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Abstract. Clouds constitute a large uncertainty in global
climate modeling and climate change projections as many
clouds are smaller than the size of a model grid box. Some
processes, such as the rates of rain and snow formation
that have a large impact on climate, cannot be observed.
The uncertain parameters in the representation of these pro-
cesses are therefore adjusted in order to achieve radiation
balance. Here we systematically investigate the impact of
key tunable parameters within the convective and stratiform
cloud schemes and of the ice cloud optical properties on the
present-day climate in terms of clouds, radiation and precip-
itation. The total anthropogenic aerosol effect between pre-
industrial and present-day times amounts to−1.00 W m−2

obtained as an average over all simulations as compared to
−1.02 W m−2 from those simulations where the global an-
nual mean top-of-the atmosphere radiation balance is within
±1 W m−2. Thus tuning of the present-day climate does not
seem to have an influence on the total anthropogenic aerosol
effect. The parametric uncertainty regarding the above men-
tioned cloud parameters has an uncertainty range of 25%
between the minimum and maximum value when taking all
simulations into account. It is reduced to 11% when only the
simulations with a balanced top-of-the atmosphere radiation
are considered.

1 Introduction

Uncertainties in climate change projections stem from un-
certainties in emission scenarios, structural uncertainties that
measure the range of the mean responses in different models,
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internal variability and parametric uncertainties that are in-
duced by uncertainties in the model parameters (Cox and
Stephenson, 2007; Hawkins and Sutton, 2009). These cited
studies showed that at the beginning of a climate simula-
tion the internal variability dominates the overall uncertainty
in climate change projections. As the internal variability
reduces with time of projection, the total uncertainty de-
creases. After some decades the total uncertainty increases
again caused by the increase in the scenario uncertainty.

The scenario uncertainty increases with time of climate
projections into the future because the scenarios depend
on the demographic evolution, socio-economic development
and technological changes and renovations. In terms of
aerosols and aerosol-cloud-interactions since pre-industrial
times the scenario uncertainty is caused by the different pre-
industrial and present-day aerosol emission data sets. Nowa-
days most of the aerosol community uses the AEROCOM
emissions representative for the year 1750 and for the year
2000 (Dentener et al., 2006). Nevertheless, uncertainties re-
main regarding for instance anthropogenic dust sources as it
is not clear how important they are (Denman et al., 2007) or
the question as to how much biomass burning can be consid-
ered natural and to have been there in pre-industrial times.

The structural uncertainty stems from different schemes or
approaches used in different climate models. In terms of the
anthropogenic aerosol effect, these are given by the complex-
ity of the aerosol model, the cloud microphysics scheme and
interactions between the two. State-of-the-art aerosol mod-
els solve prognostic equations for at least the mass mixing
ratios of the major aerosol species sulfate, black and organic
carbon, e.g.Koch et al.(2009); Rotstayn et al.(2007). Some
models additionally solve prognostic equations for the num-
ber mixing ratios of the different aerosol compounds, and
predict their mixing state, e.g.Stier et al.(2005); Wang and
Penner(2009). The simplest way and oldest approach to
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account for aerosol-cloud interactions is to use empirical re-
lationships between the aerosol mass and the cloud droplet
number concentration (Boucher and Lohmann, 1995; Jones
et al., 2001). Since then physically-based parametrizations
have been developed (Abdul-Razzak and Ghan, 2000; Foun-
toukis and Nenes, 2005; Ming et al., 2006) and are used in
several global climate models (GCMs), e.g. (Takemura et al.,
2005; Ghan and Easter, 2006; Ming et al., 2007; Bauer et al.,
2008; Suzuki et al., 2008; Storelvmo et al., 2008; Pringle
et al., 2009; Salzmann et al., 2010).

A large structural uncertainty related to the anthropogenic
aerosol effect is caused by the representation of clouds in cli-
mate models as many clouds are smaller than the size of a
model grid box. Also cloud microphysical processes occur
on the subgrid scale and need to be parameterized. These
days most cloud microphysics schemes solve at least one
prognostic equation for the cloud condensate whereas more
complex schemes distinguish between water and ice and also
predict the number concentrations of cloud droplets and ice
crystals (Ghan et al., 1997a,b; Lohmann et al., 2007; Mor-
rison and Gettelman, 2008; Salzmann et al., 2010) or solve
prognostic equations also for the mass mixing ratios of rain
and snow (Fowler et al., 1996). Some processes, such as
the rain and snow formation rates, cannot be observed and
are thus rather uncertain. As the rain and snow formation
rates have a large impact on cloud water and ice and hence
the planetary energy balance, parameters used to represent
them are used to tune the model in order to achieve radiation
balance. This means that the precipitation formation rates
are enhanced or decelerated in order to yield a top-of-the at-
mosphere (TOA) radiation budget that is balanced to within
1 W m−2 and that the individual radiative fluxes agree within
5 W m−2 with the fluxes estimated from satellite data. There
has been some discussion if the net TOA radiation balance
should be close to zero or should be positive because of the
delayed warming in the ocean in response to the greenhouse
gas forcing. This imbalance is estimated at 0.85 W m−2 for
the period 1993–2003 (Hansen et al., 2005). In case that
atmospheric GCMs are driven with the observed transient
greenhouse gas concentrations and sea surface temperatures
(so-called AMIP simulations), they need to be tuned with a
positive TOA radiation balance to take the imbalance into ac-
count. If, on the other hand, atmospheric GCM simulations
are conducted with climatological sea surface temperature
and greenhouse gas concentrations that correspond to each
other, tuning the atmospheric GCM to give a radiation bal-
ance close to zero W m−2 is desirable for comparison with
observations and also for coupling the atmospheric GCM to
an ocean model.

Uncertainties in the first indirect aerosol effect by anthro-
pogenic sulfate aerosols were first investigated byPan et al.
(1998). The first indirect aerosol effect or cloud albedo ef-
fect refers to an increase in cloud albedo due to more and
smaller cloud droplets formed on the larger number of an-
thropogenic aerosols when keeping the liquid water content

constant (Twomey, 1977). The cloud albedo effect is eval-
uated as the difference between pre-industrial times and the
present-day.Pan et al.(1998) obtained a structural uncer-
tainty of 0.5 W m−2 (range between−1.2 and−1.7 W m−2).
In the Forth Assessment Report (AR4) of the Intergovern-
mental Panel of Climate Change (IPCC), the median value
of the cloud albedo effect from pre-industrial times to the
present-day was estimated as−0.7 W m−2 (Forster et al.,
2007). The structural uncertainty was evaluated as the 5 to
95% range between the different estimates and amounted to
−0.3 to−1.8 W m−2 (Forster et al., 2007). Storelvmo et al.
(2009) compared four different empirical relationships be-
tween cloud droplet number concentration and aerosol mass
that have been used in the transient simulations of the IPCC
AR4 report (Meehl et al., 2007). Storelvmo et al.(2009) ap-
plied these different relationships within the EC-Earth GCM
showing that this leads to a spread of 1.3 W m−2 in terms of
the cloud albedo effect. On the other hand, if aerosol con-
centrations, the parameterization of droplet concentrations
and the autoconversion rate, that describes the rate by which
cloud droplets collide to form rain drops, are all specified
the same in different GCMs then the predicted cloud albedo
effect varies only between−0.6 to−0.7 W m−2 in different
GCMs, thus reducing the structural uncertainty to 0.1 W m−2

(Penner et al., 2006).
Feedbacks due to the cloud lifetime effect, semi-direct ef-

fect or aerosol effects on mixed-phase and ice clouds can ei-
ther enhance or reduce the cloud albedo effect. As shown by
Penner et al.(2006) if only the aerosol emissions are pre-
scribed in different GCMs, but the GCMs are free in the
way they account for cloud droplets and the autoconversion
rate, then the structural uncertainty of total indirect aerosol
effects increases from the 0.1 W m−2 mentioned above to
1.1 W m−2. If the GCMs are also free to choose their emis-
sion data base, then the whole structural uncertainty of the
aerosol radiative effects can be compared. As aerosols are
radiatively active in most GCMs, most GCMs that evaluate
changes between pre-industrial and present-day times also
include estimates of the direct aerosol effect. Evaluation of
the total anthropogenic aerosol effect (sum of direct effect,
cloud albedo effect and other aerosol-cloud effects) in the
IPCC AR4 report was thus found to be−1.2 W m−2 ranging
from −0.2 to−2.3 W m−2 (Denman et al., 2007).

Estimates of the cloud albedo effect alone and of the total
anthropogenic aerosol effect have become less negative with
time of publication (Lohmann et al., 2010). The least square
fit line of the total anthropogenic aerosol effect approaches
−1.2 W m−2 in publications of the year 2009. Since some
newer studies that were not considered in IPCC AR4 ob-
tained a rather large negative effect, while another found
a small positive effect, the structural uncertainty evaluated
as the total range in estimates of the total anthropogenic
aerosol effect increased to 3.5 W m−2 (range from +0.1 to
−3.4 W m−2).
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The parametric uncertainty has received more attention in
recent years.Murphy et al.(2004) investigated the paramet-
ric uncertainty for climate change simulations by varying six
cloud parameters. A huge ensemble of multi-thousand mem-
bers was conducted within the climate-prediction.net frame-
work where initial conditions and parameter values were
systematically varied (Piani et al., 2005). In terms of the
cloud albedo effect, the parametric uncertainty was investi-
gated byPan et al.(1998). They obtained a huge range of
the cloud albedo effect from−0.1 to−5.2 W m−2 suggest-
ing that the parametric uncertainty exceeds the structural un-
certainty. Haerter et al.(2009) used the ECHAM5 GCM to
estimate the parametric uncertainty of the direct aerosol ef-
fect plus the cloud albedo effect from sulfate aerosols. They
found that the uncertainty due to a single investigated pa-
rameter can be as large as 0.5 W m−2, and the uncertainty
due to combinations of these parameters can reach more than
1 W m−2 for a central estimate of the direct effect plus cloud
albedo effect from sulfate aerosols of−1.9 W m−2 obtained
with their model set-up.

In this paper we investigate the parametric uncertainty of
tunable parameters related to key cloud processes and radia-
tive properties in terms of the present-day climate and for
the total anthropogenic aerosol effect between pre-industrial
times and the present-day. The paper has two purposes. It
seeks to evaluate how the tuning of the key cloud parameters
affects the present-day climate and if it affects the climate
beyond the quantities it immediately controls. Moreover we
want to investigate if the tuning of the global-mean present-
day climate has implications for the anthropogenic aerosol
effect.

Whereas the studies byPan et al.(1998) andHaerter et al.
(2009) evaluated the parametric uncertainty only for the di-
rect aerosol effect and for a simple estimate of the cloud
albedo effect in response to sulfate aerosols, here we also
take the fast feedbacks (Lohmann et al., 2010), such as the
cloud lifetime effect, the semi-direct effect and aerosol ef-
fects on mixed-phase and ice clouds, from the three ma-
jor anthropogenic aerosols (sulfate, black carbon and or-
ganic carbon) into account.Pan et al.(1998) used a global-
average box model whileHaerter et al.(2009) used pre-
scribed monthly mean mass mixing ratios of sulfate aerosols,
which are empirically related to the cloud droplet number
concentration. In this study, aerosol mass and number con-
centrations are calculated on-line and act as cloud conden-
sation and ice nuclei. Thus, the estimates of the parametric
uncertainty on the total anthropogenic aerosol effect in this
paper are based on advanced aerosol-cloud microphysics in-
teractions.

2 Model description

The version of ECHAM5-HAM used in this study has been
described inLohmann and Hoose(2009). It includes the
two-moment aerosol scheme HAM that predicts the aerosol
mixing state in addition to the aerosol mass and number con-
centrations (Stier et al., 2005). The size-distribution is rep-
resented by a superposition of log-normal modes including
the major global aerosol compounds sulfate, black carbon,
organic carbon, sea salt and mineral dust. Updates to the
aerosol scheme are briefly mentioned inLohmann and Hoose
(2009). They include the aerosol-size dependent below-
cloud scavenging byCroft et al. (2009), water uptake by
aerosols followingPetters and Kreidenweis(2007) and a re-
vised aerosol nucleation scheme (Kazil and Lovejoy, 2007).

The stratiform cloud scheme consists of prognostic equa-
tions for the water phases (vapor, liquid, solid), bulk cloud
microphysics (Lohmann and Roeckner, 1996), and an empir-
ical cloud cover scheme (Sundqvist et al., 1989). The mi-
crophysics scheme includes phase changes between the wa-
ter components and precipitation processes (autoconversion,
accretion, aggregation). Moreover, evaporation of rain and
melting of snow are considered, as well as sedimentation of
cloud ice. It also includes prognostic equations of the num-
ber concentrations of cloud droplets and ice crystals and has
been coupled to the aerosol scheme HAM (Lohmann et al.,
2007). Cloud droplet activation is empirically linked to the
aerosol number concentration and the subgrid-scale updraft
velocity (Lohmann et al., 2007). Cirrus clouds are assumed
to form by homogeneous freezing of supercooled solution
droplets (Lohmann et al., 2008), which is the dominant freez-
ing mechanism for cirrus clouds (Kärcher and Str̈om, 2003).

We assume that internally mixed dust and BC aerosols act
as immersion nuclei while externally mixed dust particles
act as contact nuclei (Hoose et al., 2008b). The parame-
terizations of immersion and contact freezing are based on
those described inLohmann and Diehl(2006). In addition
we now also account for contact freezing by thermophoresis
(Lohmann and Hoose, 2009).

3 Set-up of the simulations

The ECHAM5 simulations have been carried out in T42 hor-
izontal resolution (2.81◦ ×2.81◦) on 19 vertical levels with
the model top at 10 hPa and a timestep of 30 min. All simula-
tions used present-day climatological (average over the years
1956–1999) sea surface temperature and sea-ice extent. The
simulation conducted to investigate the parameter space for
the present-day climate have been integrated for one year af-
ter a 3 months spin-up. This simulation time would be too
short to compare geographical features of the simulations to
observations. However, based on our experience one year
is sufficient in order to evaluate the global annual mean ra-
diation balance at the top-of-the atmosphere (TOA), which
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is the goal of this study. This is justified by the small year-
to-year variability of the net TOA radiation that amounts to
a standard deviation of 0.2 W m−2 as obtained from two 10-
year simulations. These simulations will be referred to as cli-
mate or free simulations. The greenhouse gas concentrations
are constant and correspond to values around 1985. They are
consistent with our climatological sea surface temperature so
that we tune the model to yield a near 0 W m−2 radiation bal-
ance.

The simulations conducted to obtain the total anthro-
pogenic aerosol effect (both for the present-day (PD) and for
pre-industrial times (PI)) have been nudged to the ECMWF
ERA40 reanalysis data (Simmons and Gibson, 2000) for the
year 2000 so that changes in meteorology are minimized be-
tween the different simulations. Nudging ensures that the
dust and sea salt emissions which depend on wind speed
are comparable in the pre-industrial and present-day climate.
These simulations also use present-day climatological sea
surface temperature and sea-ice extent.Lohmann and Hoose
(2009) compared estimates of the total anthropogenic aerosol
effect between a nudged version and a 10-year free simula-
tions and found that to be comparable. I.e. nudged simula-
tions can be used to evaluate the total anthropogenic aerosol
effect. This saves a lot of CPU time. The nudging time
scales are 6 h for vorticity, 24 h for the logarithms of the sur-
face pressure and temperature and 48 h for the divergence.
Nudging can, however, not be used to tune the model to the
present-day climate, because it changes the model climate.
The nudged simulations have a higher convective activity and
convective precipitation and a smaller shortwave cloud forc-
ing (not shown). Thus, simulations that have a balanced TOA
radiation budget in free mode can have a radiation imbalance
of several W m−2 when run in nudged mode.

The present-day simulations use aerosol emissions of sul-
fate, black and organic carbon from the AEROCOM data
base for the year 2000 (Dentener et al., 2006). Mineral dust
and sea salt emissions are calculated based on wind speed
within the model. To isolate the total anthropogenic aerosol
effect, all simulations were repeated with aerosol emissions
of sulfate, black and organic carbon for pre-industrial times
representative for the year 1750 (Dentener et al., 2006).

In order to investigate the parametric uncertainty we varied
those parameters that are typically used to ensure radiation
balance at TOA in the present-day climate. These include
the rate of rain formation by autoconversion (γr ), the rate of
snow formation by aggregation (γs), the inhomogeneity fac-
tor of ice clouds (γi) and the entrainment rate into deep con-
vective clouds (ε). We chose those four parameters because
they are the ones that are modified when the cloud micro-
physics scheme is improved. If the goal of the tuning is just
to have a TOA net radiation balance between±1 W m−2 and
to ensure that the longwave and shortwave cloud forcing are
within 5 W m−2 of the observations, it would be sufficient to
tune two parameters. Therefore the focus of tuning of the
model is placed on tuning the autoconversion and aggrega-

tion rates. However, when tuning the model we also seek
guidance from observations of the liquid water path and total
cloud cover such that we prefer simulations in which the liq-
uid path lies between 50 and 84 g m−2 over the oceans (Fer-
raro et al., 1996; Greenwald et al., 1993; Weng and Grody,
1994) and that the total cloud cover is between 62% and 75%.
(Hahn et al., 1994; Rossow and Schiffer, 1999; King et al.,
2003; Stubenrauch et al., 2009). In order to match these
four quantities at least four tuning parameters are necessary.
More than four tuning parameters would mean that the sys-
tem is over-determined. Therefore we restrict ourselves to
these four tuning parameters.

The parameterizations of the autoconversion and aggrega-
tion rate used in ECHAM5 are taken from those derived from
cloud resolving models (CRM) (Khairoutdinov and Kogan,
2000; Murakami, 1990). When applied to a GCM they are
likely to underpredict the rate of rain formation as the cloud
water content in the cloudy part of the grid box will be less
than that in a CRM. I.e. the rates of rain and snow formation
are often increased in GCMs as compared to CRMs (Pincus
and Klein, 2000). The inhomogeneity factor refers to the
fact that a plane-parallel cloud always reflects more sunlight
back to space than an inhomogeneous cloud, (e.g.Barker,
1996; Carlin et al., 2002). Therefore the optical depth of ice
clouds is reduced to take inhomogeneities into account. The
entrainment rate into deep convective clouds controls how
much environmental air is mixed into the updrafts. As the en-
vironmental air is normally drier and colder than the updraft,
entrainment of environmental air reduces the buoyancy in the
updraft and the updraft stops at lower altitudes. The default
values of the tuning parameters at the used resolution and the
range over which they have been systematically varied are
summarized in Table1. In total we conducted 168 simula-
tions in addition to the simulation using the default values of
the tuning parameters.

4 Present-day results

The vertically integrated cloud liquid water mass mixing ra-
tio (liquid water path), cloud ice mass mixing ratio (ice water
path), specific humidity (water vapor mass) and total cloud
cover as a function of the tuning parameter for the autocon-
version rateγr using the default value of the tuning parameter
for the aggregation rate (γs = 800) in the climate simulations
are shown in Fig.1. Varyingγr primarily impacts the liquid
water path. It is reduced from around 90 g m−2 to 40 g m−2

when increasingγr from 1 to 10. Changes in the entrainment
rate and in the inhomogeneity factor of ice clouds are negli-
gible for the liquid water path (Fig. 1). The observations of
liquid water path are limited to the oceans. Only in the sim-
ulations withγr = 4 andγr = 7, the liquid water path over
the ocean lies in within the observed range between 50 and
84 g m−2 (not shown). On the other hand,γr has no influence
on the ice water path and on the total precipitation rate and
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Table 1. Description, default values and the investigated values of the tuning parameters used in this study.

Tuning
parameter

Description Default value Investigated values

γr autoconversion rate 4 1, 4, 7, 10
γs aggregation rate 800 100, 250, 400, 600, 800, 1000, 1200
γi inhomogeneity factor of ice clouds 0.75 0.7, 0.9
ε entrainment rate for deep convection (kg m−3 s−1) 2×10−4 1×10−4, 1.5×10−4, 2×10−4
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Fig. 1. Liquid water path (LWP), ice water path (IWP), water vapor mass (WVM) and total cloud cover as a function ofγr in the climate
simulations.

only a small effect on the water vapor mass. The decrease in
total cloud cover with increasingγr stems from a reduction
in low level clouds (not shown). All simulations fall in the
range of total cloud cover between 62% and 67% obtained
from surface observations (Hahn et al., 1994) and IPCC and
MODIS satellite observations (Rossow and Schiffer, 1999;
King et al., 2003) although newer satellite retrievals suggest
the total cloud cover to be higher, between 65% and 75%
(Stubenrauch et al., 2009). This would suggest that the sim-
ulations withγr = 1 should be preferred. This is a contradic-
tion to the results of the liquid water path where the simula-
tions with a higher value ofγr yield better agreement with
the observations.

The impact of varyingγr on the radiation balance is shown
in Fig. 2. Because of the decrease in liquid water path with
increasingγr , the shortwave cloud forcing becomes smaller
with increasingγr . The decrease in longwave cloud forc-
ing with increasingγr is small because the ice water path
is hardly influenced byγr and the decrease in mid and high
level cloud cover with increasingγr is small (not shown).

The TOA radiation budget is balanced only forγr = 4 and
the highest value of the entrainment rate of deep convective
clouds. For these simulations, the shortwave cloud forcing
amounts to between−50 and−52 W m−2 which is within
5 W m−2 of the observations if the ERBE satellite data of
−50 W m−2 (Kiehl and Trenberth, 1997) or ISCCP satellite
data of−51 W m−2 (Loeb et al., 2009) are used as a refer-
ence. However, they barely fall within 5 W m−2 of the obser-
vations if the CERES satellite estimate of−46.6 W m−2 is
considered (Loeb et al., 2009). The comparison of the long-
wave cloud forcing with satellite observations is even less
straight forward as the observations vary between 22 W m−2

as deduced from the TOVS satellite (Susskind et al., 1997;
Scott et al., 1999), 26.5 W m−2 from ISCCP (Loeb et al.,
2009), 29.5 W m−2 from CERES (Loeb et al., 2009) and
30 W m−2 from ERBE (Kiehl and Trenberth, 1997). All sim-
ulated values fall within this range. In summary, the results
suggest that overall the simulations usingγr = 4 are preferred
because they match most observations.
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Fig. 2. Shortwave cloud forcing (SCF), longwave cloud forcing (LCF) and net radiation (Fnet) at the top-of-the-atmosphere and total
precipitation as a function ofγr in the climate simulations. The observed estimates of the shortwave and longwave cloud forcing are shown
as black lines (see text for details). The shaded area in the TOA net radiation refers to the desired range of±1 W m−2.

Figure3 depicts the liquid and ice water path, water va-
por mass and total cloud cover as a function ofγs using the
default value ofγr = 4. As varyingγs primarily impacts the
ice water path, it is reduced from about 22 g m−2 to 6 g m−2

when increasingγs from 100 to 1200. Varying the entrain-
ment rateε and the inhomogeneity factor of ice cloudsγi is
negligible for the ice water path. Varyingγs has no system-
atic influence on the liquid water path and for all simulations
the liquid water path over the oceans lies within the observed
range (not shown). However, varyingγr andγs strongly dif-
fers in that varyingγs affects the water vapor mass signifi-
cantly, whereas varyingγr does not. This is discussed below.
The decrease in water vapor mass with increasingγs then
leads to a larger decrease in total cloud cover than varyingγr .
Given that the newer observations of total cloud cover sug-
gest that total cloud cover should be higher a smaller value
of γs is preferred.

Increasingγs affects the latent heat and sensible heat
fluxes whereas varyingγr has no systematic effect on the
heat fluxes. An increase inγs leads to a colder atmosphere
everywhere. The relative humidity is increased in the upper
troposphere but reduced near the surface. Thus, both the sen-
sible and latent heat flux increase for larger values ofγs (not
shown).

Increasingγs also leads to a smaller shortwave and long-
wave cloud forcing (Fig.4). The reduction in the shortwave
cloud forcing is caused by the reduced ice water path and
total cloud cover. As the cloud top pressure is not affected

by changes inγs , the reduction in longwave cloud forcing is
caused by the reduced ice water path and total cloud cover.
The TOA radiation budget is balanced for different combina-
tions of tuning parameters. It is balanced forγs = 400, the
highest value ofε andγi = 0.7. Forγs ≥ 600, the TOA ra-
diation is balanced for the highest value ofε irrespectively
of γi . For the largest values ofγs (1000 and 1200), even
a smallerε (1.5×10−4 kg m−3 s−1) combined withγi = 0.7
leads to a TOA radiative balance within 1 W m−2. Because
of the different observational estimates of the shortwave and
longwave cloud forcing, we cannot conclude which of these
combinations of the tuning parameters is the preferred one.
However, if we take the observations of total cloud cover into
account as well, a smaller value ofγs is preferred because in
these simulations the total cloud cover is higher.

The ice water path and the total precipitation rate are in-
fluenced by the entrainment rate for deep convective clouds
ε such that a larger value ofε implies less cloud ice. As more
entrainment decreases the frequency of deep convection, less
cloud ice is detrained. Also the convective precipitation de-
creases (not shown). Cloud water and ice that has not been
converted into convective precipitation is detrained in the en-
vironment. The detrained cloud water and ice can be thought
of the anvil of the convective cloud. The detrained cloud con-
densate is long-lived and of stratiform character. It is there-
fore added to the large-scale cloud water and ice. Thus, a
decrease in the detrained cloud ice with increasingε leads
to a slightly reduced ice water path. Even though convective
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precipitation is decreased, the total precipitation slightly in-
creases for a higherε because more stratiform precipitation
forms.

5 Impact of tuning on the anthropogenic aerosol effect

The importance of the tuning parameters on the total an-
thropogenic aerosol effect is shown in Fig.5. The total an-
thropogenic aerosol effect is obtained from the difference
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in the TOA net radiation for the pre-industrial and present-
day simulations. In this case, the nudged mode is used
in order to keep the same meteorology while changing the
emissions. The free simulations for which the radiative bal-
ance at TOA is within±1 W m−2 are highlighted as well.
The average anthropogenic aerosol effect from all simula-
tions is −1.00 W m−2 as compared to−1.02 W m−2 from
those simulations where the global annual mean TOA radi-
ation balance is within±1 W m−2. The values of the total
anthropogenic aerosol effect in all simulations range from
−1.12 W m−2 to −0.87 W m−2. This amounts to an uncer-
tainty range of 25% between the minimum and the maximum
value. This is comparable to the parametric uncertainties ob-
tained byHaerter et al.(2009) although they used a much
simpler estimate of the total anthropogenic aerosol effect be-
ing the sum of the direct effect and cloud albedo effect as
estimated from monthly mean sulfate aerosol concentrations.
Haerter et al.(2009), however, obtained a more negative es-
timate of the cloud albedo effect. Their estimate is compara-
ble to earlier estimates with the ECHAM5 GCM (Lohmann
et al., 2007). Since then we improved the cloud scheme in
terms of the ice crystal fall velocity and ice crystal habit
(Lohmann et al., 2008), and the aerosol scheme in terms of
the water uptake, scavenging and nucleation (Lohmann and
Hoose, 2009), all of which contributes to the lower estimate
of the total anthropogenic aerosol effect in this study. The un-
certainty range of the simulations with a balanced TOA radi-
ation budget is reduced to 11%, which constitutes a more rep-

resentative estimate of the parametric uncertainty than taking
all simulations into account.

The anthropogenic aerosol effect is smaller with increas-
ing γr because of the smaller liquid water paths for larger
γr . The smaller liquid water path reduces the reflected short-
wave radiation. In contrast, the anthropogenic aerosol effect
increases very slightly when increasingγs and there is no
systematic change when increasingε or γi . Thus tuning of
the present-day climate does not seem to have an influence
on the total anthropogenic aerosol effect.

6 Conclusions

In this paper we investigated the impact of key tuning param-
eters in the cloud scheme on the present-day climate and on
the anthropogenic aerosol effect. The parametric uncertainty
on the anthropogenic aerosol effect in terms of key aerosol
processes has not been part of this study but was investigated
e.g. byPenner et al.(2006). Moreover, there are other tun-
ing parameters affecting the model climate outside the ones
that are tested in this study. They are, for instance, associ-
ated with shallow convection, inhomogeneity of liquid water
clouds, horizontal diffusion and launching of gravity waves.
However, these parameters were never varied in the context
of tuning the cloud microphysical scheme (Lohmann et al.,
2007) and were therefore not investigated in this paper.
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In this study with the ECHAM5-HAM GCM we found
that the impact of changing the tuning parameter for rain for-
mation in stratiform clouds is limited to stratiform clouds.
On the other hand, changing the tuning parameter for snow
formation also affects convection. Increasing the snow for-
mation rate leads to a cooling of the upper troposphere which
enhances convective activity and convective precipitation.
Changing the inhomogeneity of ice clouds was found to be
of minor importance both for the present-day climate and
for the total anthropogenic aerosol effect. These conclusions
are limited to the ECHAM5-HAM GCM but such systematic
studies may be useful for other GCMs as well.

The TOA radiation balance falls within±1 W m−2 for dif-
ferent combinations of the investigated tuning parameters.
Because the different satellite estimates of the shortwave and
longwave cloud forcing differ by 4 and 8 W m−2, respec-
tively, the observations of the liquid water path of the oceans
range between 50 to 84 g m−2 and the estimates of total cloud
cover vary between 62 to 75%, it is not possible to conclude
which combination of tuning parameters is the best one.

The average total anthropogenic aerosol effect amounts
to −1.00 W m−2 from all simulations as compared to
−1.02 W m−2 from those simulations where the global an-
nual mean TOA radiation balance is within±1 W m−2.
These results suggest that the model tuning of the present-
day climate does not seem to influence the total anthro-
pogenic aerosol effect. The parametric uncertainty when tak-
ing all simulations into account is 25% as compared to 11%
when only the simulations with a balanced TOA radiation
budget are considered. This uncertainty is much smaller than
the structural uncertainty between different models (Penner
et al., 2006; Lohmann et al., 2010).

However, there are other parametric uncertainties. These
include the uncertainty in parameters controlling aerosol pro-
cesses, such as emissions, new particle formation, scaveng-
ing and the ability of aerosols to act as cloud condensation
and ice nuclei. Some of these uncertain processes are evalu-
ated in studies on structural uncertainties as different models
apply different parameterizations. However, a parametric un-
certainty including these processes is missing so far.
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