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Abstract. Stratocumulus clouds are important for climate as1 Introduction
they reflect large amounts of solar radiation back into space.
However they are difficult to simulate in global climate mod-

els because they form under a sharp inversion and are thin. Atratocumulus clouds are important for future climate predic-
comparison of model simulations with the ECHAM6-HAM2  tions as they have a strong cooling effect (Bretherthon et al.,
global aerosol climate model to observations, reanalysis ang¢o4; williams and Webb, 2009). In a global climate model
literature data revealed too Strong turbulent miXing at the tOHt is Cha”enging to model stratocumulus clouds because of
of stratocumulus clouds and a lack of vertical resolution. Fur-their small vertical extent. The feedback of low clouds is
ther reasons for cloud biases in stratocumulus regions argelieved to be a major cause for the model discrepancy in
the too “active” shallow convection scheme, the cloud coverthe 2x CO, climate sensitivity (Bony and Dufresne, 2005;
scheme and possibly too low subsidence rates. Stephens, 2005; Williams and Webb, 2009).

To address some of these issues and improve the repre- |t js also challenging to represent the complex interaction
sentation of stratocumulus clouds, we made three distinchetween aerosol and clouds in a global climate model. Recent
changes to ECHAM6-HAM2. With a “sharp” stability func-  high-resolution large eddy simulation studies showed that
tion in the turbulent mixing scheme we have observed, sim+he liquid water path may either increase or decrease with
ilar to previous studies, increases in stratocumulus cloudncreased cloud droplet number concentratio¥g) (in con-
cover and liquid water path. With an increased vertical res+rast to the thickening from reduced precipitation efficiency
olution in the lower troposphere in ECHAM6-HAM2 the (Ackerman et al., 2004; Bretherton et al., 2007; Hill et al.,
stratocumulus clouds form higher up in the atmosphere ang008; Sandu et al., 2008; Ackerman et al., 2009; Petters et
their vertical extent agrees better with reanalysis data. They. 2013). The thinning is due to increased entrainment of
recently implemented in-cloud aerosol processing in strati-gry free-atmospheric air that is associated with increa&ed
form clouds is used to improve the aerosol representation if(Ackerman etal., 2009; Petters et al, 2013). The drying of the
the model. boundary layer occurs when the free atmosphere is dry (Ack-

Including the improvements also affects the anthropogenicerman et al., 2004). The increased entrainment is explained
aerosol effect. In-cloud aerosol processing in ECHAM6- gither by increased evaporative cooling at cloud top due to
HAM2 leads to a decrease in the anthropogenic aerosol effecdtronger turbulence (Ackerman et al., 2004; Hill et al., 2008;
in the global annual mean from1.19Wn1?2 in the refer-  Ackerman et al., 2009) or a stronger evaporative cooling ef-
ence simulation te-1.08 WnT 2, while using a “sharp” sta-  ficiency (Bretherton, 2007). The increase in entrainment is
bility function leads to an increase te1.34 WnT2. The re-  sybstantially reduced when cloud water sedimentation is in-
sults from the simulations with increased vertical resolutioncjuded in the simulation (Bretherthon et al., 2007; Ackerman
are diverse but increase the anthropogenic aerosol effect tgt al., 2009). Global climate models typically only represent
—2.08 WnT 2 at 47 levels and-2.30 WnT 2 at 95 levels. the reduced precipitation efficiency via an autoconversion pa-
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rameterization of cloud water (depending ag to precip- Section 2 summarizes the methodology to evaluate strato-

itation but no parameterization of the other interactions. cumulus clouds in a global climate model and observational
Typical biases of global climate models and numerical data used. Section 3 gives a description of the model and ex-

weather prediction models when simulating stratocumulusperiments conducted, the results from which are presented in

clouds are a too low cloud amount, a too shallow plane-Sect. 4. The discussion of the results and conclusions follow

tary boundary layer and an underestimation of the liquid wa-in Sect. 5.

ter path (Hannay et al., 2009; Medeiros and Stevens, 2011).

The diversity that exists among models in simulating strato- .

cumulus clouds increases the uncertainty of the influence of  Méthodology and observational data

ae_rosol particles on climate. Iq an _intercor_nparison study b}Ll'he focus of this study is on the representation of marine
Stier et al. (2013), the uncertainty in the direct aerosol forc- tratocumulus clouds. The analysis of the experiments is

ing due to the differences in the cloud albedo simulated an %herefore confined to stratocumulus regions (and global val-
: : o les where appropriate). Two approaches have been used in
sessed. Stratocumulus cloud regions were identified to b ecent years for analysis in different cloud regimes. The first

among the regions responsible for the largest host model Y5ne is based on cloud characteristics, where a statistical clus-

certainty in the direct aerosol effect and can therefore be ex:

ected o be important for the total anthronogenic aerosoLer analysis method is used to identify cloud clusters in joint
2ffect P Pog istograms of cloud optical depth and cloud top pressure

For the first indirect aerosol effect (cloud albedo effect), (Jakob and Tselioudis, 2003; Gordon et al, 2005; Williams

Carslaw et al. (2013) systematically evaluated the sourceand Tselioudis, 2007; Zhang, 2007; Williams and Webb,

of uncertainty for the simulation of aerosol. Uncertainties 2009; Tsushima et al., 2013). The second approach is based

i1 natural emissions cause most uncerainty in cloud ra_on dynamic and/or thermodynamic regimes (Tselioudis et
N natural emissi u uncertainty | ua-t al., 2000; Norris and Weaver, 2001; Tselioudis and Jakob,
diative forcing, followed by uncertainties in anthropogenic

2002; Bony et al., 2004; Williams et al., 2006; Medeiros

gmis§ions and agrosol PTOCESSES. Stratocumulus regions Welfid Stevens, 2011). We have used the latter approach as it is
identified as regions with a strong cloud albedo effect and traightforward to apply to a global climate model and pro-

Laerg?h r;i]ggzl ftjc?;elrrg?(la?:]yéti?)?]g?thzzﬁtzdglsgg éll?;gtgg'cacides information for the frequency of occurrence of environ-
b 9Y mental conditions favorable for stratocumulus clouds. This

Project (ISCCP; Rossow and Schiffer, 1999) D2 data for IOW'definition of the stratocumulus regime allows, to the extent

level stratiform clouds were used in their study. To evalu- possible in a global climate model simulation, for separation

ég:r;rl]:wugfzrlta'g%;ten;:?é?gqggz)gz :23:2:;8250\]:\,%? L:ﬁzof dynamical (large-scale environment) and other influences
- ( )P on the simulation of stratocumulus clouds.

1983-2008 rT_\gI'Fl—annuaI ISCCP gloud climatology but found We define the stratocumulus regime as
that the sensitivity to the cloud climatology was very small.
As stratocumulus regions are areas of a strong anthro500hPa vertical velocity 10hPaday?, Q)
pogenic aerosol effect, simulations of the anthropogenic
aerosol effect can be expected to depend on the represeﬁ'—nd to separate trade
tation of stratocumulus clouds. In our study we investigate|ower-tropospheric stability 2)
the total anthropogenic aerosol effect (also referred to as th .
effective radiative forcing due to aerosol—cloud and aerosol—‘(al:rS = t700nPa— f1000nPd > 18.55K
radiation interactions; Boucher et al., 2013), including the (where6 is the potential temperature), following Medeiros
direct, semi-direct and indirect aerosol effects (cloud albedoand Stevens (2011). Another criterion for the vertical veloc-
cloud lifetime), as well as effects on mixed-phase and iceity closer to the inversion height, e.g., 700 hPa, could be used
clouds, but not convective clouds. but we found that this makes little difference for defining the
A number of physical processes have to be accounted fostratocumulus regime in ECHAM6-HAM2. Because of the
when modeling stratocumulus clouds, including cloud topknown issues of satellite observations at high zenith angles
radiative cooling, which drives turbulent fluxes in the plan- and over bright surfaces (see, for example, Zygmuntowska
etary boundary layer; absorption of shortwave fluxes in theet al., 2012), stratocumulus clouds at high latitudes (N0
cloud layer; entrainment of warm, dry air from the free at- and >60 S) have been excluded in this analysis. We also
mosphere; and microphysical processes. The representati@xclude all land areas, as we focus on marine stratocumu-
of several of these processes is addressed in the general clus clouds. Monthly mean values of potential temperature
culation model ECHAM®G6 (Stevens et al., 2013) coupled to and vertical velocity were used to compute the stratocumulus
the aerosol module HAM2 (Zhang et al., 2012) and a two-regime.
moment cloud microphysics scheme (Lohmann et al., 2007) For model evaluation we use satellite data and ERA-
in this study. Interim reanalysis data (Dee et al., 2011). To take into ac-
count limitations in satellite observations (e.g., detection

-wind cumuli from stratocumulus,
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thresholds), different definitions of model variables vs. vari- stratocumulus conditions occur depends on the temporal evo-
ables in satellite retrievals, and different scales of model griddution of the modeled atmospheric conditions (see Appendix
vs. satellite pixels, we use the Cloud-Aersol Lidar and Infra- A). On the other hand, such a conditional sampling is there-
red Pathfinder Satellite Observations (CALIPSO; Winker etfore a source of internal variability when comparing differ-
al., 2010) simulator from the Cloud Feedback Model Inter- ent simulations. Global differences by changes in the model
comparison Project (CFMIP) Observation Simulator Pack-physics or resolution or the global anthropogenic aerosol ef-
age (COSP; Bodas-Salcedo et al., 2011). This simulator als€ect are typically much larger than internal variability. In the
separates cloud cover into high-, mid- and low-cloud frac- stratocumulus regime, however, due to the conditional sam-
tions according to the International Satellite Cloud Climatol- pling internal variability can become as large as changes in
ogy Project (ISCCP; Rossow and Schiffer, 1999) definition. variables due to model changes or the anthropogenic aerosol
CFMIP also provides satellite data products for the eval-effect. Furthermore, differences in the stratocumulus regime
uation of climate and weather prediction models (CFMIP- between simulations cannot be computed as a difference of
OBS, http://climserv.ipsl.polytechnique.fr/cfmip-obs/We each grid box at each month, as is typically done for global
used the CFMIP-OBS ISCCP, CALIPSO-GOCCP (Chepferdifferences. Due to the conditional sampling, an averaging
et al., 2010) and Clouds and the Earth’s Radiant Energy Sysstep is necessary before two simulations can be compared.
tem (CERES) data products. The CFMIP-OBS ISCCP datarherefore the statistical significance of model changes or the
product is derived from ISCCP (Rossow and Schiffer, 1999)anthropogenic aerosol effect in the stratocumulus regime is
D1 data. Only daytime observations are used, and they arhighly relevant. Statistical significance is assessed by apply-
averaged over 1 month. We extended the CFMIP-OBS IS4ing an unpaired two-tailed test with unequal variances to
CCP data product (available for July 1983 to June 2008) usyearly mean values over all or specific stratocumulus regions
ing D1 data to cover the time period January 2006 to Decemof two simulations which are compared. The differences in
ber 2009 but found no significant differences between the exa variable between two simulations are considered statisti-
tended period and the time period January 2006 to June 2008&ally significant if p<0.1 (i.e., the probability that there are
of the original CFMIP-OBS ISCCP data product. From the no “real” differences in the variable between the simulations
cloud top pressure/optical thickness histograms we derivednd that observed differences are only due to natural vari-
high-, mid- and low-cloud cover by integrating the cloud ability is less than 10 %, i.e., the null hypothesis is rejected
fraction over the optical thickness at each pressure levelfor p < 0.1). Results of the test for variables changes be-
The CFMIP-OBS CALIPSO data product we used coverstween different experiments and present-day and preindus-
the time period June 2006 to December 2010. The CERESrial simulations are presented in the Appendix Tables B1
Energy Balanced and Filled (EBAF; Loeb et al., 2009) dataand B2. For differences due to model changes (see Sect. 3,
product covers the time period March 2000 to October 2005i.e., changes between different experiments) the mean val-
The total anthropogenic aerosol effect (AAE) is calculatedues over the stratocumulus regime are computed as a mean
using effective radiative forcing (also called the radiative over all grid boxes belonging to the stratocumulus regime at
flux perturbation method) that takes fast feedbacks and interence, as the mean values computed this way were found to
actions into account (cloud lifetime effect, semi-direct effect be statistically significant (or, for some variables in the case
or aerosol interactions with mixed-phase and ice clouds)of including aerosol processing, too small to be statistically
Effective radiative forcing is computed as the difference in significant independent of the averaging method). Taking the
the top of the atmosphere radiation budget between simulaaverage over an area as large as the stratocumulus regime
tions with and without anthropogenic aerosol emissions uscan average out differences. Differences in model variables
ing the same sea surface temperatures (Hansen et al., 2008ye to anthropogenic aerosol were found to be smaller than
Haywood et al., 2009; Lohmann et al., 2010; Boucher et al. the differences between different present-day experiments.

2013): We therefore did not average over the whole stratocumulus
regime at once but instead used a different averaging method
AAE = AFy = Faipp— Falpl, 3) for the anthropogenic aerosol effect in the stratocumulus

regime. We computed yearly mean values in six stratocumu-
where A represents the difference between present-day antus regions (see Fig. 4) and compared the differences in these
preindustrial aerosol emissions afg) is the all-sky netra-  six regions between simulations with present-day and prein-
diation flux at the top of the atmosphere. AAE is evaluateddustrial aerosol emissions and then took a weighted average
globally and in the stratocumulus regime. Results for this arg(lNam and Quaas, 2013, used a similar approach to evalu-
presented in Sect. 4.3. The computation of AAE in the strato-ate boundary layer clouds in satellite and model data). This
cumulus regime is described in the following paragraph.  raises the statistical significance of some model variables
On the one hand, using only grid boxes in the analysisglobally as the difference in the simulations in some strato-
where the environmental conditions are suitable for strato-cumulus regions can be larger than the internal variability.
cumulus clouds provides additional information and allows When computing the spatial average the different size of the
for one cloud regime to be focused on. Where and when theyrid boxes is taken into account as a weighting factor. The
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frequency of occurrence of stratocumulus conditions in the
six different stratocumulus regions is used as a weighting
factor to compute global values from the values in the six

regions. This methodology is used for all variables for which

differences between present-day and preindustrial simula-
tions are computed, e.g., AAE, the change in liquid water

path or cloud cover.

3 Model and experiment description

3.1 Model

D. Neubauer et al.: Impact of the representation of marine stratocumulus clouds
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The general circulation model ECHAM6 (Stevens et al., Figure 1. Comparison of “sharp” and ECHAMG stability function
2013) coupled to the latest version of the aerosol module’ (Ea. 4, dimensionless) as a function of Richardson number (Ri).

HAM2 (Zhang et al., 2012) is used in this study. It includes a
two-moment cloud microphysics scheme for cloud droplets
and ice crystals where prognostic equations are computed
for cloud water, cloud ice, cloud droplet number concen-
trations and ice crystal number concentrations (Lohmann
et al., 2007). The latest version, HAM2.2, includes a size-
dependent in-cloud scavenging parameterization (Croft et al.,
2010) and optionally orographic cirrus clouds (Joos et al.,
2010). Hereinafter, for the sake of brevity, we will refer to

it as HAM2. Aerosol effects on convective clouds are not
included, but there is a dependence of cloud droplets de-
trained from convective clouds on aerosol. The condensate
detrained from convective clouds is added to that of the ex-
isting stratiform clouds. For liquid clouds the cloud droplet
number added from detrainment depends on the number of
aerosol particles that can be activated at the convective cloud
base.

The impact of aerosols on warm, mixed-phase and ice
clouds can be studied using ECHAM6-HAMZ2. In all experi-
ments we use a fractional cloud cover scheme that diagnoses
fractional cloud cover from relative humidity when a critical
relative humidity is reached (Sundgvist et al., 1989).

The vertical turbulent diffusion scheme uses a 1.5-order
turbulence closure scheme, which includes a simplified prog-
nostic equation for turbulence kinetic energy (TKE) with
moist Richardson number (Brinkop and Roeckner, 1995).

We made three distinct changes to ECHAM6-HAM?2 for
this study:

1. Sharp stability function (STAB):
In the TKE scheme used in ECHAMBG, the turbulent dif-
fusivities (KTyrp) are the product of the turbulent mixing
length (), a stability function §) and the square root of
TKE:

KTub=1-S -/ TKE. (4)

The stability function used in ECHAMS is a so-called

“long-tail” function, which decays slowly with increas- 2.

ing Richardson number (see Fig. 1). We replaced the
long-tailed stability function with a “sharp” stability

Atmos. Chem. Phys., 14, 1199722022 2014

function (King et al., 2001; Brown et al., 2008; see
Fig. 1). As the stability functions differ the most for
large Richardson numbers, the largest differences in
the simulations occur at stable atmospheric conditions.
Long-tailed functions, also used in humerical weather
prediction models, are known to result in excessive mix-
ing at high stabilities. This artificially increased mix-
ing was introduced to offset a cold bias in the near-
surface temperature and too active synoptic cyclones
(see Sandu et al.,, 2013, and references therein). In
the European Centre for Medium-Range Weather Fore-
casts (ECMWF) numerical weather prediction model,
the mixing at stable conditions was relaxed in 2007 to
avoid the erosion of capping inversions of the plane-
tary boundary layer and thereby dissipation of strato-
cumulus clouds (Kohler et al., 2011; Holtslag et al.,
2013; Sandu et al., 2013). Brown et al. (2008) found
improvements in the operational verification scores in a
numerical weather prediction model by changes to the
boundary layer scheme that included the use of a “short-
tailed” or sharp stability function over the ocean. They
also noted that in the Met Office Hadley Centre climate
model (HadGEM2; Martin et al., 2011) the sharp sta-
bility function cloud be used everywhere (ocean and
land). Pithan and Mauritsen (2012) found an increase in
subtropical stratocumulus cloud cover and a decrease in
trade wind cumulus when using ECHAM®6 with a sharp
function. No near-surface temperature cold bias was ap-
parent with the sharp stability function (Pithan, 2013,
personal communication). In a recent study, Possner et
al. (2014) showed that reducing the mixing at high sta-
bility (by reducing the limit for the prescribed minimum
eddy diffusivity in their model) improves the simulation
of inversions in the regional climate and weather pre-
diction model COSMO.

Increased vertical resolution (VRES):
The low vertical resolution used in global climate mod-
els (GCMs) results in numerical artifacts such as numer-

www.atmos-chem-phys.net/14/11997/2014/
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ical entrainment (Lendering and Holtslag, 2000) and 600

. L. . . . L L31
spurious radiative—dynamical interactions at the cloud
top interface of stratocumulus clouds (Stevens et al., __
1999). We therefore increase the vertical resolution in & —— L47bl
the lower troposphere in ECHAM6-HAM?2 (see Fig. 2). E 800 |
Grenier and Bretherton (2001) showed that a 1.5—order§, Losb|
turbulence closure model can provide good simulations &
of dry convective boundary layers. With 15 hPa vertical
resolution also in stratocumulus-capped boundary lay- = =-L60

- . 1000 : : ‘ : (ERA-

ers, mixing was simulated properly. The performance 0 10 20 30 40 50 Interim)

of the model simulations of Grenier and Bretherton
(2001), especially at coarser resolution, were dependent
on further details of the model like the implementation Figure 2. Vertical resolution of the reference L31 vertical grid and
of the entrainment closure and the vertical advectionnew L47bl and L95bl grids as well as the L60 vertical grid used in
scheme. In the current study we use two new verticalERA-Interim. The (pressure) height of the model layers is shown as
grids: L47bl and L95bl. In both grids the new layers a function of the height above the surface for a surface pressure of
are inserted primarily in the boundary layer/lower at- 1000hPa.

mosphere.

To avoid numerical instabilities, the time step needs to
be increased at higher vertical resolution. Fromthe stang 2 Experiments
dard 31 vertical levels (L31) to L47bl, the vertical reso-

lution is approximately doubled and the time step is re- , ) ) .
duced from 720 to 300 s. With L95bl the vertical resolu- The simulations, summarized in Table 1, were conducted

tion is approximately doubled again compared to L47bl with sea surface temperatures and sea ice cover fixed to ob-
or quadruplicated compared to L31 and the time step isS€rved values (AMIP simulations) at T63 (1:01.9°) spec-

reduced to 180 s. The effect of reducing the time steptral resolution using 31 vertical levels (L31), except for the
alone is presented in Sect. 4.2.2. simulations using the new vertical grids. The length of the

simulations was 5 years (2006—2010) for L31 after 3 months
3. Aerosol processing (AP): of spin-up. Due to the increased computational demand of
Aerosol processing in stratiform clouds by uptake into the higher vertical resolution the VRES simulations were run
cloud particles, collision—coalescence, chemical pro-only for 1 year ¢ 3 months of spin-up). Present-day (year
cessing inside the cloud particles and release back int®000) greenhouse gas concentrations were used in all simu-
the atmosphere changes the aerosol concentration, sidations. Each experiment is a pair of runs with present-day
distribution, chemical composition and mixing state. (year 2000) and preindustrial (year 1850) aerosol emissions
By modeling aerosol processing, the representation ofrom the AeroCom Phase Il data set (ACCMIP by Angelika
the mixing state and the size distribution of particles Heil, Martin Schultz and colleagues; Sei#p://aerocom.met.
released by evaporation of clouds and precipitation isno/emissions.htmlLamarque et al., 2010). For the evalua-
more realistic. These changes in the aerosol can inflution of stratocumulus clouds in the reference experiment and
ence cloud droplet and ice crystal number concentrathe experiments for the changes above (Sects. 4.1 and 4.2),
tions and subsequently cloud liquid and ice water pathspresent-day aerosol emissions have been used. For the eval-
as well as cloud lifetime and cloud radiative forcing.  uation of the anthropogenic aerosol effect, the experiments

HAM?2 uses seven modes to describe the total aerosolvere repeated (5 years after 3 months of spin-up) with cli-
We adapted the scheme from Hoose et al. (2008a, b) t¢natological values for sea surface temperatures and sea ice
ECHAMG6-HAM? in order to extend the seven modes cover (CLIM simulations; the climatological values are an
through an explicit representation of aerosol particles@verage for each calendar month of the years 1979-2008) to
in cloud droplets and ice crystals in stratiform clouds, decrease the natural variability in the experiments (see also
which are each represented by five tracers for sulfateS€ct: 2). _ o
(SQw), black carbon (BC), organic carbon (OC), sea salt N addition to the standard experiments, a sensitivity sim-
(SS) and mineral dust (DU). Aerosol mass transfers byulation with the reference configuration was performed in
nucleation and impact scavenging, freezing and evaporWhich the precipitation in stratocumulus regions was turned
ation of cloud droplets, and melting and sublimation of ©ff, and another simulation in which the parameterization for
ice crystals are treated explicitly (see Fig. 3). Aerosol shallow convective clouds was turned off. Both simulations
particles from evaporating precipitation are released toWere run with climatological sea surface temperatures and
modes which correspond to their size. sea ice cover for 1 year with present-day greenhouse gas and
aerosol emissions.

layer height, dp (hPa)

www.atmos-chem-phys.net/14/11997/2014/ Atmos. Chem. Phys., 14, 1199022 2014
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Table 1. Description of experiments conducted in this study.

D. Neubauer et al.: Impact of the representation of marine stratocumulus clouds

Label Vertical Tuning factor  Description Sea surface Other
resolution  of the auto- temperature and  changes
conversion sea ice over
rate (ccraut)
REF L31 4 control simulation AMIP/CLIM
STAB L31 3.5 modified stability AMIP/CLIM
function
VRES47 L47bl 4 additional model levels AMIP/CLIM Reduced entrainment
(47 levels in total) deep convective
clouds
VRES95 L95bl 12 additional model levels AMIP/CLIM Reduced entrainment
(95 levels in total) deep convective
clouds
AP L31 5 in-cloud aerosol AMIP/CLIM
processing
STAB+ AP L31 5 STAB+ AP AMIP/CLIM Tuning as STAB
VRES47+ STAB  L47hl 4 VRES47+ STAB AMIP/CLIM Tuning as VRES47
NOPRECIP L31 4 Sc precipitation CLIM
turned off
NOSHCV L31 4 shallow convective CLIM
cloud parameterization
turned off
In-dropletin-crystal aerosal (AP) | 2000) as in Lohmann and Ferrachat (2010) is used. The tun-
EAEAEAED so, ing of the experiments with the new vertical grids L47bl and
BC | BC | BC | | BC noceaton veozng | BC L95bl is described in more detail in Sect. 4.2.2.
oc | oc | oc oc impaction oc
ss | ss evaporation melting | SS
[ |oufou fOu]ou e 4 Results
NS | KS |As | CS |  KI | Al | ¢l Ic
‘ saluble/mlxe(/imcdes ) msulubler\ﬁades ’ * wet deposition *

4.1 Stratocumulus clouds in reference simulation
Figure 3. Processes and tracers used in the aerosol processi e .
sc?]eme. New tracers for aerosol particles in cloud dropFI)ets (CDr;sﬁhe stratocumulgs F:OI"ldltlonS (see SeCt_' 2) are m,Et in
and ice crystals (IC) are added to the tracers for the soluble/mixed=CHAMB-HAMZ in similar areas to those in ERA-Interim
modes of HAM2 (nucleation, NS; Aitken, KS; accumulation, AS; but less frequently (Fig. 4). This is because large values of
coarse, CS) and insoluble modes (Aitken, KI; accumulation, Al; lower troposhperic stability (LTS) occur 12% less often in
coarse, Cl) . ECHAMG6-HAM2 than in the reanalysis data (the same is
true for other GCMs; see Medeiros and Stevens, 2011) in ar-
eas where both stratocumulus conditions are met. Note that,
The changes described in Sect. 3.1 lead to an imbalance afith the frequency of occurrence of stratocumulus condi-
the radiative fluxes at the top of the atmosphere. The modelions, the simulation of the large-scale environment can be
was therefore re-tuned for the different experiments. Mostinvestigated separately from other factors controlling strato-
parameters are kept to the values of the reference simulatiooumulus cloud formation, which are discussed below. The
and changes are kept to a minimum. Although this may re-criterion for subsidence is met 9% less often in ECHAMG6-
sult in the parameter settings not being the optimal ones tdHAM2 than in ERA-INTERIM in these areas. As the con-
be used, the comparison between the different experimentditions of strong LTS and subsidence together are less fre-
is facilitated. In most experiments, only the tuning parameterquently metin ECHAM6-HAM2, stratocumulus clouds form
for the autoconversion rate (ccraut) is changed (see Table 1)ess often than in ERA-Interim. The stratocumulus regime
which by itself has a small effect on AAE (Lohmann and Fer- covers 4.8 % of the global area in the reanalysis data, 4.4 %
rachat 2010). Lohmann and Ferrachat (2010) varied ccrauin REF, 4.2 % in STAB, 3.0% in VRES47 3.0 % in VRES95
values between 1 and 10; in this study, ccraut values betweeand 4.5 % in AP. Gettelman et al. (2012) altered the stabil-
3.5 and 12 are used (see Table 1). In this study the samity threshold to adjust the area covered by the stratocumulus
autoconversion parameterization (Khairoutdinov and Kogarregime in their simulations to the same area fraction as in the
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Figure 4. Frequency of occurrence of stratocumulus conditions in ERA-Interim and ECHAM6-HAM2 in the REF, STAB, AP, VRES47
and VRES95 experiments. In the panel for the REF experiment, the six stratocumulus regions which are used in assessing the effect of
anthropogenic aerosol are also shown.

reanalysis data but found that the results did not change. Dutherefore differentiate in the following between cloud prop-
to the smaller area (compared to reanalysis) covered by therties in stratocumulus areas (total uncertainty) and strato-
stratocumulus regime in our simulations cloud properties likecumulus regime cloud properties (in-regime uncertainty). As
cloud cover, liquid water path or cloud radiative effect will values in the stratocumulus areas include the average fre-
therefore be too low compared to observations. The regimeguency of occurrence(1) of stratocumulus in a model grid,
based analysis allows for investigation of cloud propertiesthey are typically smaller than values in the stratocumulus
only when the environmental conditions for stratocumulusregime.

clouds are met (see Sect. 2. and Appendix A) and therefore In Fig. 5 a clear underestimation of low-level cloud frac-
for separation between in-regime uncertainties (all influencesion (LCC) is visible in stratocumulus cloud regions in the
on stratocumulus clouds formation excluding large-scale dy+eference simulation compared to CALIPSO/ISCCP satellite
namical factors) and total uncertainties (in-regime plus fre-data. When looking only at (stratocumulus) in-regime values,
quency of occurrence uncertainty, all influences on strato4.e., similar large-scale environmental conditions, the under-
cumulus clouds formation including dynamical factors). We estimation is less severe: on average 48 % of the stratocumu-
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Figure 5. Low-level cloud cover in stratocumulus cloud regions in the reference simulation and the CALIPSO and ISCCP satellite data.
Values below each panel show in-regime values (subsggptNote that in-regime values are larger than the mean over the stratocumulus
cloud regions.

lus regions are cloud-covered in the reference simulationgt al., 2009). The in-regime value for the shortwave cloud
compared to 65% in CALIPSO data. The low-cloud cover radiative effect of the simulation agrees quite well with the
is significantly lower in ISCCP compared to CALIPSO, observational data. The LWCRE, on the other hand, is also
whereas it is the opposite for mid-cloud cover, indicating aunderestimated when only grid points that meet stratocumu-
problem with the cloud top height in stratocumulus regionslus conditions are considered. This is not associated with
in the ISCCP data. stratocumulus clouds but is due to a lack of mid-level and

Similar to the cloud fraction, the liquid water path (LWP) high clouds in stratocumulus regions in the reference simu-
is also too low in the reference simulation as comparediation. The net cloud radiative effect is therefore too negative
to observations in stratocumulus areas (see Fig. 6). ERAin stratocumulus regions in ECHAM6-HAM2.
Interim reanalysis data agree fairly well with Moderate Res- In Fig. 8, vertical profiles of relative humidity, poten-
olution Imaging Spectroradiometer (MODIS; MYDO08_D3 tial temperature, cloud cover and liquid water content in
daily mean level 3 cloud product; King et al., 2003) data andstratocumulus regions for the reference simulation and ERA-
the LWP climatology of the University of Wisconsin (UWisc; Interim are shown. The inversion in temperature and humid-
O'Dell et al.,, 2008) derived from satellite-based passiveity is not represented well in the reference simulation, which
microwave observations (1988-2005) over oceans. On thés mostly due to the coarse resolution used in the reference
other hand, when looking only at the LWP in the strato- simulation.
cumulus regime, the (in-regime) values for LWP are higher The cloud cover and liquid water content profiles show
in the reference simulation than in ERA-Interim. The appar-that stratocumulus clouds form too low in the atmosphere
ent underestimation of LWP is therefore due to the less fre-and are too shallow in ECHAM6-HAM2. The liquid water
guent simulation of large LTS and subsidence in ECHAMG6- content is too, high resulting in the observed overestimation
HAM2. of LWP.

The shortwave and longwave cloud radiative effects The mean diurnal cycle of liquid water path (LWP) in
(SWCRE/LWCRE) are too low (see Fig. 7) in the ECHAMG6- all stratocumulus regions from 1 month of an ECHAMG6-
HAMZ2 reference simulation compared to CERES data (LoebHAM2 simulation is displayed in Fig. 9. Also shown is the
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Figure 6. Liquid water path in stratocumulus cloud regions in the reference simulation, MODIS, ERA-Interim and a climatology from the
University of Wisconsin. Values below the panels are in-regime values.

diurnal cycle in different regions from Wood et al. (2002), 4.2 Changes for stratocumulus clouds

who examined 2 years of TMI (Tropical Rainfall Measuring

Mission Microwave Imager) satellite microwave radiometer 4.2.1 Reduced turbulent mixing in stable

data. Wood et al. (2002) found that the diurnal cycle was conditions (STAB)

more pronounced in the SE Pacific and in the SE Atlantic. i ) ]

For a comparison, we therefore chose the month of Octobel? Fig- 10, changes in cloud properties are shown when

(2006), when the stratocumulus cloud cover is large in thetNe long-tailed stability function of ECHAM6-HAM2 is re-

SE Pacific and SE Atlantic (because of the large amount of/aced by a sharp stability function. Both the cloud cover and
data involved we were not able to compute the output forthe liquid water path increase in the stratocumulus regime,

longer time periods). The mean LWP is lower in this particu- Whereas in other regions the changes are small. The in-
lar month than the multiyear average (see Fig. 6). The differ-/€9ime low-cloud cover increases by 5.3 % and the LWP in-
ence in the morning maximum and the afternoon minimum¢reases by 8.2 gnt. This leads to a more negative SWCRE
of LWP, normalized to the mean LWP, in ECHAM6-HAM2 Py —2.5 Wn12. The frequency of occurrence of stratocumu-

(26 %) agrees quite well with the TMI data (20-28 %, de- lus regions is too low in the STAB experiments compared to
pending on the region). reanalysis data and even lower than in the REF experiment

To summarize, ECHAM6-HAM2 has cloud biases in (Fig. 4). The global changes in cloud properties by using a

stratocumulus cloud regions that are typical for GCMs: theSharp stability function are rather patchy. In some regions
clouds form too low and are too shallow. and low-cloud there is an increase in cloud cover and LWP, whereas in other

cover, liquid water path and the shortwave cloud radiative€9ions there is a decrease. On average these changes almost

effect are underestimated. When looking only at data point§ancel each other out, and the averaged change in total cloud

where the environmental conditions are favorable for strato-COVer and liquid water path between the simulation with a

cumulus clouds (in-regime values), these biases are reducedNrP stability function and the reference simulation is small.
The monthly average diurnal cycle of stratocumulus clouds 1 Ne vertical cloud properties shown in Fig. 8 in the strato-

simulated with ECHAM6-HAM?2 agrees well with observa- cumulus regime reveal subtle changes by using a sharp sta-
tions. bility function. While stratocumulus clouds still form too low

and their vertical extension seems to be limited, cloud cover
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Figure 7. Shortwave and longwave cloud radiative effect in stratocumulus cloud regions in the reference simulation and a 5-year CERES
climatology. Values below each panel are in-regime values.

and liquid water content are reduced above the inversion antlis regime as well as strong reductions in cloud cover and
reduced below, as would be expected from a reduction ofiquid water path. For the experiments with increased vertical
mixing at cloud top. resolution we therefore used tuning parameters when possi-
Two 1-year simulations with climatological sea surface ble, which showed no strong effect on stratocumulus clouds
temperatures and sea ice cover, but otherwise the same setafoud cover in sensitivity simulations. For L47bl, ccraut was
as REF and STAB, were conducted to diagnose vertical prokept as in the reference simulation and a parameter for the en-
files of the turbulent diffusion coefficientXf,, Kn), TKE trainment rate of deep convection was adjusted instead (entr-
and the stability function in the stratocumulus regime. Thepen=1.5x 10~* instead of entrpes 3.5x 104 in the ref-
results are shown in Fig. 11, and the stability function is erence simulation). For L95bl, ccragtl2 was necessary in
indeed decreased above the inversion with the sharp stabibddition to the adjustment in the entrainment rate of deep
ity function. The turbulent kinetic energy (TKE) increases convection (entrpes: 1 x 10~%) to achieve radiation bal-
slightly in the cloud layer with the sharp stability function ance. Mean zonal winds, surface pressure and ocean surface
and decreases above. Due to the coarse vertical resolutiostress are very similar to reanalysis data and the reference
TKE is produced in the cloud layer rather than atitstop.  simulation in the VRES experiments. For L95bl, the zonal
winds are weaker in the Pacific storm tracks, but this small
4.2.2 Increased vertical resolution (VRES47, VRES95, difference should not affect stratocumulus regions.
VRES47+ STAB) To estimate the effect of the reduction of the time step, the
present-day reference simulation (L31) was repeated with re-
An increase in the vertical resolution leads to a degradatiorfluced time steps of 300 s and 180 s. This leads to significant
of the simulations, as parameters used in the parameterizaAcreases in condensation and deposition rates at shorter time
tion of sub-grid processes may depend on the resolutionsteps and reduced vertical velocities due to reduced TKE.
In a sensitivity simulation, an autoconversion rate parame-This time step dependence will be fixed in newer versions
ter (ccraut) of 12 was necessary to achieve a balance of raef the ECHAM6 GCM (ECHAM6.2 onwards; Mauritsen T.,
diative fluxes at the top of the atmosphere. This large autofersonal communication, 2014), but unfortunately they are
conversion rate leads to more precipitation in the stratocumunot yet coupled to the aerosol scheme. The reduced TKE
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The increase in the vertical resolution has an ambiguous
impact on stratocumulus clouds. Figure 12 shows that, with
L47bl, the already small low-cloud cover and the LWP in
the stratocumulus regime decrease and the net cloud radia-
tive effect is less negative compared to L31 in the reference
simulation. The smaller low-cloud cover in the stratocumu-
lus regime can be explained in part by the decreased TKE
due to the smaller time step necessary. As a result of the de-
crease in the time step in the reference simulation, a decrease
in 3% in the low-cloud cover occurred. The decrease in low
clouds is partly compensated for by a small increase in mid-

level clouds, but the total cloud cover decreases with L47bl in
the stratocumulus regime (not shown). The cloud cover in re-
gions of shallow convective clouds increases (not shown) and
compensates for the decrease in the stratocumulus regime,
000 whereas other regions show only small changes. The ver-
tical profiles of relative humidity and potential temperature
do not change significantly with L47bl in the stratocumulus
regime compared to the reference simulation (see Fig. 13).
Figure 8. Vertical profiles of relative humidity, potential temper- The clouds seem to form higher up in the atmosphere but the
ature, cloud cover and liquid water content in the stratocumuluscloud cover and the liquid water content are reduced. Around
regime. The red line is for the ECHAM6-HAM2 reference simu- goo hpa the liquid water content is larger than in the reana-
lation, the green I|ne_for tht_e STAB S|mulat|qn, the black Ilne_ for lysis data. This is the result of too much vertical transport,
ghaet:RES47+ STAB simulation and the blue fine for ERA-Interim 2« yoe c1oud cover in the simulation with L47bl is not signifi-

' cantly larger around 800 hPa compared to the reanalysis data.
Increasing the vertical resolution further has a somewhat dif-
ferent effect. With the highest vertical resolution grid L95bl

leads to a reduced vertical velocity, which then favors deposi-used in this study, there is an increase in cloud cover and
tional growth of ice crystals at the expense of condensationaliquid water path in the stratocumulus regime (Fig. 12). The
growth of cloud droplets (Wegener—Bergeron—Findeisen propattern appears like a spatial shift of the clouds, but in ac-
cess). In stratocumulus regions the reduced TKE reduces thieial fact there are two changes partly compensating for each
cloud cover significantly when the time step is reduced. Theother. The increase in cloud cover and LWP is in areas where
reduction in cloud cover in the stratocumulus regime in theshallow cumulus clouds may also appear (the shallow con-
VRES experiments can therefore be attributed to the reducvection frequency is reduced in the VRES95 experiment; see
tion of the time step and the subsequent reduction of TKE. Appendix Fig. C1) and not in the “core” stratocumulus re-
The changes in condensation/deposition/TKE also lead t@ions, where the same decrease in cloud cover and LWP as
changes in convection. Mid-level convection in the stormin the VRES47 simulation occurs (due in part to reduced
tracks is replaced with shallow convection. In the tropics turbulent vertical velocity). In VRES95 the vertical cloud
and subtropics, shallow convection is replaced by deep angroperties are improved further, i.e., the clouds form higher
mid-level convection. These changes in convection correlateip in the atmosphere and their vertical extent agrees better
with changes in AAE. AAE increases from1.19WnT2 at  with reanalysis data. That there is no clear improvement in
720s to—1.50WnT2 at 300s and te-1.33Wn12 at 180s. ECHAM6-HAM2 when increasing the vertical resolution is
Changes in the aerosol are small when the time step is rein agreement with other studies. Stevens et al. (2007) showed
duced, and they do not correspond to the changes in AAEthat LWP and the planetary boundary layer (PBL) depth are
The only exception are strong decreases in dust emissionsnderestimated in ERA-40 (Uppala et al. 2005) and ERA-15
by —35 % (720-300s) and 37 % (720-180 ), but this also (Gibson et al. 1997) although the vertical resolution was in-
does not seem to affect AAE. The dust emissions are veryreased from ERA-15 to ERA-40. With the Kohler (2005)
sensitive to changes in wind velocities (and to lesser extenPBL scheme the representation of stratocumulus clouds was
to soil moisture), and the threshold friction velocity may have improved in the ECMWF model without increasing the ver-
to be adjusted to a different model setup. tical resolution. Although increasing the vertical resolution
The different tuning and the reduced time steps are necin single-column models often improves the representation
essary for increasing the vertical resolution. The effects ofof stable/cloudy boundary layers (Grenier and Bretherton,
changing the vertical resolution described below are not en2001; Zhu et al., 2005; Wyant et al., 2007; Gettelman and
tirely due to the change in the vertical resolution alone butMorrison, 2014), the same need not necessarily be true in
also to these necessary changes in the model setup. a global model. Feedbacks between the dynamics and the
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Diurnal cylce - TMI/ECHAMG6-HAM2 regime compared to the REF experiment (not shown). The
100 vertical cloud properties are less similar to reanalysis data in
the VRES47 STAB experiment than in the VRES47 exper-
iment (see Figs. 8 and 13). The cloud cover is further reduced
around 900 hPa but is too high around 800 and 1000 hPa. The
vertical profile of liquid water content changes similar to the
cloud cover when the sharp stability function is used together
with the L47bl vertical grid. The liquid water content is re-
duced around 900 hPa but is larger close to the surface in
the VRES4#4- STAB experiment than in VRES47. Around

o
o

liquid water path (g/m?)

apanme A 800 hPa the liquid water content in the VRESYBTAB and
S Indian B ECHAMG-HAM? VRESA47 experiments is too large compared to reanalysis, ir-
° o 6 - 1‘2 . s respective of the stability function used. This indicates that
time of day (h local) not only turbulent but also convective transport is too large

around 800 hPa in the stratocumulus regime.
Figure 9. Diurnal cycle of liquid water path from TMI microwave

radiometer data in different regions in 1999—-2000 and ECHAMS6- 4 2 3 Aerosol processing in stratiform clouds
HAM2 in the stratocumulus regime in October 2006. (AP, STAB+AP)

The cloud condensation nuclei concentration at 0.1 % super-
physical parameterizations can cause differences in the bisaturation roughly doubles in the AP experiment compared to
ases of a parameterization in a global model and a singlethe reference simulation in the stratocumulus regime, while
column model (Petch et al., 2007; Zhang et al., 2013). the cloud droplet number concentration only increases by

The vertical profiles of relative humidity and cloud proper- 13 %. Although the aerosol load, aerosol size distribution and
ties improve with the L95bl resolution and are quite similar mixing state change when using in-cloud aerosol processing
to reanalysis data. The clouds are forming higher up in thg(not shown), this hardly affects cloud properties in strato-
atmosphere and have a larger vertical extent (see Fig. 13tumulus cloud regions. In a simulation with aerosol process-
The higher cloud cover and LWP at higher altitudes in theing, the cloud cover is lower by 0.3%, LWP increases by
VRES experiments compared to ERA-Interim and the lower0.4 g nt? and NETCRE increases by 0.8 W#in the strato-
cloud cover and LWP at lower altitudes indicate too much cumulus regime. The frequency of occurrence of stratocumu-
turbulent and convective vertical transport at the cloud top inlus regions is similar to the REF experiment (see Fig. 4). Also
the VRES experiments. There are still too few stratocumu-the vertical profiles of relative humidity, potential temper-
lus clouds even with L95bl in ECHAMG6-HAM2, as only the ature, cloud cover and liquid water content in stratocumu-
cloud cover increases in stratocumulus regions, whereas thieis regions are similar to the reference simulation. In-cloud
frequency of occurrence of those regions is still too low or aerosol processing seems to alter only the aerosol in strato-
even lower in the VRES experiments compared to reanalysi€umulus regions not the clouds.
data (Fig. 4). The aerosol burden decreases for all aerosol In the experiment STABAP, where the sharp stability
species except sulfate (g{see Table 2) in the VRES exper- function and aerosol processing are used together, the strato-
iments as compared to the reference simulation. Although theumulus clouds are very similar to the STAB experiment.
emission rates are quite similar, the aerosol particles are refhe low-cloud cover is higher by 4.8 %, LWP increases by
moved faster from the atmosphere in the VRES experimentd5.5gn1? and SWCRE increases by4.4Wn1? in the
due to increased wet deposition rates (cf. Fig. 14). In thestratocumulus regime compared to the REF experiment (not
VRES95 experiment the dry deposition rate is also increasedshown). Turbulent mixing at the top of the boundary layer
One exception is mineral dust (DU), for which the emis- also affects the aerosol. The AOD is slightly lower in the
sion is reduced by-36 % in the VRES47 experiment and by STAB+ AP experiment than in the AP experiment.

—49 % in the VRES experiment. As mentioned above, dust

emissions are very sensitive to wind velocities. Although the4.3 Anthropogenic aerosol effect

monthly mean 10 m wind velocities do not change much be-

tween the experiments, shorter fluctuations in the wind ve-In Fig. 15 the total anthropogenic aerosol effect (AAE)
locities could considerably alter the dust emissions. is shown globally. Stratocumulus regions are regions of a

In the VRES4#- STAB experiment, the clouds in the strong negative AAE, as are regions close to the industrial
stratocumulus regime are even further reduced comparedenters of the world and biomass burning regions. Table 2
to those in the VRES47 experiment. The low-cloud coverlists aerosol, cloud and forcing parameters for present-day
is lower by —11.4%, LWP decreases by9.7 gnT? and CLIM simulations for all experiments. The large SS bur-
SWCRE decreases by 11.5Wfin the stratocumulus den and AOD in the AP experiment are due to too large sea
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Table 2. Aerosol, cloud and forcing parameters for present-day CLIM simulations for all experiments. Global values and values in the
stratocumulus regime are given. Note that the results with L47bl and L95bl are from 1-year simulations. LWP is liquid water path, IWP is
ice water path)Ng and N; refer to the vertically integrated cloud droplet and ice crystal number concentration, (L)CC is (low) cloud cover,
Prot! Pstraf Pcony are total/stratiform/convective precipitation, SCF is shortwave cloud forcing and AOD is the aerosol optical depth. Global
annual mean burdens for sulfate (§COblack carbon (BC), organic carbon (OC), sea salt (SS) and mineral dust (DU) are also shown. The

subscriptgc represents values in the stratocumulus regime.

Variable Experiment (PD)
REF STAB AP STAB VRES47 VRES95 VRES47

+AP +STAB
LWP (gm—2) 853 833 779 819 91.1 74.2 85.4
IWP (g m2) 104 103 105 105 11.6 9.8 11.6
Ng (1019m~—2) 3.2 2.9 2.9 2.6 35 3.8 3.1
Ni (1019m=2) 0.2 0.2 0.2 0.2 0.2 0.1 0.2
cc 63.8 643 635 641 64.4 66.6 63.3
Prot (mmd—1) 298 294 299 294 3.03 3.17 3.00
Pstrat(mmd™1) 156 152 157 152 1.07 1.06 1.04
Peonv (Mmd™1) 1.42 142 142 143 1.96 2.11 1.97
Netrad. TOA(Wm2)  0.18 028 —-097 -139 —-0.19 —0.36 0.94
AOD (at 550 nm) 0.125 0.122 0.328 0.287 0.097 0.085 0.099
SOy burden (Tg) 182 187 145 147 1.90 1.74 1.93
BC burden (Tg) 014 014 010 0.0 0.11 0.09 0.11
OC burden (Tg) 1.07 107 088  0.89 0.82 0.64 0.81
SS burden (Tg) 108 104 182 163 9.3 7.4 9.1
DU burden (Tg) 116 117 124 150 5.6 7.4 8.2
LWPsc (g m—2) 731 823 736 883 71.6 74.9 67.2
LCCsc 475 528 475 523 38.4 54.9 38.3
SCFRse (Wm™—2) -589 -632 -581 -635 -547 —722  -51.4
AODg (at 550 nm) 0.110 0101 0.342 0.272 0.111 0.125 0.111

Table 3.Changes in aerosol, cloud and forcing parameters between simulations with preindustrial and present-day aerosol for all experiments.
Global values and values in the stratocumulus regime are given. Note that the results with L47bl and L95bl are from 1-year simulations. LWP
is liquid water path, CC is cloud cover, AAE is the anthropogenic aerosol effgghis the anthropogenic aerosol optical depth andis
the change in aerosol optical depth. The subsegyipepresents values in the stratocumulus regime. Values markéaitgynot statistically

significant or could not be tested for statistical significance.

Variable Experiment (PD-Plaer)

REF STAB AP  STAB VRES47 VRES95 VRES47

+AP +STAB

ALWP (gni2) 6.5 6.4 5.0 4.4 9.3 7.4 8.5
ACC 0.5 0.4 0.3 0.2 1.2 0.9 0.7
AAE (Wm~2) -119 -134 -108 -090 -2.08 -230 -1.89
AAEgw (Wm—2) -212 -209 -172 -136 —-341 351  —3.03
AAELw (Wm™2) 094 0.75 0.65 0.46 1.33 1.19 0.88
Tanth (@t 550 nm) 0.019 0.018 0.026 0.012 0.013 0.012 0.018
ALWPs. (g m™2) 6.6 9.5 5.3 2.8 9.9 12.6° 10.5¢
AAEg: (Wm—2) -295 -355 —290 -217 —360° —7.78 —3.52%
AAEgysw(Wm™2) —295 —449 -—269 —18 -508 —7.48 —40r
At (at 550 nm) 0.006 0.009 0.010 0.000  0.800-0.00%  0.025

www.atmos-chem-phys.net/14/11997/2014/
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Figure 10. Difference in low-cloud cover, LWP and SWCRE in stratocumulus regions between a simulation with a sharp stability function
and the reference simulation. Values below each panel are in-regime values.
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Figure 11. Vertical profiles of turbulent kinetic energy (TKE, in
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tation of the change in the aerosol effect in the stratocumu-
lus regime (AAEs(), the stratocumulus conditions have been
computed for the present-day and preindustrial aerosol sim-
ulations separately. There are differences in the appearance
of these conditions in both space and time between present-
day and preindustrial aerosol simulations due to internal vari-
ability. This variability can be comparable to the anthro-
pogenic aerosol effect. Regionally averaged values for the
stratocumulus regime were therefore computed (see Sect. 2,
Table 3). Figure 16 shows the change in AAE between the
reference simulation and simulations with the sharp stability
function (STAP), aerosol processing (AP) and increased ver-
tical resolution (VRES47, VRES95), respectively. In the ex-
periment with the sharp stability function the change in LWP
between the simulation with present-day and preindustrial

m?s~2) and the stability function (dimensionless) are shown in aerosol and the change in cloud cover are comparable to the
the stratocumulus regime. The red and orange lines are for thegfarence experiment (see Table 3, Fig. 16). AAE increases

ECHAM6-HAM2 reference simulation, and the light- and dark-

green lines are for the STAB simulation.

globally (—0.25Wn?) and in the stratocumulus regime in
the STAB experiment. The global increase in AAE is actu-
ally due to a stronger decrease in the longwave aerosol forc-
ing than the shortwave aerosol forcing. Aerosol number and

salt emissions (see Hoose et al., 2008a). Table 3 lists AABn 555 are reduced by approximately 10 % in the stratocumu-
and other parameters for all experiments globally and in thqg regime with the sharp stability function, whereas global
stratocumulus regime. The focus of this study is on the repreyean values of aerosol number and mass are similar for the

sentation of marine stratocumulus clouds. Therefore AAE isgTaB and REF experiments. The reduction in background
also computed in the stratocumulus regime. For the compu-

Atmos. Chem. Phys., 14, 119972022 2014 www.atmos-chem-phys.net/14/11997/2014/
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Figure 12. Same as in Fig. 10 but for increased vertical resolution (L47bl and L95bl). Values below each panel are in-regime values.

aerosol load in the stratocumulus regime with the sharp stahigh-resolution simulations (e.g., large eddy simulations) of
bility function and the accompanied increased susceptibilitystratocumulus clouds, as in our GCM simulation the impor-
of AAEsc to anthropogenic aerosol (Carslaw et al., 2013), astant “evaporation—entrainment” feedback (Xue and Feingold,
well as the larger changes in LWPand LCGsc, can explain ~ 2006) is not accounted for explicitly. In the AP experiment
the increase in AAE: in the STAB experiment compared to the background aerosol is increased. This leads to a reduced
the reference experiment. susceptibility of the clouds to anthropogenic aerosol. The re-
There is a reduction in AAE compared to the refer- duction occurs everywhere over the globe in the simulation
ence simulation in the experiment with aerosol processingwith aerosol processing. Both shortwave and longwave forc-
i.e., in regions of a negative AAE in the reference simula-ings are weaker, but the forcing becomes less negative on
tion, AAE becomes less negative; in regions of a positiveaverage {1.08 Wnt2 compared to-1.19 WnT 2 in the ref-
AAE in the reference simulation, AAE becomes less posi-erence simulation globally).
tive, and in the global average, AAE is less negative. Note Running the model with the sharp stability function and
that the impact of aerosol processing may be different inaerosol processing together (STABAP) further amplifies

www.atmos-chem-phys.net/14/11997/2014/ Atmos. Chem. Phys., 14, 1199022 2014
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Relative Humidity (%) Potential temperature (K) In the VRES47 experiment, both shortwave and longwave

600

creased vertical resolution and different entrainment rates for
deep convection. In the stratocumulus regimes there is a sim-
ilarly strong increase in AAE in the VRES47 experiment

- aerosol forcing increase compared to the REF experiment.

R ——ECHAVG-HAVE (REF) . The resulting AAE is stronger in VRES47 than in REF. The
5 e 2:7:3 5 change in the shortwave and longwave aerosol forcing prob-
800 - 2 000 ably comes from changes in cloud regimes due to the in-

Pressure
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20 3|0 4‘0 5‘0 (slo 7‘0 B‘O 90 285 2%;0 3!35 J(I)O 3:)5 310 &‘15 320 Compared to globa”y
. Combining the increased vertical resolution with the sharp
Cloud cover Liquid water content (g/kg) . A
600 600 stability function (VRES4#4 STAB) leads to a more nega-

tive AAE globally compared to the reference experiment and
similar AAE compared to VRES47. This is due to decreased
shortwave and longwave aerosol forcing, which compensate
for each other compared to the VRES47 experiment. The
000 shortwave aerosol forcing is smaller in the stratocumulus
regime in VRES44STAB, but AAEsc is quite similar to
VRES47 and STAB.

In the VRES95 experiment, AAE is strongly increased.
Figure 13. Vertical profiles of relative humidity, potential tempera- This is due to the lower aerosol load described above in the
ture, cloud cover and liquid water content in stratocumulus regionspresent-day and preindustrial aerosol simulations at this high
(in-regime values). The green line is for a simulation with the L47bl yertical resolution and the subsequent increased susceptibil-
vertical grid, the black line for L95bl, the red line for the ECHAM6- ity to anthropogenic aerosol. In the stratocumulus regime a
HAM2 reference simulation and the blue line for ERA-Interim data. _: . : .

similarly strong increase compared to REF in AQ#Hs ob-
served.
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the reduction in AAE. In the stratocumulus regime, AQE ° Summary and conclusions

,?rllzo d;fier;iéz S:tc\:nr/zgie :Zstgr?t 3?‘2:) q e)r(gien rcljrS;rr]izl t;uetrosVYe have performed several simulations to identify cloud bi-
. : P aay. P ) %ses in the stratocumulus regime and to improve the rep-
simulations are too small to be significant compared to inter- . X
S resentation of stratocumulus clouds and the aerosol in the
nal variability. . .
stratocumulus regime. The impact of these changes on the

In the VRES experiments there is a strong increase Ina]nthropogenic aerosol effect have also been investigated. The

AQF'?Snd'SnC;SrS?: '\? IS?nctt.h4.Zvétggrejrer?rr;arr\ges mn?enrjs(%lases in ECHAM6-HAM2 are typical for global models:
emission a emova € experiments compare he clouds form too low and are too shallow, and low-cloud

to the reference simulation, leading to smaller aerosol bur-

) ver, liquid water path and the shortwave cloud radiativ
dens. These changes do not seem to be the direct result 8P er, liquid water path and the shortwave cloud radiative

. . . effect are underestim . Inthe str mulus regime (diag-
the changed model resolution but instead the changes in th(ea ect are underestimated. In the stratocumulus regime (diag

clouds. Chanaes in clouds. as thev oceur in the VRES ex er[losed by environmental conditions) these biases are reduced.
' 9 ' y PEI* The formation of stratocumulus clouds depends on many

ggeg:iigfgfhi)n dguecg(];f;n S(L)CprhvevreI? ;?er(;qsizl[rby |%2?23|32%W%Ct0r3' Their representation in large-scale models requires a
P P Y Y- correct simulation of the large-scale environment. The main

wet deposition of large aerosol particles would decrease the : . . L
. . . feasons for the cloud biases in regions with high stratocumu-

condensation rate of SQo atmospheric aerosol particles . i

. : . . lus cloud cover in ECHAM6-HAM?2 are as follows:
and increase the nucleation rate of S{@ading to increased
cloud condensation nuclei (CCN) concentration. Increased — Too strong turbulent mixing at stable conditions: at high
production of SQwould also lead to increased CCN concen- vertical resolution the vertical cloud properties indicate
tration. With these two mechanisms changes in aerosol cloud  a too strong mixing at the top of stratocumulus clouds
interactions due to changes in the clouds could be amplified in ECHAM6-HAM2 and too much convective trans-
by subsequent changes in aerosol. In Fig. 14 the change in  port. The turbulent mixing at stable conditions can be
wet deposition of aerosol mass and the change in production  reduced by using a “sharp” stability function in the TKE
of SOy by wet chemistry between the VRES95 and the REF scheme of ECHAMG. This improves the stratocumulus
experiment are shown. There seems to be a correlation be- cloud cover and liquid water path but changes the ver-
tween the increase in wet deposition and the increase in SO tical cloud properties only modestly. The stratocumulus
production and the stronger AAE in the VRES95 experiment clouds in ECHAM6-HAM2 at high vertical resolution
in many regions. have a larger vertical extent but their coverage is smaller

Atmos. Chem. Phys., 14, 119972022 2014 www.atmos-chem-phys.net/14/11997/2014/
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Figure 15. The total anthropogenic aerosol effect (AAE) is shown
globally. The average value is shown below the panel.

at lower altitudes than in ERA-Interim. This may be ex-

plained by too strong entrainment of warm, dry free-
tropospheric air into the PBL, which is reduced with

the sharp stability function, and too much convective
transport of moisture to higher levels. The improvement
through use of a sharp stability function is not sufficient
to reconcile the simulated low-cloud cover with that of

satellite observations.

Too “active” shallow convective scheme: another reason
for the lack of stratocumulus clouds appears to be the
over-active shallow convection scheme in ECHAM6-
HAM2. Isotta et al. (2011) showed that the Tiedtke
shallow-convection scheme (Tiedtke, 1989) used in
ECHAM5-HAM (Roeckner et al., 2003; Stier et al.,
2005; also used in ECHAMG6-HAM2) activates too fre-
quently compared to large eddy simulations and ob-
servations of the frequency of cumulus clouds. Their
transient shallow-convection scheme decreased the fre-
quency of shallow convection which was compensated

www.atmos-chem-phys.net/14/11997/2014/

180 150W 120W 90W 60W 30W o

T T T T T T T T T T T
30E 60E 90E 120E 150E 180

T

—0.00050 -0.00025  0.00000 0.00025 0.00050

Figure 14.The change in wet deposition of aerosol mass and the change in production bfy$@t chemistry between the VRES95 and
the REF experiment.

for by increased stratus and stratocumulus (a similar de-
crease in shallow-convection frequency and increase in
LWP in the stratocumulus regime was observed in the
VRES95 experiment; see Fig. C1). In a recent study,
Nam et al. (2014) compared three boundary layer cloud
schemes in ECHAMS to the standard scheme used in
ECHAMS and CALIPSO and CloudSat satellite obser-
vations. All three schemes improved low-cloud cover
and precipitation in the (sub)tropics compared to the
standard scheme (note that their ECHAMS5_Trig model
is similar to what is used in ECHAM®6). Two of the new
schemes reduced the frequency of shallow convection
compared to standard ECHAMS. The third new scheme
does not compute shallow convection separately. By
turning off shallow convection completely in a sensitiv-
ity study we found that stratocumulus clouds were form-
ing higher up and were thicker. The improvement is al-
most as large as that from increasing the vertical resolu-
tion. Turning off shallow convection also increased the
low-cloud cover in the stratocumulus regime. Chang-
ing the shallow convection scheme in ECHAM6 would
probably be beneficial for representing stratocumulus
clouds.

— The relative-humidity-based cloud cover scheme: a sen-

sitivity study where precipitation in the stratocumulus
regime was turned off showed an impact mainly on lig-
uid water path, cloud optical properties and cloud ra-
diative effects. LWP and cloud optical depth (COD) ap-
proximately double in the stratocumulus regime with-
out precipitation compared to the reference simulation,
and SWCRE is increased by 21 %, resulting in a more
negative net cloud radiative effect (NETCRE in worse
agreement with observations). The low-cloud cover in-
creases only by 3% from 47.7 to 50.7 %. This strong in-
crease in LWP resulting from turning off precipitation,

which hardly affects low-cloud cover, indicates that the
relative-humidity-based cloud cover scheme used for

Atmos. Chem. Phys., 14, 1199022 2014
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Figure 16. The change in AAE between the STAB, AP, VRES47 and VRES95 simulation and the reference simulation is shown globally.
Values below each panel are average values for the areas above. Stippling marks statistically significant differences at the 90 % significance

level.

the simulations does not produce enough cloud cover
in the stratocumulus regime (see also Fig. 5).

Lack of vertical resolution: stratocumulus clouds in
ECHAMG6-HAM2 form too low and are too shallow.
With an increased vertical resolution, the clouds form
higher up and are quite similar to the clouds in the ERA-
Interim stratocumulus regime. A simple increase in the
vertical resolution (at unchanged horizontal resolution)
improves the vertical cloud properties in the strato-
cumulus regime but affects other parts of the model and
leads to a degradation of the simulation. Diagnosing

stratocumulus conditions appears in all simulations con-
ducted in this study, in particular also in the simulations
with reduced turbulent mixing at the top of the strato-
cumulus clouds and increased vertical resolution. Subsi-
dence rates are lower in ECHAM6-HAM2 than in ERA-
Interim, which might explain the lack of inversions.

The monthly average diurnal cycle of liquid water path
of stratocumulus clouds modeled in ECHAM6-HAM?2,
on the other hand, agrees well with observations.

Our simulations indicate that no single measure brings

the actual inversion height (cloud top) in stratocumu- the simulated stratocumulus clouds in ECHAM6-HAMZ into
lus regions as in the schemes of Grenier and Brethertor@greement with observations. Changes to three parts of the
(2001; applied to ECHAM5-HAM in Siegenthaler-Le model will be necessary to further improve the simulation of
Drian, 2010) could improve stratocumulus clouds while stratocumulus clouds in ECHAM6-HAM2:

keeping the interaction with other parts of the model at
a minimum.

Possibly too low subsidence rates: environmental con-
ditions suitable for stratocumulus clouds appear 8%
less frequently in ECHAM6-HAM2 (4.4 % of the

— changes in the cloud cover scheme,
— changes in the shallow convection scheme,

— changes in the boundary layer scheme.

global area in the REF experiment) than in reanalysisFrom our simulations with changes in model resolution

Atmos. Chem. Phys., 14, 1199722022 2014

data (4.8%) due to a too low LTS and too low subsi- and physics to better represent clouds and aerosol in the
dence rates. The underestimation of the frequency oftratocumulus regime, we conclude that the anthropogenic
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aerosol effect (AAE) is sensitive to changes in (stratocumu- The sharp stability function leads to an increase in AAE of

lus) clouds. 0.15 to—1.34 Wn1 2. In simulations VRES47 and VRES95,
Aerosol processing in stratiform clouds has only a smallAAE strongly increases te-2.08 and—2.30 Wn1 2, respec-

impact on cloud properties in ECHAM6-HAM2 but it tively. AAE in the stratocumulus regime is generally stronger

reduces the anthropogenic aerosol effect globally fromthan in the global mean, and so are the changes between the

—1.19Wn12 in the reference simulation te1.08 Wn1 2. different experiments. These sensitivity studies show the im-

In the simulations performed in this study the cloud droplet portance of a good representation of stratocumulus clouds for

number concentration is quite stable in the stratocumulusimulations of the anthropogenic aerosol effect.

regime as it increased by only 23 % in the sensitivity study

with precipitation turned off in the stratocumulus regime and

by only 13 % in the aerosol processing experiment where the

CCN concentration approximately doubles.

www.atmos-chem-phys.net/14/11997/2014/ Atmos. Chem. Phys., 14, 1199022 2014
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Appendix A: Definitions of terms in the Stratocumulus regions

stratocumulus regime
Figure 4 shows a 5-year average of the occurrence of the en-

Stratocumulus regime vironmental conditions favorable for stratocumulus clouds.
In some geographical areas it is apparent that the environ-
The stratocumulus regime is defined by environmental conmental conditions favorable for stratocumulus clouds are met
ditions (Egs. 1, 2). At T63 (19x 1.9°) horizontal resolution  more than 25 % of the time; in some areas they are met even
(used in this Stl.ldy), the surface of the Earth is divided intOmore than 50 % of the time, or even more frequenﬂy_ We

grid areas. At each pointin time, these conditions will be metyse this to define six geographically distinct stratocumulus
in certain areas of the world. All such select areas togethefegions by hand (also shown in Fig. 4).

constitute the stratocumulus regime.
As environmental conditions change over time, the suchin-regime values/uncertainty
defined areas also change over time. Thus, at each point in
time, the stratocumulus regime may consist of different geo-These are average values of a certain quantity over all ar-
graphical areas. Appendix Fig. A1 shows the stratocumulugas where the environmental conditions favorable for strato-
regime in January and July 2006. The variation that occursumulus clouds are met, i.e., average values for the strato-
between different months makes it difficult to compare val- cumulus regime. Note that a cloud need not be present in
ues from a specific month between two simulations. How-€very area within the stratocumulus regime. For example,
ever, the annual average where the environmental conditiongverage values of low-cloud cover are shown in Fig. 5. In-
favorable for stratocumulus clouds are met is quite constantf€gime values are shown in many figures below the panels
Furthermore, the conditions are often met in specific geo-n this study (marked by the subscrig and should not be
graphica| areas. Month|y mean values of LTS and Vertica|COﬂfUS€d with in cloud values. The in-regime values can be
velocity were used to compute the stratocumulus regime. ~ considered to depend not (or at least less) on the large-scale
Note that the term stratocumulus regime used in this studydynamics of the model and are therefore used to identify un-
refers only to the presence of specific environmental condi-certainty due the turbulent mixing scheme, the convective pa-
tions and not necessarily to the presence of clouds. The cofameterizations, cloud microphysics, etc. but not dynamics
ditions were chosen to be favorable for stratocumulus clouds(in-regime uncertainty).
but that does not mean that a cloud must be present in ever¥ )
area within the stratocumulus regime. otal uncertainty

This definition of the stratocumulus regime allows, to the The in-regime values can be multiplied by the frequency of

extent possible in a GCM simulation, for separation of dy- "
namical and other influences on the simulation of strato-ocoo oo of stratoc.umulus conditions. Th.ese values then
cumulus clouds. Dynamics alter when and where strato9'V® the total uncertainty due to the dynamics of_the mod-
cumulus conditions are present, but once they are met th((aaIS and other model parts compared to reanalysis data and
; ' : Observations. In-regime values multiplied by the frequency
properties of stratocumulus clouds in the stratocumulus ” . :
regime (in-regime values) can be considered to mainly de-Of occurrence of stratocumulus conditions are displayed in
pend on the parameterizations used in the model and not omany figures of the present study to facilitate the assessment

the (resolved) large-scale dynamics. of the total model uncertainty.
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Frequency of occurence of stratocumulus conditions (%) Frequency of occurence of stratocumulus conditions (%)
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Figure Al. The stratocumulus regime in January and July 2006.
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Appendix B: Statistical significance of results in the
stratocumulus regime

Results of the test for variables changes between different
experiments and present-day and preindustrial simulations
are presented in the Tables B1 and B2.

Table B1. Probability computed with an unpaired two-tailed
test with unequal variances applied to annual mean values of the
present-day and preindustrial aerosol (climatological) simulations
of an experiment in which the differences between present-day and
preindustrial aerosol simulations are not occurring by chance. AAE
is the anthropogenic aerosol effect, LWP is liquid water path,

is aerosol optical depth, antl represents the difference between
present-day and preindustrial aerosol emissions. The subsgript
represents values in the stratocumulus regime. Values <90% are
considered not statistically significant.

Variable Experiment (PD-Plaer)

REF STAB AP  STAB+AP
AAE g 91 % 98% 91% 69 %
AAEscsw 91% 98% 88% 56 %
ALWPg 100% 100% 100% 89 %
Atse 100% 100% 100% 100%

Table B2. Same as Table B1 but thetest is applied to annual
mean values of (AMIP) simulations of an experiment and the refer-
ence experiment. CC stands for cloud cover, SWCRE for shortwave
cloud radiative effect, subscript PD for present-day aerosol emis-
sions and Plaer for preindustrial aerosol emissions.

Variable Experiment (-REF)
STAB AP  STAB+ AP

CCpp 100% 27% 98 %
CCpjaer 100% 38% 100 %
LWPpp 9% 32% 100 %
LWPp|aer 100% 92% 100 %
SWCREp 90% 28% 99 %
SWCREpjger 98% 16% 100 %
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Appendix C: Changes in shallow convection

The frequency of the activation of the shallow-convection
scheme in the REF, STAB, VRES47 and VRES95 experi-
ments is shown in Fig. C1.

ECHAME-HAM2 (REF) ECHAM6-HAM2 (STAB)

Frequency of shallow convection Frequency of shallow convection
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Figure C1. Frequency of the activation of the shallow-convection scheme in the REF, STAB, VRES47 and VRES95 experiments.
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