidants, reducing the difference in shortwave cloud
forcing between PI and PD. Figure 3e shows that the change
in longwave indirect effect is −0.14 W m−2 (from 0.16 to
0.02 W m−2), meaning that the clouds in the PI simulation
with PI oxidants are warming the climate more through in-
creased absorption of longwave radiation, reducing the dif-
ference in longwave cloud forcing between PI and PD. Fig-
ure 3f shows a total (shortwave+ longwave) change in the
indirect effects of +0.25 W m−2 (changing from −1.32 to
−1.07 W m−2), meaning that the PI clouds with PI oxidants
are cooling the climate more than the PI clouds with PD
oxidants, thus making the indirect effect less negative. The
largest changes in the shortwave indirect effect occur over
ocean, especially over the North Pacific, off the west coast of
America, in remote areas between 30 and 60◦ S and over the
Indian Ocean. The changes in the longwave indirect effect
mainly take place in the polar regions and over the Indian
Ocean.

Different cloud and aerosol changes can help explain the
resulting change in the indirect effect. Some of these are pre-
sented in Fig. 4. In the global mean, switching to PI oxidants
in the PI simulation results in (a) more numerous aerosol par-
ticles (+9.2 %), (b) more numerous cloud droplets (CDNC)
(+3.7 %), (c) smaller cloud droplets (−1.5 %), (d) larger
cloud fraction (+0.26 %), which is mainly caused by changes
in the low cloud fraction, and (e) larger total grid box aver-
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Figure 3. (a)–(c) PD–PI aerosol indirect effect when using the standard setup with PD oxidants in both simulations: (a) shortwave, (b) long-
wave and (c) total. (d)–(f) Differences in the PD–PI indirect effect between simulations performed with PI and PD oxidants in the PI
simulation.
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Figure 4. Relative change in aerosol and cloud properties in the PI simulation when switching from PD to PI oxidants. (a) Column number
of aerosols, (b) column number of cloud droplets, (c) effective radius of cloud droplets in the cloud top layer, (d) total cloud fraction and
(e) total grid box averaged liquid water path.

aged liquid water path (LWP) (+1.7 %). The size of the cloud
droplets in Fig. 4c is taken from the cloud top layer of the
stratiform clouds.

The sign of the changes in the global mean cloud and ra-
diative properties seen in Figs. 3 and 4 is as expected for an

increase in the global mean aerosol number concentration.
We will now further investigate why the oxidant changes
enhance the aerosol number concentration. Figures 3 and 4
show that the distribution of the changes in aerosol number
concentration does not always correspond directly to the dis-
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Figure 5. Global mean relative change in chemical loss of (a) DMS, (b) SO2, (c) isoprene and (d) monoterpene when switching from PD to
PI oxidants in the PI simulation.

tribution of the changes in the cloud and radiative properties.
This indicates that it is not only the change in aerosol number
concentration that is important for the result but also changes
in the composition of the aerosols and in the atmospheric
conditions where the aerosol changes take place.

4.1.1 The increase in aerosol number concentration

Since the formation of new aerosols depends on the avail-
ability of low-volatility gases, and the PI atmosphere con-
sisted of relatively small amounts of oxidants to produce sec-
ondary gases with reduced volatility, one could expect a re-
duction in the aerosol number concentration when switch-
ing from PD to PI oxidants. This is the opposite of what
Fig. 4a shows. The increased lifetime of the precursor gases
and the aerosols seen in Table 4 partly explains this. When
the oxidizing power of the atmosphere is reduced, the pre-
cursor gases with high volatility are transported higher up
in the atmosphere before they are oxidized. This is seen in
Fig. 5, where the relative change in chemical loss of (a) DMS,
(b) SO2, (c) isoprene and (d) monoterpene through oxidation
is negative close to the surface, but positive higher up in the
atmosphere when switching from PD to PI oxidants in the
PI simulation. This pattern corresponds well with the change
in the vertical profile of the aerosol number concentration
seen in Fig. 9a, with lower values close to the surface, but
larger values above ∼ 900 hPa. Aerosols formed from gases
higher up in the atmosphere are not removed by deposition
as easily as aerosols formed closer to the surface (Jaenicke,
1980; Williams et al., 2002). This is seen in the results of
this study where the dry deposition of the newly formed nu-
cleation mode SO4 and SOA decreases by 2.6 %. The wet
deposition stays the same. This total decrease in deposition
is one of the factors contributing to the increase in the aerosol
number concentration seen in Fig. 4a.

It is not only the vertical transport of the gases that
changes. The reduced oxidation capacity also increases the
horizontal transport of the primary precursors away from the
source regions. This is seen, for example, in Fig. 6 for DMS,
the main precursor gas over ocean, where most of the aerosol,
cloud and radiation changes occur. Figure 6a shows the dis-

Table 4. Global mean lifetime of different gaseous and aerosol
species (g: gas; a: aerosol) when applying PD and PI oxidants in
the PI simulation. The lifetime is calculated as (global mean bur-
den) / (global mean loss).

Species Lifetime, Lifetime, Change in
PD (h) PI (h) lifetime

(%)

SO2 (g) 29 34 +17
DMS (g) 36 55 +53
Isoprene (g) 3.2 6.0 +88
Monoterpene (g) 2.6 5.3 +104
H2SO4 (g) 0.91 1.0 +9.9
SOALV (g) 0.65 0.82 +26
SOASV (g) 0.75 1.0 +9.9
SO4 (a) 78 84 +7.7
SOA (a) 115 116 +0.9

tribution of DMS emissions, which is equal in all PI simula-
tions, while Fig. 6b shows the change in the chemical loss of
DMS through oxidation when switching from PD to PI oxi-
dants. Increased horizontal transport happens from areas with
negative values to areas with positive values, since chemical
loss through oxidation is the only way DMS can be lost in the
model. The increase is especially pronounced in the North
Pacific, with increased transport further south and towards
the Arctic, but is also found in the Southern Ocean with in-
creased transport from the large emission sources close to
the coast towards the remote ocean. Figure 6c shows that
this transport results in increased aerosol formation close to
the surface in areas that receive more DMS with PI oxidants.
Since the precursor gases are spread more in space with PI
oxidants, towards more remote areas where the background
concentration of aerosols are low, the coagulation sink during
the nucleation process is reduced, contributing to an increase
in the formation rate. In CAM5.3-Oslo, “formation rate” de-
scribes the formation of aerosol particles with diameters of
23.6 nm, which is the size limit a particle must achieve to be
accounted for in the aerosol number concentration (Figs. 4a
and 6e). “Nucleation rate” describes the formation of aerosol
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Figure 6. (a) Emission rate of DMS (same for both PI simulations). (b) Difference in net chemical loss of DMS though oxidation. (c) Differ-
ence in aerosol formation rate in the 887–936 hPa layer. (d) Difference in the coagulation sink during nucleation in the 887–936 hPa layer.
(e) Difference in column burden of aerosols in the 887–936 hPa layer. All differences show values from the PI simulation using PI oxidants
minus values from the PI simulation using PD oxidants.

particles with diameters of 2 nm. As for all aerosols, the par-
ticles between 2 and 23.6 nm can be lost through coagulation
with background aerosols. Figure 6d shows how the coagu-
lation sink of these particles changes when switching from
PD to PI oxidants in the PI simulation. The reduction in the
coagulation sink is especially large close to the strong DMS
emissions sources (Fig. 6d). The areas over ocean with in-
creased formation rate close to the surface correspond well
with the areas in Fig. 6e with increased aerosol number con-
centrations, indicating that the horizontal transport of DMS
due to its longer lifetime in an atmosphere with PI oxidants
is important for the increase in aerosol number concentra-
tion. Higher up in the atmosphere (above ∼ 850 hPa), the
formation rate of aerosols also increases over the emission
sources and at higher latitudes (not shown). The change in
the total vertically integrated coagulation sink decreases by
17.7 % when switching from PD to PI oxidants in the PI
simulation, favoring enhanced formation of new aerosols. As
the lifetime of the precursor gases and the cloud amount in-
creases, the total deposition rate of SO2 increases with 7.4 %
(DMS, isoprene and monoterpene are only lost through at-
mospheric chemistry), favoring a decrease in the formation
of new aerosols. As a result of all the competing effects,
the total vertically integrated formation of new aerosols in-
creases by 5.4 %.

Some of the newly formed SO4 and SOA are lost through
coagulation with the background aerosols. This coagulation

sink is also reduced (−3.6 %) when switching from PD to
PI oxidants for the same reasons as for the particles between
2 and 23.6 nm, contributing to the change in the aerosol num-
ber concentration seen in Fig. 4a.

Even though Fig. 6 shows that the increased lifetime of
the precursor gases partly can explain why the aerosol num-
ber concentration increases when switching from PD to PI
oxidants, other factors could also play a role. The precur-
sor gases have the potential of being oxidized in three differ-
ent ways, resulting in different amounts of the end products
H2SO4, SOALV and SOASV. While both H2SO4 and SOALV
can take part in nucleation (to nucleation mode SO4 and
nucleation mode SOA, respectively), SOASV can only con-
dense onto already existing particles. If changes in the oxi-
dation pathways favor more production of H2SO4 or SOALV,
it can contribute to the increase in the aerosol number con-
centration seen in Fig. 4a. The left panels of Fig. 7 show
the contribution of the different reactions to the oxidation
of the precursor gases. The largest change in the oxidant
level when switching from PD to PI oxidants is found for
NO3 in the Northern Hemisphere (Fig. 1c). When switch-
ing to PI oxidants, the relative fraction of DMS, isoprene
and monoterpene oxidized by NO3 is reduced (Fig. 7a, c, d,
red curves), while the oxidation involving the other oxidants
become more important. For DMS, Fig. 7a shows that this
change in the oxidation pathway will reduce the formation of
species that can take part in nucleation since some of it will
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Figure 7. The left panel of each figure shows the importance of different oxidant reactions at different levels for (a) DMS, (b) SO2, (c) iso-
prene and (d) monoterpene. Solid lines: PD-oxidants, dashed lines: PI-oxidants. The curves indicate the percentage of the total oxidation for
each specie that occurs through the specified reactions at a specific height. The sum of the three reactions at each level is equal to 100 % in
all cases. The right panel of each figure shows how much of the specie is oxidized at each level relative to the level of maximum oxidation.

be converted to SOASV instead of SO2 (that later becomes
H2SO4). For monoterpene, switching to PI oxidants favors
an oxidation pathway that gives more SOALV (Fig. 7d), thus
favoring an increase in the aerosol number concentration.
An overview of all the conversion rates for the oxidation
reactions in the two simulations with different oxidants is
found in Table 5. Even though the global burden of nucle-
ation mode SO4 aerosols increases (+0.00650 Tg, +8.8 %),
Table 5 shows that the production of H2SO4 decreases when
switching from PD to PI oxidants (−0.5 Tg yr−1), indicat-
ing that a shift towards more production of H2SO4 that
can nucleate is not an explanation for the increase in the
aerosol number concentration seen in Fig. 4a. The global
burden of nucleation mode SOA aerosols is also increasing
(+0.00450 Tg, +12 %). Contrary to the case of SO4, Table 5
shows that this could partly be due to a shift towards more
production of a gas that can take part in nucleation since the
production of SOALV increases (+1.63 Tg yr−1). Sensitivity
tests in Sect. 4.3 will show that this increase in production of
SOALV has a negligible impact on the results in this study.
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Figure 8. Selected regions with extra focus. AO is the Arctic Ocean
(70–82◦ N, 130–170◦W). NP is the North Pacific (35–50◦ N, 130–
160◦W). SP is the South Pacific (30–50◦ S, 90–140◦W).

4.1.2 The increase in cloud droplet number
concentration

Figure 4b shows that the CDNC increases in regions that ex-
perience large relative changes in the aerosol number con-
centration (Fig. 4a). The aerosol number concentration and
CDNC increases are linked to the extended DMS lifetime
discussed above (Fig. 6b), which in turn allows for more
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Table 5. Conversion rates using present-day (preindustrial) oxidants.

Reaction Loss Production
(Tg yr−1) (Tg yr−1)

(R2) DMS+OH [DMS] 24.0 → 24.7 [SO2]
(31.4) (32.4)

(R3) DMS+OH [DMS] 20.6
0.75
−−→ 16.0 [SO2]

(26.7) (20.7)
0.029
−−−→ 1.62 [SOALV]

(2.10)
0.114
−−−→ 6.38 [SOASV]

(8.26)
(R4) DMS+NO3 [DMS] 26.3 → 27.1 [SO2]

(10.4) (10.7)

(R5) monoterpene+OH [monoterpene] 41.3
0.15
−−→ 7.65 [SOASV]

(50.6) (9.37)

(R6) monoterpene+O3 [monoterpene] 45.2
0.15
−−→ 8.38 [SOALV]

(51.4) (9.53)

(R7) monoterpene+NO3 [monoterpene] 32.8
0.15
−−→ 6.09 [SOASV]

(12.7) (2.36)

(R8) isoprene+OH [isoprene] 376
0.05
−−→ 46.4 [SOASV]

(376) (46.4)

(R9) isoprene+O3 [isoprene] 26.7
0.05
−−→ 3.30 [SOASV]

(27.6) (3.41)

(R10) isoprene+NO3 [isoprene] 21.8
0.05
−−→ 2.70 [SOASV]

(6.72) (0.830)
(R2) SO2+OH+M [SO2] 10.4 → 16.0 [H2SO4]

(10.1) (15.5)
(aq) SO2+O3 [SO2] 14.6 → 21.9 [SO4]

(14.8) (22.3)
(aq) SO2+H2O2 [SO2] 28.4 → 42.6 [SO4]

(22.5) (33.7)
SO2 dry deposition [SO2] 16.5

(16.5)
SO2 wet deposition [SO2] 22.5

(25.4)

DMS transport to and subsequently increased aerosol forma-
tion in remote regions like the South Pacific (SP) and the
Arctic Ocean (AO), as defined in Fig. 8. The region named
North Pacific (NP) in Fig. 8 experiences a local minimum
in the change in the aerosol number concentration. Figure 6
shows that this is caused by less aerosol formation in this
region. Nevertheless, NP also experiences a relatively large
increase in CDNC. The vertical profiles in Fig. 9 show that
the regions which receive more precursor gases with PI ox-
idants (AO and SP) experience an increase in both aerosol
number concentration and CDNC for all altitudes, while the
NP region experiences a decrease close to the surface, but an
increase higher aloft. The latter can be explained by the ver-
tical shift in the oxidation (Fig. 5). In NP, the height above
which the change in CDNC is positive is located lower down

in the atmosphere than the height at which the aerosol num-
ber concentration starts to increase (Fig. 9i and l). This can be
explained by the change in the size of the aerosols (Fig. 9j),
caused by the increased aerosol condensate relative to the
aerosol number concentration (Fig. 9k). The relative amount
of condensate increases in the global mean (Fig. 9c) and
in the Northern Hemisphere (Fig. 9g and k) because of the
strong shift in the importance of the different oxidation reac-
tions (Fig. 7). This means that for DMS, the dominant pre-
cursor gas over the remote oceans, instead of mostly getting
1 ·SO2 and no SOA from an oxidation of DMS through Re-
action (R4), the PI atmosphere will produce to a larger extent
0.75 ·SO2 and some SOA through Reaction (R3). After SO2
has been oxidized to H2SO4, it nucleates easier than SOA,
and 80 % of the SOA from Reaction (R3) comes as SOASV,
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Figure 9. Vertical profiles of annual averaged changes in aerosol number concentration (a, e, i, m), aerosol size (b, f, j, n), aerosol condensate
divided by the aerosol number concentration (c, g, k, o) and CDNC (d, h, l, p) on a global mean (GL) and in the three different regions from
Fig. 8 (Arctic Ocean – AO, North Pacific – NP and South Pacific – SP), when switching from PD to PI oxidants in the PI simulation. The
mean size of the aerosols in panels (b, f, j, n) is calculated as a mean of the number mean radius of all mixtures in the model, weighted by
the number of aerosols in each mixture.

which is only allowed to condense. The change in aerosol
size in SP (Fig. 9n) deviates from the other regions. This is
due to the increase in OH in SP when switching to PI oxi-
dants (blue colors in Fig. 1a), giving rise to enhanced nucle-
ation of small SO4 aerosols followed by an enhanced H2SO4
production through Reaction (R1). This also happens in AO,
where the OH level also is larger in PI, but here this effect is
small relative to the effect of the increased SOASV produc-

tion due to the large NO3 change in the Northern Hemisphere
(Fig. 1c).

4.1.3 The change in aerosol indirect effect

The SW radiative effect of a change in CDNC varies de-
pending on where these changes take place. Twomey (1991)
showed that dA/d(CDNC), where A is the cloud albedo,
is largest in clean regions with low CDNC and where the
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Figure 10. (a) Cloud-weighted susceptibility using Eq. (6) in Alterskjær et al. (2012). Cloud droplet size and numbers from the cloud top
layer and the total cloud fraction were applied. (b) Vertical profile of the global mean cloud-weighted susceptibility.

cloud albedo is approximately 0.5. The SW radiative ef-
fect will also be larger in areas with low surface albedo,
in areas close to the Equator due to more incoming so-
lar radiation and in areas where the cloud fraction is high.
The last two factors, in addition to the factors in Twomey
(1991), are taken into account in Eq. (6) in Alterskjær et al.
(2012) when finding a cloud-weighted susceptibility func-
tion. This is a hybrid of the simplified dA/d(CDNC) of
Twomey and the more complex d(ERFaci)/d(CDNC), which
we see in Fig. 3. It only includes the first aerosol indirect
effect and not secondary aerosol indirect effects (such as in-
creased lifetime, cloud amount and cloud extent). The sus-
ceptibility function gives an indication of which areas over
ocean that are relatively more susceptible than others to cloud
albedo changes caused by changes in CDNC. The cloud-
weighted susceptibility function is normalized by its maxi-
mum value. Applying this function to 3 years of daily out-
put from the PIAER_PDOXI_ORG simulation in this study
results in Fig. 10a. Areas with high cloud-weighted suscep-
tibility are found off the west coast of the continents and
in the remote Southern Ocean storm tracks. The large in-
crease in CDNC (Fig. 4b) in the North and South Pacific
regions efficiently increases the albedo of the clouds, thus
resulting in the large change in the SW indirect effect seen
in Fig. 3d. Due to less insolation in the Arctic, the cloud-
weighted susceptibility in this region is low, resulting in a
negligible effect on the SW indirect effect, even though this
is the region that experiences the relatively largest increase
in both CDNC (Fig. 4b), cloud fraction (Fig. 4d) and LWP
(Fig. 4e) due to the oxidant changes. The longwave (LW)
indirect effect is not dependent on the incoming solar radi-
ation, so the large changes in cloud properties seen in the
Arctic affect the LW indirect effect. The thicker and longer-
lived clouds in the simulation with PI oxidants act to reduce
the difference in LW heating between the PD and PI simu-
lations (Fig. 3e). Figure 10b shows the vertical profile of the
global mean cloud-weighted susceptibility. It shows that the
decrease in CDNC close to the surface (Fig. 9d) does not
affect the cloud albedo as much as the increase in CDNC be-
tween 900 and 800 hPa.
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Figure 11. Differences in global mean shortwave and longwave
aerosol indirect effect between the setups with modified PI simu-
lations (PIOXI, PIOH, PINO3 and PIHO2) and the original setup.

4.2 Decomposing the oxidant change

To get a better understanding of the results in the original
experiment, results from the sensitivity tests where only one
oxidant at a time was changed are analyzed. Figure 11 shows
differences in the global mean shortwave and longwave indi-
rect effect between the setups with modified PI simulations
(PIOXI, PIOH, PIO3, PINO3 and PIHO2) and the original
setup with only PD oxidants in both simulations. Figure 12
shows the same for the horizontal distribution. Changing
only NO3 (PINO3) gives almost the same result as chang-
ing all of the oxidants (PIOXI), indicating that the historical
change in NO3 is the most important oxidant change for in-
direct effect calculations. This corresponds well with Fig. 1,
which shows that NO3 is the oxidant that has experienced
the largest relative change since PI, and Fig. 7, which shows
that the importance of the oxidation reactions involving NO3
drops the most when switching from PD to PI oxidants in
the PI simulation. The negative pattern over land in the trop-
ics in PINO3 that is missing in PIOXI (Fig. 12) seems to be
explained by the changes in O3. Analysis of the PIO3 simula-
tion shows that replacing only the O3 oxidant with PI values
reduces the importance of Reaction (R6) where monoterpene
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Figure 12. Differences in total aerosol indirect effect between the PI simulation with (a) PIOXI, (b) PIOH, (c) PIO3, (d) PINO3, (e) PIHO2
and the original PI simulation with only PD oxidants.

Table 6. Difference in global mean SW and LW indirect effects
between setups with the modified PI simulation in the second col-
umn and the default PI simulation with PD oxidants. The bottom
row shows the effect of changing all of the oxidants at the same
time (similar to Fig. 3c and d), the other odd numbered rows show
the effect of changing one oxidant at the time in the PI simulation,
while the even numbered rows show the difference in switching all
oxidants (PIOXI) and all but one (PIOXI_PDXXX) in the PI simu-
lation.

Row Description of the modified Change in Change in
number PI simulation shortwave longwave

aerosol aerosol
indirect indirect
effect effect

(W m−2) (W m−2)

1 PDOXI_PIOH −0.15 +0.07
2 PIOXI−PIOXI_PDOH −0.06 +0.02
3 PDOXI_PIO3 +0.07 −0.01
4 PIOXI−PIOXI_PDO3 +0.12 0.00
5 PDOXI_PINO3 +0.32 −0.14
6 PIOXI−PIOXI_PDNO3 +0.41 −0.11
7 PDOXI_PIHO2 +0.03 −0.01
8 PIOXI−PIOXI_PDHO2 +0.03 +0.01
9 PIOXI +0.39 −0.14

is oxidized by O3 giving SOALV, while the other oxidation
reactions of monoterpene giving SOASV become more im-
portant. This results in less new aerosol formation and in-

creased growth of the already existing aerosols through con-
densation, increasing the CCN concentration and the follow-
ing cloud droplet activation and CDNC.

Table 6 shows that there are some nonlinearities associated
with changing one oxidant at a time. The odd numbered rows
show the impact on the indirect effects when changing one
oxidant at a time, while the even rows show the difference
in the effect of changing all oxidant and changing all except
for one oxidant. If there were no nonlinearities involved in
the oxidant chemistry, an odd numbered row and the follow-
ing row would have shown the same numbers. This is not
the case, but the differences are relatively small, supporting
the indication that the contributions to the total result mainly
stem from the historical changes in NO3.

4.3 Sensitivity tests

Due to nonlinear processes and feedbacks in the model, it
is difficult to separate the different effects and to estimate
how much each of them contributes to the final result. As
an example, enhanced formation of new aerosols can be ex-
plained as in Sect. 4.1.1, starting by the increase in lifetime
of the precursor gases, but the enhanced importance of reac-
tions giving SOA with sufficiently low volatility to nucleate
new aerosols (Reactions R3 and R6) can also be a part of
the explanation. To get a better understanding of the impor-
tance of the various factors and processes, extra sensitivity
tests with six new setups were carried out. All tests consist
of three different simulations, as illustrated in Fig. 2. They
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Table 7. Information about how the setup for the sensitivity tests deviates from the default original setup. The right column shows how the
total aerosol indirect effect changes when switching from PD to PI oxidants in the PI simulation. 1AIEtot with the default model setup was
+0.25 W m−2.

Name of simulations Description of setup 1AIEtot
(W m−2)

NOSOALVDMS None of the SOA produced through Reaction (R3) is allowed to +0.25
nucleate new particles. Reaction (R3) is thus replaced with
DMS+OH→ 0.75 ·SO2+ 0.5 ·HO2+ 0.143 ·SOASV.

NOSOALVBVOC None of the SOA produced through Reaction (R6) is allowed to +0.26
nucleate new particles. Reaction (R6) is thus replaced with
monoterpene+O3→ 0.15 ·SOASV.

NOSOA No SOA production from DMS oxidation. Reaction (R3) is thus +0.14
replaced with
DMS+OH→ 0.75 ·SO2+ 0.5 ·HO2.

NACTOFF No activation from particle mixture number 1 (Kirkevåg et al., 2018). −0.03
This mixture corresponds to the nucleation mode in modal aerosol
schemes, and this is where we find the newly formed
SOA and SO4 aerosols.

DIURNALNO3 Add a daily cycle to the concentrations of NO3 that come from +0.26
prescribed monthly mean values.

FREEMET Apply free meteorology instead of nudged winds. +0.3± 0.2

all deviate from the original setup as well as from Kirkevåg
et al. (2018), through either changes in some of the chemical
Reactions (R1)–(R10), manipulating the aerosol input to the
code for cloud droplet activation, manipulating the code that
treats the oxidants or changing the constraint on the meteo-
rology. Information about the setups for the sensitivity tests
is found in Table 7.

4.3.1 NOSOALVDMS and NOSOALVBVOC

When moving from a high NO3 regime (PD oxidants) to a
low NO3 regime (PI oxidants), the oxidation reactions giv-
ing SOALV as a product (Reactions R3 and R6) become
more important. This is seen from the large change in the
global mean column burden of SOALV (+49.6 %). Since
SOALV can take part in nucleation and can give rise to the
increased aerosol number concentration seen in Fig. 4a, the
additional SOALV that is produced when using PI oxidants
may explain the change in the indirect effects seen in Fig. 3.
When replacing all of the standard produced SOALV from
the DMS oxidation in Reaction (R3) with SOASV in the
NOSOALVDMS simulations, the change in the total aerosol
indirect effect is almost the same as for the original setup
(1AIEtot:+0.25 W m−2), and the geographical pattern looks
largely the same (not shown here). This also holds when
doing the same for the oxidation of monoterpene (Reac-
tion R6) (1AIEtot: +0.26 W m−2). The pattern of the result-
ing AIE from the oxidant changes in the NOSOALVBVOC
simulations looks almost the same as for the original simu-

lations, except over the Amazon where the signal from the
O3 changes explained in the last section is gone. This does
not change the global mean AIE by more than 0.01 W m−2,
however. These sensitivity tests indicate that even though the
global mean burden of SOALV changes a lot when using PI
oxidants, this plays a minor role for the change in the indirect
effects seen in Fig. 3.

4.3.2 NOSOA

The increased production of total SOA(g) (SOASV and
SOALV) when switching from PD to PI oxidants has the po-
tential to cause changes in the indirect effects even though
the nucleation effect is negligible. All SOA(g) can condense
onto already nucleated aerosols and make it easier for them
to grow to the critical size for cloud droplet activation, ex-
cept for cases where the reduction in hygroscopicity is more
important than the increase in size. The impact of the hy-
groscopicity changes due to the changes in the oxidant lev-
els has been tested and found to be negligible (not shown
here). The change in total global mean column burden of
SOA(g) due to changes in the oxidant level with the orig-
inal setup was +40.7 %. To find out whether this increase
is causing the change in the indirect effects seen in Fig. 3,
the model was run with the NOSOA setup described in Ta-
ble 7. This resulted in a change in the total aerosol indi-
rect effects (1AIEtot) of +0.14 W m−2, deviating by more
than 0.10 W m−2 from the original setup. Removing prod-
ucts from the reaction makes the atmosphere cleaner, thus
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creating a different regime both for aerosol growth through
reduced competition for condensable gases as for aerosol ac-
tivation through reduced competition for water vapor. This
means that one cannot conclude that 0.11 W m−2 of the
0.25 W m−2 is caused by an increase in condensable SOA(g)
when switching from PD to PI oxidants, but this sensitivity
test indicates that it may have contributed to the overall result
seen in Fig. 3.

4.3.3 NACTOFF

This test is performed in order to see how important the
change in the droplet activation on the smallest aerosols is.
When modifying the oxidant level, the smallest aerosols are
affected by the change in formation rate, while all aerosols
are affected by the change in condensation. The results from
this test give an indication of how important the changes as-
sociated with the smallest aerosols are. When not allowing
the smallest aerosols in mixture number 1 (corresponding to
the nucleation mode in modal aerosol schemes) to activate,
the change in the total aerosol indirect effects found when
switching from PD or PI oxidants in the PI simulation is
small (1AIEtot: −0.03 W m−2). This confirms that it is the
difference in the number concentration of the smallest SO4
and SOA aerosols between the simulations with different ox-
idant levels that gives the large difference in the indirect ef-
fect seen in Fig. 3.

4.3.4 DIURNALNO3

The tests where the oxidant changes where studied individ-
ually identified the historical change in NO3 as having the
largest impact on the result. As described in the model de-
scription, OH and HO2 have a diurnal cycle added to the pre-
scribed monthly climatology in CAM5.3-Oslo. This is not
the case for NO3, even though it is well known that concen-
trations of NO3 drop during daytime due to rapid photolysis
(Wayne et al., 1991; Seinfeld and Pandis, 2016). To see how
this lack of a diurnal cycle for NO3 impacts the results in this
study, another set of simulations was carried out. The day-
time concentration of NO3 was set to zero, while the night-
time concentration was increased, such that the daily aver-
aged and the monthly averaged values stayed the same as in
the original setup. This treatment of the diurnal cycle is the
same as that for HO2 and OH, but with a shift from day to
night. Carrying out the same three model simulations with
this new setup as for the original default model setup gives
a change in the total aerosol indirect effect of +0.26 W m−2

(from −1.32 to −1.06 W m−2) when applying PI instead of
PD oxidants. In other words, this test shows that the lack of
a diurnal cycle for NO3 only has a minor influence on the re-
sult in this study. The reason for this minor impact is that the
main effect of oxidation by NO3 is of DMS over the oceans.
Since the lifetime of DMS is 36 and 55 h (present day and
preindustrial, respectively), the reduction in the nighttime ox-

idation when not applying a diurnal cycle will have time to
be compensated by an increase in the daytime oxidation.

4.3.5 FREEMET

Constraining the natural variability by nudging the meteo-
rology has been shown to be an efficient way of identify-
ing the effect of a model perturbation since it reduces the
computational cost and time significantly (Kooperman et al.,
2012). In this study, nudging has been applied in order to
model ERFaci. According to the definition of effective radia-
tive forcing in Myhre et al. (2013, p. 665), “ERF represents
the change in net top-of-the-atmosphere downward radiative
flux after allowing for atmospheric temperatures, water va-
por and clouds to adjust, but with global mean surface tem-
perature or a portion of surface conditions unchanged”. In
the simulations presented here, nudged winds are not fully
impacted by rapid adjustments in the atmosphere due to an
aerosol perturbation, which again could give a response by
the clouds. Thus, parts of this rapid wind–aerosol–cloud–
radiation feedback could be missing from the calculated val-
ues of ERF in this study. Running all the simulations in this
study with free meteorology is computationally very expen-
sive. Instead we performed sensitivity tests for the three sim-
ulations with the original model setup to estimate the bias
introduced by the method of nudging. The length of the sim-
ulations is 53 years, where the last 50 are analyzed. The to-
tal aerosol indirect effect changes by 0.3± 0.2 W m−2 (from
−1.3± 0.2 to −1.0± 0.2 W m−2) when switching from PD
to PI oxidants in the PI simulation. Even though the uncer-
tainties due to natural variability still are large after 50 years,
this change in the total aerosol indirect effect due to historical
oxidant changes fall in the same range as when nudging the
winds with a relaxation timescale of 6 h. Analyzing only the
last 30 years of the simulations gives the same change in the
total aerosol indirect effect, indicating that there is no drift in
the signal.

5 Summary and conclusions

We have used the global atmospheric model CAM5.3-Oslo to
study the effect of historical oxidant changes on the PD–PI
aerosol indirect effect. The precursor gases in the PI simula-
tion were exposed to PI oxidants instead of PD oxidants. Our
main findings are the following:

– The total aerosol indirect effect is reduced from
−1.32 to −1.07 W m−2, mainly due to a cloud bright-
ening in the modified PI simulation.

– NO3 is the oxidant that contributes the most to the
changes.

– When the precursor gases are exposed to an atmo-
sphere with relatively lower oxidative power (PI oxi-
dants vs. PD oxidants), their lifetimes increase and they
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are transported higher up in the atmosphere and hori-
zontally towards more remote areas before they are ox-
idized.

– The increased lifetime of the precursor gases con-
tributes to an increase in the formation of new aerosol
and a decrease in the deposition and in the coagulation
sink of the newly formed aerosols, contributing to an
increase in the aerosol number concentration.

– A large portion of the new aerosol formation and the
increase in aerosol number concentration occurs where
the cloud-weighted susceptibility is high, giving a large
impact on the radiative effects.

– The change from PD to PI oxidants in the PI simula-
tion yields a shift in the chemical reactions towards in-
creased production of condensate relative to the amount
of gases that can nucleate, which increases the size of
the aerosols, making it easier for them to activate.

Note that the magnitude of the sensitivity of the to-
tal aerosol indirect effect to the choice of the oxidants
in this study is as large as the total sulfur direct forc-
ing (Myhre et al., 2013), thus contributing significantly to
the total preindustrial-to-present-day anthropogenic forcing.
Overviews of model results of the PD–PI aerosol indirect ef-
fect show occasionally so negative values that they even off-
set the warming from the greenhouse gases (Boucher et al.,
2013; Lohmann, 2017). Our results suggest that such unre-
alistic cooling may appear less often if the precursor gases
are exposed to oxidants of their era, instead of applying PD
oxidants for both PD and PI simulations.

The results in this study are based on simulations from
just one model, with its model-specific treatments of oxi-
dants, aerosols, clouds and radiation that all include uncer-
tainties and simplifications. This also holds for the single in-
put dataset used for the prescribed oxidants. An evaluation
of the extent to which uncertainties in the different parame-
terizations and in the prescribed oxidant fields affect the re-
sult is beyond the scope of this paper, but should be focus
for future studies. The treatment of the MSA product from
DMS oxidation by OH (Reaction R3) should be looked at
in particular, since the changes in SOA condensate from that
reaction seem to contribute to the resulting changes in the
total aerosol indirect effect. Different choices of yields for
the oxidation reactions in Table 2 should also be in focus
since these yields are uncertain and vary between different
models and observations (Kroll et al., 2005; Lee et al., 2006;
Dentener et al., 2006; Spracklen et al., 2011; Neale et al.,
2012; Tsigaridis et al., 2014; Jokinen et al., 2015). The im-
pact of the lack of pure biogenic new particle formation in
the model applied in this study could also be studied, since
this mechanism has been shown to be important for radia-
tive forcing calculations, especially in clean regions (Gordon
et al., 2016). When it comes to the oxidant input dataset, it

would be interesting to see how the result is affected by us-
ing a model with online oxidant chemistry. Upcoming studies
should also see how the result is affected by using other input
datasets produced by more advanced models than the model
applied in Lamarque et al. (2010), which for example did not
include online aerosol–cloud radiative interactions or differ-
ent land cover information in the two different eras, which
could have impacted the oxidant level through different pho-
tolysis rates and different emissions from the land model.

The impact of the oxidant changes also depends on the
emissions of precursor gases. Carslaw et al. (2013) show
that there are large uncertainties linked to natural emissions,
even when assuming that they do not vary between PI and
PD. This was shown especially for DMS (Woodhouse et al.,
2010), which is found to be one of the most important pre-
cursor gases in this study. Changes in temperature and pH
in the ocean, as well as changes in land use, insolation and
CO2 may also have contributed to a change in the emis-
sions since preindustrial time (Charlsson et al., 1987; Guen-
ther et al., 2012; Unger, 2014). CAM5.3-Oslo is also lacking
some emissions that could be important for the magnitude
of the effect of the oxidant changes, for example emissions
of BVOC from the ocean, which can contribute significantly
to the marine aerosol loading (Shaw et al., 2010), creating a
more polluted regime with the potential of different suscep-
tibilities.

Despite the large uncertainties and simplifications men-
tioned above, we find that the treatment of the oxidants
is open for discussion. We suggest that a common way of
treating the oxidants must be agreed upon when modeling
aerosol effective radiative forcings. We also encourage other
researchers to specify which oxidants are used in their stud-
ies of historical changes in aerosol–cloud interactions.

Simulations from the Aerosol Chemistry Model Intercom-
parison Project (AerChemMIP), endorsed by the Coupled
Model Intercomparison Project 6 (CMIP6), can be used to
quantify preindustrial-to-present-day effective radiative forc-
ings. Comparing the cloud forcings from the simulations
called piClim-aer and piClim-control (Collins et al., 2017)
will be approximately the same as done in the original de-
fault setup in this study, with the same oxidant level in
both simulations. For models without tropospheric chem-
istry, AerChemMIP does not include a setup that takes into
account historical oxidant changes. However, models that
include tropospheric chemistry can perform the simulation
piClim-NTCF, which includes different ozone precursors in
the two different simulations, giving a different oxidation ca-
pacity. The piClim-NTCF simulation does not include all the
factors that contribute to the differences in the oxidant level
between PD and PI (for example methane), but it includes
some of them, so we suggest that a comparison of the cloud
forcings in piClim-NTCF and piClim-control will facilitate
calculations of the PD–PI aerosol indirect effect, including
changes due to different oxidant level, for the CMIP6 mod-
els as well.
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Data availability. The CAM5.3-Oslo code is available for
registered users through signing a respective license. In order
to initiate this process please contact noresm-ncc@met.no.
Users should briefly state themselves as CESM users at the
CESM website (http://www.cesm.ucar.edu/models/register/
register.html). Output from the three simulations with the
default model setup (named PDAER_PDOXI_ORG, PI-
AER_PDOXI_ORG and PIAER_PIOXI_ORG) is available
here: https://doi.org/10.11582/2018.00014. Output from the sensi-
tivity simulations are available upon request. The reason why we
only have output stored online from the three simulations with the
default model setup is that the rest of the simulations count 31 in
total, which requires too big storage space for our online storage.
We are more than happy to share the output upon request.
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Key Points:9

• Enhanced evaporation does not necessarily result in decreased cloud liquid wa-10

ter.11

• Differences in cloud droplet sizes between PI and PD are too small for size-dependent12

evaporation, scaled by only surface area differences, to give large impacts on aerosol13

indirect effects.14

• Size-dependent entrainment dampens the second aerosol indirect effect, but not15

as much as damping the dependency of cloud droplet number in rain formation16

calculations.17
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Abstract18

While most observations indicate well buffered clouds to aerosol perturbations, global19

models do not. Among the suggested mechanisms for this discrepancy is the models’ lack20

of connections between cloud droplet size and two processes that can contribute to re-21

duced cloudiness when droplets become more numerous and smaller; evaporation and22

entrainment. In this study, we explore different implementations of size-dependent evap-23

oration and entrainment in the global atmospheric model CAM5.3-Oslo. We study their24

impact on the preindustrial-to-present day change in liquid water path (LWPPD−PI)25

and the corresponding aerosol indirect effect (AIEPD−PI). Impacts of the 2014-2015 fis-26

sure eruption in Holuhraun, Iceland, are also presented. Our entrainment modifications27

only have a moderate effect on AIEPD−PI (changes from -1.07 Wm−2 to -0.98 Wm−2),28

and a small impact on the signal from the Holuhraun eruption compared to other sug-29

gested compensating mechanisms. Simulations with added size-dependent evaporation30

in the top of the stratiform clouds also show small evaporation differences between PI31

and PD. Moderate changes in AIEPD−PI were achieved when also including an entrain-32

ment feedback to the evaporation changes, mixing air between the cloudtop layer and33

the layer above. These changes were not associated with the size-dependency, but changes34

in the cloud susceptibility to aerosols in both PI and PD when adding evaporation. We35

find that increased evaporation of smaller droplets at stratiform cloud tops can reduce36

LWP , but can increase LWP in some areas due to enhanced shallow convection caused37

by destabilization.38

1 Introduction39

Aerosol-cloud interactions are singled out by the Intergovernmental Panel on Cli-40

mate Change (IPCC) as the largest contributor to the uncertainty in present day global41

radiative forcing (Boucher et al., 2013; Myhre et al., 2013). An increase in the atmospheric42

aerosol concentration usually favors more numerous, but smaller cloud droplets that scat-43

ter more of the incoming solar radiation back to space (Twomey, 1977). The uncertainty44

in this so-called ”Twomey effect”, ”albedo effect” or ”first aerosol indirect effect” has45

been reduced during the last decades, and there is strong confidence that it is cooling46

the climate on a global scale (Bréon et al., 2002; Feingold et al., 2003; Quaas et al., 2008;47

Lebsock et al., 2008; Bellouin et al., 2013; Ghan et al., 2016; McCoy et al., 2017). How-48

ever, estimates of the total magnitude of radiative effects by aerosol-cloud interactions49

remain highly uncertain, mainly due to the modulation of clouds through fast cloud ad-50

justments that follow a reduction in cloud droplet size. This effect is often referred to51

as the ”second aerosol indirect effect”. Since smaller cloud droplets decrease the efficiency52

of precipitation formation by suppressing the collision-coalescence process, aerosols may53

increase the water content and the lifetime of clouds (Albrecht, 1989; Pincus & Baker,54

1994). This is illustrated in the left branch of Fig. 1, which shows how different cloud55

processes can affect LWP when the cloud droplet size is reduced. This so-called ”Al-56

brecht effect” or ”lifetime effect” has, for a long time, been the only cloud process in-57

cluded in global models that can affect how aerosol perturbations impact cloud water58

content or extent through cloud physics (Neale et al., 2012; K. Zhang et al., 2012; Kirkev̊ag59

et al., 2013; Walters et al., 2014; Kirkev̊ag et al., 2018). As a consequence, estimates by60

these models of the total effective radiative forcing through aerosol-cloud interactions61

(ERFaci, including both the first and the second aerosol indirect effect) are not complete62

(Boucher et al., 2013).63

Several recent studies have shown a muted response, and sometimes even a reduc-64

tion in LWP when cloud droplet concentrations (Nc) or aerosol number concentrations65

(Na) increase. Studies of correlations between LWP and Na from satellites have shown66

both positive and negative signals (Quaas et al., 2009; M. Wang et al., 2012; Chen et al.,67

2014; Lebsock et al., 2008), but the reliability of these results as measures of LWP re-68

sponses to aerosol perturbations are questionable due to the difficulty of measuring aerosols69
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Figure 1. Fast cloud adjustments that follow a reduction in cloud droplet size.

and clouds simultaneously. Toll et al. (2017, 2019) compared satellite measurements of70

clouds downwind of known aerosol sources, like cities, volcanoes, shiptracks and fires, to71

unpolluted clouds nearby, showing a weak average decrease in LWP in the polluted clouds.72

Gryspeerdt et al. (2019) found both positive and negative relations between Nc and LWP ,73

with a domination of reduced LWP in clouds with high Nc. McCoy et al. (2018) used74

a combination of satellite measurements and aqua planet simulations to show that high75

values of LWP in midlatitude cyclone clouds are associated with high values of Nc. Malavelle76

et al. (2017) studied satellite retrievals of LWP during the 2014-2015 fissure eruption77

in Holuhraun, finding no significant increase in LWP compared to previous years. Thus78

the sign of the second aerosol indirect effect is under debate, which makes it worth in-79

vestigating cloud processes that can contribute to a reduction in cloudiness associated80

with increased aerosol loadings.81

Sensitivity tests turning off the dependency of precipitation on droplet number in82

global models have shown better agreement with observations (Quaas et al., 2009; M. Wang83

et al., 2012; Gettelman et al., 2013; Gettelman, 2015; Malavelle et al., 2017), but can not84

explain situations where LWP decreases with increased droplet concentrations. Another85

suggested reason for observed constant or decreasing LWP with increasing aerosol load-86

ing is the lack of representation of processes in the models that buffer cloud responses87

to aerosol perturbations (Stevens & Feingold, 2009). Some of these processes are seen88

in Fig. 1. The middle branch shows that more numerous, but smaller droplets results89

in more evaporation. This size dependent evaporation mechanism is not represented in90

most global models (Ackerman et al., 2004; Malavelle et al., 2017; Zhou & Penner, 2017).91

As for the growth rate of cloud droplets by condensation, the rate of evaporation also92

varies with the cloud droplet size. The characteristic phase relaxation time, τ ∝ (Nr)−1
93

(Squires, 1952a, 1952b), where N is the cloud droplet number concentration and r is the94

mean radius of the cloud droplets, is used as a measure of the conversion rate between95

the liquid and the vapor phase. If a clean cloud (N1, r1) is perturbed to a polluted cloud96

(N2 > N1, r2 < r1) and the total liquid water content (Mc) is conserved, the phase97

relaxation time is reduced (see Supplementary Information, Sect. S1), so that98

τ1 > τ2. (1)99

100
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This change in τ is due to the larger total surface area compared to the total vol-101

ume of the more numerous but smaller cloud droplets in the polluted cloud.102

As seen in Fig. 1, enhanced evaporation of cloud water will not only directly re-103

sult in decreased LWP , but also trigger other fast feedback processes. When water at104

the cloudtop evaporates, the temperature drops, which promotes sinking of air masses,105

enhancing the turbulent mixing and entrainment of air from above, which again can re-106

sult in more evaporation. Results from fine-scale modeling have shown examples of de-107

creased cloud fraction and LWP caused by increased aerosol loading, probably due to108

enhanced evaporation and evaporation-entrainment feedbacks when the droplets become109

smaller (Ackerman et al., 2004; Jiang & Feingold, 2006; Feingold et al., 2006; Xue & Fein-110

gold, 2006; Xue et al., 2008; Altaratz et al., 2008; Hill et al., 2009; Zhou & Penner, 2017).111

Small et al. (2009) presents observations from a flight campaign of non-precipitating clouds112

that support these results. Bretherton et al. (2007) also points out that sedimentation113

of droplets away from the entrainment zone is suppressed when droplets are smaller, which114

can result in more liquid water available for evaporation in the entrainment zone, more115

evaporation and thus enhanced entrainment efficiency and reduced LWP . This is seen116

in the right branch of Fig. 1.117

The aim of this study is to implement size-dependent evaporation and size-dependent118

entrainment into a global model and see how that affects the second aerosol indirect ef-119

fect. The hypothesis is that enhanced evaporation and entrainment in a polluted cloud120

will counteract the increase in water content due to suppressed autoconversion. This will121

make a perturbed cloud less reflective compared to a similar cloud without size-dependency.122

Size-dependent evaporation and entrainment are implemented separately into the123

model, and both setups are described in Sect. 3. The first part of the result section fo-124

cuses on results from the evaporation cases, where the impact on LWPPD is presented125

and analyzed in Sect. 4.1.1-4.1.2, the impacts on changes between PI and PD are pre-126

sented and analyzed in Sect. 4.1.3, while Sect. 4.1.4 shows results from sensitivity tests127

with various implementations of the evaporation. Results from simulations with size-dependent128

entrainment are presented and analyzed in Sect. 4.2, with sensitivity test in Sect. 4.2.2.129

Although we know that aerosol concentrations have increased since preindustrial times,130

it is highly uncertain to which extent and how they have contributed to cloud changes131

(Boucher et al., 2013). Recent volcanic eruptions are on the other hand better documented132

and well observed by both satellites and ground based instruments, and can serve as testbeds133

when modelling aerosol-cloud interactions. In Sect. 4.3, we investigate how the inclu-134

sion of size-dependency affects the modelled changes in cloud properties caused by a vol-135

canic eruption. We also compare the impact of implementing size-dependency to the im-136

pact of corrections of other processes that have been suggested to affect modelled aerosol137

indirect effects.138

2 Model139

2.1 General description140

This study uses the global model CAM5.3-Oslo, which is the atmospheric compo-141

nent of the Norwegian Earth System Model (NorESM). While CAM4-Oslo was used in142

the first version of NorESM (Bentsen et al., 2013; Iversen et al., 2013; Kirkev̊ag et al.,143

2013) and CAM6-Oslo (under development) will be the atmospheric component of the144

second version of NorESM, CAM5.3-Oslo is an intermediate version of the atmospheric145

component, documented by Kirkev̊ag et al. (2018). It is based on the Community At-146

mospheric Model version 5.3 (Neale et al., 2012; Liu et al., 2016). The main difference147

between CAM5.3 and CAM5.3-Oslo is that the latter has its own aerosol module, OsloAero.148

This module is neither modal or sectional, but so-called ”production tagged”. In OsloAero,149

background tracers form lognormal distrubutions, but process-tracers resulting from con-150
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Figure 2. A simplified picture of the workflow in CAM5.3-Oslo. This figure does not include

all parts of the model. It is meant as an illustration of the order of some of the most impor-

tant processes governing the cloud physics. The orange boxes indicate where size-dependency is

included in the modified simulations of this study, which will be described in detail in Sect. 3.

densation, coagulation and cloud processes change the shape of the distribution. Lookup151

tables produced by a sectional model are applied to obtain optical propterties. More de-152

tailed description of the module is found in Kirkev̊ag et al. (2018). The stratiform clouds153

are treated by the double moment bulk microphysics scheme MG1.5, which is almost the154

same as MG1 (Morrison & Gettelman, 2008; Gettelman et al., 2008), but with cloud droplet155

activation moved before the rest of the microphysical process rate calculations (Gettelman,156

2015). The scheme applies autoconversion parameterizations based on Khairoutdinov157

and Kogan (2000). The treatment of shallow convective clouds and moist turbulence are158

based on work done at the University of Washington (Park & Bretherton, 2009; Brether-159

ton & Park, 2009), while the parameterizations of deep convective clouds are based on160

G. J. Zhang and McFarlane (1995). Aerosols are activated following Abdul-Razzak and161

Ghan (2000). The macrophysics is described in Park et al. (2014) and includes satura-162

tion adjustment.163

The blue boxes and the arrows in between in Fig. 2 show the order of some of the164

most important processes in CAM5.3-Oslo that affect the cloud water mass, qc, and droplet165

number, Nc. The aerosols are only impacting the stratiform clouds, which means that166

aerosol-cloud interactions lack from the convective clouds. Detrained convective conden-167

sate is added to the stratiform clouds, with a number concentration estimated by assum-168

ing a constant mean volume cloud droplet radius of 10 and 8 µm for shallow and deep169

convective clouds respectively. The implementation of size-dependency, indicated by the170

orange boxes in Fig. 2, are described later.171
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Emissions of aerosols and aerosol precursor gases, and the concentrations of green-172

house gases in the atmosphere follow the standard of the Coupled Model Intercompar-173

ison Project number 5 (CMIP5) (Lamarque et al., 2010). The atmospheric component174

is coupled to a satellite phenology version of the Community Land Model version CLM4.5175

(Oleson et al., 2013) and an ocean with prescribed climatological sea surface tempera-176

tures and sea ice extent. Methods by Ghan (2013) are used for calculating the effective177

radiative forcing of aerosols. For more detailed descriptions of the model, see Kirkev̊ag178

et al. (2018) and Karset et al. (2018).179

2.2 Configurations180

The model was configured with 30 levels in the vertical and a horizontal resolution181

of 0.9◦ (latitude) by 1.25◦ (longitude). Nudged meteorology was applied to constrain the182

natural variability (Kooperman et al., 2012). This meteorology was generated by the model183

itself in an earlier simulation, applying all present day conditions (emissions, oxidants,184

land use, sea surface temperatures, etc.). The horizontal wind components and the sur-185

face pressure were nudged with a relaxation time scale of 6 hours, corresponding to a nudg-186

ing intensity of 8.3 % when the timestep of the model is 30 minutes. The air temper-187

ature was freely evolving (K. Zhang et al., 2014), as were all other variables.188

3 Experimental setup189

To find out how the clouds in the model respond to aerosol perturbations, two sim-190

ulations with the default model setup, N, were carried out. The simulations applied emis-191

sions of aerosol precursor gases, aerosols and prescribed oxidants from present day (PD,192

year 2000) and pre-industrial times (PI, year 1850) respectively. The simulation length193

is six years, where the last four are analyzed. Simulations from a previous study, apply-194

ing a similar setup, showed a standard error of only 0.01 Wm−2 for the total aerosol in-195

direct effect, and the same result, with no drift in the signal, when extending the sim-196

ulation length to 11 years and analyzing the last 10 years (Karset et al., 2018). The re-197

sults from the nudging simulations of that study were also in the uncertainty range of198

the simulated total aerosol indirect effect with free meteorology, running for 50 years,199

where the last 30 were analyzed. The impact of including size-dependency on the evap-200

oration and the entrainment processes are investigated separately in the following sec-201

tions.202

3.1 Size-dependent evaporation203

An additional evaporation is implemented in the top layer of clouds without ice.204

The argument of adding extra evaporation, on top of the one already calculated by the205

model itself, is that we assume the model is underestimating the amount of evaporation206

and entrainment, thus the reduction in cloud water, due to the lack of an evaporation-207

entrainment feedback parameterization. Size-dependent evaporation occurs in both warm208

and mixed-phased clouds, but we choose to only focus on the warm clouds to better un-209

derstand the physical mechanisms behind the results, without possible impacts by com-210

plex processes including ice. In a later study, mixed-phase clouds should also be included.211

Figure 3(a) shows the effective radius of the cloud droplets in the top layer of stratiform212

clouds without ice in the default PD-simulation, while Fig. 3(b) shows the difference in213

the effective radius between PI and PD. The effective radius of cloud droplets in CAM5.3-214

Oslo is slightly lower than that of MODIS (Moderate Resolution Imaging Spectroradiome-215

ter) (Rausch et al., 2017), which we find acceptable due to the positive biases associated216

with the re-products coming from MODIS (Painemal & Zuidema, 2011; Liang et al., 2015).217

Changes in re between PI and PD are mostly negative, owing to the Twomey effect when218

aerosol concentrations increase. Positive areas over land are associated with reduced emis-219

sions from forest and grass fires since PI, while positive areas over remote oceans are due220
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(a) (b)

Figure 3. (a) Annual mean effective radius of the cloud droplets in the cloudtop layer of

stratiform clouds without ice in the PD-simulation with default model setup. (b) Difference in

effective radius between PI and PD.

to oxidant differences between PI and PD, resulting in a shift in the location of secondary221

aerosol formation (Karset et al., 2018).222

As a first approach to the question of how size-dependent evaporation will affect223

cloud responses to aerosol perturbations, 5 % of the liquid in the cloudtop layer is evap-224

orated if the cloud droplets are smaller than 4 µm. Since this can occur every timestep225

of 0.5 h, it results in an evaporation rate in the cloud top layer of up to 10 %h−1. As226

we do not have good global constraints by observations of this quantity at this point, a227

higher evaporation factor of up to 50 % is also tested. This corresponds to an evapora-228

tion rate in the cloud top layer of up to 100 %h−1.229

The rate of evaporation depends on the surface area. If the total volume of water230

in a cloud, V, is constant, the total surface area, A, of all the cloud droplets is given as231

A =
3V

r
. (2)232

233

Since A is proportional to r−1, we let the additional evaporation of droplets larger234

than 4 µm also vary with r−1. This results in an evaporation rate seen in Fig. 4(a). The235

horizontal distribution of the evaporation rate from the PD-simulation is seen in Fig-236

ure 4(b) with its global mean value in the heading.237

The standard evaporation calculations in the model is a part of the macrophysics238

(see Fig. 2). The evaporation changes in this study are applied to the model code right239

after the microphysics (see Fig. 2). One reason why we do not add it right after the stan-240

dard evaporation in the macrophysics is the way activation is calculated. The activation241

process makes assumptions based on saturation-adjustment, which is not the case if we242

add extra evaporation. If trying to evaporate cloud droplets between the macrophysics243

and activation, the scheme will activate back the number, but not the mass, resulting244

in an unphysical reduction in cloud droplet size. Another reason why the code changes245

are applied where they are is because a the residual condensation term in the microphysics246

scheme that condenses all excess vapor before entering radiation. With our implemen-247

tation, excess vapor will condense in the next timestep, but not before the condensation248

calculations in the macrophysics scheme. This allows our changes to affect both radi-249

ation, turbulence, entrainment, convection and detrainment (see Fig. 2).250
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Figure 4. (a) Evaporation rate of the liquid in the cloudtop layer as a function of the effec-

tive radius of the cloud droplets. (b) Horizontal distribution of the evaporation factor in the PD

simulation where additional size-dependent evaporation is applied.

Table 1. Overview of the main setups applied for the inclusion of size-dependent evapora-

tion. CT is the cloudtop layer, while CT+1 is the layer above. More simulations exploring the

sensitivity of different uncertain choices are presented in Sect. 4.1.4.

Casename Move between max evaprate Mixing type
CT and CT+1 [%h−1]

EVAP NOMIX - 10 50-50a

EVAP NOMIX HIGH - 100 50-50a

EVAP MIX released qv and θ, 10 50-50a

moist and dry air (qv,θ)

a50-50 means an equal mix between homogeneous and heterogeneous mixing.
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When water evaporates, vapor is released and the temperature drops. The change251

in vapor can be implemented in the model in different ways, and several options were252

tested in this study by different sets of PD- and PI-simulations. The main part of this253

study will focus on the three setups listed in Tab. 1, while others will be studied and pre-254

sented in Sect. 4.1.4. In EVAP NOMIX and EVAP NOMIX HIGH, the released vapor255

is kept inside the same gridbox as the evaporation of cloud water occurred. These se-256

tups indicate no vertical mixing between the cloudtop layer (CT) and the layer above257

(CT+1). In EVAP MIX, the evaporation is assumed to either stem from mixing of air258

from above the cloudtop or that it initiates downdrafts at the cloudtop due to evapo-259

rative cooling, which also contributes to enhanced turbulence, entrainment and mixing260

of air between the cloudtop layer and the layer above (see Fig. 1). The released vapor261

is therefore moved one layer up. The released vapor is given as qc · evaprate, where qc262

is the liquid water content in the cloudtop layer. When this mass moves, the air around263

also moves. Due to conservation of mass, the same amount of air moves down from the264

layer above the cloudtop and mixes into the cloudtop layer. This is taken into account265

in EVAP MIX. The mixed variables are mixing ratio of water vapor (qv, [kgkg−1]) and266

potential temperature (θ, [K]). The amounts are calculated as follows in Eq. (3-6).267

∆qv,CT = evaprate · CF ·
mv,CT+1 −mv,CT

ρa,CT
· dt (3)268

∆qv,CT+1 = −evaprate · CF ·
mv,CT+1 −mv,CT

ρa,CT+1
· dt (4)269

∆θCT = evaprate · CF ·
TCT+1 − TCT

νCT
· dt (5)270

∆θCT+1 = −evaprate · CF ·
TCT+1 − TCT

νCT+1
· dt (6)271

CF is the cloud fraction in the layer the evaporation occurred, mv is the mass of272

water vapor [kgm−3], ρa is the air density [kgm−3] and ν is a factor converting from ab-273

solute temperature, T , to potential temperature, θ. ν =
(
ps
p

)cp
. Sensitivity simulations274

with different choices of which quantities to move between CT and CT+1 are also car-275

ried out and analyzed in Sect. 4.1.4.276

The mixing of cloudy air with drier air from outside the edges of a cloud can take277

place in different ways, resulting in different impact on the cloud droplet number con-278

centration after the following evaporation (Latham & Reed, 1977; Baker et al., 1980).279

The two extremes are commonly referred to as homogeneous and extreme inhomogeneous280

mixing (Korolev et al., 2015; Pinsky et al., 2015; Lehmann et al., 2009). Homogeneous281

mixing occurs on a much shorter time scale than evaporation. The drier air has time to282

be mixed with all the cloudy air, which results in some evaporation of all droplets. In283

this scenario, none of the droplets evaporate completely, keeping the cloud droplet num-284

ber concentration constant. This is illustrated in the left column of Fig. 5. On the other285

hand, extreme inhomogeneous mixing will evaporate some droplets completely, keeping286

the sizes of the remaining droplets the same due to the much slower mixing than evap-287

oration. This is illustrated in the right column of Fig. 5. A number of observational based288

studies have documented that both types of mixing, and also a mix between the two, can289

occur in liquid clouds, but it is not well understood when and under which conditions290

one or the other will take place (Painemal & Zuidema, 2011; Freud et al., 2011; Korolev291

et al., 2015). We use a 50 % mix between the two, but results from simulations with purely292

homogeneous and purely extreme inhomogeneous mixing (from now referred to as het-293

erogeneous mixing) are also shown in Sect. 4.1.4.294
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Homogeneous mixing Extreme inhomogeneous mixing

Before modifications After modifications

Figure 5. An overview of how different sized cloud droplets are treated in the simulations

with size-dependent evaporation. For the homogeneous mixing case (left column), all droplets

evaporate to some extent, but the number stays the same. For the extreme inhomogeneous mix-

ing case (right column), some droplets evaporate completely, while the others remain unchanged.

Exteme inhomogeneous mixing are also reffered to as heterogeneous mixing in this paper.

3.2 Size-dependet entrainment295

The entrainment rate at the top of stratiform clouds in the model is calculated within296

the moist turbulence scheme, based on Bretherton and Park (2009), which again is based297

on the entrainment closure of Nicholls and Turton (1986). Its strength is, among oth-298

ers, given by an entrainment efficiency factor, A, which is affected by the evaporative cool-299

ing at the cloudtop. A is given by Eq. (7),300

A = 0.1

(
1 +

0.8a2Lvql
∆s

)
(7)301

where Lv is the latent heat of vaporization, ql is the liquid water content at the cloud-302

top, and ∆s is the jump of mean liquid static energy across the entrainment interface.303

a2 is a tuning parameter that is commonly used to tune global models with a CAM-based304

atmospheric component to retrieve radiative balance and a realistic cloud deck. Bretherton305

and Park (2009) uses a2 = 15, based on observations by Stevens and Feingold (2009)306

and Caldwell et al. (2005), while Nicholls and Turton (1986) bases their choice of a2 =307

60 on aircraft measurements. Bretherton and Park (2009) suggest tuning of a2 within308

the range of 10−100. The default value of a2 in CAM5.3-Oslo is 30. In this study, size-309

dependent entrainment is implemented in the model by letting a2 vary with the effec-310

tive radius of the cloud droplets in the cloudtop layer. As a first approach, the values311

in Eq. (8) are applied.312

a2 = 100, re < 4 µm

a2 = 400r−1
e , re > 4 µm (8)
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Figure 6. (a) a2 as a function of the effective radius in the cloudtop layer when entrainment

closure is calculated. (b) Horizontal distribution of the tuning parameter a2. (c) Horizontal

distribution of the entrainment efficiency factor, A, in the PD-simulation.

This is also seen in Fig. 6(a). The r−1 relation is applied for the same reason as313

for the evaporation case. The horizontal distribution of a2 and A from the PD-simulation314

is seen in Fig. 6(b-c).315

4 Results316

4.1 Size-dependent evaporation317

4.1.1 PD-changes in LWP318

Before looking at changes in LWP between PI and PD caused by differences in the319

additional size-dependent evaporation, we first examine how LWP in the PD-simulations320

of EVAP NOMIX, EVAP NOMIX HIGH and EVAP MIX (see Tab. 1) differ from that321

of the original default model setup, N (Fig. 7(a)). Results from EVAP NOMIX in Fig.322

7(b) shows that evaporating up to 10 %h−1 of the liquid in the cloudtop layer has a neg-323

ligible effect on LWP when keeping all changes inside the gridbox of evaporation. In324

EVAP NOMIX HIGH, the maximum evaporation rate is tuned up. Fig. 7(c) shows that325

this results in a change in global mean LWP of −3.7 gm−2 (-6.9 %). Since the simula-326

tions are carried out with the use of nudging, the signal vary little from year to year, with327

a standard error of 0.1 gm−2 for LWP . When allowing the evaporated liquid and the328

surrounding air masses to be mixed with the layer above, LWP changes as shown in Fig.329

7(d). The global mean value in Fig. 7(d) is negative, but there are areas with large pos-330

itive values, especially outside the west coast of Africa.331

4.1.2 How can LWPPD increase with increased evaporation?332

When adding evaporation, reduced LWP is expected. The result from EVAP MIX333

in Fig. 7(d) shows that the opposite can occur. A closer look at the mechanisms behind334

this signal indicates that this is linked to changes in shallow convection. Figure 8 shows335

that the frequency of occurence of shallow convection is enhanced in many of the same336

areas as LWPPD increase in EVAP MIX. Enhanced shallow convection can be caused337

by reduced CIN (convective inhibition), which can occur when the gradient in virtual338

potential temperature is affected when the evaporation changes dry the cloudtop layer339

and moisten the layer above (Park & Bretherton, 2009). Figure S1 in the supplemen-340

tary shows that this drying and moistening occur in the simulations of EVAP MIX, es-341

pecially in the regions where the vapor differences between the cloudtop layer and the342

layer above is large. Figure S2(a) in the supplementary shows reduced CIN in the same343

areas. When shallow convection is enhanced, more liquid cloud water is detrained to the344

stratiform clouds (Fig. S3 in the supplementary).345
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Figure 7. (a) Total gridbox average LWP in the PD simulation with default model setup, N.

(b-d) Change in LWP in PD caused by enhanced evaporation in the setups EVAP NOMIX (b)

and EVAP NOMIX HIGH (c), and EVAP MIX (d). Description of the setups are found in Tab.

1.

Figure 8. (a) Changes in frequency of occurrence of shallow convection when switching

from the default model setup, N, to EVAP MIX, where evaporation is enhanced for the smaller

droplets and vertical mixing between the cloud top layer and the layer above is allowed. (b)

Scatter plot showing how ∆LWPPD from Fig. 7(d) correlate with ∆frq(SHCONV )PD in (a). r is

the Pearson’s correlation coefficient and p is its respective p-value.
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Figure 9. Total aerosol indirect effect (AIEPD−PI) from simulations with default model

setup, N. (a). Change from N in AIEPD−PI when adding evaporation with size-dependency

to setups without (EVAP NOMIX HIGH) (b) and with (EVAP MIX) (c) mixing between the

cloudtop layer and the layer above. Change in LWP between PI and PD in the simulations with

the default model setup (d). Change from N in ∆LWPPD−PI when adding evaporation with

size-dependency to setups without (EVAP NOMIX HIGH) (e) and with (EVAP MIX) (f) mix-

ing between the cloudtop layer and the layer above.

While cloud top evaporation seems to enhance shallow convection through its im-346

pact on the stability, the Pearson’s correlation coefficient in Fig. 8(b) is only weakly pos-347

itive, indicating other mechanisms involved. Fig. S2(b) in the supplementary shows that348

the estimated inversion strength (EIS), which is a good indicator for the stratiform cloud349

cover (Wood & Bretherton, 2006), decreases in the same areas. While unstable regimes350

favor convective clouds, stable regimes favor stratiform cloud formation, trapping the mois-351

ture under the inversion. When the inversion strength is reduced, the cloud can break352

up, and LWP is reduced. The combination of reduced LWP due to evaporation, enhanced353

LWP due to shallow convection, and reduced LWP due to reduced EIS, give us a com-354

plex picture of the LWP response to enhanced evaporation of small droplets in EVAP MIX355

seen in Fig. 7(d).356

4.1.3 Changes in aerosol indirect effects due to evaporation357

Figure 9 shows how the total aerosol indirect effect (AIEPD−PI) and the LWP358

change between PI and PD are affected when size-dependent evaporation is added. The359

left column shows results from the default model setup. The middle column shows re-360

sults from the simulation EVAP NOMIX HIGH (see Tab. 1). Figure 9(b) shows a neg-361

ligible impact on AIEPD−PI , even though we look at the case with high additional evap-362

oration rate. Since the implementation of this effect resulted in a reduction in LWP of363

6.9 % (see Fig. 7(c)) in the PD-simulation, and a corresponding change in radiative bal-364

ance on the top of the atmosphere of 1.09 Wm−2 (not shown here), the lack of result on365

AIEPD−PI is not due to weak evaporation. It is also not caused by PD-PI differences366

in compensating processes due to for example residual condensation or feedbacks on other367

processes, such as convection and mixing, since the evaporation modifications are im-368
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plemented right before the radiation calculations in the code. The lack of a result stems369

from the r−1-relation giving a small difference in the amount of evaporated liquid be-370

tween PI and PD, resulting in the small change in ∆LWPPD−PI seen in Fig. 9(e). Even371

though the global mean evaporation rate for the additional evaporation in the cloudtop372

layer of the PD-simulation of EVAP NOMIX HIGH is as high as 51 %h−1, it is only 1.4373

%h−1 lower in the corresponding PI-simulation. As described in Sect. 3.1, the r−1-relation374

stems from surface area to volume relation of a collection of cloud droplets, and the as-375

sumption of the strength of the evaporation being proportional to the total cloud droplet376

surface area. Going away from the r−1-relation means going away from this assumption.377

When also including vertical mixing between the cloudtop layer and the layer above378

after the evaporation (case EVAP MIX), AIEPD−PI gets less negative (Fig. 9(c)) , which379

was our expected change when implementing size-dependent evaporation. This occurs380

even though we only allow for up to 10 %h−1 additional evaporation rate for the smaller381

droplets. But, when looking at Fig. 9(f), which shows how the change in LWP between382

PI and PD (∆LWPPD−PI ) differs compared to the default model simulations, N, it is383

clear that the change in AIEPD−PI does not correspond everywhere with the change384

in ∆LWPPD−PI , at least not south of 30 ◦N. The hypothesis before this study was that385

the higher aerosol concentration in PD would evaporate more liquid in PD compared to386

that in PI due to the larger total cloud droplet surface area, dampening the positive sig-387

nal in ∆LWPPD−PI in Fig. 9(d) caused by suppressed autoconversion, giving negative388

patterns in Fig. 9(f). This could have been the reason for the signal north of 30 ◦N, where389

∆LWPPD−PI is negative and AIEPD−PI is positive, but we question this link since EVAP NOMIX390

showed almost equal dampening in the change in LWPPD−PI , without any impact on391

AIEPD−PI . Since analysis in Sect. 4.1.2 showed that adding evaporation to the PD-simulation392

EVAP MIX did not result in reduced LWP everywhere, but also increased LWP some393

places due to enhanced shallow convection, positive signals in Fig. 9(f) are expected. Pos-394

itive patterns in Fig. 9(f) means that LWP changes more between PI and PD compared395

to that of the default setup. This should result in more negative AIEPD−PI in these re-396

gions than what seen in Fig. 9(a), which is not the case. Neither changes between PI and397

PD in the effective radius (∆(∆re,PD−PI) = −0.0 µm), cloud droplet number concen-398

tration (∆(∆Nd,PD−PI) = −1.5 cm−3) or cloud fraction (∆(∆CFPD−PI) = −0.0 %)399

caused by the implemented size-dependent evaporation correspond with ∆AIEPD−PI400

in Fig. 9(c). The positive signal in ∆AIEPD−PI in Fig. 9(c) must stem from changes401

in the susceptibility of the clouds to aerosol perturbations when adding extra evapora-402

tion, rather than effects from the size-dependency. Section 4.1.2 showed that adding more403

evaporation at the cloud tops facilitates shallow convective clouds rather than stratiform404

clouds in some areas. The former is associated with reduced horizontal extent, promot-405

ing a reduction in the total cloud fraction, giving a global mean absolute change in to-406

tal cloud fraction of -1.8 % from that of the default model setup in PD. Clouds with re-407

duced horizontal extent no longer have the same potential to impact the radiative bal-408

ance when imposing an aerosol perturbation through their reduced cloud weighted sus-409

ceptibility (Alterskjær et al., 2012; Karset et al., 2018). With the same imposed aerosol410

perturbation in the different setups, this change in cloud weighted susceptibility could411

explain the dampening of the total aerosol indirect effect seen in Figure 9(c).412

4.1.4 Sensitivity tests - Evaporation413

Five sets of simulations are carried out to study how sensitive our results are to the414

treatment of exchange of mass between the cloudtop layer and the layer above followed415

by the evaporation, and to the type of mixing. Table 2 gives an overview of the simu-416

lations. It also includes the three simulations discussed earlier in this paper for compar-417

ison. When it comes to the exchange of mass between the layers, the similar results be-418

tween EVAP MIX and EVAP MIX3, where moist air is mixed between the layers, clearly419

shows that the previously discussed signals in ∆AIEPD−PI and ∆LWPPD come when420

not only mixing the released vapor and temperature (EVAP MIX2) or the released va-421
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por, temperature and dry air (EVAP MIX4), but also the moist air (EVAP MIX3). As-422

suming purely homogeneous mixing slightly reduces the impact on ∆LWPPD, while purely423

heterogeneous mixing has the opposite effect. This could be due to their different im-424

pact on the cloud droplet size, resulting in different autoconversion rates. Homogeneous425

mixing results in smaller droplets, which suppresses the autoconversion rate, contribut-426

ing to a less negative signal in ∆LWPPD for EVAP NOMIX HIGH HOMO compared427

to the other setups. In our study, the mixing assumption does not affect ∆AIEPD−PI ,428

but this is probably due to the small difference in evaporation factor between PI and PD.429

With larger differences in the evaporation between PI and PD, using purely heteroge-430

neous mixing would probably enhance the signal due to the same reasons as for ∆LWPPD.431

4.2 Size-dependent entrainment432

4.2.1 Changes in aerosol indirect effects due to entrainment433

Figure 10 shows how the total aerosol indirect effect and the change in LWP be-434

tween PI and PD are affected when adding size-dependency on the entrainment rate at435

the top of the clouds. As seen in Fig. 6(a), the entrainment is more efficient for the smaller436

droplets in PD compared to those in PI (Fig. 3(b)), resulting in a less negative indirect437

effect in the case named ENTRAIN compared to that of the default model setup (∆AIEPD−PI =438

0.09 Wm−2, 8.4 %), as seen in Fig. 10. Parts of this result are caused by a reduction in439

the increase in LWP between PI and PD (∆LWPPD−PI = -0.19 gm−2, 7.3 %). While440

enhanced evaporation resulted in various complex responses in LWP, the signal due to441

enhanced entrainment is more as expected, with reduced LWP in all areas with enhanced442

entrainment (not shown here). As for the result in EVAP MIX, dampened indirect ef-443

fect could be due to changes in the the susceptibility rather than due to the difference444

in cloud droplet size between PI and PD, but one of the sensitivity tests in the follow-445

ing section shows that this is not the case.446

4.2.2 Sensitivity tests - Entrainment447

Four sets of simulations are carried out to study how sensitive our results are to448

the entrainment modifications. Table 3 gives an overview of the simulations. It also in-449

cludes the simulations discussed in the previous section for comparison. As seen in Fig.450

6(b), the global mean value of a2 in ENTRAIN PD is 44.8, which is higher than that451

of the default model setup (30.0). A higher value of a2 means stronger entrainment ef-452

ficiency, which eventually results in a reduction in the cloud water content. This can change453

how susceptible clouds are to aerosol perturbations, meaning that the result seen in Fig.454

10 could be a result of this rather than size-dependency. To check if this is the case, the455

sensitivity test ENTRAIN CONST is carried out applying the same constant high a2-456

value of 44.8 in both PI and PD. These simulations only gave a change in ∆AIEPD−PI457

of +0.02 Wm−2 compared to that of the default model setup, indicating that most of458

the signal in Fig. 10(a) stems from the size-dependency rather than susceptibility changes.459

Even though some observations suggest a2-values ranging from 10-100 (see Sect.460

3.2), large uncertainties are still associated with this parameter. In ENTRAIN HIGHLIM,461

larger values of a2 are allowed. The results in Tab. 3 show that this increases ∆AIEPD−PI462

slightly, but not much, probably due to its similar high impact in PI and PD. Going away463

from the r−1-relation could create larger differences between the eras. This means al-464

lowing for evaporation or entrainment differences caused by other reasons than the sur-465

face area difference. One such reason could be that smaller droplets often are associated466

with more liquid water due to dampened autoconversion, thus even larger total surface467

area. In ENTRAIN HIGHSENS, the sensitivity of cloud droplet size is increased, and468

the relation r−1.5 is applied. The results from ENTRAIN HIGHSENS show almost the469

same ∆AIEPD−PI as ENTRAIN PD, probably due to the reduction in global mean value470

of a2 in both PI and PD. By combining higher sensitivity to cloud droplet size and higher471
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Table 3. Overview of the simulations with size-dependent entrainment. Case in bold is dis-

cussed in 4.2. The changes are values compared to those of the default model setup, N.

Casename Relation a2,max a2,PD ∆LWPPD ∆AIEPD−PI
[gm−2] [Wm−2]

ENTRAIN 1
r 100 44.8 -1.6 +0.09

ENTRAIN CONST const 44.8 44.8 -2.3 +0.02

ENTRAIN HIGHLIM 1
r 200 89.4 -4.9 +0.11

ENTRAIN HIGHSENS 1
r1.5 100 31.5 +1.2 +0.10

ENTRAIN HIGHSENSLIM 1
r1.5 200 63.4 -2.8 +0.13

ENTRAIN-N
∆AIEPD −PI =0.09 Wm−2

2.1 1.5 0.9 0.3 0.3 0.9 1.5 2.1
Wm−2

ENTRAIN-N
∆ (∆LWPPD −PI ) =-0.2 gm−2

3.5 2.5 1.5 0.5 0.5 1.5 2.5 3.5

gm−2

(a) (b)

Figure 10. Difference in AIEPD−PI between the cases ENTRAIN and N (a). Positive values

means that the total aerosol indirect effect with the setup ENTRAIN is less negative than that of

the default setup, N. Difference in the change in LWP between the simulations from ENTRAIN

and from N, when switching between PI and PD aerosols (b).

upper limit if a2, ENTRAIN HIGHSENSLIM gives the largest change in ∆AIEPD−PI472

among our setups, but even with the doubling of the upper limit of a2, and the much473

higher sensitivity of the entrainment rate to cloud droplet size, ENTRAIN HIGHSENSLIM474

does not give more than a moderate impact on ∆AIEPD−PI of 0.13 Wm−2.475

4.3 Size-dependency applied to the Holuhraun eruption476

The 2014-2015 fissure eruption in Holuhraun, Iceland, ejected large amounts of the477

aerosol precursor gas sulfur dioxide (SO2) into the troposphere (Gettelman et al., 2015).478

When SO2 is oxidized to sulfate (SO4), the SO4 particles can act as cloud condensation479

nuclei, increasing the cloud droplet number concentration. Satellite retrievals show that480

this resulted in smaller cloud droplets during the eruption, thus a first aerosol indirect481

effect as expected (McCoy & Hartmann, 2015; Malavelle et al., 2017). Second aerosol482

indirect effects were not observed since cloud amounts and liquid water path did not change483

significantly (Malavelle et al., 2017). Simulations by four global models, including CAM5.3-484

Oslo, replicated the effect on the sizes of the cloud droplets when modelling the erup-485

tion in the study of Malavelle et al. (2017), but they failed in modelling the second in-486
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Figure 11. Change in LWP in October 2014 caused by the Holuhraun eruption in the default

model setup, N (a), and the setup ENTRAIN, including size-dependent entrainment (b).

direct effect, reporting large increases in LWP that were not clearly observed by satel-487

lite. We want to check if adding size-dependency to the model code could make the mod-488

els agree better with observations. Since size differences had a small impact on the dif-489

ferent amounts of evaporated liquid between small and large droplets, we focus on im-490

plementing our size-dependent entrainment.491

4.3.1 Including size-dependent entrainment492

Two simulations were carried out with the default model setup, with and without493

the eruption. The simulations without the eruption (NOHOLU N) starts on January 1st494

2013, and last for two years. Concerning the nudging, the model-produced meteorology495

applied for the PD-PI aerosol indirect effect is replaced by meteorology from ERA-interim496

(Berrisford et al., 2009). The simulation including the eruption (HOLU N) restarts from497

NOHOLU N on January 1st, 2014, but include the emissions from the eruption from Au-498

gust 31, 2014, as described in Malavelle et al. (2017). Similar simulations are carried out,499

including size-dependent entrainment, resulting in the two cases HOLU ENTRAIN and500

NOHOLU ENTRAIN.501

The resulting impact on the October 2014 changes in LWP are found in Fig. 11.502

While the change in LWP , averaged over the domain 44◦ N - 80◦ N, 60◦ W - 30◦ E, was503

6.3 gm−2 (8.2 %) in the simulations with the default model setup, including size-dependent504

entrainment dampens the signal only slightly to 5.8 gm−2 (7.7 %). As for the PD-PI in-505

direct effect, adding size-dependent entrainment described in Sect. 3.2 is not very effi-506

cient in dampening the LWP -response to aerosol perturbations, even though we are us-507

ing the outer most recommended values for the tuning parameter a2 to enhance the en-508

trainment efficiency for the smaller droplets. Our implementation of size-dependent en-509

trainment cannot alone make the simulated change in LWP correspond with the observed510

lack of positive change (Malavelle et al., 2017).511

4.3.2 Including other processes512

When it comes to simulating aerosol-cloud interactions, other weaknesses of global513

models, beside the lack of size-dependency, are already known. Since the impact of adding514

size-dependent entrainment could differ in more updated model versions due to these weak-515

nesses, additional sensitivity experiments, using the Holuhraun eruption as a testbed,516

are carried out. One of the known weaknesses is the lack of indirect effects in clouds other517

than the stratiform clouds (Kirkev̊ag et al., 2018). Another is the too strong sensitiv-518
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ity of the autoconversion rate to cloud droplet number concentration (Quaas et al., 2009;519

M. Wang et al., 2012; Gettelman et al., 2013; Malavelle et al., 2017). We carry out three520

sets of simulations, with and without the eruption, modeling the impact adjustments of521

these weaknesses can have on the aerosol indirect forcing alone (SCONVAIE and AU-522

TOLOW), and together combined with the inclusion of size-dependent entrainment (EN-523

TRAIN SCONVAIE AUTOLOW). In the setup SCONVAIE, detrained droplets from524

shallow convection are not all set to 10 µm, as in the default model setup, but they dif-525

fer in size based on the background aerosol number concentration. If the column inte-526

grated aerosol number concentration, Na, is larger than 9·1012 m−2, the mean volume527

radius of the droplets, rvol is set to 8 µm. If Na is smaller than 3·1012 m−2, rvol is set528

to 12 µm, while a linear relationship is applied for concentrations in between. The Na-529

limits are chosen to optimize the effect of the size-dependency, without the need of in-530

creasing or decreasing the rvol-limits to unrealistic values. When more clouds are sus-531

ceptible to aerosol perturbations, it is likely that both the impact on the radiative forc-532

ing due to the eruption, and the effect of adding size-dependent entrainment is enhanced.533

In the setup AUTOLOW, we reduce the sensitivity of autoconversion rate to cloud droplet534

number concentration. Like many other models, CAM5.3-Oslo applies the autoconver-535

sion scheme of Khairoutdinov and Kogan (2000). This scheme is given by Eq. (9), where536

qr and qc are the mixing ratios of rain and cloud liquid water, E is a constant represent-537

ing subgrid variability, k, α and β are constants and Nc is the cloud droplet number con-538

centration.539

(
∂qr
∂t

)

auto

= Ekqαc N
−β
c (9)540

In the default scheme, k is 1350, α is 2.47 and β is 1.79. In the simulations with541

the setup AUTOLOW, α and β are changed to 1.67 and 0.67 respectively, based on a542

suggested relation between the two in the study of Feingold et al. (2013). k is tuned to543

9.5·10−2 so that the LWP in the simulation without the eruption is similar to the LWP544

in NOHOLU N.545

Allowing for indirect effects also for the detrained water from shallow convective546

clouds only increases the signal slightly from 6.3 gm−2 (8.2 %) in the default model setup547

to 6.7 gm−2 (8.8 %). Dampening the dependency on Nd and qc on the autoconversion548

rate almost halves the signal to 3.6 gm−2 (4.6 %). The combination of all three cases,549

SCONVAIE AUTOLOW ENTRAIN, results in a change in LWP caused by the Holuhraun550

eruption of 2.9 gm−2 (3.8 %). Based on the individual cases, the large dampening from551

the default model setup is dominated by AUTOLOW, with a smaller contribution from552

size-dependent entrainment. Figures of the horizontal distribution of LWP changes caused553

by the eruption with the different setups are found in Fig. S4 in the supplementary in-554

formation.555

5 Summary and conclusions556

We have explored different implementations of size-dependent evaporation and en-557

trainment in the global atmospheric model CAM5.3-Oslo. The impacts on the total aerosol558

indirect effect and the second indirect effect, using the change in LWP caused by an aerosol559

perturbation as a measure, are studied. Our main findings are the following:560

1. Size-dependent entrainment, implemented by varying a tuning parameter in the561

expression for the entrainment efficiency between its maximum recommended val-562

ues, had a moderate impact on the PD-PI total aerosol indirect effect, with a damp-563

ening from -1.07 Wm−2 to -0.98 Wm−2. The result was mostly caused by a re-564

duction in the PD-PI change in LWP . (Sect. 4.2-4.2.2).565
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2. The same size-dependent entrainment reduced the LWP -response of the Holuhraun566

eruption slightly from +8.2 % to +7.8 %, much less than the impact of adding a567

suggested dampening of the dependency of cloud droplet number concentration568

to the autoconversion rate (+4.6%). (Sect. 4.3.1-4.3.2).569

3. An additional size-dependent evaporation was also implemented, but the result-570

ing change in the total aerosol indirect effect was caused by susceptibility changes571

due to enhanced evaporation rather than the size-dependency. (Sect. 4.1.3).572

4. Scaling the additionally implemented evaporation by the surface area differences573

between the PI- and the PD-droplets gave too small differences between the eras574

to impact aerosol indirect effects. (Sect. 4.1.3).575

5. Enhanced evaporation of small droplets only resulted in large impacts on LWP576

when either increasing the evaporation factor up to very large values, or allowing577

for mixing of moist air (qv) between the cloudtop layer and the layer above. (Sect.578

4.1.1).579

6. When allowing for mixing between the layers, LWP increased in some areas as580

a response to enhanced evaporation. This increase in LWP was caused by enhanced581

shallow convection due to stability changes. We also show that the stability changes582

can have the opposite effect on LWP through altering EIS. (Sect. 4.1.2).583

While previous studies have highlighted the lack of buffering effects when modelling584

aerosol-cloud interactions with global models as a big reason why models overestimate585

the LWP-response to aerosol perturbations (Stevens & Feingold, 2009; S. Wang et al.,586

2003; Malavelle et al., 2017; Zhou & Penner, 2017), our simulations show a more com-587

plex picture of the cloud response when including these mechanisms. When previous stud-588

ies have mentioned the lack of processes that buffer cloud responses to aerosol pertur-589

bations, enhanced evaporation of smaller cloud droplets are associated with a reduction590

in cloud water. Our study highlight that the response in LWP is more complex due to591

competing effects acting in opposite directions. Even though enhanced evaporation at592

the top of the stratiform clouds reduces their liquid content and extent, the following re-593

sponse by shallow convective clouds can act in the opposite way due to reduced stabil-594

ity (reduced CIN). On the other hand, reduced stability (reduced EIS) in regions dom-595

inated by stratiform clouds captured under inversions are associated with reduced cloudi-596

ness. This could mean that global mean values of AIEPD−PI and ∆LWPPD−PI may597

be results of compensating effects in different regions, especially with buffering processes598

as clouds are more or less shallow convective of sensitive to EIS. These mechanisms may599

not be captured by regional LES or cloud resolving models, which usually do not cover600

large areas with different cloud regimes and may not capture the interaction between them,601

since the modeled domain usually is nested one way with large scale dynamics and bound-602

ary conditions from reanalysis data or a coarser model. Our results indicate some buffer-603

ing by entrainment effects, but not comparable to the magnitude of the potential of damp-604

ening the response in LWP to aerosol perturbations through altering the autoconver-605

sion process. With the large amounts of various sensitivity simulations giving small im-606

pact on aerosol indirect effects, our study indicates that discrepancies between global model607

estimates of LWP responses to aerosol perturbations are dominated by overestimations608

in the dependency of autoconversion to cloud droplet number rather than the lack of size-609

dependency in the evaporation or the entrainment process.610
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Figure S1. (a) Difference in mass of water vapor, mv between the cloudtop layer and the layer

above. Positive values means drier air aloft. The global mean absolute difference between the

layers correspond to a relative difference of 32 %. (b-c) Changes in tendency of water vapor in

the cloudtop layer and the layer above due to our implemented evaporation and mixing. Positive

values means that more water vapor comes into the layer due to our changes. All values are

taken from the PD-simulation using the setup EVAP MIX. The tendencies are written out by

the model right before andre right after our code changes, resulting in the ∆qv-values.
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Figure S2. Changes in (a) convective inhibition (CIN) and (b) estimated inversion strength

(EIS) when switching from the default model setup, N, to EVAP MIX, where evaporation is

enhanced for the smaller droplets and vertical mixing between the cloud top layer and the layer

above is allowed.
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Figure S3. Changes in zonal mean mass mixing ratio of liquid cloud water, qc (a), shallow

convective mass flux (b) and detrained qc from shallow convection (c) when switching from the

default model setup, N, to EVAP MIX, where evaporation is enhanced for the smaller droplets

and vertical mixing between the cloudtop layer and the layer above is allowed.
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Figure S4. Change in LWP in October 2014 caused by the Holuhraun eruption in the se-

tups (a) SCONVAIE, including size-dependency on the detrained cloud droplets from shallow

convective clouds, (b) AUTOLOW, with dampened dependency on Nd and qc on the autocon-

version rate, and (c) a combination of SCONVAIE, AUTOLOW and ENTRAIN, where also

size-dependent entrainment is included.
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