
Chapter 2
GLOMAP-Mode Overview

2.1 Introduction

The GLObal Model of Aerosol Processes (GLOMAP) is a comprehensive
size-resolving global aerosol model which is embedded in the Toulouse Offline
Model of Chemistry and Transport (TOMCAT, Stockwell and Chipperfield 1999;
Chipperfield 2006). GLOMAP was initially developed using a two-moment (i.e.
carrying information on particle number concentration and on particle mass concen-
tration) bin scheme (GLOMAP-bin; Spracklen et al. 2005a,b). GLOMAP-bin has
been used in numerous studies (e.g., Spracklen et al. 2008a,b; Merikanto et al. 2009;
Pringle et al. 2009), and shown to perform well when compared to observational data
sets of, for example, particle number concentrations and SO2 mass concentrations
(e.g. Spracklen et al. 2005a).

Mann et al. (2010) presented a full description and evaluation of a version of
GLOMAP that uses a two-moment modal scheme (GLOMAP-mode). GLOMAP-
mode treats the same aerosol microphysical processes as GLOMAP-bin but at greatly
reduced computational cost. Throughout this thesis GLOMAP-mode has been used.
GLOMAP-mode treats microphysical processes such as binary homogeneous nucle-
ation, hygroscopic growth, coagulation, condensation, cloud processing (oxidation
of dissolved SO2 to SO4 in cloud droplets), as well as dry and wet deposition.

GLOMAP-mode is benchmarked against the AEROCOM model inter-comparison
data set (Textor et al. 2006) and several other observational data sets such as for
example EMEP (European Monitoring and Evaluation Programme, Loevblad et al.
2004) or IMPROVE (Interagency Monitoring of Protected Visual Environments,
Malm et al. 2002). Mann et al. (2010) have shown that the model is capable of
simulating realistic present-day aerosol mass concentrations, number concentrations,
particle size distributions, and CCN concentrations in both marine and continental
locations.

GLOMAP-mode has been used in several previous studies. Manktelow et al. (2007)
have investigated regional and global changes in the sulphur cycle between the years
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1985 and 2000. Woodhouse et al. (2008) have investigated the response of CCN
number concentrations to a regional, fivefold increase in DMS concentrations, and
found only modest changes in CCN number concentrations. In a follow-up study,
Woodhouse et al. (2010) have shown that, on a global scale, the sensitivity of CCN
to changes in DMS is too low for future changes in DMS to be climatically relevant.

2.2 TOMCAT Chemical Transport Model

GLOMAP-mode is run as an extension to the TOMCAT global three-dimensional
CTM (Stockwell and Chipperfield 1999; Chipperfield 2006) using a horizontal res-
olution of 2.8◦ × 2.8 ◦ and 31 hybrid σ -p levels extending from the surface to
10 hPa in the vertical. Below about 100 hPa, the vertical σ levels are purely terrain-
following whereas above ∼100 hPa they are pure pressure levels. The model is driven
by meteorological fields specified from European Centre for Medium-Range Weather
Forecasts (ECMWF) analyses at 6-h intervals. TOMCAT uses the tracer advection
scheme of Prather (1986) which preserves sharp gradients and minimises numerical
diffusion due to the conservation of second-order moments of the spatial distribu-
tion of the advected tracers. In order to calculate sub-grid scale moist convection in
cumulus clouds, TOMCAT uses the mass flux scheme of Tiedtke (1989).

2.3 Gas-Phase Species and Chemistry

Trace Gas Emissions
Depending on the aim of the study, different combinations of emission inventories
have been used throughout this thesis. Each results chapter includes a statement as
to what emissions have been used.

Oceanic DMS emissions have been calculated from monthly mean seawater DMS
concentrations from Kettle and Andreae (2000) using the sea-air flux parameteri-
sation of Nightingale et al. (2000). According to Kettle and Andreae (2000), DMS
fluxes range from 13 to 37 Tg (S) per year depending on the gas flux parameterisa-
tions and wind speed prognostics. GLOMAP-mode predicts an annual mean DMS
flux of 18.6 Tg(S) (Woodhouse et al. 2010).

In GLOMAP-mode, SO2 is emitted from anthropogenic, biomass burning and vol-
canic sources. Anthropogenic SO2 emissions are from Cofala et al. (2005) and
account for 52.4 Tg (S) per year (with 24.1 Tg(S) per year from power stations,
19.6 Tg (S) per year from industrial processes, 5.7 Tg (S) per year from transportation,
and 4.6 Tg (S) per year from domestic consumption). Anthropogenic SO2 emissions
used in this thesis are assumed to be constant throughout the year. Monthly varying
SO2 emission from biomass burning sources are from Van der Werf et al. (2003) and
account for 2.1 Tg (S) per year. Depending on the vegetation type that is burning, the
injection height ranges from 0 to 6 km which follows recommendations by Dentener
et al. (2006).
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The volcanic SO2 emission inventory used in GLOMAP-mode is based on data sets
by Andres and Kasgnoc (1998) and Halmer et al. (2002). The data set provided
by Andres and Kasgnoc (1998) takes into account both continuously erupting vol-
canoes and sporadically erupting volcanoes and accounts for 10.4 Tg (S) per year.
Following recommendations of Dentener et al. (2006) sulphur emissions from con-
tinuously erupting volcanoes are released into grid boxes between the height of the
volcano and one third below that height in order to account for degassing along
the flanks of the volcano. It should be noted, that the Andres and Kasgnoc (1998)
data set (also referred to as the GEIA inventory, which includes information on the
spatial distribution of the sources required for global modelling studies) is scaled
by a factor 1.21 (Dentener et al. 2006, following recommendations of Graf et al.
(1998) and Textor et al. (2004))1 when referred to as AEROCOM data set with the
latter being used throughout this thesis. Halmer et al. (2002) estimated that explosive
volcanic activity averaged over the last 100 years accounts for 2.0 Tg (S) per year. In
GLOMAP-mode sulphur emissions from explosively erupting volcanoes are released
into grid boxes between 500 and 1500 m above the height of each volcano that has
been active over the last 100 years. In order to account for gas-to-particle conversion
in the volcanic plume, 2.5 % of the total sulphur flux is assumed to be emitted as pri-
mary sulphate into the accumulation and coarse mode (see also Sect. 2.5). Note that,
this partitioning follows Stier et al. (2005) based on observations of anthropogenic
sulphur emissions from power plants. In GLOMAP-mode, the total volcanic sul-
phur flux (i.e. using the inventories of Andres and Kasgnoc (1998) and Halmer et al.
(2002)) equates to 14.22 Tg(S) per year; that is after partitioning into SO2 and pri-
mary SO4. For the purpose of the study presented in Chap. 3 the Halmer et al. (2002)
inventory was excluded whereas all remaining chapters used both the Andres and
Kasgnoc (1998) and Halmer et al. (2002) inventories.

Monthly mean emission of monoterpenes are from Guenther et al. (1995) which is
the only source of secondary organic carbon treated in this work.

Gas Phase Chemistry
The sulphur chemistry scheme in GLOMAP-mode includes eight sulphur species:
DMS, DMSO (dimethyl sulphoxide), MSA (methane sulphonic acid), SO2, H2S,
H2SO4, COS (carbonyl sulphide), and CS2 (carbon disulphide). The original sul-
phur reaction scheme was based on Pham et al. (1995) and used “offline oxidant
fields” (i.e. by means of a look-up table) (e.g., Manktelow et al. 2007; Woodhouse
et al. 2010). This “offline-scheme” has been updated as part of a PhD project in
order to fully couple the oxidants and sulphur species (i.e. allowing for interactions
between the sulphur species and oxidants) which is referred to as “coupled-chemistry
scheme” (Breider et al. 2010; Breider 2010). Using a fully coupled chemistry
scheme is crucial when simulating volcanic eruptions as high concentrations of
SO2 significantly impact oxidant concentrations which in turn feeds back onto the
chemistry. For the work presented in this thesis the coupled chemistry version of
GLOMAP-mode has been used which is coupled to the full background chemistry

1 Dentener et al. (2006) wrongly stated that the GEIA data set is scaled using a factor 1.5.
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Table 2.1 Sulphur reaction scheme in the coupled TOMCAT-GLOMAP-mode model

Reactants Products Reference

DMS + OH → SO2 + CH3O2 + HCHO Atkinson (2000)
DMS + OH → 0.6 SO2 + 0.4 DMSO + 0.6 CH3O2 + 0.4 HO2 Pham et al. (1995)
DMSO + OH → 0.6 SO2 + 0.4 MSA + 0.6 CH3O2 Pham et al. (1995)
DMS + NO3 → SO2 + HNO3 + CH3O2 + HCHO Atkinson (2000)
H2S + OH → SO2 +OH Pham et al. (1995)
CS2 + OH → SO2 + COS +OH Pham et al. (1995)
COS + OH → SO2 + OH Pham et al. (1995)
SO2 + OH + M → H2SO4 + HO2 + M Pham et al. (1995)

(Ox−NOy−HOx, C1−C3 NMHCs (non-methane hydrocarbons), isoprene) in TOM-
CAT (Breider et al. 2010). The sulphur reaction scheme is presented in Table 2.1.

Aqueous Chemistry
Aqueous phase oxidation denotes the processes by which soluble gases such as SO2
condense onto cloud droplets and subsequently become oxidised through the reaction
with H2O2 or O3 (see also Reactions 1.5 and 1.6 in Chap. 1). GLOMAP-mode treats
aqueous phase oxidation (on aerosol that are considered to be activated into drops) in
grid boxes that contain ISCCP-derived low-level stratiform clouds (see Sect. 2.6 for
details). The dissolved sulphate mass produced by aqueous phase oxidation is then
added to the soluble accumulation and coarse modes according to their fractional
contribution (in terms of number) with respect to the total number concentration
within these two modes (Mann et al. 2010).

Sulphuric Acid Vapour
Sulphuric acid vapour concentrations are crucial in determining the binary nucleation
rate, and thus the rate of new particle formation. GLOMAP-mode accounts for the
direct competition of nucleation and condensation (see Sect. 2.6) for the available
H2SO4 vapour by introducing short competition sub-steps calling these routines
within the normal model time-step (see Sect. 2.6 and Fig. 2.2, Spracklen et al. 2005a;
Mann et al. 2010).

2.4 Aerosol Size Distribution

GLOMAP-mode uses a modal aerosol dynamics approach (e.g., Whitby and McMurry
1997) by parameterising the shape of the aerosol size distribution as a series of log-
normal modes. GLOMAP-mode uses a two-moment aerosol scheme with the particle
number concentration and mass concentration of each component prognosed in each
mode (the width of each mode is fixed). The scheme can be run with any number
of modes and components but generally (in its standard configuration) follows the
framework of the M7 model (Vignati et al. 2004; Stier et al. 2005) carrying sul-
phate (SU), sea-salt (SS), black carbon (BC), organic carbon (OC) and dust (DU)

http://dx.doi.org/10.1007/978-3-642-34839-6_1
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Table 2.2 Standard aerosol configuration for GLOMAP-mode with dp = particle dry diameter;
SU = sulphate; POM=particulate organic matter (i.e. POM = OC mass multiplied by 1.4 in
order to account for molar mass of non-carbon atoms contributing to POM); BC=black carbon;
SS= sea-salt; DU=mineral dust, and sigma referring to the geometric standard deviation of each
of the respective modes

Mode Size range Sigma Composition Soluble?

Nucleation soluble dp <10 nm 1.59 SU, POM Yes
Aitken soluble 10<dp <100 nm 1.59 SU, BC, POM Yes
Accumulation soluble 100<dp <1µm 1.59 SU, BC, POM, SS, DU Yes
Coarse soluble dp >1µm 2.0 SU, BC, POM, SS, DU Yes
Aitken insoluble 10<dp <100 nm 1.59 BC, POM No
Accumulation insoluble 100<dp <1µm 1.59 DU No
Coarse insoluble dp >1µm 2.0 DU No

Table modified after Mann et al. (2010)

in 4 soluble and 3 insoluble internally mixed modes. Table 2.2 lists properties and
composition of each mode. For the work presented here, the component and mode
setup used is stated in the methods section of each results chapter.

2.5 Primary Aerosol Emissions

Following recommendations of Dentener et al. (2006) a small fraction (2.5 %) of the
total SO2 flux is emitted as primary sulphate in order to account for sub-grid scale
nucleation processes. The formation of new sulphate particles is known to occur in
both volcanic and industrial plumes (Allen et al. 2002; Brock et al. 2002). In the
model, primary sulphate originating from anthropogenic sources is emitted (in equal
proportions) at two mean mode radii of 0.075 and 0.75µm following Stier et al.
(2005). Primary sulphate originating from volcanic and biomass burning sources is
emitted at mean mode radii of 0.03 and 0.075µm following Stier et al. (2005).

Wind speed dependent sea-salt emissions in GLOMAP-mode are calculated using
the parameterisation of Gong (2003) which produces a size-resolved sea-salt flux
into the soluble accumulation and soluble coarse modes. The version of GLOMAP-
mode used here does not account for sub-micron sea-salt fluxes; however this is not
regarded as a limitation given the aim of this study.

Annual mean BC and OC emissions from fossil fuel and biofuel sources are from
Bond et al. (2004), and monthly-varying BC and OC emissions from vegetation fires
are from Van der Werf et al. (2003). Fossil fuel and biofuel emissions are injected into
grid boxes below 100 m and emissions from wildfires are injected into grid boxes
between the surface and 6 km (depending on the vegetation type that is burning)
following Dentener et al. (2006).
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In Chap. 6 daily varying mineral dust emissions for the year 2000 are included
following Dentener et al. (2006). Mineral dust is emitted into the insoluble accu-
mulation and insoluble coarse modes.

2.6 Aerosol Microphysical Processes

Figure 2.1 depicts the aerosol microphysical processes that shape the aerosol size
distribution and influence the lifetime and chemical composition of the aerosol. The
following section provides a brief overview of the microphysical processes accounted
for in GLOMAP-mode. An in-depth description of the mathematical and numerical
representation of the aerosol processes in GLOMAP-mode has been provided by
Mann et al. (2010).

Numerical Treatment
Figure 2.2 shows a flow chart of the order in which GLOMAP-mode treats advective,
chemical and microphysical processes which follows the approach by Spracklen et al.
(2005a). The differential equations determining particle number and mass concentra-
tions are calculated by means of operator splitting. The version of GLOMAP-mode
used here uses an advection time step of 1800 s, which is split into two chemical time
steps (NCTS) during which chemistry and emissions are solved. Following that, a
further split into two microphysical time steps (NMTS) solving the microphysics is
utilised. In order to account for the competition between nucleation and condensation
for available H2SO4 vapour, a further split of NMTS into five timesteps (NNTS) is
utilised.

Fig. 2.1 The aerosol microphysical processes that shape the aerosol size distribution and influence
the lifetime and chemical composition of atmospheric aerosol. Figure from Raes et al. (2000)

http://dx.doi.org/10.1007/978-3-642-34839-6_6
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Fig. 2.2 Flow chart of the order in which GLOMAP-mode treats advective, chemical and micro-
physical processes with NCTS = chemical time step, NMTS = microphysical time step, and NNTS
= nucleation / condensation time step. Figure from Spracklen et al. (2005a)

Nucleation
GLOMAP-mode simulates new particle formation in the free troposphere by using
the binary H2SO4–H2O nucleation scheme from Kulmala et al. (1998) with tempera-
ture, humidity and H2SO4 concentration being non-linearly related to the nucleation
rate (and thus the change in nucleation mode number concentration). Favourable con-
ditions for binary nucleation are a low temperature, a low particle surface area and a
high relative humidity, thus the upper troposphere provides an ideal environment for
new particle formation to take place (Spracklen et al. 2005a,b). Overall, the precise
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mechanism inducing the formation of new particles remains poorly understood, and
other mechanisms such as ternary (H2SO4–NH3–H2O) nucleation (e.g., Korhonen
et al. 1999), and boundary layer nucleation (e.g., Kulmala et al. 2004) have been
suggested.

Coagulation
Once new particles are formed, they are subject to coagulation and condensation
which are important processes for the growth of newly formed sub-micron particles.
GLOMAP-mode accounts for both intra-modal coagulation (i.e. collision of parti-
cles within the same mode) and inter-modal coagulation (i.e. collision of particles
in different modes) using a simplified mass conserving scheme following Seinfeld
and Pandis (1998) as described in Spracklen et al. (2005a) and Mann et al. (2010).
Coagulation is an important growth mechanism for freshly nucleated particles as
these small and often numerous particles move rapidly by Brownian motion leading
to a high particle collision rate.

Condensation
Condensational growth of H2SO4 vapour (and secondary organics) onto existing
aerosol follows Fuchs and Sutugin (1971) with condensation rates depending on
the existing particle surface areas, the concentration of H2SO4 vapour and a mode-
specific condensation coefficient. Sulphuric acid is a low volatility species, thus
condenses easily onto existing aerosol.

Mode-Merging
In order to avoid growth of particles to sizes outside the specified mode-ranges (see
Table 2.2) the geometric mean diameter is used for each mode, and particle number
and mass are transferred between the modes if the upper limit of the geometric mean
diameter is exceeded.

Removal Processes
Aerosol can be removed from the atmosphere by either dry deposition or wet depo-
sition. In GLOMAP-mode, the parameterisation of dry deposition of aerosol follows
the scheme of Zhang et al. (2001) accounting for gravitational settling, Brownian
diffusion, impaction interception and particle rebound. In the model, the dry depo-
sition rate depends on the size of particles, the land use category (e.g. forest, ocean)
and the surface wind speed. Generally, the dry removal process is least efficient for
particles with diameters of 1µm and increases in efficiency for particles larger than
5µm (as these gravitationally settle to the surface) and particles smaller than 0.05µm
(as these diffuse to the surface). Overall, dry deposition leads to the formation of the
accumulation mode of an aerosol size distribution.

GLOMAP-mode treats nucleation scavenging (i.e. formation of a droplet around
an aerosol nucleus) of in-cloud activated aerosol in grid boxes that are, according
to ECMWF reanalyses, precipitating. In GLOMAP-mode large-scale rain removes
99.9 % of the aerosol number in the soluble accumulation and coarse modes at a
constant removal rate over the course of 6 h. In contrast, convective rain is a sub-grid
event for which the cloud-to-rainwater conversion rate is given by Tiedtke (1989)
and removal of aerosol is assumed to occur in 30 % of the grid box.
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GLOMAP-mode accounts for removal of aerosol via impaction scavenging (i.e.
below-cloud scavenging or collection of aerosol particles by falling raindrops) using
a size-dependent raindrop-aerosol collection efficiency look-up table which is calcu-
lated from the aerosol mean dry radius and an estimate of the rainfall size distribution
(Sekhon and Srivastava 1971). In the model, impact scavenging is calculated for both
dynamic and convective rain.

Cloud Processing
Here, the term “cloud processing” denotes the growth of already existing aerosol
particles (as water droplets in non-precipitating clouds) by uptake and aqueous phase
oxidation of SO2. Cloud processing creates, after the evaporation of the drop, a
minimum in the particle size distribution (referred to as Hoppel gap, e.g., Hoppel et al.
1994) which defines the Aitken and the accumulation modes. Cloud processing of
aerosol in GLOMAP-mode follows Spracklen et al. (2005a) using a globally uniform
activation dry radius that defines the smallest particles that are activated to cloud
droplets. Throughout this thesis, an activation dry radius of 37.5 nm (corresponding to
a cloud supersaturation of 0.2 % for sulphuric acid, which is typical for stratocumulus
clouds) is assumed.

2.6.1 Aerosol Activation

Only a subset of the entire aerosol population acts as CCN. Throughout this thesis,
CCN were counted as soluble particles with a dry radius larger than 35 nm, which is
equivalent to the particles that would activate into cloud droplets at 0.22 % supersat-
uration (i.e. when considering H2SO4). Several microphysical processes lead to an
increase in CCN concentrations:

(a) nucleation of H2SO4 vapour to SO4 aerosol and its subsequent growth to CCN
sizes by coagulation and condensation;

(b) growth to CCN sizes by condensation of H2SO4 onto existing particles; and
(c) cloud processing of Aitken mode-sized particles.

Once CCN are present in the atmosphere, water vapour can condense onto these
particles and grow these particles to cloud drop size which is a hundred times larger
when compared to the initial CCN-particle size. In this thesis, cloud drop number
concentrations (CDNC) were calculated using a physically-based aerosol activation
scheme, which is identical to Nenes and Seinfeld (2003) and evaluated for GLOMAP
in Pringle et al. (2009). The Nenes and Seinfeld (2003) scheme predicts CDNC by
means of calculating the maximum supersaturation for a given updraught velocity and
aerosol distribution. Once the maximum supersaturation is obtained, the number of
activated cloud drops is equal to the number of particles with a critical supersaturation
less than the maximum supersaturation with the respective activation diameter being
calculated using Köhler theory. The scheme has been shown to compare well with
parcel model simulations (Nenes and Seinfeld 2003; Fountoukis and Nenes 2005)
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and empirical schemes (Pringle et al. 2009). CDNC were calculated as a post-
processing step using GLOMAP-mode output, thus there is no feedback with aerosol
microphysical processes. CDNC were calculated in every grid box regardless of the
presence of clouds, however when assessing the cloud-radiative effect a cloud mask
was used. In this thesis, CDNC were calculated at the base of stratus clouds (approx-
imately 1 km altitude or 920 hPa) using a globally uniform updraught velocity of
0.2 ms−1. Updraught velocities of 0.1–0.3 ms−1 are most commonly observed in
stratus clouds (e.g., Gultepe and Isaac 1999; Peng et al. 2005). Fountoukis et al.
(2007) showed that using an average updraught velocity provides a good approxi-
mation of mean CDNC. As with many other aerosol activation schemes (e.g., Chen
and Penner 2005; Roelofs et al. 2006), the employed scheme does not account for
droplet collision-coalescence (i.e. no droplet loss rate), thus the CDNC shown is
representative of the cloud base.

2.7 Conclusions

GLOMAP-mode is a comprehensive global aerosol microphysics model embedded
in the TOMCAT CTM. GLOMAP-mode uses a two-moment scheme in order to
simulate the aerosol size distribution by carrying both aerosol mass and aerosol
number. GLOMAP-mode accounts for microphysical processes such as nucleation,
coagulation, condensation, cloud processing, and dry and wet deposition—all of
which determine the evolution of the aerosol size distribution. GLOMAP-mode can
be run using any combination of sulphate, sea-salt, black carbon, organic carbon and
mineral dust components. Mann et al. (2010) provided a comprehensive overview
of the processes treated in GLOMAP-mode, and of the models performance when
compared to observational data sets and other numerical models. For the purpose of
the work presented here, the coupled chemistry version of GLOMAP-mode has been
employed.
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