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Abstract. In this paper, we present the implementation and
evaluation of the aerosol microphysics module SALSA2.0
in the framework of the aerosol–chemistry–climate model
ECHAM-HAMMOZ. It is an alternative microphysics
module to the default modal microphysics scheme M7
in ECHAM-HAMMOZ. The SALSA2.0 implementation
within ECHAM-HAMMOZ is evaluated against observations of aerosol optical properties, aerosol mass, and size
distributions, comparing also to the skill of the M7 implementation. The largest differences between the implementation of SALSA2.0 and M7 are in the methods used for calculating microphysical processes, i.e., nucleation, condensation, coagulation, and hydration. These differences in the
microphysics are reflected in the results so that the largest

differences between SALSA2.0 and M7 are evident over regions where the aerosol size distribution is heavily modified
by the microphysical processing of aerosol particles. Such
regions are, for example, highly polluted regions and regions strongly affected by biomass burning. In addition, in
a simulation of the 1991 Mt. Pinatubo eruption in which
a stratospheric sulfate plume was formed, the global burden and the effective radii of the stratospheric aerosol are
very different in SALSA2.0 and M7. While SALSA2.0 was
able to reproduce the observed time evolution of the global
burden of sulfate and the effective radii of stratospheric
aerosol, M7 strongly overestimates the removal of coarse
stratospheric particles and thus underestimates the effective
radius of stratospheric aerosol. As the mode widths of M7
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have been optimized for the troposphere and were not designed to represent stratospheric aerosol, the ability of M7
to simulate the volcano plume was improved by modifying the mode widths, decreasing the standard deviations of
the accumulation and coarse modes from 1.59 and 2.0, respectively, to 1.2 similar to what was observed after the
Mt. Pinatubo eruption. Overall, SALSA2.0 shows promise
in improving the aerosol description of ECHAM-HAMMOZ
and can be further improved by implementing methods for
aerosol processes that are more suitable for the sectional
method, e.g., size-dependent emissions for aerosol species
and size-resolved wet deposition.

1

Introduction

Describing the global physical and chemical properties of
the atmospheric aerosol in atmospheric models is challenging due to their large spatial and temporal variability. The
diameter of the particles spans several orders of magnitude
and the chemical composition can include hundreds of compounds (e.g., Colbeck and Lazaridisn, 2014). For example,
when the nanometer sized smallest particles grow in size,
they contribute to the number of aerosol particles which can
form cloud droplets (Kulmala and Kerminen, 2008), while
the largest particles of micrometer size can also affect rain
formation (Jensen and Lee, 2008). Particles of different sizes
affect both atmospheric radiation (Chung et al., 2005) and
cloud processes (Lohmann and Feichter, 2005) in different
ways (Boucher et al., 2013; Myhre et al., 2013). Therefore, in order to accurately simulate the effects of aerosol
on the global climate, the entire aerosol particle size spectrum must be represented. In addition to the particle size,
the chemical composition of particles, in particular the absorption (Dubovik et al., 2002) and solubility/hygroscopicity
(Che et al., 2016) vary strongly between different aerosol
constituents, influencing their ability to affect radiation and
cloud interactions. In order to properly simulate these aerosol
effects, the composition should also be adequately represented in the models.
This multitude of variability in the physical and chemical
properties of aerosols poses a challenge for global modelers
to describe aerosol particles in a computationally efficient
way. Simulating the aerosol size distribution at high resolution including size-resolved chemical composition within
hundreds of thousands of grid boxes is computationally challenging. However, solving the size-resolved evolution of atmospheric particles in a computationally efficient way is
not a new challenge and as such simulations were made in
the early years of computational atmospheric physics (e.g.,
Young, 1974). Currently, most of the global models which
describe the evolution of the aerosol size distribution resort
to using either modal or sectional approaches or a mix of
these two (e.g., Mann et al., 2014). The application of secGeosci. Model Dev., 11, 3833–3863, 2018
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tional models in global 3-D simulations can involve a tradeoff with horizontal or vertical resolution because sectional
models are computationally more expensive.
Essentially, modal and sectional approaches can be considered as two variants of the same method, as both approaches divide the aerosol size distribution into size classes.
The modal approach assumes individual size classes (modes)
to be log-normally distributed and the total aerosol size distribution to be a superposition of these modes (e.g., Vignati
et al., 2004; Stier et al., 2005). In the sectional approach, the
size classes are either assumed to be monodisperse (Zaveri
et al., 2008), they are assumed to have a linear size distribution within a section (Young, 1974; Stevens et al., 1996)
or a piecewise log-normal approximation within a section is
used (von Salzen, 2006). The modal setup is usually computationally more efficient since the number of size classes
needed to represent typically observed size distributions is
much smaller than in the sectional approach. Typically modal
models use seven or fewer modes while sectional models use
up to 100 size classes (Mann et al., 2014; Yu and Luo, 2009).
On the other hand, sectional models allow for more flexibility
in, for example, the shape of the size distribution and volume
distribution of chemical compounds (Kokkola et al., 2009).
Although sectional models have been shown to perform significantly better than modal models in 0-D and 2-D frameworks (Weisenstein et al., 2007; Kokkola et al., 2009; Korhola et al., 2014) the benefits of sectional models in global
3-D simulations are less evident (Mann et al., 2012, 2014).
It is also difficult to quantify the benefit of the sectional approach because the comparison between modal and sectional
models are, in most cases, not done within the same model
framework and the structural differences in the models cause
such a large difference in the modeled aerosol that the contribution to the differences from the choice of the size distribution scheme can not be identified (Mann et al., 2014).
Another reason is that the evaluation of the skill of global
aerosol models against observations is extremely challenging
as the model value for a given observable may not represent
the measured value at a particular monitoring site (Schutgens
et al., 2016). This discrepancy can for example be caused by
the fact that the global model value represents the mean for a
grid box ∼ 200 km × 200 km in size. Aerosol properties can
exhibit large variations within that area and the measurement
site may not represent the mean conditions within that grid
box.
Here we present the implementation of the sectional
aerosol microphysics module SALSA (Kokkola et al.,
2008) in the aerosol–chemistry–climate model ECHAMHAMMOZ (echam6.3-ham2.3-moz1.0) which also includes
the modal aerosol microphysics module M7 (Vignati et al.,
2004). The paper is structured as follows. In Sect. 2 we
present the details of individual model components, especially the methods for solving aerosol processes. In Sect. 3
we briefly present the model to be analyzed with the different
models/configurations. In Sect. 4 we present the evaluation
www.geosci-model-dev.net/11/3833/2018/
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of the model against observations. The performance of the
model is evaluated using retrievals of aerosol optical properties from both satellite and ground-based remote-sensing
instruments. We also compare the model with in situ observations, including vertical profiles of aerosol composition and
mass from aircraft measurements. Finally, we compare the
sectional model results with those obtained from ECHAMHAMMOZ in modal aerosol configuration. The ECHAMHAMMOZ model framework allows for running simulations
in an otherwise very similar global model setup, but only
switching between the modal and sectional aerosol representations. This comparison provides insights into the impacts of
the representation of the aerosol size distribution on the simulated aerosol properties, and thus on the simulated climate
and climate effects.
2
2.1

Model description
ECHAM

The host atmospheric model in ECHAM-HAMMOZ is
the sixth generation atmospheric general circulation model
ECHAM6. The details of the model have been described
by Stevens et al. (2013). It is the atmospheric component
of the Max Planck Institute for Meteorology Earth System
Model (MPI-ESM) and was originally based on the European
Centre for Medium-Range Weather Forecasts (ECMWF)
weather prediction model (Simmons et al., 1989). The dynamical core applies the spectral method for calculating the
atmospheric circulation and flux form a semi-Lagrangian
transport scheme. In our model configuration, we use the
T63 spectral truncation for the horizontal grid, with 47 flexible vertical levels which follow the terrain and use the hybrid vertical coordinate representation described in detail by
Roeckner et al. (2003).
In atmosphere-only simulations, ECHAM6 uses prescribed sea surface temperatures (SSTs) and sea ice cover
(SIC). The land processes are calculated using the JSBACH model (Raddatz et al., 2007), which is integrated into
ECHAM6. The aerosol processes are simulated by the HAMMOZ aerosol-chemistry model (Schultz et al., 2018).
2.2

HAMMOZ

The aerosol-chemistry model HAMMOZ combines the
Hamburg Aerosol Model (HAM) and the MOZ chemistry
model (Schultz et al., 2018). A more detailed description
of MOZ and its implementation in ECHAM-HAMMOZ is
given in the accompanying paper by Schultz et al. (2018).
Please note that in the simulations made for this paper, we
did not use MOZ in any of the simulations. Instead, sulfate chemistry is calculated in the more simplified scheme
of HAM (Zhang et al., 2012).
HAM will also be presented in detail in another accompanying paper by Tegen et al. (2018). However, as SALSA is
www.geosci-model-dev.net/11/3833/2018/
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integrated within HAM, and as SALSA incorporates many
of the model design characteristics of HAM, we briefly introduce the aerosol-related features of HAMMOZ and detail
the coupling between HAMMOZ and SALSA.
The HAM aerosol model has been designed to simulate all
tropospherically relevant aerosol processes, the interactions
between aerosol and radiation, and the interactions between
aerosol and clouds (Stier et al., 2005; Zhang et al., 2012).
It includes two options for the calculation of microphysics,
the modal microphysics module M7 and the sectional microphysics module SALSA2.0, which was implemented in
this study. The model design has been optimized for computational efficiency together with solving aerosol processes
accurately. In its default setup, HAM uses the modal approach together with the model aerosol microphysics module M7 (Vignati et al., 2004). In this modal setup, the aerosol
size distribution is described by a superposition of seven lognormal modes. Chemical components incorporated in each
mode are chosen so that only those compounds which are relevant in the real atmosphere for each size range of each mode
are included in those modes. The external mixing of aerosol
is considered such that the soluble and insoluble compounds
are emitted in separate parallel modes and as the insoluble
modes are aged (i.e., soluble compounds accumulate on insoluble modes) insoluble modes are merged into the soluble
modes. The chemical compounds in HAM can be considered as compound classes in the sense that they group certain
types of aerosols to model compounds. These compounds
are “sulfate” (SU), “organic aerosol” (OA), “sea salt” (SS),
“black carbon” (BC), and “mineral dust” (DU). In practice,
each individual model compound represents several individual compounds and especially OA represents hundreds of
different organic compounds (Kanakidou et al., 2005). However, using lumped components is a fairly standardized practice in global aerosol models and the model components are
usually the same in most models (Mann et al., 2014). The
exception is organic compounds which are often separated
based on their formation mechanisms, i.e., primary and secondary organic aerosol (Tsigaridis et al., 2014).
Processes and properties related to the aerosol particles
which are simulated by HAMMOZ are emissions, dry deposition, wet deposition, sulfur chemistry, sedimentation, radiative properties, microphysical processes, and relative humidity in the cloud-free part of the grid cells. HAMMOZ simulated aerosol are also coupled to the ECHAM-HAMMOZ
cloud scheme and affect liquid cloud droplet formation and
ice crystal formation (see Lohmann et al., 2007).
In the default model configuration, all of these processes
are calculated using the modal approach and the microphysics are calculated using the M7 module. Thus, the implementation of SALSA also requires the modification of HAM
routines to follow the sectional representation and allow for
consistent representation of these processes for modal and
sectional approaches.

Geosci. Model Dev., 11, 3833–3863, 2018
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SALSA

The aerosol microphysical model SALSA is designed to
be applicable to different scales of aerosol modeling starting from 0-dimensional simulations of laboratory or chamber experiments (Kokkola et al., 2014). It has also been
implemented in the large eddy simulations (LES) model
UCLALES (Tonttila et al., 2017) for 1-, 2-, and 3dimensional simulations. SALSA has also been implemented
in the chemical transport model MATCH (Andersson et al.,
2015), which in turn has been coupled to the regional climate model RCA4 (Thomas et al., 2015). This scalability
and usage of one model across different scales allows for
the easy parameterization of small-scale aerosol processes
up to the global scale. On the global scale, SALSA has previously been implemented in ECHAM5-HAM (Bergman et al.,
2012). Here we present the configuration of SALSA which
has been implemented in ECHAM-HAMMOZ and builds
upon the implementation of SALSA in ECHAM5-HAM. For
clarity, in this section, the ECHAM5-HAM implementation
is called SALSA1 and the one implemented in ECHAM6HAMMOZ is called SALSA2.0.
SALSA represents the aerosol size distribution using the
sectional approach. The size distribution is divided into 10
size classes using volume ratio discretization (Jacobson,
2005). However, the width of the size classes vary over three
size ranges: subrange 1 for particles with diameters Dp = 3–
50 nm, subrange 2 for Dp = 50–700 nm, and subrange 3 for
Dp = 700 nm–10 µm. This separation was done so that the
size resolution is highest in the accumulation mode sizes,
which increases the accuracy of the cloud activation calculations. For each size class the tracer variables are the number
of particles and the concentration of individual species.
In SALSA1, subrange 1 assumed internal mixing for all
sizes, subrange 2 included two externally mixed size classes
(soluble and insoluble), and subrange 3 included three externally mixed size classes (soluble, fresh insoluble, and aged
insoluble). In addition, the number of chemical compounds
varied between the three size ranges. In SALSA2.0, the width
of the size bins remains unchanged from SALSA1. However,
subranges 2 and 3 are now treated as one so that the combined size range includes two externally mixed size classes;
one where the insoluble compounds are emitted and one
where the soluble compounds are emitted. These subregions
are visualized in Fig. 1. The change in how the chemical
compounds are treated was first of all due to practical reasons. In SALSA1, the information of individual species was
lost when the particles grew to sizes larger than 700 nm in
diameter. This caused problems in studies where the information of individual species in all particle sizes was required
(e.g., Kipling et al., 2016). Second, although microphysical
processes in the troposphere have very little influence on the
size of particles in the third subregion, when simulating volcanic eruptions or stratospheric solar radiation management,
condensation can grow the largest particles. This caused the
Geosci. Model Dev., 11, 3833–3863, 2018

Figure 1. Schematic of the number (N) size distribution representation as a function of diameter Dp in SALSA1 (a) and SALSA2.0
(b). The color of each size class indicates which compounds are
included in the size class.

model to have problems in simulating the growth of particles
in a volcano plume since the third region of particles did not
grow. This in turn resulted in an underestimation of the effective radius of the volcano plume (Kokkola et al., 2009).
In 0-dimensional model tests (not shown here), SALSA2.0
did not exhibit such problems. Please note, that SALSA1 is
no longer an optional aerosol microphysics module for the
current or future releases of ECHAM-HAMMOZ.
Another significant change between SALSA1 and
SALSA2.0 has been the modification of the aerosol size
distribution update routine. In SALSA1, the moving center method (Jacobson and Turco, 1995) was used for subranges 1 and 2, and the fixed sectional method (Gelbard et al.,
1980) for subrange 3. In SALSA2.0 the hybrid bin method
(Young, 1974; Chen and Lamb, 1994) is used for all size
sections. This is because the moving center method has been
shown to introduce numerical artifacts in zero-dimensional
box model simulations (Mohs and Bowman, 2011) and when
simulating aerosol formation and growth in high sulfur concentration conditions typical for large volcanic eruptions
and simulations of stratospheric solar radiation management
(e.g., Kokkola et al., 2008, Fig. 2). In addition, in the study
by Bergman et al. (2012), SALSA1 underestimated aerosol
number concentrations observed at ground stations when using the moving center method. Switching to the hybrid bin
method decreased the low bias.
The implementation of SALSA2.0 in ECHAMHAMMOZ was designed such that it shares the routines
with the modal scheme of M7 wherever possible. In the
www.geosci-model-dev.net/11/3833/2018/
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Table 1. Overview of the treatment of different aerosol processes in the sectional approach (SALSA) and the modal approach (M7) when
using the default setup.
SALSA2.0

M7

Nucleation

activation type nucleation (Sihto et al., 2006)

Condensation of H2 SO4

analytical predictor of condensation solved simultaneously with nucleation (Jacobson, 2005)

Coagulation

semi-implicit method (Jacobson and Turco,
1995)
Zdanowskii–Stokes–Robinson (ZSR) relation
method (Stokes and Robinson, 1966)

neutral and charged nucleation of H2 SO4 and
H2 O (Kazil and Lovejoy, 2007)
two-step operator splitting scheme with an analytical solution for production and condensation
(Kokkola et al., 2009)
implicit method (Vignati et al., 2004)

Microphysical process

Hydration

κ-Köhler (Petters and Kreidenweis, 2007)

Emissions
Sea salt

Size-segregated sea salt emissions from Long
et al. (2011) parameterization mapped to the
soluble size sections in subrange 2 following
the M7 mode parameters for accumulation and
coarse modes.
Size-segregated mineral dust emissions from
Cheng et al. (2008) parameterization mapped to
the insoluble size sections in subrange 2 following the M7 mode parameters for accumulation
and coarse modes.

Size-segregated sea salt emissions from Long
et al. (2011) parameterization mapped to the
soluble accumulation and coarse modes

Radiative effects

Lookup tables which are based on Mie calculations for the extinction cross section, asymmetry factor, and single scattering albedo as a function of Mie size parameter and refractive index.
Size sections are assumed to have a “flat top”
size distribution within bins.

Lookup tables which are based on Mie calculations for the extinction cross section, asymmetry factor, and single scattering albedo as a
function of Mie size parameter and refractive
index. Lookup tables have been precalculated
separately for modes with geometric standard
deviations of 1.59 and 2.0.

Below- and in-cloud scavenging

Prescribed scavenging coefficients for each size
section according to Bergman et al. (2012)

Prescribed impaction scavenging coefficients
for each mode according to Stier et al. (2005)
or size-dependent scavenging rates according to
Croft et al. (2009, 2010).

Mineral dust

sense of model processes, the biggest difference is in the
aerosol microphysical calculations which are treated using
methods that are designed for the respective size distribution
description. The microphysical processes and other aerosol
processes that are treated differently between the two model
configurations are listed in Table 1. A comprehensive
review of the relative importance of these processes within
the ECHAM framework has been given previously by
Schutgens and Stier (2014).
For offline emissions of SU, OA, and BC, SALSA2.0 uses
the emission size distributions of M7 which are remapped to
SALSA2.0 size sections. The details of these emission size
distributions for different chemical compounds and emission
sectors are given in (Zhang et al., 2012, Table 2). Online
emissions for SS and DU are calculated online according to
Long et al. (2011) and Cheng et al. (2008), respectively.

www.geosci-model-dev.net/11/3833/2018/
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Size-segregated mineral dust emissions from
Cheng et al. (2008) parameterization mapped to
insoluble accumulation and coarse modes

Model simulations

As the base simulation, we run ECHAM-HAMMOZ with
SALSA2.0 for a 10-year period (2003–2012) which was preceded by a 1-year spin-up period. The large-scale meteorology (vorticity, divergence, and surface pressure) was nudged
towards the ECMWF (European Centre for Medium-Range
Weather Forecasts) reanalysis data ERA-Interim (Berrisford et al., 2011). The relaxation times for the nudging
of the surface pressure, vorticity, and divergence are 24,
6, and 48 h, respectively. For SSTs and sea ice distributions we used the monthly mean climatologies from the Atmospheric Model Intercomparison Project (AMIP) of the
Program for Climate Model Diagnosis & Intercomparison
Geosci. Model Dev., 11, 3833–3863, 2018
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(PCMDI)1 (Taylor et al., 2012). The mass emission fluxes of
each aerosol species from anthropogenic sources are based
on AeroCom II – ACCMIP emissions (Lamarque et al.,
2010), which, for the period 2000–2100, have been linearly interpolated to the representative concentration pathway (RCP) projection RCP4.5 (van Vuuren et al., 2011). For
the mass emission fluxes of individual species from biomass
burning we used the GFASv1 database multiplied by a factor
of 3.4 following the recommendation by Kaiser et al. (2012).
Emissions of OA from biogenic sources were based on the
AeroCom I monoterpene emissions (Dentener et al., 2006)
of which 15 % was assigned to the particle-phase OA mass.
For the terrestrial emissions of dimethylsulfide (DMS) we
used the Pham et al. (1995) emission dataset and the oceanic
DMS emissions were calculated online according to Kloster
et al. (2006).
The model output consisted of instantaneous values at a 3 h
interval. Although ECHAM-HAMMOZ includes the explicit
chemistry model MOZ, it was not used in these simulations.
Instead, we used the simplified sulfur chemistry scheme of
HAM (Feichter et al., 1996; Zhang et al., 2012). The module calculates the oxidation of DMS and SO2 by OH, H2 O2 ,
NO2 , and O3 in the gas and the aqueous phases. The oxidant concentrations are prescribed using monthly mean 3dimensional fields from the MOZART chemistry model simulation (Horowitz et al., 2003).
In order to evaluate how the sectional approach performs
against the modal approach within the same atmospheric
model, we repeated the simulations for the year 2010 using
M7 as the aerosol microphysical module with a setup as similar as possible. In the default setups of M7 and SALSA2.0,
wet deposition and secondary organic aerosol (SOA) formation are the only processes (in addition to the calculation of
aerosol microphysics) that use different methods for solving
the physics of the process. For the rest of the processes the
difference is only in the numerical treatment. To minimize
the differences between simulations done with the sectional
and modal versions, the wet deposition scheme for M7 was
changed to use the same prescribed wet scavenging coefficients as were used for SALSA2.0 (see Table 1). These coefficients have also been used in M7 in previous versions of
ECHAM-HAMMOZ (Stier et al., 2005; Zhang et al., 2012).
The implementation of the M7 scavenging coefficients for
SALSA1 size sections has been presented by Bergman et al.
(2012). The reason for using the older approach is that the
implementation of an improved wet scavenging scheme in
SALSA2.0 is still under development. However, in order to
compare the significance of microphysical processing and
wet deposition on the modeled aerosol, we ran one additional
simulation for the year 2010 with M7 using the more physically based size-dependent scavenging rates (Croft et al.,
2009), i.e., the default configuration of ECHAM-HAMMOZ.
1 http://www-pcmdi.llnl.gov/projects/amip/ (last access: 22 May
2013)
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On the other hand, it should be noted that a comprehensive evaluation of the default version of ECHAM-HAMMOZ
with M7 will be given in a separate paper by Tegen et al.
(2018) and thus we do not do a full evaluation of it here.
In addition to the wet deposition scheme, we also turned
off the SOA formation routine to keep the model configurations similar in the evaluation. The SOA schemes are very
different in their approach, as M7 assumes equilibrium partitioning for SOA while SALSA2.0 calculates SOA partitioning kinetically, solving size-resolved condensation equations. The SOA scheme will be presented in detail by a
companion paper by Kuhn et al. (2018). Instead of the detailed SOA schemes presented in Table 1, we used the AeroCom I monoterpene emissions (Dentener et al., 2006) for
both SALSA2.0 and M7, of which 15 % was irreversibly assigned to the particle-phase OA mass.
As the sectional method requires more tracer variables for
representing aerosol size dependence, SALSA2.0 is computationally slower that M7. The computation time depends
very much on the time interval and the number of output variables. With Cray XC 30 architecture using 120 CPU cores,
the evaluation simulations of SALSA2.0 took approximately
double the time of M7.
3.1

Pinatubo experiment

Previous 2-D (Herzog et al., 2004; Weisenstein et al., 2007)
and box-model (Kokkola et al., 2009) studies have shown
that the modal approach, especially when the mode width is
prescribed, can not reproduce aerosol growth when the concentration of condensing species is very high (Weisenstein
et al., 2007; Kokkola et al., 2009). This can be the case in
simulating stratospheric sulfur solar radiation management
or in the case of strong volcanoes which emit high concentrations of sulfur into the stratosphere. Using the default mode
width of M7 in high sulfur concentrations the growth of the
aerosol effective radius is too rapid and leads to excessive
removal of stratospheric aerosol by sedimentation (Kokkola
et al., 2009). This is because the high concentration of sulfur produces a bimodal aerosol population seen in model
simulations (Kokkola et al., 2009) and observations after the
Mt. Pinatubo eruption (Deshler et al., 2003; Deshler, 2008).
The width of the aerosol size distribution is narrow because
the smaller the particles are the faster they grow by condensation as the surface-to-volume ratio increases with decreasing particle size (Turco and Yu, 1999). Such size distributions were also observed after the Pinatubo eruption (Deshler et al., 1997). If prescribed widths are used for the modes,
the volume mean diameter, i.e., the diameter that dictates the
sedimentation velocity of the modes, grows fast resulting in
particles sedimenting faster (Kokkola et al., 2009).
An alternative approach for M7 in simulations of high
stratospheric sulfur load is to change the geometric standard deviation to 1.2 in the accumulation mode and remove
the coarse mode. This modal setup has been shown to imwww.geosci-model-dev.net/11/3833/2018/
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prove the ability of the model to reproduce the aerosol growth
in high sulfur stratospheric conditions (Kokkola et al., 2009)
and has been used in several studies related to stratospheric
aerosol (Niemeier et al., 2009, 2011; Niemeier and Timmreck, 2015; Niemeier and Schmidt, 2017). However, we have
to emphasize that such a setup is not a feature in the release
version ECHAM6.3.0-HAM2.3-MOZ1.0 and using such a
setup would require code-level changes and obtaining suitable lookup tables for the radiation calculations.
One commonly used test case (see English et al., 2013;
Laakso et al., 2016; Timmreck et al., 2018) to evaluate how
models perform in simulating high sulfur conditions is the
eruption of Mt. Pinatubo (15.14◦ N, 120.35◦ E) in 1991. It
has been estimated that the volcano emitted approximately
14 to 23 Tg S of SO2 at 24 km altitude (Read et al., 1993; Guo
et al., 2004). Here we used the mean of this range (8.5 Tg S).
The oxidation of emitted SO2 and the consequent new particle formation and growth of sulfate particles perturbed the
stratospheric aerosol layer for over 3 years (Read et al., 1993;
Guo et al., 2004).
To investigate how our model reproduces the aerosol properties of the Mt. Pinatubo eruption, we ran three sets of transient (no nudging) simulation ensembles (5 ensemble members per set) using SALSA2.0, M7, and M7 with 1.2 geometric standard deviation for the accumulation and coarse
mode (denoted as M7strat). This modification also applies to
the tropospheric aerosol. For each model configuration, the
ensemble consisted of five 30-month simulations that were
preceded by a 1 year spin-up. In each ensemble run, we have
perturbed offline anthropogenic aerosol emissions by values
of the order of 10−6 , which is an insignificant number for
emission strengths but, due to the chaotic nature of the atmospheric model, changes the model dynamics.
The emission settings are identical to those used by
Niemeier et al. (2009) and Laakso et al. (2016). In addition,
to see how much the current model differs from the previous generation model, we also included simulated aerosol
properties from a MAECHAM5-SALSA simulation (Laakso
et al., 2016), where the name MAECHAM5 refers to the
middle-atmosphere configuration of ECHAM5. In this model
setup, SALSA1 was modified so that subregion 2 was extended to cover subregion 3, similarly to SALSA2.0 in order
to properly simulate the growth of the particles in high sulfur
conditions (see Sect. 2.3).

4
4.1

Results
Aerosol optical properties

Satellite observations provide the best global coverage of
aerosol optical properties and thus comparing the model with
satellite retrievals gives a good indication of how the models
perform in reproducing regional aerosol characteristics. Here
we compared simulated aerosol optical depths (AODs) with
www.geosci-model-dev.net/11/3833/2018/
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those retrieved from the Moderate Resolution Imaging Spectroradiometer (MODIS) instrument on board both Aqua and
Terra satellites (King et al., 1999).
The ground-based sun photometers also provide good coverage of observations of aerosol optical properties. Although
they are column measurements covering a much smaller area
than satellites, they are often considered as the “ground truth”
of aerosol properties as they are less affected by the uncertain
surface reflectance. Here we used the AOD retrievals from
the sun photometer network AERONET (AErosol RObotic
NETwork; Holben et al., 1998) to evaluate the modeled
aerosol optical properties.
4.1.1

Evaluation against MODIS observations

The model versus MODIS evaluation was made for the year
2010. From MODIS, we used the level 2.0 combined product
of Deep Blue and Dark Target retrievals for 550 nm wavelength AOD (Sayer et al., 2014). It has been shown that,
in order to get a representative comparison between model
data and satellite observations, model data should be sampled at the time and location of the satellite observations they
are compared to (Schutgens et al., 2016). For this purpose,
we used the Community Intercomparison Suite (CIS) tool
(Watson-Parris et al., 2016), which was applied to collocate
the model AOD with the observations.
From Fig. 2, we can see that the overall comparison between both models and satellite data is generally good. For
the yearly mean values, the correlation coefficient R between
MODIS AOD and SALSA AOD is 0.74 and for M7 it is
0.75. The normalized mean bias (NMB) for SALSA is −0.13
while for M7 it is −0.26. Areas that exhibit the largest differences between the models and observations are (1) the Sahara, (2) highly polluted areas over India and Southeast Asia,
and (3) regions with high AOD due to biomass burning over
Russia, Canada, central Africa, and South America. These
are regions which are strongly affected by primary emissions.
However, over these areas SALSA2.0 and M7 also have noticeable differences in the simulated AODs which means that
the aerosol representation has a significant effect on the modeled AOD. Over the Sahara, the most significant contribution
to the AOD comes from mineral dust. Since dust emissions
in ECHAM-HAMMOZ are very sensitive to small changes
in 10 m wind speed, changes in the wind speed can cause
large changes in dust emissions even if the model meteorology is nudged (Bergman et al., 2012). This is because the
nudging does not strictly force the model meteorology to reanalysis data. Consequently, a difference in the model dynamics which results in changes in DU emissions explains
the difference in AOD values between the two model configurations, especially in the northwest regions of Africa where
DU mass emissions in some of the grid boxes are more than
3 times higher in SALSA2.0 than in M7. This can be seen in
Fig. 3 which shows the relative change between SALSA and
M7 mass emission strengths for DU.
Geosci. Model Dev., 11, 3833–3863, 2018
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Figure 2. Yearly mean aerosol optical depth (AOD) for the year 2010 retrieved by (a) MODIS (Aqua and Terra combined), and modeled by
(b) SALSA2.0 (model data collocated with Aqua and Terra retrievals), and (c) M7 (model data collocated with Aqua and Terra retrievals).
Absolute differences between (d) MODIS and SALSA2.0, (e) MODIS and M7.

However, over Southeast Asia and biomass burning regions, simulated aerosol load is mostly dictated by offline
emissions which are, in mass, identical for both model setups. Thus, differences over these areas predominantly come
from the differences in the representation of the size distribution, the microphysical processing of aerosols, and sink processes. This can be seen when comparing the simulated composition and extinction distributions at two sites where the
simulated AOD is mainly driven by aerosol compounds from
offline emissions but where the AOD in SALSA2.0 signifiGeosci. Model Dev., 11, 3833–3863, 2018

cantly differs from those in MODIS and M7. Figure 4 shows
the 2010 yearly mean mass and extinction size distributions
for SALSA2.0 and M7 over China at a location (30.775◦ N,
114.375◦ E) where the simulated AODs are extremely high
(Fig. 4a) and Russia at a location (55.025◦ N, 39.375◦ E)
where biomass burning emissions are high (Fig. 4b). To make
the visual comparison easier, the M7 size distributions were
remapped to SALSA2.0 size classes. At the Chinese site,
AODs from SALSA, MODIS, and M7 are 0.47, 0.87, and
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Relative change

Figure 3. Relative change in the simulated yearly mean mass emission strengths of DU between SALSA2.0 and M7. Grid boxes marked in
white and blue are land and water grid boxes with no dust emissions in the model.

Extinction

Extinction

(b)

Extinction

Extinction

(a)

Figure 4. SALSA2.0 and M7 simulated mass (dn/dlogDp ) and extinction size distribution in (a) China (30.775◦ N, 114.375◦ E) and (b) Russia (55.025◦ N, 39.375◦ E). The height of the bars in the upper row represents the number concentration of particles dN/dlogDp . The color
bars represent the mass fraction of each chemical compound in each size class. In the bottom row the height of the bars denotes the extinction
of the size classes.

1.13, respectively. At the Russian site, AODs from SALSA,
MODIS, and M7 are 0.70, 0.42, and 0.44, respectively.
When analyzing the aerosol mass size distributions, it is
evident that over these locations the aerosol extinction is
strongly affected by the differences between SALSA2.0 and
M7 in the methods used for calculating microphysical processes, especially gas-to-particle partitioning. For calculating concurrent nucleation and condensation, M7 uses the
method introduced by Kokkola et al. (2009) and SALSA2.0
the method by Jacobson (2005). In the upper panels of Fig. 4
we show the mass size distribution for SALSA2.0 and M7. In
each class, the mass fraction of each compound is indicated

www.geosci-model-dev.net/11/3833/2018/

by a color. Figure 4 shows that the largest difference in the
composition distribution comes from SU, which is the only
condensable species in this model configuration. Compared
to M7, SU in SALSA2.0 is more evenly spread among all
sizes, and there is a relatively higher amount of sulfate in the
largest sizes. This difference is very likely due to the numerical limitations of the modal scheme. The modal scheme has
been shown to overestimate the condensational growth of the
accumulation mode thus underestimating the amount of condensable species in the largest particles (Zhang et al., 1999).
In addition, in the modal approach the mass distribution of
all compounds follows the shape of the mode restricting the

Geosci. Model Dev., 11, 3833–3863, 2018
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Figure 5. Zonal mean of aerosol optical depth (AOD) in year
2010 observed by MODIS (Aqua and Terra combined), SALSA2.0
(red curve), M7 (blue curve), and M7 with default wet deposition
scheme (green). AOD values from MODIS at high latitudes were
excluded due to the larger retrieval uncertainty at high latitudes.

mass distribution of individual compounds. It has to also be
noted that the emission size distributions are not optimal for
M7 as the emissions in each mode are assumed to have a
fixed radius. The same applies to SALSA2.0 since the emission size distribution assumed the same shape as M7.
The extinction at 550 nm wavelength for different sized
particles at 70 % relative humidity are shown in the lower
panels of Fig. 4. The aerosol extinction is a quantity which
is highly nonlinearly dependent on the aerosol size, aerosol
hygroscopicity, and relative humidity. Thus, although the differences in SALSA2.0 and M7 simulated aerosol are caused
by similar processes, differences in the simulated extinctions
can switch signs at different sites. At the Chinese site the resulting shape of the size distribution of M7 yields a higher
aerosol extinction than SALSA2.0, while at the Russian site
it is the opposite. At the Russian site the composition distributions of both OA and SU are significantly different between the two model versions. This is because OA is not included in the insoluble accumulation mode in M7, while in
SALSA2.0 both soluble and insoluble size classes include
OA. Wet removal is faster for soluble particles which results in faster removal of OA accumulation sized particles
in M7. The overestimation of AOD with both model setups
at the Russian site indicates that biomass burning emissions
are overestimated.
It should be noted that over China MODIS has been shown
to have a high bias in AOD when compared to AERONET
observations (Lipponen et al., 2017). Especially over the
highly polluted areas in China this high bias is likely to
increase the discrepancy between the SALSA2.0 simulated
AODs and MODIS AODs.
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Figure 5 shows the zonal mean AOD for MODIS together with SALSA2.0 and M7 model data. To visualize
how the wet deposition scheme affects the zonal AOD we
also included the zonal mean AOD from the simulation with
the aerosol size-dependent wet deposition scheme, which is
used as the default scheme in ECHAM-HAMMOZ (denoted
M7default in Fig. 5).
As can be seen from Fig. 5, the modeled AOD decreases
faster when moving from the Equator towards the poles in
comparison to the satellite observations. This is the case for
both M7 and SALSA2.0 and has also been apparent in previous model versions (Stier et al., 2005; Bergman et al., 2012).
Compared to the previous model versions, the decrease in
AOD towards the South Pole has been further amplified due
to the new Long et al. (2011) sea salt emission parameterization. This is because sea salt mass emissions decrease significantly in ECHAM-HAMMOZ when using Long et al. (2011)
in comparison to the previously used Guelle et al. (2001) implementation.
Overall, the zonal average of SALSA2.0 is in a better
agreement with the observations than M7 except between the
latitudes 10–35◦ S. Over these latitudes, the AOD is overestimated compared to MODIS. This is caused by biomass
burning aerosol for which the emissions are likely overestimated. Similar to biomass burning regions in Russia,
SALSA2.0 produces higher AOD than M7 over biomassburning-influenced regions over Africa and South America
also affecting AOD over the oceans in this latitude band 10–
35◦ S.
Over the Northern Hemisphere, the magnitude of the zonal
gradient of AOD in ECHAM-HAMMOZ is strongly dependent on the wet deposition scheme (Bourgeois and Bey,
2011). From Fig. 5, it can be seen that compared to M7 the
improved wet deposition scheme (M7default) increases the
AOD towards the Arctic improving the comparison between
the model and MODIS. The improved wet deposition scheme
affects the AOD gradient to a similar degree as the choice of
the aerosol microphysics scheme. For example, SALSA2.0
and M7default AOD values overlap in the sub-Arctic and the
Arctic region and, on average, the difference between M7
and M7default is smaller than the difference between M7 and
SALSA.
The global mean AOD is also underestimated with both
model setups although the bias in SALSA2.0 is smaller
than in either of the M7 setups. The tropical maximum
is especially better captured with SALSA. The observed
global mean AOD from MODIS (Aqua and Terra combined) is 0.170, while the modeled values for MODIS
collocated AOD are 0.145 for SALSA2.0, 0.122 for M7,
and 0.136 for M7default. Figure 5 indicates that the low
bias near the high latitudes can partly be explained by
low SS emissions, especially in the Southern Hemisphere.
On the other hand, it has been previously shown that insufficient aerosol transfer in ECHAM-HAMMOZ can also
partly explain low aerosol mass over the high latitudes
www.geosci-model-dev.net/11/3833/2018/
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(Bourgeois and Bey, 2011; Kristiansen et al., 2016). In addition, it has to be noted that, except for South Africa and Oceania, MODIS overestimates AOD compared to AERONET
observations (Lipponen et al., 2017).
4.1.2

Evaluation against AERONET observations

For comparing the model data with the AERONET sun photometer observations, we used the whole simulated (2003–
2013) period for SALSA2.0 and the simulated year 2010 for
M7. The level 2.0 daily AOD data from AERONET were collected for all available 984 stations. Simulated daily means
were sampled for the days where AERONET observations
are available and they were also spatially collocated to the
location of the AERONET station. Afterwards, a yearly average of both observed and simulated daily means were computed.
Figure 6 shows the scatter plots of SALSA2.0 modeled
AOD against AERONET observed AOD. Figure 6a illustrates that the model AOD correlates well with the observations for the years 2003–2012. This is also reflected in the
statistical values of the comparison as the correlation coefficient R is 0.79 and the NMB is −0.09.
In the year 2010 comparison (see Fig. 6c), the correlation
coefficient decreases slightly to 0.73 and the NMB reduces
to a value of −0.03; M7 (see Fig. 6d) also shows a very good
correlation with the AERONET observations with a correlation coefficient of 0.71 and bias of −0.05.
In Fig. 6, different regions are separated by color. From
this separation we can see that, although statistical values
are comparable between M7 and SALSA2.0 (similar to the
comparison with MODIS), there are regional differences. Regional AOD values together with their correlation coefficient
values are listed in Table 2. From these values, we can see
that AOD in both model setups is biased low compared to
AERONET AOD. For example, SALSA2.0 underestimates
AOD in 7 out of 10 regions. However, the correlation coefficient values are high for both models. The exceptions are
Europe and Asia where the correlation coefficient values R
are 0.57 or less for both SALSA2.0 and M7. In 3 out of 10
regions, SALSA has a higher correlation coefficient than M7,
while the number of regions where each model has a lower
bias is evenly divided. Asia is the only region where the AOD
in M7 is higher than in SALSA. Over Asia, SALSA significantly underestimates the AOD (shown by dark red markers
in Fig. 6), which was also the case in the evaluation against
MODIS data. As was shown in Sect. 4.1.1, the treatment
of microphysical processes, especially gas-to-particle partitioning, can significantly affect the number and composition
of aerosol over highly polluted regions causing differences
in the modeled AOD between the sectional and modal setups. However, the differences between the simulated and
AERONET AOD are not as evident as in the MODIS evaluation. One reason for this is that MODIS AOD is biased high
www.geosci-model-dev.net/11/3833/2018/
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over Asia, especially over highly populated regions of China
(Lipponen et al., 2017).
4.2

Aerosol mass concentrations at the surface

To evaluate the simulated aerosol mass concentrations at the
surface, we compared the model data with those measured
by the European Monitoring and Evaluation Programme
(EMEP, http://www.emep.int, last access: 13 February 2013)
and the United States Interagency Monitoring of Protected
Visual Environment (IMPROVE, http://vista.cira.colostate.
edu/improve/, last access: 3 December 2013). Both of these
observation networks provide data for the mass concentrations of individual chemical components of the aerosol and
the data are freely available from both sources. From the
EMEP and the USA-based IMPROVE monitoring sites, we
used the PM2.5 aerosol mass concentration data for sulfate and elemental carbon. Additionally, from IMPROVE we
used the data for organic carbon. In total, data from 530 stations were used in the comparison. The comparison between
SALSA2.0 and the surface observations was done for the period 2003–2012. From the model, we used the daily mean
data sampled according to the days when there were observations at each station. To evaluate the difference between
SALSA and M7, we also compared the simulated data for
mass concentrations of SU, BC, and OA for the year 2010
against EMEP and IMPROVE observations.
In order to evaluate the simulated DU and SS mass concentrations, i.e., compounds whose emissions are wind driven,
we compared the simulated masses against two sets of observations. Simulated dust masses were compared with the
observations which were used in the AeroCom experiment
by Huneeus et al. (2011), where 15 global models were compared to observations related to desert dust aerosol. Surface mass concentrations of DU were provided for the Pacific Ocean sites from the sea/air exchange SEAREX program (Prospero et al., 1989) and for the northern Atlantic
sites from the Atmosphere/Ocean Chemistry Experiment
AEROCE (Arimoto et al., 1995). The AEROCE observations
also include data for SS surface mass concentrations which
were used in evaluating the simulated SS mass concentrations.
4.2.1

Sulfate

Figure 7 shows the scatter plot of observed and modeled
yearly mean PM2.5 concentrations of SU. Fig. 7a shows the
data for EMEP stations and Fig. 7b shows the data for IMPROVE stations.
Similar to the comparison to the AERONET AOD, SU
mass concentrations from SALSA2.0 simulations correlate
well with the observed surface concentrations. The correlation coefficient for SU for EMEP sites is 0.72 and for IMPROVE sites it is 0.89. SALSA2.0 tends to overestimate SU
for both EMEP (NMB of 0.25) and IMPROVE (NMB of
Geosci. Model Dev., 11, 3833–3863, 2018
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Figure 6. Scatter plots of yearly means of daily AERONET AOD values against yearly means of collocated simulated daily mean AODs.
Panel (a) represents the comparison between AERONET and SALSA2.0 for the period 2003–2012. Colors in the scatter plots denote different
regions shown in the map in panel (b). Panel (c) shows the comparison between AERONET and SALSA2.0 for the year 2010, and (d) the
comparison between AERONET and M7 for the year 2010. The given statistical values are the following: root mean square RMS (normalized
RMS), absolute bias (normalized bias), correlation coefficient R (R on log scale), and the ratio between simulated and observed standard
deviation (sigma).
Table 2. Yearly means of daily AOD values from AERONET, SALSA, and M7 and the corresponding correlation coefficient values for the
models.
Region

AERONET

North America
South America
Europe
northern Africa/Middle East
central/southern Africa
Asia
Siberia
Australia
oceans
elsewhere

0.33) stations. The high bias of aerosol mass concentration of
SU over the US is in contrast to the underestimation of AOD
by the model in these regions when compared to MODIS and
Geosci. Model Dev., 11, 3833–3863, 2018

SALSA

M7

AOD

AOD

R

AOD

R

0.143
0.343
0.149
0.366
0.298
0.427
0.113
0.052
0.075
0.139

0.135
0.338
0.157
0.321
0.216
0.264
0.067
0.076
0.120
0.127

0.97
0.92
0.57
0.66
0.78
0.47
0.86
1.00
0.79
0.73

0.111
0.246
0.143
0.239
0.207
0.286
0.052
0.067
0.097
0.113

0.95
0.95
0.53
0.69
0.70
0.41
0.88
1.00
0.75
0.69

AERONET AOD. This highlights the sensitivity of AOD to
the shape of the aerosol size distribution. Aerosol water also
has a significant contribution to AOD and simulated relative
www.geosci-model-dev.net/11/3833/2018/
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Figure 7. Scatter plots of yearly mean aerosol mass concentrations observed at EMEP (a) and IMPROVE (b) stations versus those from
SALSA2.0 simulations for SU. The given statistical values are the same as in Fig. 6.

humidity and aerosol hygroscopicity can cause differences
between the simulated and observed AOD. In addition, in
these regions, nitrate is a significant source of aerosol mass
(Bauer et al., 2007) and as it is missing in our model it may
also be a cause for the differences between model and observations, although the representation of nitrate in coarse resolution models is not without complications (Weigum et al.,
2016).
The evaluation was repeated for the year 2010 in order to
include M7 in the comparison. For this simulation year, the
correlation coefficient values for SALSA2.0 simulated SU
mass concentrations were 0.60 for EMEP stations and 0.93
for IMPROVE stations. SALSA2.0 simulated SU mass concentrations in year 2010 had higher positive bias than those
for the whole simulation period for both EMEP (NMB of
0.40) and IMPROVE (NMB of 0.42). For M7, the corresponding correlation coefficient values were 0.62 for EMEP
and 0.93 for IMPROVE stations. Although, M7 had also high
biases for EMEP stations (NMB of 0.23) and IMPROVE stations (NMB of 0.27), they were lower than for SALSA2.0.
4.2.2

Black carbon

Figure 8 shows the scatter plots of observed and modeled
yearly mean PM2.5 concentrations of BC for the whole simulation period. Fig. 8a shows the comparison for EMEP stations and the Fig. 8a shows the comparison for IMPROVE
stations.
Compared to sulfate, for BC, the correlation is slightly
lower with the correlation coefficient being 0.62 for EMEP
and 0.56 for IMPROVE sites. In contrast to SU, BC mass
concentrations are underestimated for both EMEP (NMB of
−0.50) and IMPROVE (NMB of −0.20).
Similar to the evaluation of SU mass concentrations, the
evaluation was repeated for the year 2010 including M7 in
www.geosci-model-dev.net/11/3833/2018/

the comparison. For this simulation year, the correlation coefficient values for SALSA2.0 simulated BC mass concentrations were 0.42 for EMEP stations and 0.65 for IMPROVE
stations. SALSA2.0 simulated mass concentrations in year
2010 were biased low, similarly to the whole simulation period, for both EMEP (NMB of −0.48) and IMPROVE (NMB
of −0.21). For M7, the corresponding correlation coefficient
values were 0.34 for EMEP and 0.64 for IMPROVE stations.
M7 was also biased low for both EMEP stations (NMB of
−0.53) and IMPROVE stations (NMB of −0.31).
4.2.3

Organic aerosol

Surface mass concentrations of OA were compared to the
IMPROVE observations. The data were available only for
years until 2004 so here we compared the simulated year
2010 to observations for the year 2004 in order to get a better comparison between SALSA2.0 and M7. Figure 9 shows
the scatter plots of observed OA surface mass against simulated values. Both models are biased low with NMB values
of −0.56 and −0.59 and correlation coefficients of 0.40 and
0.42 for SALSA2.0 and M7, respectively. A more detailed
evaluation of organic carbon will be carried out in a companion paper by Kuhn et al. (2018).
4.2.4

Mineral dust

SEAREX was a 10-year (1977–1986) program and AEROCE a 5-year (1990–1995) program and thus outside of
our simulation period, we compared the simulated data for
the year 2010 to DU climatologies. The monthly model values were constructed by averaging daily means only for days
where an observation is available. Moreover, each model
monthly mean was spatially collocated to the location of the
observation station (by bilinear interpolation).
Geosci. Model Dev., 11, 3833–3863, 2018
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Figure 8. Scatter plots of yearly mean aerosol mass concentrations observed at EMEP (a) and IMPROVE (b) stations versus those from
SALSA2.0 simulations for BC for years 2003–2012. The given statistical values are the same as in Fig. 6.
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Figure 9. Scatter plots of yearly mean OA aerosol mass concentrations simulated and observed at IMPROVE sites (year 2004) for
(a) SALSA2.0 (simulated year 2010) and (b) M7 (simulated year 2010). The given statistical values are the same as in Fig. 6.

Figure 10 shows the scatter plots of monthly mean observed DU surface concentrations against those simulated using SALSA2.0 and M7. DU mass concentrations from both
SALSA2.0 and M7 show a moderate agreement against observations but underestimate the low values. The correlation
coefficients for SALSA2.0 and M7 are 0.66 and 0.47, respectively. Both SALSA2.0 and M7 exhibit low NMB with values of −0.33 and −0.26, respectively. It has to be noted that,
due to different periods in observations and simulations, DU
mass concentrations are not strictly comparable because they
are very sensitive to the 10 m wind speed.
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4.2.5

Sea salt

For evaluating mass concentrations of SS we also used
the data from SEAREX and AEROCE programs which
were compared to the simulated SS mass concentrations
for the year 2010. Figure 11 shows the scatter plots of observed monthly mean SS surface mass concentrations against
simulated monthly mean surface mass concentrations from
SALSA2.0 and M7. Collocation of the data was done identically to the DU evaluation, described in the previous subsection. As was seen in the comparison between the models
and MODIS retrievals, aerosol load over oceans south of latitude 40◦ S seems to be low in both model versions. This
www.geosci-model-dev.net/11/3833/2018/
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Figure 10. Scatter plots of aerosol masses observed in the SEAREX program (years 1977–1986) and the AEROCE experiment (years
1990–1995) against those from SALSA2.0 (year 2010) simulated aerosol masses for DU. The given statistical values are the same as in
Fig. 6.

Figure 11. Scatter plots of aerosol masses observed in the SEAREX program (years 1977–1986) and the AEROCE experiment (years
1990–1995) against those from SALSA2.0 simulated aerosol masses for SS. The given statistical values are the same as in Fig. 6.

is also reflected in low SS mass concentrations in simulations when compared to the observations; in very few cases
the values exceed the observed values. This indicates that
the sea salt emissions are significantly underestimated in this
model setup. The NMB for SALSA2.0 and M7 were −0.68
and −0.64, while the correlation coefficients were 0.19 and
0.18, respectively. This may also explain the discrepancies
between the model and satellite AODs over the oceans as
sea salt strongly affects the aerosol size distribution over the
oceans.
Since DU and SS emissions are calculated online, they
vary annually. In order to evaluate how much the choice of
the year affects these results, we repeated the analysis for
DU and SS for each year using the 10-year SALSA2.0 simulation. This analysis showed that the main characteristics
in the comparison between modeled and observed mass conwww.geosci-model-dev.net/11/3833/2018/

centrations remain similar each year, i.e., the model has low
bias in both DU and SS mass concentrations and the low
model bias increases with decreasing mass concentration (for
both DU and SS). For DU, the annual variability in the modeled mass concentration is fairly large with NMB ranging
between −0.35 and −0.09. For SS the variability is low and
the NMB varies between −0.74 and −0.70. The correlation
between modeled and observed mass concentrations varies
very little annually. For DU, the logarithmic scale correlation
coefficient varies between 0.67 and 0.74 for DU and 0.58 and
0.67 for SS.
In addition, SS measurements are mostly at coastal sites
where global models may have large biases in sea salt surface concentrations as SS emission parameterizations assume
open ocean conditions (Spada et al., 2015). It has been sug-
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gested that caution should be taken when evaluating global
models against coastal observations (Spada et al., 2015).
4.2.6

Summary

Table 3 summarizes the biases of simulated surface mass
concentrations of SALSA2.0 and M7. In addition, as a reference, the table shows the same values from the previous
model version ECHAM5-HAM-SALSA1 for the year 2008,
which used the emissions for the year 2000 (Bergman et al.,
2012). The table also shows the global burdens for these
compounds for the same three model versions together with
values reported by Liu et al. (2005) and Textor et al. (2006).
Liu et al. (2005) have made a synthesis of model data and
Textor et al. (2006) provide the analysis of global aerosol
properties in AeroCom Phase I models for the year 2000.
From the table we can see that surface concentrations
of sulfate and its global burden are significantly larger in
SALSA2.0 than in the previous generation model, and they
are at the upper end of the estimate of Liu et al. (2005). Although our simulation period is not for the same period as
for ECHAM5-HAM, by Liu et al. (2005) and Textor et al.
(2006), global sulfate emissions have been suggested to be
fairly constant through 2000–2010 (Granier et al., 2011).
Even larger increases between the two model generations are
evident for the BC and OA burdens which are approximately
3 times higher in ECHAM-HAMMOZ-SALSA2.0. Despite
these higher burdens, the simulated BC and OA surface concentrations are biased low when compared to the observations from the IMPROVE network (see Figs. 7, 8, and 9).
The largest decrease in the burden can be seen for SS, which
in SALSA2.0 has decreased to approximately 1/3 of the SS
burden in ECHAM5-HAM supporting the conclusions of too
low sea salt emissions in this model configuration. The DU
burden has slightly increased between the two model generations with the DU burden being near the values of the AeroCom I mean.
4.3

Evaluation against aircraft observations

The previous evaluations showed how well the model reproduces surface concentrations and column quantities of
aerosol. To get an indication of how well the model reproduces the vertical properties of different aerosol compounds
we repeat the model evaluation of Koch et al. (2009) where
AeroCom models were compared against observed BC concentrations from several aircraft measurement campaigns
shown in Fig. 12. Data from the following campaigns were
used: ARCPAC (Brock et al., 2011), ARCTAS (Jacob et al.,
2010), ARCTAS-CARB (Jacob et al., 2010), TC4 (Toon
et al., 2010), CR-AVE (https://espo.nasa.gov/ave-costarica2/,
last access: 9 February 2018), and AVE-Houston (https://
espo.nasa.gov/ave-houston, last access: 9 February 2018).
In addition, we evaluated the modeled mass concentrations
of SU and OA measured during 17 different aircraft camGeosci. Model Dev., 11, 3833–3863, 2018

paigns, which have been compiled by Heald et al. (2011)
and shown in Figs. 13 and 14. We also repeated the evaluation for the M7 and M7default setups. Data from the following campaigns were used: ACE-Asia (Huebert et al., 2003;
Maria et al., 2003; Gilardoni et al., 2007), ADIENT (Morgan et al., 2010), ADRIEX (Highwood et al., 2007; Crosier
et al., 2007), AMMA (Redelsperger et al., 2006; Capes et al.,
2009), ARCTAS (Jacob et al., 2010; Cubison et al., 2011),
DABEX (Haywood et al., 2008; Capes et al., 2008), DODO
(Capes et al., 2008), EUCAARI (Kulmala et al., 2009; Morgan et al., 2010), IMPEX (Dunlea et al., 2009), ITCT-2K4
(Heald et al., 2006; Sullivan et al., 2006), ITOP (Fehsenfeld et al., 2006; Lewis et al., 2007), OP3 (Hewitt et al.,
2010; Robinson et al., 2011), TexAQS (Parrish et al., 2009;
Bahreini et al., 2009), TROMPEX (Heald et al., 2011), and
VOCALS-UK (Wood et al., 2011; Allen et al., 2011).
Figure 12 shows the vertical profiles of BC concentration (black curve) measured using the single particle soot
photometer (SP2, Droplet Measurement Technologies, Inc.,
Boulder, CO) on board of aircrafts. In this comparison, we
only used the model data for the year 2010.
The red curves represent the monthly mean BC concentrations sampled along the flight path from the SALSA2.0
simulations. The monthly means were calculated for the year
2010 for the month during which each aircraft campaign was
performed. The BC aircraft campaigns can be divided between campaigns in the tropics and midlatitudes (AVE Houston, CR-AVE, TC4, and CARB) and those performed at high
latitudes (ARCTAS, ARCPAC). More details of these campaigns and their locations are given by Koch et al. (2009).
From Fig. 12 we can see that near the source areas (tropics and midlatitudes) SALSA2.0 tends to overestimate BC
concentrations quite significantly with the exception of the
CARB campaign, where SALSA2.0 simulated BC concentrations are slightly lower than the observed mean and fall
within the standard deviation of the data. Overestimation
near the source areas can partly be attributed to the multiplication of biomass burning emissions by the factor of 3.4. In
contrast, over high latitudes, SALSA2.0 simulated BC concentrations always fall below the observed mean. This is in
line with many of the AeroCom models analyzed in the study
by Koch et al. (2009).
Modeled SU and OA profiles showed a significantly better comparison with the observations than BC. Especially the
vertical profiles of SU in ACE-Asia, ADRIEX, TexAQS, EUCAARI, ARCTAS Summer, ITOP, and VOCALS-UK campaigns are captured very well by the model. The SU profiles for the campaigns are shown in Fig. 13 and OA profiles in Fig. 14. The colored lines represent the average of
model daily means sampled along the flight tracks and the
corresponding days of the flights. For BC, the difference between the observations and the model was more than 1 order
of magnitude, whereas for SU and OA the difference is in
most cases significantly smaller. In many cases, modeled BC
concentrations exceeded the limits of the variability in obwww.geosci-model-dev.net/11/3833/2018/

H. Kokkola et al.: Sectional aerosol module SALSA2.0.

3849

Table 3. Comparison of mean NMB in ECHAM5-HAM (with SALSA1), ECHAM-HAMMOZ (with SALSA2.0), and ECHAM HAMMOZ
(with M7) for individual compounds at IMPROVE sites, the global burdens (Tg) of all compounds together with those reported by Liu et al.
(2005) and the mean of AeroCom I models analyzed by Textor et al. (2006).

SU
BC
OA

ECHAM5-HAMSALSA1

ECHAM-HAMMOZSALSA2.0

ECHAM-HAMMOZM7

0.19
−0.24
0.25

0.49
−0.21
−0.37

0.33
−0.31
−0.47

Global burden (Tg)
SU (Tg S)
BC
OA
SS
DU

0.64
0.07
0.96
11.73
13.11

0.96
0.26
2.68
3.53
18.26

0.74
0.20
1.77
4.21
15.14

Liu et al. (2005)

AeroCom I

0.53–1.07
0.12–0.29
0.95–1.8
3.41–12.0
4.3–35.9

0.66
0.24
1.70
7.52
19.20

Source regions

Arctic

-1

-1

-1

-1

Figure 12. Observed and modeled mean vertical profiles of BC in aircraft measurement campaigns. Black curves represent the measured BC
concentrations and the gray whiskers show the variability in measurements.

servations (gray whiskers in Figs. 12, 13, and 14). However,
modeled SU and OA concentrations fall within the variability in the observations in most campaigns. Note also that in
Figure 12 concentrations are shown on a logarithmic scale,
while in Figs. 13 and 14 the scale is linear.
From these figures we can see that also for M7 the comparison between the model and the observations is clearly better for SU and OA than for BC. Similar to SALSA2.0, M7
www.geosci-model-dev.net/11/3833/2018/

tends to overestimate BC concentrations near the source regions while underestimating them at high latitudes. It is noteworthy that the simulated BC mass in SALSA2.0 and M7
generally agrees better near the surface and near the source
regions than aloft and in the remote regions. At higher altitudes, above the 200 hPa pressure level, SALSA2.0 always
was higher BC mass compared to M7. For the ARCPAC
and Spring ARCTAS campaigns SALSA2.0 also simulates
Geosci. Model Dev., 11, 3833–3863, 2018
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Figure 13. Observed and modeled mean vertical profiles of SU in aircraft measurement campaigns. Black curves represent the measured SU
concentrations and the gray whiskers show the variability in measurements.

higher BC mass through the vertical column than M7. These
differences indicate that in SALSA2.0 microphysical aging
of BC is slower, which means that it takes a longer time for
BC particles to obtain enough condensed material to be transferred to the soluble size classes in which they would be more
efficiently removed.
Since SU and OA masses are less sensitive to microphysical processing than BC, similar systematic differences are
not seen between SALSA2.0 and M7 simulated profiles of
SU and OA. On the contrary, SALSA2.0 and M7 profiles are
very similar for most of the campaigns and in most regions
SALSA and M7 differ much less with each other than both
with the observations. Although the microphysical processing of SU was shown to produce different mass size distributions of SU between SALSA and M7 in Fig. 4, this does not
translate to differences in mass as it is not very sensitive to
aerosol microphysics.
Geosci. Model Dev., 11, 3833–3863, 2018

The new wet deposition scheme noticeably improves the
comparison between the model and the observations from
the Arctic campaigns. Comparing M7 to M7default, the differences are larger for the BC profiles than for SU and OA
profiles, which are very similar for all three model setups. Especially for the ARCPAC and Spring ARCTAS campaigns,
the difference in BC concentration profiles between the two
M7 setups becomes extremely large, with the difference being approximately 2 orders of magnitude near the ground
level. This comparison is a clear indication that in order to
simulate the vertical profiles of BC realistically, especially
in the remote regions, an accurate description of both microphysics and wet deposition is required. This was also shown
by Bourgeois and Bey (2011) who evaluated the effect of
scavenging rates on the simulated Arctic BC concentrations
and by Kipling et al. (2016) who compared the contribution
of different aerosol processes on vertical profiles.
www.geosci-model-dev.net/11/3833/2018/
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aerosol

aerosol

aerosol

Figure 14. Observed and modeled mean vertical profiles of organic aerosol (OA) in aircraft measurement campaigns. Black curves represent
the measured OA concentrations and the gray whiskers show the variability in measurements.

It has to also be noted that the model data were for different years than the observations. To see how much this affects
the results, we did an additional comparison where we used
the exact years from the SALSA2.0 simulation. In this comparison, we used model values for the year 2010. For BC, we
used the modeled monthly values from the flight path for the
month of the year which corresponded to the observations.
For sulfate and OA, we used the modeled daily values from
the flight path for the day of the year which corresponded
to the observations. The difference between using the whole
simulation period of 2003–2012 and using the actual days of
flights as opposed to using only one year was fairly small.
For most campaigns and height levels, the relative difference
in BC mass concentration is less than 50 % and the shape of
the vertical profiles are very similar, mostly overlapping each
other. The largest difference is for BC in the CR-AVE campaign where the relative difference in the mass concentration
www.geosci-model-dev.net/11/3833/2018/

is ∼ 83 % in the lowest layer. However, the main characteristics of vertical profiles for all compounds were similar and
would not change our conclusions.

5

Aerosol size distributions

Since the choice of the aerosol microphysical module will
affect the particle properties that are most sensitive to microphysical processing, i.e., the number and the composition of fine particles, we evaluated the simulated size distributions. This was done by comparing the size distributions
from SALSA2.0 and M7 simulations against those measured
at the EUSAAR sites (Asmi et al., 2011). Figure 15 shows
the median number and mass size distributions for four selected sites: Hyytiälä (boreal region), Mace Head (marine),
Zeppelin (Arctic), and Kosetice (industrialized). The figure is
Geosci. Model Dev., 11, 3833–3863, 2018
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Figure 15. Observed and modeled yearly median number size distributions (dn/dlogDp ), and modeled mass (dm/dlogDp ) size distributions,
for four different EUSAAR stations: (a) Hyytiälä, (b) Mace Head, (c) Zeppelin, and (d) Kosetice. Observed values are represented by the
solid blue curves and the modeled are represented by the bar plots. The relative mass contribution of individual chemical compounds in each
size class are denoted by a color.

separated into four parts (Fig. 15a–d), each of which includes
four panels. In each part, the upper row of panels show the
yearly median number size distribution together with the EUSAAR observed number size distribution (blue solid curve)
and the lower panels show the mass size distributions (bar
plots). In each part, the left column is for SALSA2.0 and the
right is for M7. In order to make the comparison clearer for
the reader, we remapped the M7 modes to SALSA2.0 size
classes. All size classes also show the relative mass contribution of individual model compounds using colored bars.
The EUSAAR measurements were made using either differential mobility particle sizers (DMPS) or a scanning mobility
particle sizer (SMPS) for which the measured size range corresponds roughly to the size range of SALSA2.0 (∼ 3 nm–
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10 µm). For details about the measurements see Asmi et al.
(2011).
From Fig. 15 we can see that both models reproduce the
observed size distributions fairly well except for the Zeppelin
station. The observed size distribution at Zeppelin exhibits a
distinct mode with mean diameter of ∼ 0.2 µm. This mode is
not seen in either of the model setups. An overall difference
between SALSA2.0 and M7 can be seen in the accumulation mode which peaks (both mass and number) at smaller
sizes in SALSA2.0. Similarly to what was shown earlier in
the MODIS comparison, this is likely because in the modal
method, condensing species accumulate more in the accumulation mode than in the sectional method (Zhang et al.,
1999). In all four cases, the sulfate mass peaks in M7 in par-
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ticles with diameters between 0.2 and 0.4 µm. In SALSA2.0
the peak of sulfate has more station-to-station variation, but
it also peaks for particles with diameters between 0.2 and
0.7 µm. In general, the differences between the two model
approaches are largest for sizes smaller that 0.2 µm, i.e., the
sizes that are more sensitive to microphysical processing.

6

Evaluation of the Pinatubo simulation

The simulations of the stratospheric aerosol formation and
growth following the Mt. Pinatubo eruption were compared
against the High-resolution Infrared Radiation Sounder
(HIRS; Baran and Foot, 1994) and Raman lidar observations (Ansmann et al., 1997). Figure 16a shows the time evolution of the global burden of SU and SO2 retrieved from
HIRS, SALSA2.0, and the two M7 setups: one using the
standard mode widths (M7) and one using the mode widths
recommended by Kokkola et al. (2009) (M7strat), and additionally one simulated using MAECHAM5-SALSA (denoted as SALSA1). The colored solid lines show the mean
of the model ensemble and the shading the variability in different ensemble members. It has to be noted that the standard mode setup of M7 was optimized for describing tropospheric aerosol and was not intended to be used in the stratosphere. However, it is possible to modify the mode properties
so that the model can simulate both tropospheric and stratospheric aerosol and has been done successfully in, for example, the GLOMAP-MODE global aerosol model (Dhomse
et al., 2014).
From Fig. 16a we can see that the difference between
the sectional and modal setups becomes large. The simulated sulfur burden in the SALSA2.0 simulation is more than
2 times higher than in the M7 simulation at approximately
10 months from the start of the eruption. Provided that the
estimate of the emissions strength of 8.5 Tg of sulfur for the
Mt Pinatubo eruption is realistic SALSA2.0, SALSA1, and
M7strat overestimate the sulfur burden in the early part of the
simulation. On the other hand, M7 in its standard mode setup
underestimates the sulfur burden for most of the duration of
the simulation period. This is because the effective radius of
the particles in the standard M7 grows to larger sizes than
in SALSA and the growth enhances the removal of stratospheric sulfate particles by sedimentation. In the simulated
volcano plume, growing sulfate particles form a mode of a
very narrow width with a diameter of approx 1 µm (Kokkola
et al., 2008), which is not well represented by the standard
M7 coarse mode which has the geometric mean deviation of
2. The stratospheric aerosol configuration of M7 (M7strat)
brings the M7 values close to SALSA2.0 values; however,
this mode setup is then only valid for the volcanic plume
and very likely decreases the models ability to simulate the
tropospheric aerosol. Especially the simulated tropospheric
coarse mode particles are very different between the standard M7 and M7strat. For example, the annual global burden
www.geosci-model-dev.net/11/3833/2018/
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of mineral dust is 6 Tg in the M7strat simulation, which is
less than 40 % of the values for the standard M7 simulation
values shown in Table 3 being near the lower limit of the estimate by Liu et al. (2005) and are likely to be significantly
underestimated.
The evolution of the effective radii of the stratospheric
aerosol after the eruption was also evaluated against Raman
lidar retrievals from balloon-borne observations at Laramie,
Wyoming (41◦ N, 141◦ W) and ground-based observations at
Geesthacht, Germany (53◦ N, 10◦ E). Figure 16b shows the
mean effective radius in the 12 to 20 km layer observed by the
Raman lidars as well as those simulated using SALSA2.0,
M7 in its standard mode configuration, and M7 with the modified mode setup.
From Fig. 16b we can see that SALSA2.0 reproduces the
retrieved values of the effective radii, which do have a very
large variability. The effective radii in the SALSA2.0 simulations follow the mean of the retrieved values as well as
the time evolution of the retrieved effective radii. In M7,
the coarse mode is effectively removed from the stratosphere
and thus the effective radius is underestimated and the M7
values are at the low end of the retrieved values. M7strat
setup shows a much better comparison following the average of the lidar measurements. The effective radius in
M7strat reaches a larger maximum value and decreases faster
than in SALSA2.0. Out of the two, SALSA2.0 corresponds
slightly better to the observed time evolution of the effective radius. SALSA1 simulation results are fairly similar to
both SALSA2.0 and M7strat results. The sulfur burden of
SALSA1 especially follows closely the values in the M7strat
simulation. The effective radius in SALSA1 peaks earlier and
higher than in SALSA2.0 and M7strat simulations.
7

Conclusions

We coupled the sectional aerosol module SALSA2.0 to
the aerosol–chemistry–climate model ECHAM-HAMMOZ.
During the coupling, HAM (the aerosol model of HAMMOZ) was also modified to implement the sectional aerosol
model SALSA2.0 as an alternative to the default modal
microphysics module M7. ECHAM-HAM coupled with
SALSA2.0 was evaluated using a 10-year simulation period
for the years 2003–2012, preceded by a 1 year spin-up. Using a 3-hourly output, SALSA2.0 required double the calculation time of M7 with Cray XC 30 architecture when 120
cores were used for the simulation. Simulated aerosol optical depths (AODs) were evaluated against those retrieved
from satellite-based MODIS instruments and ground-based
AERONET sun photometers. Aerosol mass concentrations
of individual compounds were evaluated against EMEP and
IMPROVE networks of ground-based particulate mass concentration observations and vertical profiles from several different aircraft campaigns.
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(a)

(b)

Figure 16. (a) The simulated global burden of SO2 (dashed curves) and sulfate (solid curves), simulated by SALSA2.0 (red curves), M7
(blue curves), M7strat (green curves), and SALSA1 (purple curves). The black curve shows the global sulfate burden retrieved from HIRS
observations. (b) The mean effective radius of stratospheric aerosol in the 12 to 20 km layer observed by Raman lidar (diamond markers
represent the observations at Laramie, circles represents those at Geesthacht, and dashed lines show the 5-month running means), simulated
by SALSA2.0 (red curves), M7 (blue curves), M7strat (green curves), and SALSA1 (purple curves). The shading around the solid curves
represents the variability of the model ensembles.

The AODs simulated with ECHAM-HAMMOZSALSA2.0 were biased slightly low compared to both
MODIS and AERONET retrievals. Local differences were
highest over Southern Hemisphere oceans, deserts, Southeast Asia, and regions strongly affected by biomass burning.
Over the oceans and deserts, these differences are very
likely caused by emissions of natural aerosols. In desert
regions, dust emissions are very sensitive to the model
meteorology as they are driven by the simulated 10 m wind
speed (Bergman et al., 2012). Currently, the dust source
strengths in ECHAM-HAMMOZ are optimized for M7 and
thus a better match between the observations and SALSA2.0
could be achieved by optimizing the source strengths for
SALSA2.0. Over the Southern Hemisphere oceans, the
newly introduced sea salt emission scheme (Long et al.,
2011) is likely the main cause of the underestimation in
AOD (in both SALSA2.0 and M7) as the simulated SS
mass concentrations are much lower than with the emission
parameterization of Guelle et al. (2001), which was used in
the previous version of ECHAM5-HAM. The overestimation
of AOD over biomass burning regions indicates that in this
model configuration using the multiplier 3.4 for GFASv1
emissions produces excessive aerosol load near the sources.
Over Southeastern Asia, the reason for the low bias in
SALSA2.0 simulated AOD against observations is likely
due to the aerosol microphysical processing of the aerosol
size distribution. This conclusion is backed up by the fact
that M7 overestimates AOD over the same region despite
having the same emissions over that region as SALSA2.0.
When comparing the AODs simulated by SALSA2.0 and
M7, the largest differences between the model versions occur in regions where SALSA2.0 also differs most significantly from the observation, i.e., deserts, Southeast Asia,
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and regions affected by biomass burning. The differences
in Southeast Asia and biomass burning regions are mainly
caused by the different microphysics schemes, as in these region the size distribution is heavily modified by the condensation of sulfuric acid on aerosol. The methods for solving
gas-to-particle partitioning in M7 and SALSA2.0 are different. In M7, the method presented by Kokkola et al. (2009)
is used while SALSA2.0 uses the method presented by Jacobson (2005). In addition, the choice of chemical compounds that are taken into account in different size classes
and modes cause differences between SALSA2.0 and M7. In
M7, the insoluble accumulation and coarse modes do not include organic compounds, while in SALSA2.0 organic compounds are included in all size classes. This results in a different composition of size distributions of organics in the two
model configurations.
The evaluation of aerosol mass concentrations against surface measurements showed that simulated SU mass concentration on average exceeds the observed SU mass, while
OA and BC are slightly underestimated. This holds for both
EMEP and IMPROVE stations. Simulated DU and SS were
underestimated in the majority of stations. The simulated SS
was especially underestimated indicating that the Long et al.
(2011) emission parameterization used in the SALSA2.0
configuration is biased low, a conclusion also supported by
low AOD over the oceans. In the comparison between the
SALSA2.0 simulated vertical profiles of SU and OA, mass
concentrations were in fairly good agreement with those
measured during aircraft campaigns. However, the vertical
profiles of BC mass concentrations in the SALSA2.0 simulations and aircraft measurements had large discrepancies,
especially in the Arctic with differences of more than 1 order
of magnitude.
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Comparison to M7 simulations showed that the vertical
profiles of SU and OA are not very sensitive to the choice
of the microphysics module. However, the simulated vertical profiles of BC mass concentrations show fairly large difference between SALSA2.0 and M7, especially at high altitudes and away from the source regions. This is likely to be
caused by differences in the rate of microphysical aging of
BC. However, in the current ECHAM-HAMMOZ version,
SALSA2.0 and M7 simulated SU and OA vertical profiles
seem to be more similar than in the previous model version
(Kipling et al., 2016).
Simulated size distributions show fairly good comparison
against those measured at EUSAAR sites. Especially compared to the previous generation model version ECHAM5HAM-SALSA1 (Bergman et al., 2012), the agreement between measured and modeled size distributions has improved. ECHAM5-HAM-SALSA1 showed significant underestimation of particle numbers at most EUSAAR stations
(Bergman et al., 2012); in the current model version such a
bias is no longer evident.
Overall, the microphysical scheme mainly affects particles
in the lower end of the size spectrum, the simulated number
size distributions and mass size distributions in SALSA2.0
and M7 differ, especially for sizes smaller than 0.7 µm. The
largest difference among different model compounds is in
the accumulation size mass distribution of SU, which is the
only compound affected by condensation. One reason for this
discrepancy is that modal models tend to overestimate the
condensational growth of accumulation size particles (Zhang
et al., 1999).
One simulated case where SALSA2.0 reproduces the observations considerably better than the default tropospheric
setup of M7 is the simulation of the volcanic plume produced
by the 1991 Mt. Pinatubo eruption. In the volcano plume, microphysical processes strongly affect the aerosol size distribution leading to steep gradients at particle sizes of approximately 1 µm in diameter. This is because the sectional size
distribution allows for steep gradients in the size distribution.
Such steep gradients are evident in volcanic plumes as the
condensation of sulfuric acid “narrows” the size distribution
by growing small particles faster than the largest ones.
Overall, SALSA2.0 performs slightly better than M7 in the
evaluation cases where the statistical metrics were possible to
calculate. Out of nine comparisons against the observations
of optical properties and mass, six of them in SALSA2.0 had
smaller root mean square deviation, five had smaller NMBs,
and seven had a higher value in the correlation coefficient R.
On the other hand, it has to be noted that for many aerosol
properties, e.g., vertical profiles of SU and OA mass concentration, SALSA2.0 and M7 show better agreement between
each other than with the observations.
The results of this study indicate that SALSA2.0 is a
competitive choice for modal aerosol microphysics modules in global atmospheric models. A sectional scheme, such
as SALSA2.0, can capture a wide variety of possible atwww.geosci-model-dev.net/11/3833/2018/
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mospheric size distributions, including explosive volcanic
eruptions and stratospheric geoengineering for which modal
models often need tuning. Size-dependent anthropogenic
aerosol emissions, which are starting to become available
(e.g., Xausa et al., 2018), can also be easily incorporated into
sectional modules further improving the ability of SALSA2.0
to realistically reproduce global aerosol size and composition.

Code availability. The ECHAM6-HAMMOZ model is made available to the scientific community under the HAMMOZ Software Licence Agreement, which defines the conditions under
which the model can be used. The licence can be downloaded
from https://redmine.hammoz.ethz.ch/attachments/download/291/
License_ECHAM-HAMMOZ_June2012.pdf (last access: 29 June
2012, HAMMOZ consortium, 2012).
The stand-alone zero-dimensional version of SALSA2.0 is distributed under the Apache-2.0 licence and the code is available at https://github.com/UCLALES-SALSA/SALSA-standalone/
releases/tag/2.0 (last access: 23 May 2018, Kokkola et al., 2018)
with DOI https://doi.org/10.5281/zenodo.1251668.

Data availability. The model data can be reproduced
using the model revision r4098 from the repository
https://redmine.hammoz.ethz.ch/projects/hammoz/repository/
show/echam6-hammoz/branches/fmi/fmi_trunk (last access: 4 May
2017, HAMMOZ consortium, 2017). The settings for the simulation are given in the same repository, in folder “gmd-2018-47”.
MODIS data are available for download from level 1 and the
Atmosphere Archive and Distribution System (LAADS) https://
ladsweb.modaps.eosdis.nasa.gov/search/ (last access: 15 May 2017,
NASA, 2017a).
AERONET data can be obtained using the Aerosol Robotic Network download tool https://aeronet.gsfc.nasa.gov/cgi-bin/webtool_
opera_v2_new (last access: 27 June 2017, NASA, 2017b).
EMEP data are available for download from the EBAS database
at http://ebas.nilu.no/ (last access: 10 March 2015, Norwegian Institute for Air Research, 2015).
IMPROVE data are available for download from the Federal
Land Manager Environmental Database http://views.cira.colostate.
edu/fed/DataWizard/Default.aspx (last access: 8 November 2017,
Colorado State University, 2017).
AEROCE and SEAREX data can be downloaded from
http://aerocom.met.no/download/DUST_BENCHMARK_
HUNEEUS2011/conc_aeroce.prn (last access: 14 August 2014,
Huneeus et al., 2011).
The aircraft measurement data for BC can be downloaded
from
http://aerocom.met.no/download/BC_BENCHMARK_
KOCH2009/ (last access: 21 August 2014, Prospero et al., 1989).
EUSAAR size distributions are available for download at https:
//www.atm.helsinki.fi/eusaar/ (last access: 2 November 2017, Asmi
et al., 2011).
The data for the Mt. Pinatubo evaluation can be downloaded
from https://redmine.hammoz.ethz.ch/projects/hammoz/repository/
show/echam6-hammoz/branches/fmi/fmi_trunk/gmd-2018-47 (last
access: 26 March 2018, Laakso, 2018).
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The aircraft data for SU and OC were received from several measurement teams who hold the ownership of the data and thus it is
only provided by request from harri.kokkola@fmi.fi.

Author contributions. HKok designed and wrote the majority of the
paper, he also ran most of the model simulations. HKok, TK, AL,
TB, KEJL, TM, SS, Hkor, and SR developed the SALSA module.
AL performed the simulations for the stratospheric aerosol analysis.
AA contributed to the MODIS and AERONET evaluation. Hkok,
TK, AL, TB, KEJL, TM, SS, SF, UL, DN, IT, CSLD, MGS, IB,
and PS contributed to the development of the ECHAM-HAMMOZ
model and were involved in the analysis of the results. Hkok, TK,
AL, TB, TM, SF, DN, IT, CSLD, IB, ND, and CLH produced the
analysis tools, and obtained and compiled observational data for the
model evaluation. All authors contributed to the writing of the paper.

Competing interests. The authors declare that they have no conflict
of interest.

Acknowledgements. The ECHAM-HAMMOZ model is developed
by a consortium composed of ETH Zürich, Max Planck Institut für
Meteorologie, Forschungszentrum Jülich, University of Oxford,
the Finnish Meteorological Institute, and the Leibniz Institute
for Tropospheric Research, and is managed by the Center for
Climate Systems Modeling (C2SM) at ETH Zurich. This work
was supported by the Nordic Center of Excellence, eSTICC
(57001); the Academy of Finland Center of Excellence program
(grant no. 307331); the Academy of Finland research project nos.
308292, 283031, and 287440; the European Research Council
(ERC) Consolidator Grant no. 646857; and the European Union’s
Horizon 2020 research and innovation programme under grant
agreement no. 641816, Coordinated Research in Earth Systems and
Climate: Experiments, kNowledge, Dissemination and Outreach
(CRESCENDO). Philip Stier would like to acknowledge funding
from the European Union’s Seventh Framework Programme
(FP7/2007–2013) projects BACCHUS under grant agreement
603445 and the European Research Council project ACCLAIM under grant agreement FP7-280025 as well as the European Research
Council project RECAP under the European Union’s Horizon 2020
research and innovation programme with grant agreement 724602.
We thank Hauke Schmidt and Sebastian Rast (Max Planck Institut
für Meteorologie) for their work on developing the ECHAM
model and the interface between ECHAM and HAMMOZ, Maria
Kanakidou (ECPL, University of Crete) for help in compiling the
EMEP and IMPROVE datasets. For the aircraft data we thank
Hugh Coe (University of Manchester), Lynn Russell (Scripps
Institution of Oceanography), Rodney Weber (Georgia Institute of
Technology), Jose Jimenez (University of Colorado at Boulder),
Roya Bahreini (University of Colorado – CIRES, NOAA ESRL
Chemical Sciences Division), Ann Middlebrook (NOAA ESRL
Chemical Sciences Division), James S. McDonnell Foundation
Award for 21st Century Science, NOAA grant NA17RJ1231, National Science Foundation grants ATM-0002035, ATM-0002698,
and ATM04-01611, and the NERC Global Aerosol Synthesis
and Science Project (GASSP) NE/J023515/1. IMPROVE is a

Geosci. Model Dev., 11, 3833–3863, 2018

H. Kokkola et al.: Sectional aerosol module SALSA2.0.
collaborative association of state, tribal, and federal agencies, and
international partners. The US Environmental Protection Agency is
the primary funding source, with contracting and research support
from the National Park Service. The Air Quality Group at the
University of California, Davis, is the central analytical laboratory,
with ion analysis provided by the Research Triangle Institute, and
carbon analysis provided by the Desert Research Institute.
Edited by: Axel Lauer
Reviewed by: two anonymous referees

References
Allen, G., Coe, H., Clarke, A., Bretherton, C., Wood, R., Abel, S.
J., Barrett, P., Brown, P., George, R., Freitag, S., McNaughton,
C., Howell, S., Shank, L., Kapustin, V., Brekhovskikh, V., Kleinman, L., Lee, Y.-N., Springston, S., Toniazzo, T., Krejci, R.,
Fochesatto, J., Shaw, G., Krecl, P., Brooks, B., McMeeking, G.,
Bower, K. N., Williams, P. I., Crosier, J., Crawford, I., Connolly,
P., Allan, J. D., Covert, D., Bandy, A. R., Russell, L. M., Trembath, J., Bart, M., McQuaid, J. B., Wang, J., and Chand, D.: South
East Pacific atmospheric composition and variability sampled
along 20◦ S during VOCALS-REx, Atmos. Chem. Phys., 11,
5237–5262, https://doi.org/10.5194/acp-11-5237-2011, 2011.
Andersson, C., Bergström, R., Bennet, C., Robertson, L., Thomas,
M., Korhonen, H., Lehtinen, K. E. J., and Kokkola, H.: MATCHSALSA – Multi-scale Atmospheric Transport and CHemistry
model coupled to the SALSA aerosol microphysics model –
Part 1: Model description and evaluation, Geosci. Model Dev.,
8, 171–189, https://doi.org/10.5194/gmd-8-171-2015, 2015.
Ansmann, A., Mattis, I., Wandinger, U., Wagner, F., Reichardt,
J., and Deshler, T.: Evolution of the Pinatubo Aerosol: Raman Lidar Observations of Particle Optical Depth, Effective Radius, Mass, and Surface Area over Central Europe at 53.4◦ N,
J. Atmos. Sci., 54, 2630–2641, https://doi.org/10.1175/15200469(1997)054<2630:EOTPAR>2.0.CO;2, 1997.
Arimoto, R., Duce, R. A., Ray, B. J., Ellis, W. G., Cullen,
J. D., and Merrill, J. T.: Trace elements in the atmosphere
over the North Atlantic, J. Geophys. Res., 100, 1199–1213,
https://doi.org/10.1029/94JD02618, 1995.
Asmi, A., Wiedensohler, A., Laj, P., Fjaeraa, A.-M., Sellegri, K.,
Birmili, W., Weingartner, E., Baltensperger, U., Zdimal, V.,
Zikova, N., Putaud, J.-P., Marinoni, A., Tunved, P., Hansson,
H.-C., Fiebig, M., Kivekäs, N., Lihavainen, H., Asmi, E., Ulevicius, V., Aalto, P., Swietlicki, E., Kristensson, A., Mihalopoulos, N., Kalivitis, N., Kalapov, I., Kiss, G., de Leeuw, G., Henzing, B., Harrison, R. M., Beddows, D., O’Dowd, C., Jennings,
G. S., Flentje, H., Weinhold, K., Meinhardt, F., Ries, L., and Kulmala, M.: EUSAAR size distribution analysis database, Pangaea,
https://doi.org/10.1594/PANGAEA.861856, 2011.
Bahreini, R., Ervens, B., Middlebrook, A. M., Warneke, C.,
de Gouw, J. A., DeCarlo, P. F., Jimenez, J. L., Brock, C. A.,
Neuman, J. A., Ryerson, T. B., Stark, H., Atlas, E., Brioude,
J., Fried, A., Holloway, J. S., Peischl, J., Richter, D., Walega,
J., Weibring, P., Wollny, A. G., and Fehsenfeld, F. C.: Organic aerosol formation in urban and industrial plumes near
Houston and Dallas, Texas, J. Geophys. Res., 114, D00F16,
https://doi.org/10.1029/2008JD011493, 2009.

www.geosci-model-dev.net/11/3833/2018/

H. Kokkola et al.: Sectional aerosol module SALSA2.0.
Baran, A. J. and Foot, J. S.: New application of the operational
sounder HIRS in determining a climatology of sulphuric acid
aerosol from the Pinatubo eruption, J. Geophys. Res., 99, 25673–
25679, https://doi.org/10.1029/94JD02044, 1994.
Bauer, S. E., Koch, D., Unger, N., Metzger, S. M., Shindell, D. T.,
and Streets, D. G.: Nitrate aerosols today and in 2030: a global
simulation including aerosols and tropospheric ozone, Atmos.
Chem. Phys., 7, 5043–5059, https://doi.org/10.5194/acp-7-50432007, 2007.
Bergman, T., Kerminen, V.-M., Korhonen, H., Lehtinen, K. J.,
Makkonen, R., Arola, A., Mielonen, T., Romakkaniemi, S., Kulmala, M., and Kokkola, H.: Evaluation of the sectional aerosol
microphysics module SALSA implementation in ECHAM5HAM aerosol-climate model, Geosci. Model Dev., 5, 845–868,
https://doi.org/10.5194/gmd-5-845-2012, 2012.
Berrisford, P., Dee, D., Poli, P., Brugge, R., Fielding, K., Fuentes,
M., Kållberg, P., Kobayashi, S., Uppala, S., and Simmons, A.:
The ERA-Interim archive Version 2.0, Shinfield Park, Reading,
2011.
Boucher, O., Randall, D., Artaxo, P., Bretherton, C., Feingold, G., Forster, P., Kerminen, V.-M., Kondo, Y., Liao,
H., Lohmann, U., Rasch, P., Satheesh, S. K., Sherwood,
S., Stevens, B., and Zhang, X. Y.: Clouds and aerosols,
Cambridge University Press, Cambridge, UK, 571–657,
https://doi.org/10.1017/CBO9781107415324.016, 2013.
Bourgeois, Q. and Bey, I.: Pollution transport efficiency
toward the Arctic: Sensitivity to aerosol scavenging
and source regions, J. Geophys. Res., 116, D08213,
https://doi.org/10.1029/2010JD015096, 2011.
Brock, C. A., Cozic, J., Bahreini, R., Froyd, K. D., Middlebrook,
A. M., McComiskey, A., Brioude, J., Cooper, O. R., Stohl, A.,
Aikin, K. C., de Gouw, J. A., Fahey, D. W., Ferrare, R. A.,
Gao, R.-S., Gore, W., Holloway, J. S., Hübler, G., Jefferson,
A., Lack, D. A., Lance, S., Moore, R. H., Murphy, D. M.,
Nenes, A., Novelli, P. C., Nowak, J. B., Ogren, J. A., Peischl, J., Pierce, R. B., Pilewskie, P., Quinn, P. K., Ryerson, T.
B., Schmidt, K. S., Schwarz, J. P., Sodemann, H., Spackman,
J. R., Stark, H., Thomson, D. S., Thornberry, T., Veres, P.,
Watts, L. A., Warneke, C., and Wollny, A. G.: Characteristics,
sources, and transport of aerosols measured in spring 2008 during the aerosol, radiation, and cloud processes affecting Arctic Climate (ARCPAC) Project, Atmos. Chem. Phys., 11, 2423–
2453, https://doi.org/10.5194/acp-11-2423-2011, 2011.
Capes, G., Johnson, B., McFiggans, G., Williams, P. I., Haywood,
J., and Coe, H.: Aging of biomass burning aerosols over West
Africa: Aircraft measurements of chemical composition, microphysical properties, and emission ratios, J. Geophys. Res., 113,
D00C15, https://doi.org/10.1029/2008JD009845, 2008.
Capes, G., Murphy, J. G., Reeves, C. E., McQuaid, J. B., Hamilton, J. F., Hopkins, J. R., Crosier, J., Williams, P. I., and Coe,
H.: Secondary organic aerosol from biogenic VOCs over West
Africa during AMMA, Atmos. Chem. Phys., 9, 3841–3850,
https://doi.org/10.5194/acp-9-3841-2009, 2009.
Che, H. C., Zhang, X. Y., Wang, Y. Q., Zhang, L., Shen, X. J.,
Zhang, Y. M., Ma, Q. L., Sun, J. Y., Zhang, Y. W., and Wang, T.
T.: Characterization and parameterization of aerosol cloud condensation nuclei activation under different pollution conditions,
Sci. Rep., 6, 24497, https://doi.org/10.1038/srep24497, 2016.

www.geosci-model-dev.net/11/3833/2018/

3857
Chen, J.-P. and Lamb, D.: Simulation of Cloud Microphysical and Chemical Processes Using a Multicomponent Framework. Part I: Description of the Microphysical Model, J.
Atmos. Sci., 51, 2613–2630, https://doi.org/10.1175/15200469(1994)051<2613:SOCMAC>2.0.CO;2, 1994.
Cheng, T., Peng, Y., Feichter, J., and Tegen, I.: An improvement on the dust emission scheme in the global aerosol-climate
model ECHAM5-HAM, Atmos. Chem. Phys., 8, 1105–1117,
https://doi.org/10.5194/acp-8-1105-2008, 2008.
Chung, C. E., Ramanathan, V., Kim, D., and Podgorny, I. A.: Global
anthropogenic aerosol direct forcing derived from satellite and
ground-based observations, J. Geophys. Res., 110, D24207,
https://doi.org/10.1029/2005JD006356, 2005.
Colbeck, I. and Lazaridisn M.: Aerosol Science: Technology and
Applications, John Wiley & Sons, 2014.
Colorado State University: IMPROVE data, Federal Land Manager
Environmental Database, available at: http://views.cira.colostate.
edu/fed/DataWizard/Default.aspx, last access: 8 November,
2017.
Croft, B., Lohmann, U., Martin, R. V., Stier, P., Wurzler, S.,
Feichter, J., Posselt, R., and Ferrachat, S.: Aerosol sizedependent below-cloud scavenging by rain and snow in
the ECHAM5-HAM, Atmos. Chem. Phys., 9, 4653–4675,
https://doi.org/10.5194/acp-9-4653-2009, 2009.
Croft, B., Lohmann, U., Martin, R. V., Stier, P., Wurzler, S.,
Feichter, J., Hoose, C., Heikkilä, U., van Donkelaar, A., and
Ferrachat, S.: Influences of in-cloud aerosol scavenging parameterizations on aerosol concentrations and wet deposition
in ECHAM5-HAM, Atmos. Chem. Phys., 10, 1511–1543,
https://doi.org/10.5194/acp-10-1511-2010, 2010.
Crosier, J., Allan, J. D., Coe, H., Bower, K. N., Formenti, P., and
Williams, P. I.: Chemical composition of summertime aerosol in
the Po Valley (Italy), northern Adriatic and Black Sea, Q. J. Roy.
Meteorol. Soc., 133, 61–75, https://doi.org/10.1002/qj.88, 2007.
Cubison, M. J., Ortega, A. M., Hayes, P. L., Farmer, D. K., Day,
D., Lechner, M. J., Brune, W. H., Apel, E., Diskin, G. S., Fisher,
J. A., Fuelberg, H. E., Hecobian, A., Knapp, D. J., Mikoviny,
T., Riemer, D., Sachse, G. W., Sessions, W., Weber, R. J., Weinheimer, A. J., Wisthaler, A., and Jimenez, J. L.: Effects of aging
on organic aerosol from open biomass burning smoke in aircraft
and laboratory studies, Atmos. Chem. Phys., 11, 12049–12064,
https://doi.org/10.5194/acp-11-12049-2011, 2011.
Dentener, F., Kinne, S., Bond, T., Boucher, O., Cofala, J., Generoso, S., Ginoux, P., Gong, S., Hoelzemann, J. J., Ito, A.,
Marelli, L., Penner, J. E., Putaud, J.-P., Textor, C., Schulz, M.,
van der Werf, G. R., and Wilson, J.: Emissions of primary
aerosol and precursor gases in the years 2000 and 1750 prescribed data-sets for AeroCom, Atmos. Chem. Phys., 6, 4321–
4344, https://doi.org/10.5194/acp-6-4321-2006, 2006.
Deshler, T.: A review of global stratospheric aerosol:
Measurements,
importance,
life
cycle,
and
local
stratospheric
aerosol,
Atmos.
Res.,
90,
223–232,
https://doi.org/10.1016/j.atmosres.2008.03.016, 2008.
Deshler, T., Liley, J., Bodeker, G., Matthews, W., and Hoffmann,
D. J.: Stratospheric aerosol following Pinatubo, comparison of
the north and south mid latitudes using in situ measurements,
Adv. Space Res., 20, 2089–2095, https://doi.org/10.1016/S02731177(97)00600-5, 1997.

Geosci. Model Dev., 11, 3833–3863, 2018

3858
Deshler, T., Hervig, M. E., Hofmann, D. J., Rosen, J. M., and Liley,
J. B.: Thirty years of in situ stratospheric aerosol size distribution measurements from Laramie, Wyoming (41◦ N), using
balloon-borne instruments, J. Geophys. Res.-Atmos., 108, 4167,
https://doi.org/10.1029/2002JD002514, 2003.
Dhomse, S. S., Emmerson, K. M., Mann, G. W., Bellouin, N.,
Carslaw, K. S., Chipperfield, M. P., Hommel, R., Abraham,
N. L., Telford, P., Braesicke, P., Dalvi, M., Johnson, C. E.,
O’Connor, F., Morgenstern, O., Pyle, J. A., Deshler, T., Zawodny, J. M., and Thomason, L. W.: Aerosol microphysics
simulations of the Mt. Pinatubo eruption with the UM-UKCA
composition-climate model, Atmos. Chem. Phys., 14, 11221–
11246, https://doi.org/10.5194/acp-14-11221-2014, 2014.
Dubovik, O., Holben, B., Eck, T. F., Smirnov, A., Kaufman, Y. J.,
King, M. D., Tanré, D., and Slutsker, I.: Variability of absorption
and optical properties of key aerosol types observed in worldwide locations, J. Atmos. Sci., 59, 590–608, 2002.
Dunlea, E. J., DeCarlo, P. F., Aiken, A. C., Kimmel, J. R., Peltier,
R. E., Weber, R. J., Tomlinson, J., Collins, D. R., Shinozuka,
Y., McNaughton, C. S., Howell, S. G., Clarke, A. D., Emmons,
L. K., Apel, E. C., Pfister, G. G., van Donkelaar, A., Martin, R.
V., Millet, D. B., Heald, C. L., and Jimenez, J. L.: Evolution of
Asian aerosols during transpacific transport in INTEX-B, Atmos.
Chem. Phys., 9, 7257–7287, https://doi.org/10.5194/acp-9-72572009, 2009.
Norwegian Institute for Air Research: EMEP data, EBAS database,
available at: http://ebas.nilu.no/, last access: 10 March 2015.
English, J. M., Toon, O. B., and Mills, M. J.: Microphysical simulations of large volcanic eruptions: Pinatubo and Toba, J. Geophys.
Res., 118, 1880–1895, https://doi.org/10.1002/jgrd.50196, 2013.
Fehsenfeld, F. C., Ancellet, G., Bates, T. S., Goldstein, A. H., Hardesty, R. M., Honrath, R., Law, K. S., Lewis, A. C., Leaitch, R.,
McKeen, S., Meagher, J., Parrish, D. D., Pszenny, A. A. P., Russell, P. B., Schlager, H., Seinfeld, J., Talbot, R., and Zbinden, R.:
International Consortium for Atmospheric Research on Transport and Transformation (ICARTT): North America to Europe –
Overview of the 2004 summer field study, J. Geophys. Res., 111,
D23S01, https://doi.org/10.1029/2006JD007829, 2006.
Feichter, J., Kjellström, E., Rodhe, H., Dentener, F., Lelieveldi, J.,
and Roelofs, G.-J.: Simulation of the tropospheric sulfur cycle in
a global climate model, Atmos. Environ., 30, 1693–1707, 1996.
Gelbard, F., Tambour, Y., and Seinfeld, J. H.: Sectional representations for simulating aerosol dynamics, J. Colloid Interface Sci.,
76, 541–556, 1980.
Gilardoni, S., Russell, L. M., Sorooshian, A., Flagan, R. C., Seinfeld, J. H., Bates, T. S., Quinn, P. K., Allan, J. D., Williams,
B., Goldstein, A. H., Onasch, T. B., and Worsnop, D. R.: Regional variation of organic functional groups in aerosol particles
on four U.S. east coast platforms during the International Consortium for Atmospheric Research on Transport and Transformation 2004 campaign, J. Geophys. Res.-Atmos., 112, D10S27,
https://doi.org/10.1029/2006JD007737, 2007.
Granier, C., Bessagnet, B., Bond, T., D’Angiola, A., Denier van der
Gon, H., Frost, G. J., Heil, A., Kaiser, J. W., Kinne, S., Klimont,
Z., Kloster, S., Lamarque, J.-F., Liousse, C., Masui, T., Meleux,
F., Mieville, A., Ohara, T., Raut, J.-C., Riahi, K., Schultz, M. G.,
Smith, S. J., Thompson, A., van Aardenne, J., van der Werf,
G. R., and van Vuuren, D. P.: Evolution of anthropogenic and
biomass burning emissions of air pollutants at global and re-

Geosci. Model Dev., 11, 3833–3863, 2018

H. Kokkola et al.: Sectional aerosol module SALSA2.0.
gional scales during the 1980–2010 period, Clim. Change, 109,
163, https://doi.org/10.1007/s10584-011-0154-1, 2011.
Guelle, W., Schulz, M., Balkanski, Y., and Dentener, F.: Influence
of the source formulation on modeling the atmospheric global
distribution of sea salt aerosol, J. Geophys. Res., 106, 27509–
27524, https://doi.org/10.1029/2001JD900249, 2001.
Guo, S., Bluth, G. J. S., Rose, W. I., Watson, I. M., and Prata, A. J.:
Re-evaluation of SO2 release of the 15 June 1991 Pinatubo eruption using ultraviolet and infrared satellite sensors, Geochem.
Geophys., 5, Q04001, https://doi.org/10.1029/2003GC000654,
2004.
HAMMOZ consortium: HAMMOZ Software Licence Agreement, available: https://redmine.hammoz.ethz.ch/attachments/
download/291/License_ECHAM-HAMMOZ_June2012.pdf,
last access: 29 June 2012.
HAMMOZ consortium: ECHAM-HAMOZ model data, available at: https://redmine.hammoz.ethz.ch/projects/hammoz/
repository/show/echam6-hammoz/branches/fmi/fmi_trunk, last
access: 4 May, 2017.
Haywood, J. M., Pelon, J., Formenti, P., Bharmal, N., Brooks,
M., Capes, G., Chazette, P., Chou, C., Christopher, S., Coe,
H., Cuesta, J., Derimian, Y., Desboeufs, K., Greed, G., Harrison, M., Heese, B., Highwood, E. J., Johnson, B., Mallet, M.,
Marticorena, B., Marsham, J., Milton, S., Myhre, G., Osborne,
S. R., Parker, D. J., Rajot, J.-L., Schulz, M., Slingo, A., Tanré,
D., and Tulet, P.: Overview of the Dust and Biomass-burning
Experiment and African Monsoon Multidisciplinary Analysis
Special Observing Period-0, J. Geophys. Res., 113, D00C17,
https://doi.org/10.1029/2008JD010077, 2008.
Heald, C. L., Jacob, D. J., Turquety, S., Hudman, R. C., Weber, R. J., Sullivan, A. P., Peltier, R. E., Atlas, E. L.,
de Gouw, J. A., Warneke, C., Holloway, J. S., Neuman,
J. A., Flocke, F. M., and Seinfeld, J. H.: Concentrations
and sources of organic carbon aerosols in the free troposphere over North America, J. Geophys. Res., 111, D23S47,
https://doi.org/10.1029/2006JD007705, 2006.
Heald, C. L., Coe, H., Jimenez, J. L., Weber, R. J., Bahreini, R.,
Middlebrook, A. M., Russell, L. M., Jolleys, M., Fu, T.-M., Allan, J. D., Bower, K. N., Capes, G., Crosier, J., Morgan, W.
T., Robinson, N. H., Williams, P. I., Cubison, M. J., DeCarlo,
P. F., and Dunlea, E. J.: Exploring the vertical profile of atmospheric organic aerosol: comparing 17 aircraft field campaigns
with a global model, Atmos. Chem. Phys., 11, 12673–12696,
https://doi.org/10.5194/acp-11-12673-2011, 2011.
Herzog, M., Weisenstein, D. K., and Penner, J. E.: A dynamic aerosol module for global chemical transport models: Model description, J. Geophys. Res., 109, D18202,
https://doi.org/10.1029/2003JD004405, 2004.
Hewitt, C. N., Lee, J. D., MacKenzie, A. R., Barkley, M. P., Carslaw,
N., Carver, G. D., Chappell, N. A., Coe, H., Collier, C., Commane, R., Davies, F., Davison, B., DiCarlo, P., Di Marco, C. F.,
Dorsey, J. R., Edwards, P. M., Evans, M. J., Fowler, D., Furneaux,
K. L., Gallagher, M., Guenther, A., Heard, D. E., Helfter, C.,
Hopkins, J., Ingham, T., Irwin, M., Jones, C., Karunaharan, A.,
Langford, B., Lewis, A. C., Lim, S. F., MacDonald, S. M., Mahajan, A. S., Malpass, S., McFiggans, G., Mills, G., Misztal, P.,
Moller, S., Monks, P. S., Nemitz, E., Nicolas-Perea, V., Oetjen,
H., Oram, D. E., Palmer, P. I., Phillips, G. J., Pike, R., Plane,
J. M. C., Pugh, T., Pyle, J. A., Reeves, C. E., Robinson, N. H.,

www.geosci-model-dev.net/11/3833/2018/

H. Kokkola et al.: Sectional aerosol module SALSA2.0.
Stewart, D., Stone, D., Whalley, L. K., and Yin, X.: Overview:
oxidant and particle photochemical processes above a south-east
Asian tropical rainforest (the OP3 project): introduction, rationale, location characteristics and tools, Atmos. Chem. Phys., 10,
169–199, https://doi.org/10.5194/acp-10-169-2010, 2010.
Highwood, E. J., Haywood, J. M., Coe, H., Cook, J., Osborne, S.,
Williams, P., Crosier, J., Bower, K., Formenti, P., McQuaid, J.,
Brooks, B., Thomas, G., Grainger, R., Barnaba, F., Gobbi, G. P.,
de Leeuw, G., and Hopkins, J.: Aerosol Direct Radiative Impact
Experiment (ADRIEX) overview, Q. J. Roy. Meteorol. Soc., 133,
3–15, https://doi.org/10.1002/qj.89, 2007.
Holben, B., Eck, T., Slutsker, I., Tanré, D., Buis, J., Setzer, A., Vermote, E., Reagan, J., Kaufman, Y., Nakajima, T., Lavenu, F.,
Jankowiak, I., and Smirnov, A.: AERONET: Federated Instrument Network and Data Archive for Aerosol Characterization,
Remote Sens. Environ., 66, 1–16, https://doi.org/10.1016/S00344257(98)00031-5, 1998.
Horowitz, L. W., Walters, S., Mauzerall, D. L., Emmons, L. K.,
Rasch, P. J., Granier, C., Tie, X., Lamarque, J.-F., Schultz, M. G.,
Tyndall, G. S., Orlando, J. J., and Brasseur, G. P.: A global simulation of tropospheric ozone and related tracers: Description and
evaluation of MOZART, version 2, J. Geophys. Res., 108, 4784,
https://doi.org/10.1029/2002JD002853, 2003.
Huebert, B. J., Bates, T., Russell, P. B., Shi, G., Kim, Y. J., Kawamura, K., Carmichael, G., and Nakajima, T.: An overview of
ACE-Asia: Strategies for quantifying the relationships between
Asian aerosols and their climatic impacts, J. Geophys. Res., 108,
8633, https://doi.org/10.1029/2003JD003550, 2003.
Huneeus, N., Schulz, M., Balkanski, Y., Griesfeller, J., Prospero,
J., Kinne, S., Bauer, S., Boucher, O., Chin, M., Dentener, F.,
Diehl, T., Easter, R., Fillmore, D., Ghan, S., Ginoux, P., Grini,
A., Horowitz, L., Koch, D., Krol, M. C., Landing, W., Liu,
X., Mahowald, N., Miller, R., Morcrette, J.-J., Myhre, G., Penner, J., Perlwitz, J., Stier, P., Takemura, T., and Zender, C. S.:
Global dust model intercomparison in AeroCom phase I, Atmos. Chem. Phys., 11, 7781–7816, https://doi.org/10.5194/acp11-7781-2011, 2011.
Jacob, D. J., Crawford, J. H., Maring, H., Clarke, A. D., Dibb, J.
E., Emmons, L. K., Ferrare, R. A., Hostetler, C. A., Russell, P.
B., Singh, H. B., Thompson, A. M., Shaw, G. E., McCauley,
E., Pederson, J. R., and Fisher, J. A.: The Arctic Research of
the Composition of the Troposphere from Aircraft and Satellites (ARCTAS) mission: design, execution, and first results, Atmos. Chem. Phys., 10, 5191–5212, https://doi.org/10.5194/acp10-5191-2010, 2010.
Jacobson, M. Z.: Fundamentals of Atmospheric Modeling, Second
Edition, Cambridge University Press, New York, 2005.
Jacobson, M. Z. and Turco, R. P.: Simulating condensational
growth, evaporation, and coagulation of aerosols using a combined moving and stationary size grid, Aerosol Sci. Technol., 22,
73–92, 1995.
Jensen, J. B. and Lee, S.: Giant Sea-Salt Aerosols and Warm Rain
Formation in Marine Stratocumulus, J. Atmos. Sci., 65, 3678–
3694, https://doi.org/10.1175/2008JAS2617.1, 2008.
Kaiser, J. W., Heil, A., Andreae, M. O., Benedetti, A., Chubarova,
N., Jones, L., Morcrette, J.-J., Razinger, M., Schultz, M. G.,
Suttie, M., and van der Werf, G. R.: Biomass burning emissions estimated with a global fire assimilation system based

www.geosci-model-dev.net/11/3833/2018/

3859
on observed fire radiative power, Biogeosciences, 9, 527–554,
https://doi.org/10.5194/bg-9-527-2012, 2012.
Kanakidou, M., Seinfeld, J. H., Pandis, S. N., Barnes, I., Dentener,
F. J., Facchini, M. C., Van Dingenen, R., Ervens, B., Nenes, A.,
Nielsen, C. J., Swietlicki, E., Putaud, J. P., Balkanski, Y., Fuzzi,
S., Horth, J., Moortgat, G. K., Winterhalter, R., Myhre, C. E.
L., Tsigaridis, K., Vignati, E., Stephanou, E. G., and Wilson, J.:
Organic aerosol and global climate modelling: a review, Atmos.
Chem. Phys., 5, 1053–1123, https://doi.org/10.5194/acp-5-10532005, 2005.
Kazil, J. and Lovejoy, E. R.: A semi-analytical method for calculating rates of new sulfate aerosol formation from the gas phase,
Atmos. Chem. Phys., 7, 3447–3459, https://doi.org/10.5194/acp7-3447-2007, 2007.
King, M. D., Kaufman, Y. J., Tanré, D., and Nakajima, T.: Remote Sensing of Tropospheric Aerosols
from Space: Past, Present, and Future, B. Am. Meteorol. Soc., 80, 2229–2259, https://doi.org/10.1175/15200477(1999)080<2229:RSOTAF>2.0.CO;2, 1999.
Kipling, Z., Stier, P., Johnson, C. E., Mann, G. W., Bellouin, N.,
Bauer, S. E., Bergman, T., Chin, M., Diehl, T., Ghan, S. J.,
Iversen, T., Kirkevåg, A., Kokkola, H., Liu, X., Luo, G., van
Noije, T., Pringle, K. J., von Salzen, K., Schulz, M., Seland, Ø.,
Skeie, R. B., Takemura, T., Tsigaridis, K., and Zhang, K.: What
controls the vertical distribution of aerosol? Relationships between process sensitivity in HadGEM3–UKCA and inter-model
variation from AeroCom Phase II, Atmos. Chem. Phys., 16,
2221–2241, https://doi.org/10.5194/acp-16-2221-2016, 2016.
Kloster, S., Feichter, J., Maier-Reimer, E., Six, K. D., Stier, P.,
and Wetzel, P.: DMS cycle in the marine ocean-atmosphere
system – a global model study, Biogeosciences, 3, 29–51,
https://doi.org/10.5194/bg-3-29-2006, 2006.
Koch, D., Schulz, M., Kinne, S., McNaughton, C., Spackman, J.
R., Balkanski, Y., Bauer, S., Berntsen, T., Bond, T. C., Boucher,
O., Chin, M., Clarke, A., De Luca, N., Dentener, F., Diehl, T.,
Dubovik, O., Easter, R., Fahey, D. W., Feichter, J., Fillmore,
D., Freitag, S., Ghan, S., Ginoux, P., Gong, S., Horowitz, L.,
Iversen, T., Kirkevåg, A., Klimont, Z., Kondo, Y., Krol, M., Liu,
X., Miller, R., Montanaro, V., Moteki, N., Myhre, G., Penner,
J. E., Perlwitz, J., Pitari, G., Reddy, S., Sahu, L., Sakamoto, H.,
Schuster, G., Schwarz, J. P., Seland, Ø., Stier, P., Takegawa, N.,
Takemura, T., Textor, C., van Aardenne, J. A., and Zhao, Y.: Evaluation of black carbon estimations in global aerosol models, Atmos. Chem. Phys., 9, 9001–9026, https://doi.org/10.5194/acp-99001-2009, 2009.
Kokkola, H., Korhonen, H., Lehtinen, K. E. J., Makkonen, R.,
Asmi, A., Järvenoja, S., Anttila, T., Partanen, A.-I., Kulmala, M.,
Järvinen, H., Laaksonen, A., and Kerminen, V.-M.: SALSA – a
Sectional Aerosol module for Large Scale Applications, Atmos.
Chem. Phys., 8, 2469–2483, https://doi.org/10.5194/acp-8-24692008, 2008.
Kokkola, H., Hommel, R., Kazil, J., Niemeier, U., Partanen, A.-I.,
Feichter, J., and Timmreck, C.: Aerosol microphysics modules in
the framework of the ECHAM5 climate model – intercomparison
under stratospheric conditions, Geosci. Model Dev., 2, 97–112,
https://doi.org/10.5194/gmd-2-97-2009, 2009.
Kokkola, H., Yli-Pirilä, P., Vesterinen, M., Korhonen, H., Keskinen, H., Romakkaniemi, S., Hao, L., Kortelainen, A., Joutsensaari, J., Worsnop, D. R., Virtanen, A., and Lehtinen, K.

Geosci. Model Dev., 11, 3833–3863, 2018

3860
E. J.: The role of low volatile organics on secondary organic aerosol formation, Atmos. Chem. Phys., 14, 1689–1700,
https://doi.org/10.5194/acp-14-1689-2014, 2014.
Kokkola, H., Tonttila, J., Romakkaniemi, S., Bergman, T., Laakso,
A., Kühn, T., Mielonen, T., Kudzotsa, I., and Raatikainen,
T.: SALSA-standalone 2.0, available at: https://github.com/
UCLALES-SALSA/SALSA-standalone/releases/tag/2.0, last
access: 23 May 2018.
Korhola, T., Kokkola, H., Korhonen, H., Partanen, A.-I., Laaksonen, A., Lehtinen, K. E. J., and Romakkaniemi, S.: Reallocation in modal aerosol models: impacts on predicting
aerosol radiative effects, Geosci. Model Dev., 7, 161–174,
https://doi.org/10.5194/gmd-7-161-2014, 2014.
Kristiansen, N. I., Stohl, A., Olivié, D. J. L., Croft, B., Søvde,
O. A., Klein, H., Christoudias, T., Kunkel, D., Leadbetter, S.
J., Lee, Y. H., Zhang, K., Tsigaridis, K., Bergman, T., Evangeliou, N., Wang, H., Ma, P.-L., Easter, R. C., Rasch, P. J., Liu,
X., Pitari, G., Di Genova, G., Zhao, S. Y., Balkanski, Y., Bauer,
S. E., Faluvegi, G. S., Kokkola, H., Martin, R. V., Pierce, J. R.,
Schulz, M., Shindell, D., Tost, H., and Zhang, H.: Evaluation of
observed and modelled aerosol lifetimes using radioactive tracers of opportunity and an ensemble of 19 global models, Atmos. Chem. Phys., 16, 3525–3561, https://doi.org/10.5194/acp16-3525-2016, 2016.
Kuhn, T., Merikanto, J., Mielonen, T., Stadtler, S., Schultz,
M., Hienola, A., Korhonen, H., Ferrachat, S., Lohmann, U.,
Neubauer, D., Tegen, I., Drian, C. S.-L., Rast, S., Schmidt, H.,
Stier, P., Lehtinen, K., and Kokkola, H.: SALSA2.0 – part 2:
Implementation of a volatility basis set to model formation of
secondary organic aerosol, Geosci. Model Dev., in preparation,
2018.
Kulmala, M. and Kerminen, V.-M.: On the formation and
growth of atmospheric nanoparticles, Atmos. Res., 90, 132–150,
https://doi.org/10.1016/j.atmosres.2008.01.005, 2008.
Kulmala, M., Asmi, A., Lappalainen, H. K., Carslaw, K. S., Pöschl,
U., Baltensperger, U., Hov, Ø., Brenquier, J.-L., Pandis, S.
N., Facchini, M. C., Hansson, H.-C., Wiedensohler, A., and
O’Dowd, C. D.: Introduction: European Integrated Project on
Aerosol Cloud Climate and Air Quality interactions (EUCAARI)
– integrating aerosol research from nano to global scales, Atmos.
Chem. Phys., 9, 2825–2841, https://doi.org/10.5194/acp-9-28252009, 2009.
Laakso, A.: Mt. Pinatubo data, available at: https:
//redmine.hammoz.ethz.ch/projects/hammoz/repository/show/
echam6-hammoz/branches/fmi/fmi_trunk/gmd-2018-47,
last
access: 26 March, 2018.
Laakso, A., Kokkola, H., Partanen, A.-I., Niemeier, U., Timmreck,
C., Lehtinen, K. E. J., Hakkarainen, H., and Korhonen, H.: Radiative and climate impacts of a large volcanic eruption during
stratospheric sulfur geoengineering, Atmos. Chem. Phys., 16,
305–323, https://doi.org/10.5194/acp-16-305-2016, 2016.
Lamarque, J.-F., Bond, T. C., Eyring, V., Granier, C., Heil, A.,
Klimont, Z., Lee, D., Liousse, C., Mieville, A., Owen, B.,
Schultz, M. G., Shindell, D., Smith, S. J., Stehfest, E., Van
Aardenne, J., Cooper, O. R., Kainuma, M., Mahowald, N.,
McConnell, J. R., Naik, V., Riahi, K., and van Vuuren, D.
P.: Historical (1850–2000) gridded anthropogenic and biomass
burning emissions of reactive gases and aerosols: methodol-

Geosci. Model Dev., 11, 3833–3863, 2018

H. Kokkola et al.: Sectional aerosol module SALSA2.0.
ogy and application, Atmos. Chem. Phys., 10, 7017–7039,
https://doi.org/10.5194/acp-10-7017-2010, 2010.
Lewis, A. C., Evans, M. J., Methven, J., Watson, N., Lee, J. D.,
Hopkins, J. R., Purvis, R. M., Arnold, S. R., McQuaid, J. B.,
Whalley, L. K., Pilling, M. J., Heard, D. E., Monks, P. S., Parker,
A. E., Reeves, C. E., Oram, D. E., Mills, G., Bandy, B. J., Stewart,
D., Coe, H., Williams, P., and Crosier, J.: Chemical composition
observed over the mid-Atlantic and the detection of pollution signatures far from source regions, J. Geophys. Res., 112, D10S39,
https://doi.org/10.1029/2006JD007584, 2007.
Lipponen, A., Mielonen, T., Pitkänen, M. R. A., Levy, R.
C., Sawyer, V. R., Romakkaniemi, S., Kolehmainen, V., and
Arola, A.: Bayesian aerosol retrieval algorithm for MODIS
AOD retrieval over land, Atmos. Meas. Tech., 11, 1529–1547,
https://doi.org/10.5194/amt-11-1529-2018, 2018.
Liu, H. Q., Pinker, R. T., and Holben, B. N.: A global
view of aerosols from merged transport models, satellite,
and ground observations, J. Geophys. Res., 110, D10S15,
https://doi.org/10.1029/2004JD004695, 2005.
Lohmann, U. and Feichter, J.: Global indirect aerosol effects: a review, Atmos. Chem. Phys., 5, 715–737,
https://doi.org/10.5194/acp-5-715-2005, 2005.
Lohmann, U., Stier, P., Hoose, C., Ferrachat, S., Kloster, S., Roeckner, E., and Zhang, J.: Cloud microphysics and aerosol indirect effects in the global climate model ECHAM5-HAM, Atmos.
Chem. Phys., 7, 3425–3446, https://doi.org/10.5194/acp-7-34252007, 2007.
Long, M. S., Keene, W. C., Kieber, D. J., Erickson, D. J.,
and Maring, H.: A sea-state based source function for sizeand composition-resolved marine aerosol production, Atmos.
Chem. Phys., 11, 1203–1216, https://doi.org/10.5194/acp-111203-2011, 2011.
Mann, G. W., Carslaw, K. S., Ridley, D. A., Spracklen, D. V.,
Pringle, K. J., Merikanto, J., Korhonen, H., Schwarz, J. P., Lee,
L. A., Manktelow, P. T., Woodhouse, M. T., Schmidt, A., Breider, T. J., Emmerson, K. M., Reddington, C. L., Chipperfield, M.
P., and Pickering, S. J.: Intercomparison of modal and sectional
aerosol microphysics representations within the same 3-D global
chemical transport model, Atmos. Chem. Phys., 12, 4449–4476,
https://doi.org/10.5194/acp-12-4449-2012, 2012.
Mann, G. W., Carslaw, K. S., Reddington, C. L., Pringle, K. J.,
Schulz, M., Asmi, A., Spracklen, D. V., Ridley, D. A., Woodhouse, M. T., Lee, L. A., Zhang, K., Ghan, S. J., Easter, R. C.,
Liu, X., Stier, P., Lee, Y. H., Adams, P. J., Tost, H., Lelieveld,
J., Bauer, S. E., Tsigaridis, K., van Noije, T. P. C., Strunk, A.,
Vignati, E., Bellouin, N., Dalvi, M., Johnson, C. E., Bergman,
T., Kokkola, H., von Salzen, K., Yu, F., Luo, G., Petzold, A.,
Heintzenberg, J., Clarke, A., Ogren, J. A., Gras, J., Baltensperger,
U., Kaminski, U., Jennings, S. G., O’Dowd, C. D., Harrison, R.
M., Beddows, D. C. S., Kulmala, M., Viisanen, Y., Ulevicius, V.,
Mihalopoulos, N., Zdimal, V., Fiebig, M., Hansson, H.-C., Swietlicki, E., and Henzing, J. S.: Intercomparison and evaluation of
global aerosol microphysical properties among AeroCom models
of a range of complexity, Atmos. Chem. Phys., 14, 4679–4713,
https://doi.org/10.5194/acp-14-4679-2014, 2014.
Maria, S. F., Russell, L. M., Turpin, B. J., Porcja, R. J., Campos, T. L., Weber, R. J., and Huebert, B. J.: Source signatures
of carbon monoxide and organic functional groups in Asian
Pacific Regional Aerosol Characterization Experiment (ACE-

www.geosci-model-dev.net/11/3833/2018/

H. Kokkola et al.: Sectional aerosol module SALSA2.0.
Asia) submicron aerosol types, J. Geophys. Res., 108, 8637,
https://doi.org/10.1029/2003JD003703, 2003.
Mohs, A. J. and Bowman, M.: Eliminating Numerical Artifacts When Presenting Moving Center Sectional Aerosol
Size Distributions, Aerosol Air Qual. Res., 11, 21–30,
https://doi.org/10.4209/aaqr.2010.06.0046, 2011.
Morgan, W. T., Allan, J. D., Bower, K. N., Highwood, E. J., Liu,
D., McMeeking, G. R., Northway, M. J., Williams, P. I., Krejci,
R., and Coe, H.: Airborne measurements of the spatial distribution of aerosol chemical composition across Europe and evolution of the organic fraction, Atmos. Chem. Phys., 10, 4065–4083,
https://doi.org/10.5194/acp-10-4065-2010, 2010.
Myhre, G., Shindell, D., Bréon, F.-M., Collins, W., Fuglestvedt,
J., Huang, J., Koch, D., Lamarque, J.-F., Lee, D., Mendoza, B., Nakajima, T., Robock, A., Stephens, G., Takemura,
T., and Zhang, H.: Anthropogenic and natural radiative forcing, Cambridge University Press, Cambridge, UK, 659–740,
https://doi.org/10.1017/CBO9781107415324.018, 2013.
NASA: Level-1 and Atmosphere Archive and Distribution System
Web Interface, available at: https://ladsweb.modaps.eosdis.nasa.
gov/search/, last access: 15 May 2017a.
NASA: AERONET Data Download Tool, available at: https:
//aeronet.gsfc.nasa.gov/cgi-bin/webtool_opera_v2_new, last access: 27 June 2017b.
Niemeier, U. and Schmidt, H.: Changing transport processes in
the stratosphere by radiative heating of sulfate aerosols, Atmos.
Chem. Phys., 17, 14871–14886, https://doi.org/10.5194/acp-1714871-2017, 2017.
Niemeier, U. and Timmreck, C.: What is the limit of climate engineering by stratospheric injection of SO2?, Atmos.
Chem. Phys., 15, 9129–9141, https://doi.org/10.5194/acp-159129-2015, 2015.
Niemeier, U., Timmreck, C., Graf, H.-F., Kinne, S., Rast,
S., and Self, S.: Initial fate of fine ash and sulfur from
large volcanic eruptions, Atmos. Chem. Phys., 9, 9043–9057,
https://doi.org/10.5194/acp-9-9043-2009, 2009.
Niemeier, U., Schmidt, H., and Timmreck, C.: The dependency of
geoengineered sulfate aerosol on the emission strategy, Atmos.
Sci. Lett., 12, 189–194, https://doi.org/10.1002/asl.304, 2011.
Parrish, D. D., Allen, D. T., Bates, T. S., Estes, M., Fehsenfeld,
F. C., Feingold, G., Ferrare, R., Hardesty, R. M., Meagher, J. F.,
Nielsen-Gammon, J. W., Pierce, R. B., Ryerson, T. B., Seinfeld,
J. H., and Williams, E. J.: Overview of the Second Texas Air
Quality Study (TexAQS II) and the Gulf of Mexico Atmospheric
Composition and Climate Study (GoMACCS), J. Geophys. Res.,
114, D00F13, https://doi.org/10.1029/2009JD011842, 2009.
Petters, M. D. and Kreidenweis, S. M.: A single parameter
representation of hygroscopic growth and cloud condensation nucleus activity, Atmos. Chem. Phys., 7, 1961–1971,
https://doi.org/10.5194/acp-7-1961-2007, 2007.
Pham, M., Müller, J.-F., Brasseur, G. P., Granier, C., and
Mégie, G.: A three-dimensional study of the tropospheric sulfur cycle, J. Geophys. Res., 100, 26061–26092,
https://doi.org/10.1029/95JD02095, 1995.
Prospero, J., Uematsu, M., and Savoie, D.: Mineral aerosol transport
to the Pacific Ocean, pp. 187–218, Academic Press, New York,
1989.
Raddatz, T. J., Reick, C. H., Knorr, W., Kattge, J., Roeckner, E.,
Schnur, R., Schnitzler, K.-G., Wetzel, P., and Jungclaus, J.: Will

www.geosci-model-dev.net/11/3833/2018/

3861
the tropical land biosphere dominate the climate–carbon cycle
feedback during the twenty-first century?, Clim. Dynam., 29,
565–574, https://doi.org/10.1007/s00382-007-0247-8, 2007.
Read, W. G., Froidevaux, L., and Waters, J. W.: Microwave
limb sounder measurement of stratospheric SO2 from the
Mt. Pinatubo Volcano, Geophys. Res. Lett., 20, 1299–1302,
https://doi.org/10.1029/93GL00831, 1993.
Redelsperger, J.-L., Thorncroft, C. D., Diedhiou, A., Lebel,
T., Parker, D. J., and Polcher, J.: African Monsoon Multidisciplinary Analysis: An International Research Project and
Field Campaign, B. Am. Meteorol. Soc., 87, 1739–1746,
https://doi.org/10.1175/BAMS-87-12-1739, 2006.
Robinson, N. H., Hamilton, J. F., Allan, J. D., Langford, B.,
Oram, D. E., Chen, Q., Docherty, K., Farmer, D. K., Jimenez,
J. L., Ward, M. W., Hewitt, C. N., Barley, M. H., Jenkin, M.
E., Rickard, A. R., Martin, S. T., McFiggans, G., and Coe,
H.: Evidence for a significant proportion of Secondary Organic
Aerosol from isoprene above a maritime tropical forest, Atmos. Chem. Phys., 11, 1039–1050, https://doi.org/10.5194/acp11-1039-2011, 2011.
Roeckner, E., Bäuml, G., Bonaventura, L., Brokopf, R., Esch,
M., Giorgetta, M., Hagemann, S., Kirchner, I., Kornblueh,
L., Manzini, E., Rhodin, A., Schlese, U., Schulzweida, U.,
and Tompkins, A.: The atmospheric general circulation model
ECHAM5 – Part I: Model description, MPI-Report, 349, 127 pp.,
2003.
Sayer, A. M., Munchak, L. A., Hsu, N. C., Levy, R. C.,
Bettenhausen, C., and Jeong, M.-J.: MODIS Collection
6 aerosol products: Comparison between Aqua’s e-Deep
Blue, Dark Target, and “merged” data sets, and usage
recommendations, J. Geophys. Res., 119, 13965–13989,
https://doi.org/10.1002/2014JD022453, 2014.
Schultz, M. G., Stadtler, S., Schröder, S., Taraborrelli, D., Franco,
B., Krefting, J., Henrot, A., Ferrachat, S., Lohmann, U.,
Neubauer, D., Siegenthaler-Le Drian, C., Wahl, S., Kokkola, H.,
Kühn, T., Rast, S., Schmidt, H., Stier, P., Kinnison, D., Tyndall,
G. S., Orlando, J. J., and Wespes, C.: The chemistry–climate
model ECHAM6.3-HAM2.3-MOZ1.0, Geosci. Model Dev., 11,
1695–1723, https://doi.org/10.5194/gmd-11-1695-2018, 2018.
Schutgens, N. A. J. and Stier, P.: A pathway analysis of global
aerosol processes, Atmos. Chem. Phys., 14, 11657–11686,
https://doi.org/10.5194/acp-14-11657-2014, 2014.
Schutgens, N. A. J., Gryspeerdt, E., Weigum, N., Tsyro, S., Goto,
D., Schulz, M., and Stier, P.: Will a perfect model agree with
perfect observations? The impact of spatial sampling, Atmos.
Chem. Phys., 16, 6335–6353, https://doi.org/10.5194/acp-166335-2016, 2016.
Sihto, S.-L., Kulmala, M., Kerminen, V.-M., Dal Maso, M., Petäjä,
T., Riipinen, I., Korhonen, H., Arnold, F., Janson, R., Boy, M.,
Laaksonen, A., and Lehtinen, K. E. J.: Atmospheric sulphuric
acid and aerosol formation: implications from atmospheric measurements for nucleation and early growth mechanisms, Atmos.
Chem. Phys., 6, 4079–4091, https://doi.org/10.5194/acp-6-40792006, 2006.
Simmons, A. J., Burridge, D. M., Jarraud, M., Girard, C., and
Wergen, W.: The ECMWF medium-range prediction models
development of the numerical formulations and the impact
of increased resolution, Meteorol. Atmos. Phys., 40, 28–60,
https://doi.org/10.1007/BF01027467, 1989.

Geosci. Model Dev., 11, 3833–3863, 2018

3862
Spada, M., Jorba, O., García-Pando, C. P., Janjic, Z., and Baldasano, J.: On the evaluation of global sea-salt aerosol models at coastal/orographic sites, Atmos. Environ., 101, 41–48,
https://doi.org/10.1016/j.atmosenv.2014.11.019, 2015.
Stevens, B., Feingold, G., Cotton, W. R., and Walko, R. L.:
Elements of the Microphysical Structure of Numerically Simulated Nonprecipitating Stratocumulus, J. Atmos. Sci., 53, 980–1006, https://doi.org/10.1175/15200469(1996)053<0980:EOTMSO>2.0.CO;2, 1996.
Stevens, B., Giorgetta, M., Esch, M., Mauritsen, T., Crueger, T.,
Rast, S., Salzmann, M., Schmidt, H., Bader, J., Block, K.,
Brokopf, R., Fast, I., Kinne, S., Kornblueh, L., Lohmann, U., Pincus, R., Reichler, T., and Roeckner, E.: Atmospheric component
of the MPI-M Earth System Model: ECHAM6, J. Adv. Model.
Earth Syst., 5, 146–172, https://doi.org/10.1002/jame.20015,
2013.
Stier, P., Feichter, J., Kinne, S., Kloster, S., Vignati, E., Wilson, J.,
Ganzeveld, L., Tegen, I., Werner, M., Balkanski, Y., Schulz, M.,
Boucher, O., Minikin, A., and Petzold, A.: The aerosol-climate
model ECHAM5-HAM, Atmos. Chem. Phys., 5, 1125–1156,
https://doi.org/10.5194/acp-5-1125-2005, 2005.
Stokes, R. H. and Robinson, R. A.: Interactions in aqueous nonelectrolyte solutions, I. Solute-solvent equilibria, J. Phys. Chem., 70,
2126–2130, 1966.
Sullivan, A. P., Peltier, R. E., Brock, C. A., de Gouw, J. A.,
Holloway, J. S., Warneke, C., Wollny, A. G., and Weber, R. J.: Airborne measurements of carbonaceous aerosol
soluble in water over northeastern United States: Method
development and an investigation into water-soluble organic carbon sources, J. Geophys. Res., 111, D23S46,
https://doi.org/10.1029/2006JD007072, 2006.
Taylor, K. E., Stouffer, R. J., and Meehl, G. A.: An Overview of
CMIP5 and the Experiment Design, B. Am. Meteorol. Soc., 93,
485–498, https://doi.org/10.1175/BAMS-D-11-00094.1, 2012.
Tegen, I., Lohmann, U., David, N., Siegenthaler-Le Drian, C.,
Bey, I., Stanelle, T., Stier, P., Schutgens, N., Watson-Parris, D.,
Schmidt, H., Rast, S., Kokkola, H., Schultz, M., Barthel, S., and
Heinold, B.: The aerosol-climate model ECHAM6.3-HAM2.3:
Aerosol evaluation, Geosci. Model Dev., in preparation, 2018.
Textor, C., Schulz, M., Guibert, S., Kinne, S., Balkanski, Y., Bauer,
S., Berntsen, T., Berglen, T., Boucher, O., Chin, M., Dentener, F.,
Diehl, T., Easter, R., Feichter, H., Fillmore, D., Ghan, S., Ginoux,
P., Gong, S., Grini, A., Hendricks, J., Horowitz, L., Huang, P.,
Isaksen, I., Iversen, I., Kloster, S., Koch, D., Kirkevåg, A., Kristjansson, J. E., Krol, M., Lauer, A., Lamarque, J. F., Liu, X., Montanaro, V., Myhre, G., Penner, J., Pitari, G., Reddy, S., Seland, Ø.,
Stier, P., Takemura, T., and Tie, X.: Analysis and quantification
of the diversities of aerosol life cycles within AeroCom, Atmos.
Chem. Phys., 6, 1777–1813, https://doi.org/10.5194/acp-6-17772006, 2006.
Thomas, M. A., Kahnert, M., Andersson, C., Kokkola, H., Hansson, U., Jones, C., Langner, J., and Devasthale, A.: Integration
of prognostic aerosol–cloud interactions in a chemistry transport model coupled offline to a regional climate model, Geosci.
Model Dev., 8, 1885–1898, https://doi.org/10.5194/gmd-8-18852015, 2015.
Timmreck, C., Mann, G. W., Aquila, V., Hommel, R., Lee, L.
A., Schmidt, A., Brühl, C., Carn, S., Chin, M., Dhomse, S. S.,
Diehl, T., English, J. M., Mills, M. J., Neely, R., Sheng, J.,

Geosci. Model Dev., 11, 3833–3863, 2018

H. Kokkola et al.: Sectional aerosol module SALSA2.0.
Toohey, M., and Weisenstein, D.: The Interactive Stratospheric
Aerosol Model Intercomparison Project (ISA-MIP): motivation
and experimental design, Geosci. Model Dev., 11, 2581–2608,
https://doi.org/10.5194/gmd-11-2581-2018, 2018.
Tonttila, J., Maalick, Z., Raatikainen, T., Kokkola, H., Kühn,
T., and Romakkaniemi, S.: UCLALES–SALSA v1.0: a large–
eddy model with interactive sectional microphysics for aerosol,
clouds and precipitation, Geosci. Model Dev., 10, 169–188,
https://doi.org/10.5194/gmd-10-169-2017, 2017.
Toon, O. B., Starr, D. O., Jensen, E. J., Newman, P. A., Platnick, S.,
Schoeberl, M. R., Wennberg, P. O., Wofsy, S. C., Kurylo, M. J.,
Maring, H., Jucks, K. W., Craig, M. S., Vasques, M. F., Pfister,
L., Rosenlof, K. H., Selkirk, H. B., Colarco, P. R., Kawa, S. R.,
Mace, G. G., Minnis, P., and Pickering, K. E.: Planning, implementation, and first results of the Tropical Composition, Cloud
and Climate Coupling Experiment (TC4), J. Geophys. Res., 115,
D00J04, https://doi.org/10.1029/2009JD013073, 2010.
Tsigaridis, K., Daskalakis, N., Kanakidou, M., Adams, P. J., Artaxo, P., Bahadur, R., Balkanski, Y., Bauer, S. E., Bellouin, N.,
Benedetti, A., Bergman, T., Berntsen, T. K., Beukes, J. P., Bian,
H., Carslaw, K. S., Chin, M., Curci, G., Diehl, T., Easter, R.
C., Ghan, S. J., Gong, S. L., Hodzic, A., Hoyle, C. R., Iversen,
T., Jathar, S., Jimenez, J. L., Kaiser, J. W., Kirkevåg, A., Koch,
D., Kokkola, H., Lee, Y. H., Lin, G., Liu, X., Luo, G., Ma, X.,
Mann, G. W., Mihalopoulos, N., Morcrette, J.-J., Müller, J.-F.,
Myhre, G., Myriokefalitakis, S., Ng, N. L., O’Donnell, D., Penner, J. E., Pozzoli, L., Pringle, K. J., Russell, L. M., Schulz, M.,
Sciare, J., Seland, Ø., Shindell, D. T., Sillman, S., Skeie, R. B.,
Spracklen, D., Stavrakou, T., Steenrod, S. D., Takemura, T., Tiitta, P., Tilmes, S., Tost, H., van Noije, T., van Zyl, P. G., von
Salzen, K., Yu, F., Wang, Z., Wang, Z., Zaveri, R. A., Zhang, H.,
Zhang, K., Zhang, Q., and Zhang, X.: The AeroCom evaluation
and intercomparison of organic aerosol in global models, Atmos.
Chem. Phys., 14, 10845–10895, https://doi.org/10.5194/acp-1410845-2014, 2014.
Turco, R. P. and Yu, F.: Particle size distributions in an
expanding plume undergoing simultaneous coagulation
and condensation, J. Geophys. Res., 104, 19227–19241,
https://doi.org/10.1029/1999JD900321, 999.
van Vuuren, D. P., Edmonds, J., Kainuma, M., Riahi, K., Thomson,
A., Hibbard, K., Hurtt, G. C., Kram, T., Krey, V., Lamarque, J.F., Masui, T., Meinshausen, M., Nakicenovic, N., Smith, S. J.,
and Rose, S. K.: The representative concentration pathways: an
overview, Clim. Change, 109, 5, https://doi.org/10.1007/s10584011-0148-z, 2011.
Vignati, E., Wilson, J., and Stier, P.: M7: An efficient
size-resolved aerosol microphysics module for large-scale
aerosol transport models, J. Geophys. Res., 109, D22202,
https://doi.org/10.1029/2003JD004485, 2004.
von Salzen, K.: Piecewise log-normal approximation of size distributions for aerosol modelling, Atmos. Chem. Phys., 6, 1351–
1372, https://doi.org/10.5194/acp-6-1351-2006, 2006.
Watson-Parris, D., Schutgens, N., Cook, N., Kipling, Z., Kershaw,
P., Gryspeerdt, E., Lawrence, B., and Stier, P.: Community Intercomparison Suite (CIS) v1.4.0: a tool for intercomparing
models and observations, Geosci. Model Dev., 9, 3093–3110,
https://doi.org/10.5194/gmd-9-3093-2016, 2016.
Weigum, N., Schutgens, N., and Stier, P.: Effect of aerosol subgrid
variability on aerosol optical depth and cloud condensation nu-

www.geosci-model-dev.net/11/3833/2018/

H. Kokkola et al.: Sectional aerosol module SALSA2.0.
clei: implications for global aerosol modelling, Atmos. Chem.
Phys., 16, 13619–13639, https://doi.org/10.5194/acp-16-136192016, 2016.
Weisenstein, D. K., Penner, J. E., Herzog, M., and Liu, X.: Global 2D intercomparison of sectional and modal aerosol modules, Atmos. Chem. Phys., 7, 2339–2355, https://doi.org/10.5194/acp-72339-2007, 2007.
Wood, R., Mechoso, C. R., Bretherton, C. S., Weller, R. A., Huebert,
B., Straneo, F., Albrecht, B. A., Coe, H., Allen, G., Vaughan, G.,
Daum, P., Fairall, C., Chand, D., Gallardo Klenner, L., Garreaud,
R., Grados, C., Covert, D. S., Bates, T. S., Krejci, R., Russell,
L. M., de Szoeke, S., Brewer, A., Yuter, S. E., Springston, S.
R., Chaigneau, A., Toniazzo, T., Minnis, P., Palikonda, R., Abel,
S. J., Brown, W. O. J., Williams, S., Fochesatto, J., Brioude,
J., and Bower, K. N.: The VAMOS Ocean-Cloud-AtmosphereLand Study Regional Experiment (VOCALS-REx): goals, platforms, and field operations, Atmos. Chem. Phys., 11, 627–654,
https://doi.org/10.5194/acp-11-627-2011, 2011.
Xausa, F., Paasonen, P., Makkonen, R., Arshinov, M., Ding, A.,
Denier Van Der Gon, H., Kerminen, V.-M., and Kulmala, M.:
Advancing global aerosol simulations with size-segregated anthropogenic particle number emissions, Atmos. Chem. Phys.,
18, 10039–10054, https://doi.org/10.5194/acp-18-10039-2018,
2018.

www.geosci-model-dev.net/11/3833/2018/

3863
Young, K. C.: A Numerical Simulation of Wintertime,
Orographic Precipitation: Part I. Description of Model
Microphysics and Numerical Techniques., J. Atmos.
Sci.,
31,
1735–1748,
https://doi.org/10.1175/15200469(1974)031<1735:ANSOWO>2.0.CO;2, 1974.
Yu, F. and Luo, G.: Simulation of particle size distribution with
a global aerosol model: contribution of nucleation to aerosol
and CCN number concentrations, Atmos. Chem. Phys., 9, 7691–
7710, https://doi.org/10.5194/acp-9-7691-2009, 2009.
Zaveri, R. A., Easter, R. C., Fast, J. D., and Peters,
L. K.: Model for Simulating Aerosol Interactions and
Chemistry (MOSAIC), J. Geophys. Res., 113, D13204,
https://doi.org/10.1029/2007JD008782, 2008.
Zhang, K., O’Donnell, D., Kazil, J., Stier, P., Kinne, S.,
Lohmann, U., Ferrachat, S., Croft, B., Quaas, J., Wan, H.,
Rast, S., and Feichter, J.: The global aerosol-climate model
ECHAM-HAM, version 2: sensitivity to improvements in process representations, Atmos. Chem. Phys., 12, 8911–8949,
https://doi.org/10.5194/acp-12-8911-2012, 2012.
Zhang, Y., Seigneur, C., Seinfeld, J. H., Jacobson, M. Z.,
and Binkowski, F. S.: Simulation of Aerosol Dynamics: A Comparative Review of Algorithms Used in
Air Quality Models, Aerosol Sci. Tech., 31, 487–514,
https://doi.org/10.1080/027868299304039, 1999.

Geosci. Model Dev., 11, 3833–3863, 2018

