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Abstract

Wildfires represent a major source for aerosol particles impacting atmospheric radiative
transfer, atmospheric chemistry and cloud micro-physical properties. Compared to other
emission sources, wildfires are unique in the sense that they are the only widespread source
which can release emissions at high altitudes. Previous studies indicate that the height of
the aerosol-radiation interaction crucially affects its climate impact. But the sensitivity to
emission heights, i.e., the altitude at which emissions are injected into the atmosphere, has
been examined only by a few case studies. In Earth system models (ESMs), the release of
wildfire emissions is usually prescribed at the surface or at fixed heights.

In this study, a semi-empirical plume height parametrization is implemented and ad-
vanced in the aerosol-climate model ECHAM6-HAM2 to investigate the impact of wildfire
emission heights on the atmospheric long-range transport of black carbon (BC) particles
and radiation. The modified plume height parametrization simulates a reasonable global
plume height distribution representing a major improvement over a prescribed emission
release. However, the comparison to observational aerosol optical thickness (AOT) data
shows that the improved plume height implementation only slightly enhances the model
performance in AOT regionally, while large biases remain globally. Free-tropospheric BC
concentrations are mainly determined by tropical convection and differences in emission in-
ventories rather than by differences between parametrized and prescribed emission heights.
Using the plume height parametrization, wildfire aerosol emissions cause a top of atmo-
sphere radiative forcing (TOA RF) of -0.20±0.07 Wm−2. A prescribed emission release
at the surface entails a comparable TOA RF of -0.16±0.06 Wm−2. Overall, substantial
improvements in wildfire aerosol modeling likely rely on better emission inventories and
aerosol process modeling rather than on improved emission heights.

In addition to the plume height sensitivity experiments, future wildfire emission fluxes
and emission heights are simulated for Representative Concentration Pathway (RCP) sce-
narios. For this purpose, the process-based fire model SPITFIRE within the global veg-
etation model JSBACH is modified and run. The simulated fire emission fluxes and fire
intensities serve as input for an ensemble of ECHAM6-HAM2 experiments. Compared to
present day, fire emission fluxes are simulated to significantly increase in the extra-tropics
by 2090-2099 due to enhanced fuel availability. The strongest changes in emission fluxes
are found for the strongest warming scenario RCP8.5. In the tropics, fire emissions gen-
erally decrease due to land-use changes. While the increased atmospheric stability tends
to decrease plume heights for RCP2.6 and RCP4.5, the enhanced fire intensity overcom-
pensates the stability effects in RCP8.5. Nevertheless, mean global emission heights differ
only by a few hundred meters. Changes in atmospheric BC concentrations and AOT are
primarily driven by changes in fire emission fluxes and large-scale circulation patterns.

In summary, this PhD thesis for the first time assesses the importance of the wildfire
emission height representation in an ESM for present and future climate conditions. Al-
though emission heights are of limited importance globally, they may be key parameters
for aspects such as regional aerosol-cloud interaction. The new implementations, which
link global vegetation-fire and atmospheric aerosol modeling, provide a novel framework
to investigate these regional aerosol-climate interactions in future high-resolution ESMs.
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Zusammenfassung

Wald- und Buschbrände sind eine wichtige Quelle für Aerosolpartikel, welche den atmo-
sphärischen Strahlungstransfer, die atmosphärische Chemie und die mikro-physikalischen
Eigenschaften von Wolken beeinflussen. Von anderen Emissionsquellen unterscheiden sich
Wald- und Buschbrände dadurch, dass sie als einzige flächendeckende Quelle Emissionen in
große Höhen emittieren. Die Ergebnisse früherer Untersuchungen deuten darauf hin, dass
die Höhe, in welcher die Aerosol-Strahlungswechselwirkung stattfindet, den Klimaeinfluss
der Aerosolteilchen entscheidend beeinflussen kann. Die globale Bedeutung von Feuer-
Emissionshöhen, d.h. der Höhe, in der Feueremissionen in die Atmosphäre eingetragen wer-
den, wurde jedoch nur im Rahmen weniger Fallstudien untersucht. In Erdsystemmodellen
wird die Freisetzung von Feueremissionen im Allgemeinen an der Landoberfläche oder in
festgesetzten Modellschichten vorgeschrieben.

In der vorliegenden Arbeit wird eine semi-empirische Emissionshöhen-Parametrisierung
im Aerosol-Klimamodell ECHAM6-HAM2 implementiert und verbessert, um den Einfluss
von Feueremissionshöhen auf den atmosphärischen Aerosol-Ferntransport von Rußpar-
tikeln und den Strahlungstransfer zu untersuchen. Die Analysen lassen erkennen, dass
die implementierte Emissionshöhen-Parametrisierung eine angemessene globale Emissions-
höhenverteilung simuliert und dadurch eine deutliche Verbesserung gegenüber vorgeschrie-
benen Emissionshöhen darstellt. Der Vergleich der simulierten Aerosol-optischen Dicke
(AOD) mit Beobachtungsdatensätzen zeigt jedoch, dass die verbesserte Emissionshöhen-
Parametrisierung nur zu einer geringfügigen regionalen Verbesserung der Modelleigen-
schaften im Bezug auf die AOD führt. Die erheblichen systematischen Abweichungen des
Modells auf globaler Skala hingegen bleiben bestehen. Die Rußkonzentrationen in der
freien Troposphäre werden in erster Linie durch tropische Konvektion und Unterschiede
in den Emissionsinventaren bestimmt, während die Unterschiede zwischen verschiedenen
Emissionshöhen-Implementierungen von geringerer Bedeutung sind. Unter Anwendung der
semi-empirischen Emissionshöhen-Parametrisierung ergibt sich ein durch Feueremissionen
ausgelöster Strahlungsantrieb am Oberrand der Atmosphäre von -0.20±0.07 Wm−2. Eine
vorgeschriebene Emissionsfreisetzung nahe der Landoberfläche führt zu einem vergleich-
baren Strahlungsantrieb von -0.16±0.06 Wm−2. Zusammenfassend kann man schluss-
folgern, dass wesentliche Fortschritte in der Feuer-Aerosolmodellierung vermutlich nur
durch eine Reduzierung der Unsicherheiten in den Feueremissionsinventaren sowie durch
eine verbesserte Implementierung jener atmosphärischer Prozesse, welche die Aerosol-
eigenschaften beeinflussen, erreicht werden können. Emissionshöhen hingegen spielen nur
eine untergeordnete Rolle.

Ergänzend zur Sensitivitätsstudie der Emissionshöhen-Implementierung wird auch der
Feueremissionsausstoß für verschiedene zukünftige Emissionsszenarien (RCPs) simuliert.
Dazu wird das prozessorientierte Feuermodell SPITFIRE innerhalb des globalen Vege-
tationsmodells JSBACH modifiziert und zur Simulation der globalen Feueraktivität ge-
nutzt. Die modellierten Feueremissionsflüsse und Feuerintensitäten dienen als Eingabe-
parameter für ein Ensemble von ECHAM6-HAM2 Experimenten. Im Vergleich zu den
gegenwärtigen Klimabedingungen zeigt sich für den Zeitraum 2090–2099 ein erhebli-
cher Anstieg der Feueremissionen in den Extratropen, welcher im Wesentlichen auf eine
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Erhöhung der für die Verbrennung verfügbaren Biomasse zurückzuführen ist. Die stärksten
Veränderungen in den Emissionsflüssen werden für das Szenario RCP8.5 simuliert, wel-
ches die stärkste Erwärmung repräsentiert. In den Tropen ist ein genereller Rückgang der
Feueremissionen aufgrund von Landnutzungsänderungen erkennbar. Während für die Sze-
narien RCP2.6 und RCP4.5 ein Rückgang der Emissionshöhen aufgrund eines Anstiegs der
atmosphärischen Stabilität erkennbar ist, wird diese Zunahme im Szenario RCP8.5 durch
einen Anstieg in den Feuerintensitäten überkompensiert. Allerdings betragen die Unter-
schiede der globalen mittleren Emissionshöhen zwischen den verschiedenen RCP Szenarien
nur maximal einige hundert Meter. Regionale Veränderungen in atmosphärischen Rußkon-
zentrationen und in der AOD werden in erster Linie durch Veränderungen in den Feuer-
emissionsflüssen sowie durch Veränderungen in den großräumigen Zirkulationsmustern her-
vorgerufen.

Zusammenfassend wird in dieser Dissertation erstmals die Wichtigkeit der Darstel-
lung von Emissionshöhen in einem Erdsystemmodell für heutige und zukünftige Klimabe-
dingungen untersucht. Obwohl Emissionshöhen global nur von geringer Bedeutung sind,
könnten sie dennoch einen Schlüsselparameter für spezifische Aspekte wie die regiona-
le Wechselwirkung von Aerosolen und Wolken darstellen. Die in dieser Studie vorge-
stellten Modellimplementierungen, welche die Vegetations-Feuer-Modellierung mit der at-
mosphärischen Aerosolmodellierung verbinden, stellen ein neuartiges Modellsystem dar,
um die regionalen Wechselwirkungen von Aerosolen und Klima in zukünftigen hoch-
auflösenden Erdsystemmodellen zu erforschen.
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Chapter 1

Introduction

1.1 Wildfire emissions in the Earth system

Wildfires, either set by humans or ignited naturally by lightning, impact the Earth system
in many different ways. Below the ground, wildfires modify the physical and mineralogical
soil properties and soil carbon pools (Neary et al., 1999; Certini, 2005). Above ground,
fires represent a natural vegetation disturbance which can considerably impact vegetation
dynamics (Bond and Keeley, 2005). In the atmosphere, trace gases and aerosols released by
fires affect atmospheric chemistry, cloud-microphysical properties and radiation (Haywood
and Boucher, 2000; Andreae and Merlet, 2001). However, wildfires are not only shaping
the Earth system, but at same time their frequency and intensity is also driven by the
climate itself (Marlon et al., 2008; Bowman et al., 2009). Therefore wildfires, also referred
to as vegetation fires, form a complex and integral part of our Earth system.

Within the last two decades, the availability of satellite-based fire activity and emission
data sets fundamentally helped to enhance our scientific understanding of vegetation-fire-
climate interactions. Based on data from the polarorbiting Moderate Resolution Imaging
Spectroradiometer (MODIS) first global estimates of burned area (Giglio et al., 2006) and
total carbon emissions (van der Werf et al., 2006) have been derived. Meanwhile, about a
dozen global wildfire emission inventories are available, including the Global Fire Emission
Data Base (GFED) (van der Werf et al., 2010), the Fire INventory from NCAR (FINN)
(Wiedinmyer et al., 2011) and the Global Fire Assimilation System (GFAS) (Kaiser et al.,
2012). Although the uncertainties of the burned area and emission inventories remain
large (e.g. Zhang et al., 2014), they provide observational constraints, which considerably
helped to include reasonable parametrizations of wildfires in dynamic global vegetation
models (DGVMs). Simple (e.g. Arora and Boer, 2005) as well as more sophisticated,
process-based fire models like SPITFIRE (Thonicke et al., 2010) have been implemented
into several DGVMs (e.g. JSBACH, LPJ, ORCHIDEE).

In DGVMs as well as in satellite-based emission data sets, the biomass burned by
a fire is usually converted into emission estimates of trace gases (e.g. CO, CO2, CH4)
and particulate matter by application of species-specific emission factors (Andreae and
Merlet, 2001; Akagi et al., 2011). These emission estimates in turn serve as input for
global circulation models to investigate the atmospheric impacts of wildfire emissions. In
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contrast to the short-lived trace gas CH4, for which wildfire emissions only contribute
about 0.5–3 % to the total natural and anthropogenic emissions (Ciais et al., 2013), the
relative contribution of the major wildfire aerosol species is significantly larger. Black
carbon (BC) aerosols emitted from wildfires contribute approximately 30–40 % to the
overall atmospheric BC emissions (Bond et al., 2013); for organic carbon (OC), wildfires
even form the largest global emission source.

Together with dust, sea-salt and sulfate particles from natural and anthropogenic emis-
sion sources, BC and OC aerosol particles emitted from wildfires represent major drivers
of the overall atmospheric aerosol effects (Haywood and Boucher, 2000; Andreae and Ge-
lencsér, 2006). Aerosols can serve as cloud and ice condensation nuclei and impact atmo-
spheric radiative transfer via direct, indirect and semi-direct effects (Boucher et al., 2013).
The so called direct aerosol effect describes the scattering and absorption of solar radia-
tion by aerosol particles (Ångström, 1962). While solely scattering sulphate and sea-salt
aerosols are generally cooling the atmosphere, BC particles, which act strongly absorbing,
are warming the atmosphere (Bond et al., 2013; Myhre et al., 2013). Indirect aerosol effects
primarily characterize the increase in cloud albedo and cloud lifetime for increased aerosol
concentrations (Twomey, 1977; Albrecht, 1989; Lohmann and Feichter, 2005). Semi-direct
aerosol effects describe the effect that absorption of solar radiation by aerosols in clouds
may cause evaporation of the clouds (Johnson et al., 2004). Aerosols do not only influence
cloud properties, but they are dominantly removed by in-cloud precipitation formation
and scavenging below clouds; thus aerosols and clouds represent interactive players in the
atmosphere (Andreae and Rosenfeld, 2008).

Simultaneously to the development of DGVMs, aerosol-modules have been coupled to
global climate models in order to assess the emission, transport and removal of aerosols
from wildfires and other sources (Langmann et al., 2009; Carslaw et al., 2010). In the
framework of the Aerosol Comparisons between Observations and Models (AEROCOM)
initiative (Kinne et al., 2006), the radiative forcing (RF) of biomass burning emissions
emissions in 15 state-of-the-art aerosol climate models has been analyzed (Myhre et al.,
2013). Although a slightly positive RF of +0.15 W m−2 was found for the multi-model
mean, no consensus about a positive or negative RF could be identified. In addition,
Samset et al. (2013) analyzed the influence of the vertical BC distribution on the overall
BC RF in 12 different AEROCOM models. Globally, the authors found good agreement
between models that, on average, more than 40 % of the BC RF is attributed to BC
found above 5 km. Moreover, Ban-Weiss et al. (2011) used the Community Atmosphere
Model to explore the altitude-dependence of the equilibrium climate response caused by
BC particles. While BC particles close to the surface were simulated to cause a surface
warming, BC particles in the upper troposphere and the stratosphere introduced a cooling
effect on surface temperatures. With the limited vertical transport of aerosol particles from
the planetary boundary layer (PBL) into the free troposphere (FT), the direct injection of
BC into layers above the PBL represents a key parameter for the overall RF. As wildfires
are the only emission source besides volcanic eruptions and aircraft emissions, which can
directly inject emissions into the FT, the contribution of wildfires to the overall BC RF is
assumed to be particularly important.
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By a number of regional cases studies wildfire emission heights, i.e. the altitude above
surface at which emissions are injected into the atmosphere, have been shown to impact
the long-range transport of emissions and the atmospheric radiative transfer (Damoah
et al., 2006; Dirksen et al., 2009; Peterson et al., 2015). There is evidence that events of
particularly strong fires combined with favorable atmospheric conditions in rare cases even
inject emissions directly into the lower stratosphere (Fromm et al., 2006; Siddaway and
Petelina, 2011). Such emission injections may be comparable to small volcanic eruptions.
Moreover, short-term case studies also investigated the local impact of biomass burning
aerosols on precipitation and atmospheric convection. It has been shown that wildfire
smoke generally increases droplet number concentrations, decreases droplet size and alters
vertical temperature profiles (e.g. Andreae et al., 2004; Grell et al., 2011). However,
depending on the specific atmospheric conditions, the delayed onset of rain-out may either
reduce precipitation or trigger an increase in heavy rainfall with an enhanced probability
of large hail production.

Beyond the atmospheric aerosol impacts, BC particles deposited on ice- and snow-
covered land and sea surfaces are known to reduce the surface albedo by 1.5–3 % (Hansen
and Nazarenko, 2004). This reduction in albedo entails a global RF in the order of
+0.05 W m−2 corresponding to a 2-m air temperature change of +0.10 K to +0.15 K (Flan-
ner et al., 2007). Although a fraction of 80 % of the RF is attributed to anthropogenic
emissions, the increase in snow melting rates of 19-28 % is to a large extent caused by
boreal wildfires, which are primarily active in the summer season.

Due to the large range of processes by which wildfire emissions impact the climate,
an integral representation of fires in an Earth system model (ESM) is required to sim-
ulate the interactions across spatial and temporal scales which range from minutes to
decades and from some meters to thousands of kilometers (Stavros et al., 2014; Loehman
et al., 2014). The schematic drawing presented in Fig. 1.1 illustrates and summarizes
our current scientific knowledge about the fire emission climate impact including emission
heights, long-range transport and direct as well as indirect aerosol effects. Overall, the
representation of wildfires as an interactive vegetation disturbance and emission source in
ESMs is still poor (Bowman et al., 2009; Langmann et al., 2009; Keywood et al., 2013),
even though case studies quantified the climate impact of individual processes like the
long-term changes of post-fire surface albedo (Randerson et al., 2006) or the influence
of wildfire smoke on tropical convection (Andreae et al., 2004). If we want to proceed
towards an improved understanding of the role of fires in past, present and future cli-
mates, we are in need of both, a significant reduction in the current emission inventory
uncertainties as well as improved process-representations of atmospheric transport and
removal processes in global models. Against the background of the large model biases in
long-range transport with important implications for other parts of the climate system
(e.g. radiation, soot deposition on snow), an assessment, how emission heights influence
other aerosol-climate modeling parameters is essential to reduce the model uncertainties.
The detailed quantification of this “emission height climate impact“ represents the main
goal of this PhD thesis.
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Figure 1.1: Schematic drawing of fire-aerosol-climate interactions in the Earth system. The sim-
plified illustrations of aerosol transport and aerosol-radiation interactions represent a modified
synthesis of schematic figures provided by Boucher et al. (2013) and Ward et al. (2012).

1.2 Satellite-based wildfire emission inventories

Due to the fact that the strength of the fire emission release is linked to the heat release,
which impacts atmospheric convection, fire emission inventories and emission heights are
closely connected. Basically, satellite-based wildfire emission estimates can be derived by
two different methods. The “top-down approaches” use observations of the atmospheric
aerosol-radiation interaction combined with fire radiative power (FRP) measurements to
calculate global fire emission coefficients and emission estimates (e.g. Ichoku and Ellison,
2014). The “bottom-up approaches” use measurements of burned area or FRP and apply
land-cover-specific conversion and species-specific emission factors to calculate wildfire
aerosol emissions (Zhang et al., 2014, and references therein). Bottom-up as well as top-
down emission inventories provide daily, monthly or annually averaged emission fluxes of
particulate matter or BC, OC and sulfur dioxide (SO2) as well as other trace gas species
(e.g. van der Werf et al., 2010; Wiedinmyer et al., 2011; Kaiser et al., 2012; Ichoku and
Ellison, 2014).

In order to illustrate the basic global fire emission patterns, Fig. 1.2 provides a global
map of annually averaged BC emission fluxes for 2003-2013 in the GFASv1.2 emission
inventory. Globally, tropical Africa represents the largest wildfire emission source with
observed fire return intervals of only a few years (Thonicke et al., 2001). However, although
fires occur much less frequently in dense forests of the Amazon and in boreal North America
and Siberia (fire return intervals of 50-1000 years), they considerably contribute to the
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overall global emissions, because large amounts of biomass can be accumulated in the
period between two fire events.
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Figure 1.2: Global map of annual mean wildfire BC emission fluxes in GFASv1.2 for 2003-2013. For
more detailed information on the derivation of emission flux estimates and the data assimilation
techniques applied in GFAS, see Kaiser et al. (2012).

Due to the large uncertainties in satellite-based fire quantities (e.g. burned area or
FRP) as well as in the emission calculations via vegetation-specific emission factors (An-
dreae and Merlet, 2001; Akagi et al., 2011), all global emission data sets include large
biases. Petrenko et al. (2012) and Zhang et al. (2014) consistently demonstrated that the
regional emission flux estimates of different emission inventories vary by up to a factor 5-
10. Moreover, all bottom-up emission inventories have been shown to cause significant
underestimations of the aerosol optical thickness (AOT) in global aerosol-climate models
(e.g. Petrenko et al., 2012; Kaiser et al., 2012; von Hardenberg et al., 2012). The AOT
describes the fraction of light of a certain wavelength which is extinct while traveling
through the atmosphere. Besides the single scattering albedo and the phase function,
the AOT determines the direct radiative impact of aerosols (Yu et al., 2006). A similar
order of local over- as well as underestimation was also found for all AEROCOM models
regarding atmospheric BC concentrations evaluated by in-situ aircraft measurements in
remote regions (Schwarz et al., 2013). However, these biases were not only attributed to
biases in wildfire, but also to biases in anthropogenic emission inventories.

1.3 Wildfire emission estimates in DGVMs

In addition to the satellite-based burned area and emission inventories for present day (PD)
climate conditions, simple fire indices as well as more sophisticated fire models in DGVMs
have been applied to reproduce past and PD burned area and emission estimates and to
predict future wildfire activity (e.g. Flannigan et al., 2009; Thonicke et al., 2010; Kloster
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et al., 2012). By comparison to reconstructions, Pfeiffer et al. (2013), Yue et al. (2014)
and Kloster et al. (2010) found reasonable agreement of the simulated fire activity in LPJ-
LM, ORCHIDEE and CLM to observational estimates for the 20th century. These studies
provide evidence for the basic ability of state-of-the-art DGVMs to simulate global fire
activity patterns in a reasonable way. Nevertheless, regional biases remain large.

Regarding potential changes in future fire activity, various modeling studies found vast
agreement about a future increase in fire probability for boreal and temperate regions at
the end of the 21st century due to climate warming (e.g. Flannigan et al., 2009; Moritz
et al., 2012, and references therein). The magnitude of these extra-tropical future increase
in wildfire activity and the direction of future changes in tropical wildfire activity, however,
are still very uncertain. Furthermore, most of the previous studies were limited to the
prediction of changes in fire weather indices or burned area not providing estimates for
future changes in emission fluxes.

1.4 Emission heights

In contrast to the globally available satellite-based emission flux estimates, up to now there
is no automatic algorithm available, which can detect wildfire emission heights of individual
fires. Nelson et al. (2008, 2013) published a tool called MISR Interactive Explorer (MINX)
which is used to analyze Multi-angle Imaging Spectroradiometer (MISR) aerosol data.
MISR data are available since 2000 and provide largely global coverage (Diner et al., 1998;
Kahn et al., 2007). The MINX tool enables a partly-automatic emission height calculation
with an uncertainty range of only ± 200 m, but smoke plumes in satellite images have to be
manually digitized and referred to individual MODIS fires to calculate emission heights.
Based on MINX, a couple of studies have analyzed regional emission height distributions
in North America (Val Martin et al., 2010), South-East Asia (Tosca et al., 2011) and
Australia (Mims et al., 2010). Various regional MINX plume height inventories have been
composed in the MISR Plume Height Project (MPHP). Figure 1.3 qualitatively visualizes
mean plume heights of the MPHP for the year 2006. The observations indicate that
there is a weak to moderate correlation between FRP and plume heights, but atmospheric
stability represents the major determining factor for the plume rise (Sofiev et al., 2012).
Globally only 5-15 % of all plumes are assumed to reach the FT, whereas the remaining
fraction of plumes inject the entire emissions into the PBL. Even though very few plumes
reach altitudes of more than 5 km, the large majority of plumes is only injecting emissions
into the lowest 0.5–1.5 km above surface (Val Martin et al., 2010; Sofiev et al., 2013).

However, the MPHP data set provides exclusively top emission heights, not the full ver-
tical aerosol concentration profiles. The investigation of vertical emission profiles requires
either airborne in-situ aerosol measurements in fresh emission plumes or the application
of ground-based remote sensing techniques close to the fires. Due to the logistical chal-
lenges of these measurements, wildfire emission profiles have only been explored by a small
number of measurement campaigns, primarily for prescribed burns (e.g. Melnikov et al.,
2008; Liu et al., 2013; Archer-Nicholls et al., 2015). Up to now, no global data set of ver-
tical emission profiles in the immediate vicinity of fires exists. Therefore vertical emission
distributions are usually prescribed in aerosol-climate models.
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Figure 1.3: Visualization of gridded mean plume heights of the MPHP data set for the year 2006.
The height of each column shows the injection height above surface. The highest columns represent
top injection heights of approximately 6 km; a linear scaling of the plume heights is applied. Colors
indicate the related total FRP detected by MODIS.

In addition to the observational emission height data sets, a broad range of plume rise
models has been developed in the framework of local and regional case studies (Goodrick
et al., 2012, and references therein). These include semi-empirical (e.g. Briggs, 1975;
Lavoué et al., 2000; Achtemeier et al., 2011; Sofiev et al., 2012) as well as analytical-
numerical (e.g. Heikes and Angeles, 1990; Trentmann et al., 2006; Freitas et al., 2007) mod-
els. In general circulation models (GCMs), the performance of plume height parametriza-
tions has been evaluated by use of the MPHP. On the global scale, the model performances
have been shown to be moderate to poor with little difference between the different plume
height parametrizations (Val Martin et al., 2012). Therefore, in aerosol-climate models,
wildfire emissions are usually released at the surface (e.g. Tosca et al., 2013) or at pre-
scribed levels in the PBL and the lower free troposphere (Dentener et al., 2006). So far,
no predictions of potential future changes in emission heights have been published.

1.5 Thesis outline

The overall scientific goal of this study is to investigate, if wildfire emission heights rep-
resent a key parameter for our scientific understanding of wildfire-climate interactions. In
addition, this PhD thesis provides new methods to adequately represent emission heights
in global aerosol-climate models. The focus of this study lies on the investigation of present
day as well as future fire-climate interactions and explores the following research questions:

I) Which degree of plume height parametrization complexity is required to adequately
represent wildfire emission heights in state-of-the-art global climate models?
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II) How do wildfire emission heights impact global BC concentrations, BC deposition
rates and atmospheric radiative transfer?

III) How might future changes in fire emissions and fire emission heights in a warmer
climate impact atmospheric BC concentrations and atmospheric radiative transfer?

For the investigation of question (I) presented in chapter 2, prescribed emission heights
in the aerosol-climate modelling system ECHAM6-HAM2 are replaced by a semi-empirical
plume height parametrization. Simulated global plume height distributions are evaluated
against the observational MPHP data set. For prescribed as well as parameterized emission
heights, global plume height patterns and the impact of a prescribed diurnal cycle in FRP
and emissions are discussed. In addition, the global emission height spectra of the simple
plume height parametrization are compared to results from a more sophisticated, fully
analytical plume model. However, in consideration of the low horizontal, vertical and
temporal resolution of today’s global climate models, this study is not designed to develop a
perfect parametrization of fire-induced convection, which would be more suitable for local,
high resolution modelling. The results of chapter 2 have been published in Atmospheric
Chemistry and Physics 1.

In the third chapter of this PhD thesis, the impact of the emission heights on at-
mospheric BC concentrations and radiation is discussed. Besides the simulations with
the plume height parametrization introduced in chapter 2, extreme cases of globally pre-
scribed emission injections either completely into the FT or at the surface serve as con-
straints of a maximum respectively minimum fire emission height climate impact. The
focus lies on the discussion of radiative effects and changes in BC concentrations and de-
position rates. The modelling results are compared to observations from Aerosol Robotic
Network (AERONET) ground-based observations as well as MODIS and Cloud-Aerosol
Lidar with Orthogonal Polarization (CALIOP) satellite observations to quantify the im-
provements in model performance which are achieved by the improved plume height rep-
resentation. The results of the third chapter have also been published in Atmospheric
Chemistry and Physics 2.

In the fourth chapter of this study, wildfire activity and emissions for future Representa-
tive Concentration Pathway (RCP) scenarios are simulated with the interactive, process-
based fire model SPIRTFIRE within the global vegetation model JSBACH. Simulated
emission fluxes and FRP are applied for an ensemble of ECHAM6-HAM2 simulations for
the time period 2090-2099. These experiments enable the investigation of climate-change
induced changes in emission heights. In the analysis, the impact of changes in climate
and changes in wildfire activity on emission heights and aerosol long-range transport are
discussed. Thus, this study provides a novel approach to investigate future vegetation-
wildfire-climate interactions. The results of chapter 4 have been prepared for submission
to the Journal of Geophysical Research.

1Veira, A., Kloster, K., Wilkenskjeld, S., Remy, S. (2015). Fire emission heights in the climate system
Part 1: Global plume height patterns simulated by ECHAM6-HAM2. Atmospheric Chemistry and Physics,
15, 7155–7171.

2Veira A., Kloster K., Schutgens, N. A. J. , Kaiser, J. W. (2015). Fire emission heights in the climate
system - Part 2: Impact on transport, black carbon concentrations and radiation. Atmospheric Chemistry
and Physics, 15, 7173–7193.
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The combined analysis of the plume height parametrization evaluation, the simulated
global plume height patterns and the assessment of the overall emission height climate im-
pact offers a unique framework to investigate the three research questions raised above. In
chapter 5, a conclusive summary of chapters 2, 3 and 4 is provided and the relevance of this
study for our current understanding of fire-climate interactions is discussed. Furthermore,
suggestions for future directions of ESM development are given in the outlook.
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Chapter 2

Global plume height patterns
simulated by ECHAM6-HAM2

2.1 Introduction

Aerosol particles emitted from fires are known to impact a wide range of atmospheric
processes including radiative transfer, atmospheric chemistry and cloud micro-physical
processes (Twomey, 1977; Crutzen and Andreae, 1990; Heald et al., 2014). A crucial
parameter that has been identified to influence the lifetime of aerosols and thus potentially
also their climate impact is the fire emission height, i.e., the altitude above the surface at
which fire smoke plumes release emissions into the atmosphere. The terms “fire emission
height”, “injection height” and “plume height” have been used as equivalent terms in the
literature, although they do not always have the same meaning. In this study, we use the
term “plume height” to describe the top level above the surface at which emissions are
injected, i.e., the “plume-top height”. The term “emission heights“ describes the full range
of heights at which wildfire emissions are released. “Emission profiles” specify the entire
vertical emission profiles from the surface to the top of the smoke plume.

Theories and models, which describe the process of plume rise, have been developed
since the 1970s. Today various semi-empirical (e.g., Briggs, 1975; Achtemeier et al., 2011;
Sofiev et al., 2012) and analytical-numerical plume height models (e.g., Heikes and Ange-
les, 1990; Trentmann et al., 2006; Freitas et al., 2007) are available. In addition to these
plume height models which take into account fire properties and atmospheric conditions
to calculate plume heights, other parametrizations are solely based on fire brightness tem-
perature (Hodzic et al., 2007) or fire intensity (Lavoué et al., 2000). The review papers of
Goodrick et al. (2012) and Heilman et al. (2013) provide extensive summaries of various
plume height models. Although a reasonable performance of the plume models has been
demonstrated for selected case studies on local or regional scales, the knowledge about
smoke plume heights on a global scale is very limited due to a lack of observational data
sets. Besides a small number of airborne in situ and ground-based remote-sensing studies,
e.g., Melnikov et al. (2008) or Liu et al. (2013), satellite data sets provide observations of
potentially global coverage. Although smoke plume measurement uncertainties are only
±200 m for well-constrained plumes (Kahn et al., 2008; Nelson et al., 2013), only a lim-
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ited number of plumes are available on the global scale, because a partly manual analysis
is required for each individual plume. The most comprehensive data set of individual
smoke plume heights is provided by the MPHP that has been analyzed in the framework
of several regional studies (Mazzoni et al., 2007; Val Martin et al., 2010; Sessions et al.,
2011). These studies indicate a large variability of smoke plume heights all over the globe.
Various case studies demonstrated that particularly intense fires can, under favorable me-
teorological conditions, result in emission injections into the upper troposphere or even the
lower stratosphere (Damoah et al., 2006; Luderer et al., 2006; Dirksen et al., 2009). Very
rare cases of pyro-cumulonimbus events caused by particularly strong fires may even be
comparable to small volcanic eruptions (Fromm et al., 2006, 2008; Siddaway and Petelina,
2011). However, the majority of emission injections are limited to the PBL (Gonzi and
Palmer, 2010; Val Martin et al., 2010; Ichoku et al., 2012).

The studies of Hyer et al. (2007), Leung et al. (2007) and Jian and Fu (2014) showed that
the transport of wildfire emissions crucially depends on an appropriate implementation of
smoke plume heights that consider the free tropospheric injection of a certain emission
fraction. Nevertheless, due to computational costs and the lack of complexity regarding
the representation of fire processes in global models, standard versions of state-of-the-art
global climate and Earth system models respectively currently make use of simple latitude-
and region-dependent vertical emission distributions (Dentener et al., 2006) or prescribe
injections at the surface (e.g., Tosca et al., 2013).

In order to step forward towards a better representation of smoke plume heights in
climate models, we implement the simple, semi-empirical plume height parametrization
by Sofiev et al. (2012) into the general circulation model ECHAM6 extended by the
aerosol module HAM2. In a first step, we evaluate the performance of the plume height
parametrization for selected plumes reported in the MPHP data set. We use FRP reported
in the MPHP based on MODIS data to test different versions of the parametrization on
the global scale and constrain uncertainties introduced by uncertainties in fire-related
and meteorological variables. Furthermore, the Sofiev plume height parametrization is
adjusted to the ECHAM6-HAM2 aerosol–climate modeling system by the application of
a statistical–empirical tuning. In a second step we simulate plume heights in ECHAM6-
HAM2 globally for the years 2005–2011. For these experiments GFAS FRP (Kaiser et al.,
2012) is used as input. We carry out a number of simulations that cover the standard
Sofiev parametrization as well as a modified version of the Sofiev parametrization op-
timized for application in ECHAM6-HAM2. Moreover, effects of the implementation of
a prescribed diurnal cycle are investigated. A sensitivity simulation with a global doubling
of FRP assesses the implications of a potential climate-induced increase in fire intensity.

Section 2.2 introduces the ECHAM6 global circulation model extended by the HAM2
aerosol model, configurations of the Sofiev plume height parametrization and the GFAS
data set. Section 2.3 provides a statistical analysis of the global plume height parametriza-
tion performance and the application of a statistical–empirical FRP correction. In
Sect. 2.4, we present global plume height patterns simulated by ECHAM6-HAM2 en-
hanced by the Sofiev parametrization and compare these to plume height distributions in
the standard version of the ECHAM6-HAM2 model. Furthermore, we discuss the influence
of the diurnal cycle in fire intensity. In Sect. 2.5, we compare plume heights simulated
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by the Sofiev parametrization to results from a more complex 1-D plume model. The
conclusions of this chapter are summarized in Sect. 2.6, where we discuss our results in
the context of ESM development.

2.2 Methodology

In the following, the general setup of the global circulation model ECHAM6, the aerosol
model extension HAM2 and the semi-empirical plume height parametrization are de-
scribed. We introduce the MPHP data set which we use for the evaluation of the plume
height parametrization. Moreover, the implementation of the GFAS fire intensity data
set in ECHAM6-HAM2 is explained. The last two sections present details on the specific
model setup used for the plume height evaluation and the simulation of global plume
height patterns.

2.2.1 ECHAM6-HAM2 model description

ECHAM6 is a general circulation model and serves as the atmospheric and land component
of the Max Planck Institute Earth System Model (MPI-ESM). A detailed model descrip-
tion is provided by Giorgetta et al. (2013) and Stevens et al. (2013). For all our simulations
we apply a T63 grid (spectral space) which corresponds to a Gaussian grid of approxi-
mately 1.875°×1.875°. In the vertical, we use 47 vertical layers ranging from the surface to
0.01 hPa. A computing time step of 10 min is chosen for all simulations. The plume height
parametrization evaluation experiments only apply prescribed sea surface temperature,
which originates from the Atmosphere Model Intercomparison Project (AMIP). No nudg-
ing against observations is applied for these simulations, because we aim to investigate the
basic skills of the ECHAM6-HAM2 model (extended by the plume height parametrization)
to capture the spectrum of plume heights, not to reproduce individual plume observations.

For all other simulations, the atmospheric model is additionally nudged against obser-
vational data every 6 h. Thus, the model dynamics is forced to stay close to the ERA-
Interim reanalysis fields (Dee et al., 2011) and changes in global plume height patterns
between different plume height parametrizations stay comparable. For these simulations,
the ECHAM6 model is extended by the aerosol module HAM2, modeling the dynamics,
micro-physics, transport and radiative impact of aerosol species (Stier et al., 2005). The
aerosol module represents the aerosol spectrum by superposition of seven lognormal dis-
tributions including nucleation, Aitken, accumulation and coarse mode. Vegetation fire
emissions, here referred to as “wildfire emissions”, are represented by three species: BC,
OC and SO2. A description of the changes in the HAM model configuration from the
original model version HAM1 (Stier et al., 2005) to HAM2, used in this study, has been
published by Zhang et al. (2012a). The term “ECHAM6-HAM2” in this study refers to
model version ECHAM6.1.0-HAM2.2.

Top plume heights Hp in the standard version of ECHAM6-HAM2.2 are generally
prescribed as the PBL height plus two model layers:

Hp = PBL Height + 2 model layers. (2.1)
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For the large majority of plume heights lower than 4 km, 75 % of the released wildfire
emissions are vertically distributed with a constant mass mixing ratio from the surface to
the level below the PBL, 17 % are injected into the next model layer above the PBL and
8 % are injected in the layer of height Hp. If the PBL height exceeds 4 km, the plume
heights are set to PBL height and the emissions are equally distributed with constant
mass mixing ratio from the surface to the first model layer below the PBL height. The
upper limit of 4 km is an arbitrary value, but it represents the standard plume height
implementation of ECHAM6-HAM2 described by Zhang et al. (2012a). In order to ensure
comparability of our results to previous studies, we apply this standard implementation
for one reference simulation, whereas improved plume height parametrizations are used
for all other simulations.

2.2.2 Implementation of an improved plume height parametrization

To improve the representation of plume heights in ECHAM6-HAM2, we implement the
simple, semi-empirical plume height parametrization by Sofiev et al. (2012), henceforth
named Sofiev Parametrization (SP). Although the SP has been empirically tuned by
observations, it is based on an analytical derivation which describes the plume rise as
an atmospheric buoyancy process. For the complete derivation of the SP see Sofiev et al.
(2012). The original SP predicts plume heights as a function of PBL height, HPBL, Brunt–
Väisälä frequency of the FT, NFT, at 2×PBL height, and the total FRP of a fire, Pf :

Hp = αHPBL + β

(
Pf
Pf0

)γ
exp

(
−δN2

FT/N
2
0

)
. (2.2)

Here, α is that part of the PBL passed freely, β is a scaling factor for the fire intensity, γ
describes the power-law dependence on Pf , δ scales the dependence on the stability of the
FT, N0 is the reference Brunt–Väisälä frequency and Pf0 is the reference FRP. N0 and Pf0
are a priori chosen as N0 =

√
2.5 x 10−4 s−1 and Pf0 = 106 W, respectively. The constants

α, β, γ and δ have been determined by Sofiev et al. (2012) using a computational learning
data set:

α = 0.24, β = 170 m, γ = 0.35, δ = 0.6. (2.3)

As the use of NFT at 2×PBL height is, from a physical point of view, not most appropriate
for plumes which do not reach the FT, Sofiev et al. (2012) proposed a two-step iteration
scheme, with separate tuning constants for PBL and FT plumes.

For PBL plumes

α = 0.15, β = 102 m, γ = 0.49, δ = 0.0, (2.4)

and for FT plumes

α = 0.93, β = 298 m, γ = 0.13, δ = 0.7. (2.5)

In this study, the performance of the one-step as well as the two-step SP are tested. Kono-
valov et al. (2014) successfully applied the one-step SP for CO modeling in the CHIMERE
model. For stable PBL layers, Kukkonen et al. (2014) achieved improved plume height
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predictions with the SP when replacing the Brunt–Väisälä frequency of the FT by the
inversion layer Brunt–Väisälä frequency. Thus, for all nighttime plumes (18:00–08:00 LT)
we replace NFT in Eq. (2.2) by NPBL which describes the Brunt–Väisälä frequency of the
stable nocturnal boundary layer at the second lowest model layer approximately 150 m
above the surface.

The implementation of this simple plume height parametrization is a significant im-
provement compared to prescribed plume heights, because it takes into account fire activ-
ity as well as ambient meteorological conditions at the time of the fire. However, various
parameters, such as fire size and wind drag (Freitas et al., 2007, 2010) or entrainment
and multiple core fire structure (Rio et al., 2010), are known to impact plume heights and
are not explicitly represented in the SP. On the other hand, studies by Goodrick et al.
(2012), Val Martin et al. (2012), Rosário et al. (2013) and Strada et al. (2013) indicate
that neither of the more complex plume models shows an outstanding model performance.
Moreover, the input parameters required for plume models on the global scale, such as
fire size and fire intensity, are still very uncertain. Although FRP is strongly correlated
with the heat flux of a fire and thus with fire-induced atmospheric convection, the reliance
of plume heights on FRP measured by remote-sensing techniques is much more uncertain
than the theoretical relationship between FRP and heat fluxes might suppose. Therefore,
the use of a more advanced, more analytical plume model driven by original MODIS or
derived FRP data cannot be expected to increase the accuracy of plume height predictions
for global climate models with coarse resolution.

2.2.3 MPHP satellite data set

The MPHP represents a synthesis of MISR smoke aerosol data and MODIS MOD14
thermal anomaly data (Nelson et al., 2008, 2013). This unique plume height data set
has been accomplished by application of the MINX software tool which retrieves wind-
corrected plume heights from MISR data. In contrast to the plume heights provided in the
MPHP, no further processing is applied to the manually selected MODIS MOD14 thermal
anomalies which are attributed to individual MISR plumes. The latest release of the
MPHP (April 2012) includes data of wildfire smoke plumes in North and South America,
Eurasia, Africa and Southeast Asia, observed between 2001 and 2009. The MPHP data set
used in this study is based on red band retrievals only as no blue band data were available.
For future studies, an explicit validation of red and blue band retrievals is highly desirable,
because for thin plumes blue band retrievals are expected to provide more accurate plume
height estimations than red band retrievals.

Various studies made use of specific parts of this data set: the assignment of plume
height distributions to vegetation types in North America (Diner et al., 2008; Val Martin
et al., 2010), peat fire plumes in Borneo and Sumatra (Tosca et al., 2011) and the analysis
of Australian bush fire plumes (Mims et al., 2010). Each individual plume data set pro-
vides extensive information about FRP, optical smoke properties, plume height statistics
and wind profiles. For more detailed information, see the official product description at
http://www-misr.jpl.nasa.gov/getData/accessData/MisrMinxPlumes/. As stated in
the MPHP data quality statement and the error analysis therein, important biases are in-
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Table 2.1: FRP bin scheme used for ECHAM6-HAM2 simulations. Individual GFAS fires of
0.1°× 0.1° resolution are assigned to FRP bins 1–41 according to their FRP value. See text for
more detailed information.

FRP bin No. 1–10 11–15 16-21 22–26 27–41

FRP range [MW] 0–100 100–200 200–500 500–1000 > 1000
Bin width [MW] 10 20 50 100 –

troduced by pyro-cumulus clouds which hide below-cloud fire activity, by shortcomings in
the manual digitization of the plumes and by large uncertainties in the MODIS fire pixels.
By excluding plumes of poor or fair retrieval quality (Nelson et al., 2008) and incomplete
individual data files, the MPHP provides 6942 plumes which we use for the evaluation of
the SP. A visualization of mean annual MPHP plume height values for the year 2006 is
presented in Fig. 1.3 (see chapter 1.4). This visualization illustrates the heterogeneous
plume height distribution in the MPHP data set and gives a qualitative sense of plume
height distributions and FRP diversity. On average, fires of small fire intensity feature
lower plume heights, but for presumably favorable meteorological conditions, even low-
intensity fires reach plume heights of several kilometers. According to the official MPHP
product description and Kahn et al. (2008), an observational plume height accuracy of
±200 m can be assumed. Due to the fact that MISR detects aerosol plumes that have
been aged for a certain period of time, the measured plume heights do not in some cases
adequately represent the convection generated by the thermal anomalies at the time of
a specific satellite overpass. Thus, MODIS FRP values that correspond to MPHP plume
heights can only be seen as a rough approximation.

2.2.4 GFAS fire intensity data

The investigation of global plume height patterns and the subsequent climate impact
requires fire intensity data of full global coverage which the MPHP does not provide. In
the current standard setup of ECHAM6-HAM2, wildfire emissions from the AEROCOM
project are prescribed (Dentener et al., 2006), but no data on FRP are provided. Therefore,
we extended the model to use FRP information from an external data set as a boundary
condition. The GFASv1.1 data set (Kaiser et al., 2012) offers not only global FRP data but
also corresponding wildfire emissions of BC, OC and SO2. Thus, a consistent framework for
this study and subsequent investigations of the emission height climate impact is provided.
GFASv1.1 applied in this study has a spatial resolution of 0.1°×0.1° and a daily temporal
resolution. We assume that each 0.1° × 0.1° grid cell includes only one individual fire if
a non-zero FRP value is reported in GFAS. The 0.1°× 0.1° grid information of GFAS for
the years 2005–2011 is transferred to the ECHAM6-HAM2 T63 grid by combining GFAS
FRP values for each individual fire to fixed FRP bins.

Table 2.1 illustrates the used FRP bin scheme. The plume height parametrization is
run only once within a grid cell for each FRP bin. With a maximum of 41 FRP bins
considered instead of running the plume height parametrization for each individual fire
of the GFAS data set at every grid cell, the application of the FRP bin scheme reduces
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the computational costs for the plume height parametrization calculations by more than
95 %. The FRP bin scheme represents a conceptual approach to implement a simplified
fire intensity distribution into a global model. The limitation of 41 FRP bins was chosen
for technical reasons related to the specific input data format of the ECHAM6 model.
The FRP value of bin 1 (0–10 MW) represents the individual daily mean for the FRP in
a particular grid cell, because the variations of the FRP bin 1 values cover several orders
of magnitude (10−6 to 9.9 MW). For the FRP bins 2–26, a mean FRP value is applied
which represents the mean FRP of all fires in this data set for the entire period 2005–
2011. Due to the importance of intense fires with FRP values larger than 1000 MW, each
of these fires is treated individually and the specific GFAS FRP value is used to calculate
the plume height (FRP bins 27–41). For 2 days in the 2005–2011 period, more than 15
fires with FRP values larger than 1000 MW could be found in one specific grid cell and
thus the FRP bins 27–41 are not sufficient. In this case the redundant fires were shifted
to neighboring grid cells.

Due to the damping factor γ in Eq. (2.2), the small changes in FRP on the order
of 0–5 % introduced by application of the FRP bin scheme do not alter plume heights
simulated by the SP by more than a few meters. Thus, although the FRP bin scheme
represents a simplification of the FRP distribution, the loss of accuracy in global plume
height distributions is negligible.

In contrast to the GFASv1.1 data set we apply in this study, Sofiev et al. (2013) used
MODIS MOD14 level 2 FRP data for the preparation of a plume height climatology. The
relative frequency of total FRP per fire for GFAS and MODIS MOD14 level 2 thermal
anomalies is presented in Fig. 2.1 together with the frequency distribution of the MPHP.
We group individual MODIS FRP pixels, which have a distance smaller than 3 km to
the next fire pixel, to one fire, because in many cases individual MODIS MOD14 level 2
thermal anomalies are not connected although they belong to the same fire. The method
of grouping individual MODIS pixels has successfully been applied by Henderson et al.
(2010). The advantage of GFAS over MODIS FRP is the assimilation technique applied
in GFAS that produces a considerable fraction of fires which are below the MODIS FRP
detection limit and thus not included in the MODIS MOD14 data set. Figure 2.1 clearly
demonstrates the large number of low-intensity fires which is included in GFAS, but not
represented in MODIS. MPHP plumes are based on MODIS fire counts, but have been
selected manually. Therefore, the FRP frequency distribution of small fires in the MPHP
data set is shifted towards more intense fires which are easier to identify by eye. As such
the evaluation of the SP using the MPHP data set is of limited significance, because small
fires are underrepresented.

2.2.5 Model setup for evaluation of the plume height parametrization

Sofiev et al. (2012) have already shown that their plume height parametrization offers
a generally reasonable individual performance, if the parametrization is forced with me-
teorological input data from ECMWF reanalysis data. Here, we evaluate the SP imple-
mented into the ECHAM6 general circulation model. For long-term climate simulations,
the individual plume height performance is less important than the statistical performance
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Figure 2.1: Relative frequency of total FRP per fire for MODIS, MPHP and GFAS data. MODIS
refers to total FRP of grouped MOD14 level 2 thermal anomalies which feature distances of 3 km
or less to neighboring fire pixels. GFAS data (version 1.1) is provided as daily mean total FRP of
0.1°× 0.1° individual grid cells. MPHP data refer to the total FRP of manually selected MODIS
daytime fires.

of the global plume height distribution. Therefore, we do not force the ECHAM6 model
with reanalysis data, but apply free model runs with prescribed sea surface temperature.
Moreover, we quantify FRP uncertainties in more detail than previously done by Sofiev
et al. (2012). The SP is run offline based on the meteorological parameters from the
ECHAM6 output and FRP from the MPHP data set as described in Sect. 2.2.3. We run
ECHAM6 simulations with prescribed AMIP-II sea surface temperature for 2000–2010
to generate a climatology of meteorological input parameters required in the SP. As we
expect only a minor impact of aerosol emissions on the meteorological parameters which
determine the plume height and as GFASv1.1 data are only available for 2005–2011, we
do not use the HAM2 aerosol module for the SP evaluation experiments. In total, the SP
is run for a selection of 6942 MPHP plumes. To take into account the FRP uncertainties
of 30 % in the MPHP data set, we run the SP additionally for fire intensity values of
0.7×FRP and 1.3×FRP. For each plume we test the standard SP (EVAL-SOFIEV-1)
as well as the two-step iteration scheme (EVAL-SOFIEV-2) described in Sect. 2.2.2. The
SP is run at the particular day when the plume was reported in the MPHP. To estimate
plume heights in favorable meteorological conditions, we additionally simulate the plume
heights at each day of the month and analyze the upper 25 % of all plumes within a month.
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This simulation is called EVAL-SOFIEV-1-METEO. A summary of all simulations for the
evaluation of the SP is provided in Table 2.2.

Table 2.2: Setup of simulations for evaluation of various implementations of the Sofiev plume
height parametrization. Each version of the parametrization is additionally run with FRP values
of ±30 % to estimate the impact of FRP uncertainties on the plume heights. See text for a detailed
description of the individual simulation set-ups.

Simulation Name Plume Height
Parametrization Meteorology FRP from MPHP

EVAL-SOFIEV-1 Sofiev 1-step day of obs original

EVAL-SOFIEV-2 Sofiev 2-step day of obs original

EVAL-SOFIEV-1-
METEO Sofiev 1-step 25 % most

favorable cond. original

EVAL-SOFIEV-
MODIFIED

Sofiev 1-step +
FRP corr. day of obs tuning for plumes

>Hdeep

Sofiev et al. (2012) found a tendency of the SP to underestimate particularly high
plumes, although the plume height spectrum was not subject to a more detailed analysis.
There might be various factors which contribute to an underestimation of high plumes
including low fire emissivity at 4 µm and an underestimation of FRP due to the smoke
opacity effect. Investigations by Schroeder et al. (2014) who compared MODIS FRP
data to the Autonomous Modular Sensor (AMS) airborne multi-spectral imaging system
indicate that MODIS underestimates the FRP of high-intensity fires. For a particular fire
of approximately 500 MW, the underestimation of surface FRP was found to be nearly
50 %. For a smaller fire of 72 MW (detected by AMS), the surface FRP bias was roughly
20 %. There is a general tendency of MODIS to underestimate FRP for high plumes due
to the smoke which decreases the detectability of the thermal anomalies below the smoke.
This opacity effect of smoke plumes has been described by Kahn et al. (2008). As we use
direct MODIS FRP for our plume height simulations, we expect similar underestimations
of FRP in our plume height calculations.

Peterson and Wang (2013) and Peterson et al. (2014) investigated MODIS FRP data
and found sub-pixel information to be useful for the prediction of high-altitude injections.
However, so far there is no global data set available that provides this sub-pixel data for
a wide range of fire sizes and intensities. Even though the magnitude of the underesti-
mation cannot be quantified on the global scale, satellite pictures of the MPHP data set
clearly indicate that the underestimation of MODIS FRP tends to increase with plume
height. This holds especially for calm conditions and pyro-cumulus events as one can
see for a number of plumes in the MPHP data set (personal communication with David
Nelson). To take into account this significant FRP underestimation of particularly strong
fires, we apply an empirical FRP correction of the SP which tunes deep plumes higher
than a threshold Hdeep towards the observations by replacing the FRP Pf in Eq. (2.2)
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Table 2.3: Setup of global plume height pattern simulations. All simulations are nudged towards
observations every six hours; simulation period is 2005–2011.

Simulation
Name

Plume Height
Parametrization

Diurnal Cycle
of FRP Emission Distribution

HAM2.2-
STANDARD PBL + 2 model layers NO 25 % into FT, 75 % into

PBL

SOFIEV-
ORIGINAL SOFIEV (Original) NO const. mass mixing ratio

SOFIEV-
DCYCLE SOFIEV (Original) YES const. mass mixing ratio

SOFIEV-2X-
FRP

SOFIEV (Original,
2xFRP) NO const. mass mixing ratio

SOFIEV-
MODIFIED SOFIEV (Modified) YES const. mass mixing ratio

with P ∗
f , where

P ∗
f = Pf ×

(
Hp
Hdeep

)ε
. (2.6)

We empirically vary ε and define Hdeep based on the statistical performance of EVAL-
SOFIEV-1 evaluated with the MPHP data set. The empirically determined best perfor-
mance values of ε are subsequently used for the simulation EVAL-SOFIEV-MODIFIED
(see Table 2.2).

2.2.6 Model setup for simulation of global plume height patterns

We run the ECHAM6-HAM2 general circulation model as described in Sect. 2.2.1 in
nudged mode (ERA-INTERIM data) for the years 2004–2011 to simulate global plume
height patterns. Due to the limited availability of GFASv1.1 (years 2005–2011) plume
heights for 2004 are driven by 2008 GFAS fire intensity data. The year 2004 serves thereby
solely as model spin-up and is excluded from our analysis. In total we run five ECHAM6-
HAM2 simulations: one reference simulation “HAM2.2-STANDARD”, for which we use
the standard plume height distribution scheme and four simulations which represent dif-
ferent configurations of the SP (Table 2.3).

Simulation SOFIEV-ORIGINAL is based on the original SP as described in Sofiev
et al. (2012) and evaluated in simulation EVAL-SOFIEV-1. In SOFIEV-DCYCLE, we
apply a simplified diurnal cycle according to Zhang et al. (2012b), which distributes 80 %
of the FRP constantly during daytime (08:00–18:00 LT) and the remaining 20 % during
nighttime (18:00–08:00 LT). In simulation SOFIEV-MODIFIED, we use the results from
the plume height parametrization evaluation to tune the SP. Vertical emission distributions
in experiment HAM2.2-STANDARD are implemented as described in Sect. 2.2.1, while
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all SOFIEV simulations apply a constant mass mixing ratio from the surface to the top
of the plume.

Simulation SOFIEV-2X-FRP is a sensitivity scenario of more intense fires in a warmer
climate and serves as a sensitivity test. A climate-change-induced increase in fire activity
has been found based on climate projections for the end of the 21st century particularly
for boreal regions, (e.g., Stocks et al., 1998; Kloster et al., 2012; de Groot et al., 2013).
Since no global estimates of a future intensification in FRP are available, we only consider
a hypothetical global doubling in fire intensity in simulation SOFIEV-2X-FRP.

2.3 Plume height parametrization performance

This section presents the evaluation of the various versions of the SP described in
Sect. 2.2.5. Table 2.4 provides statistical values of the global plume height distribution
for all versions of the SP and the observational MPHP data set. Parametrization EVAL-
SOFIEV-1 shows basic agreement with the observed spectrum for a wide range of plume
heights. The global mean plume height of EVAL-SOFIEV-1 (1389 ± 572 m) is very close
to the observed global mean of 1382± 702 m.

However, there is a general tendency of the SP to overestimate low plumes and to
underestimate high plumes. Similar problems to reproduce particularly high as well as
low plumes have been reported for other plume rise parametrizations by Val Martin et al.
(2012).

The uncertainties in plume heights introduced by the ±30 % uncertainty in the FRP
impact the mean plume heights by less than 100 m. The two-step SP (EVAL-SOFIEV-2)
provides a slightly better representation of the plume height variations, but the one-step
SP holds a smaller positive model bias for low plumes and a better representation of
extraordinarily high plumes. For favorable meteorological conditions (parametrization
EVAL-SOFIEV-1-METEO), the increase in plume heights compared to EVAL-SOFIEV-1
ranges between 200 and 400 m except for the highest plumes which significantly exceed
this range (1250 m for the maximum plume height). Compared to the FRP uncertainty,
the meteorological parameters turn out to be more important for plume heights on the
global scale. Due to the simplified representation of plume buoyancy in the Sofiev for-
mula, the interpretation of these findings has to be taken with care, but the setup of our
simulations does not allow for a more detailed analysis. A Kolmogorov-Smirnov (KS) test
indicates that the best statistical performance is provided by EVAL-SOFIEV-1, for both,
the complete distribution, as well as the uppermost 40 percentiles. The uppermost 40 per-
centiles serve best for the KS test, because for these percentiles the cumulative probability
distribution of EVAL-SOFIEV-1 continuously exceeds the MPHP distribution.
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Table 2.4: Statistical analysis of different versions of the Sofiev plume height parametrization
implemented in ECHAM6. The KS tests describe results for a Kolmogorov-Smirnov test, the square
root error is shown as cumulative sum over the cumulative probability function. Uncertainties of
mean heights indicate one SD.

Plume Height
Dataset

MPHP
OBS

EVAL-
SOFIEV-1

EVAL-
SOFIEV-2

EVAL-
SOFIEV-1-

METEO

EVAL-
SOFIEV-

MODIFIED

mean height [m] 1382±702 1389±572 1517±637 1651±599 1411±646

mean height
FRP +30 % [m] – 1478±616 1603±668 1750±649 1511±717

mean height
FRP -30 % [m] – 1279±519 1403±596 1554±616 1292±567

10th percentile [m] 651 789 834 1011 789

25th percentile [m] 892 988 1048 1231 988

50th percentile [m] 1248 1280 1402 1544 1280

75th percentile [m] 1713 1666 1834 1937 1688

90th percentile [m] 2271 2123 2282 2421 2218

95th percentile [m] 2671 2465 2675 2782 2621

99th percentile [m] 3709 3193 3629 3576 3556

max height [m] 11986 6153 5620 7404 7786

top 10 plumes [m] 6122±2008 5153±596 5129±308 5521±908 6235±881

KS test d value – 0.081 0.117 – 0.081

KS test d value
upper 40 % – 0.075 0.249 – 0.034

cumulative square
root error – 0.161 0.300 – 0.034
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Figure 2.2: Global mean plume height distribution for different plume height parametrizations and
MPHP observations. Blue shading represents uncertainties of ±200 m in the plume height observa-
tions, red shading represents a ±30 % FRP uncertainty applied for the plume height parametriza-
tions.

Figure 2.2 visualizes the vertical plume height distribution for the different versions
of the SP. While the EVAL-SOFIEV-1-METEO parametrization lies significantly above
the observations for the entire plume height range below 4 km, EVAL-SOFIEV-1 matches
the uncertainty range of the observations for a large part of the plume height spectrum.
The spikes in the EVAL-SOFIEV-2 distribution originate from the two-step algorithm
which tends to shift plumes away from levels of the PBL height. As particularly high
plumes are in many cases linked to large emission injections, these plumes require special
attention in the context of global climate modeling. Based on empirical variations of
the tuning parameters in parametrization EVAL-SOFIEV-MODIFIED (see Eq. 2.6), we
found the best statistical performance for ε = 0.5 and Hdeep = 1500 m. The correction
of FRP for deep plumes significantly improves the overall plume height parametrization
performance on the global scale (see Table 2.4). The cumulative square error of the
entire distribution is decreased from 0.16 for parametrization EVAL-SOFIEV-1 to 0.03
for parametrization EVAL-SOFIEV-MODIFIED. While the mean plume height of EVAL-
SOFIEV-MODIFIED (1411 ± 646 m) does not change substantially compared to EVAL-
SOFIEV-1 (1389± 572 m), the maximum plume heights are increased from 6.1 to 7.8 km
and the KS test d value for the uppermost 40 percentiles is reduced by ≈ 50 %.
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Figure 2.3: Performance of the 1-step Sofiev plume height parametrization (EVAL-SOFIEV-1) for
plumes below 6 km. Honeycomb colors indicate the number of plumes in a specific 100 m height
bin for EVAL-SOFIEV-1. Red honeycombs represent plumes for EVAL-SOFIEV-MODIFIED. For
reasons of clarity, only EVAL-SOFIEV-MODIFIED plumes above 4 km are shown.

Figure 2.3 shows the frequency of plume heights in specific 100 m bins for parametriza-
tion EVAL-SOFIEV-1 (0–6 km) and EVAL-SOFIEV-MODIFIED (4–6 km only). The large
majority of low plumes are adequately represented by EVAL-SOFIEV-1, but for high
plumes > 4 km, the FRP correction applied in EVAL-SOFIEV-MODIFIED is particularly
important. While the number of plume heights > 4 km is 38 in the observational MPHP
data set (out of 6942 plumes in total), the number of plumes > 4 km is increased from 12
in simulation EVAL-SOFIEV-1 to 33 in simulation EVAL-SOFIEV-MODIFIED.

Figure 2.4 presents a global map of the mean plume height bias simulated by EVAL-
SOFIEV-1 compared to MPHP observations for all analyzed plumes. Very similar patterns
apply for parametrization EVAL-SOFIEV-MODIFIED as the FRP correction introduced
in EVAL-SOFIEV-MODIFIED only marginally effects the mean plume heights. Although
significant individual over- and underestimations on the grid box scale are observable,
there is no clear region-specific bias pattern observable in the extra-tropics. In tropical
South America, plumes generally tend to be slightly overestimated, but in other parts
of the tropics (e.g., Southeast Asia) tropical plumes are captured very well by the SP.
A more detailed analysis shows that the positive model bias in tropical South America
is primarily related to plumes with heights smaller than 3 km. Due to the vast majority
of these tropical low plumes injecting emissions into the well-mixed PBL, this bias is
generally of limited importance for the emission height climate impact.
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Figure 2.4: Mean plume height bias of simulation EVAL-SOFIEV-1 for 2001–2009 compared to
the observational MPHP data set (EVAL-SOFIEV-1 minus MPHP). Blue colors indicate underes-
timation of plume heights by the model, red colors indicate overestimation of plume heights by the
model. The large majority of grid boxes contains more than one individual plume; in these cases
averaged biases are shown. The large areas of white colors, e.g. in Europe and Australia, represent
the limited global coverage of the MPHP data set as no plumes are available in these regions.

2.4 Global plume height patterns

In the next sections, global plume height patterns simulated by the various plume height
implementations in ECHAM6-HAM2 are presented. All simulations are based on FRP
data as reported by the GFASv1.1 data set. We analyze global and regional differences in
plume heights, impacts of a diurnal and seasonal cycle and the fraction of free tropospheric
injections.

2.4.1 Global patterns of mean and maximum plume heights

Table 2.5 shows a comparison of global plume height statistics for all five simulations
introduced in Sect. 2.2.6. We apply a linear weighting of plume heights with FRP. The
weighting becomes particularly important for global mean plume height values as the large
number of small fires in GFASv1.1 dominates the plume height spectrum. Thus, intense
fires injecting large amounts of emissions are more adequately represented in global plume
height statistics.

The ECHAM6-HAM2 standard plume height implementation (PBL height +2 model
layers) results in a mean global plume height of 2798± 813 m. This plume height value is
considerably higher than all mean plume heights in the various versions of the SP, which
range from 1327± 457 m (SOFIEV-ORIGINAL) to 1559± 577 m (SOFIEV-MODIFIED).
The introduction of a diurnal cycle in FRP (SOFIEV-DCYCLE), as well as the additional
ECHAM6-HAM2.2-specific FRP correction for high plumes, does not impact mean plume
heights by more than 450 m except for the 99th percentile. For a doubling in FRP (sim-
ulation SOFIEV-2X-FRP), mean plume heights range between the SOFIEV-ORIGINAL
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simulation and the SOFIEV-DCYCLE simulation. Daytime plumes in SOFIEV-DCYCLE
and SOFIEV-MODIFIED are weighted approximately 6 times greater than nighttime
plumes due to their higher FRP values. However, although the differences between the
various versions of the SP are very limited for 99 % of all plumes, the disproportionately
important 1 % of the highest plumes show larger differences.

Table 2.5: Plume height characteristics for various plume height implementations. All values
represent global means for the time period 2005–2011. Uncertainty estimates for mean TOP 100
plumes represent one standard deviation (SD). A description of the simulation set-ups is provided
in Table 2.3.

Simulation Name HAM2.2-
STANDARD

SOFIEV-
ORIGINAL

SOFIEV-
DCYCLE

SOFIEV-
MODIFIED

SOFIEV-
2X-FRP

mean height [m] 2798±813 1327±457 1526±517 1559±577 1500±549

10th percent. [m] 1784 833 956 956 924

25th percent. [m] 2173 1012 1164 1164 1128

50th percent. [m] 2733 1256 1449 1459 1406

75th percent. [m] 3364 1552 1790 1827 1754

90th percent. [m] 3883 1892 2167 2255 2169

95th percent. [m] 4199 2161 2461 2607 2511

99th percent. [m] 4798 2831 3195 3543 3356

max height [m] 14408 6386 7121 8701 7788

Mean TOP 100 [m] 9510±1027 4786±389 5676±477 6782±632 5755±485

Figure 2.5 presents maximum values of hourly plume heights for all simulations from
2005 to 2011. On average, plume heights simulated by the SP show significantly smaller
maximum plume heights than the plume heights simulated by HAM2.2-STANDARD. By
taking into account not only the PBL height but also the fire intensity, the SP repre-
sents a more heterogeneous pattern of plume heights (see Fig. 2.5a–d). The HAM2.2-
STANDARD plume heights follow a distinct gradient from the Equator to the poles
due to their dependence on PBL height. In contrast to the HAM2.2-STANDARD sce-
nario, SP maximum plume heights are generally lower than 4 km in many regions. Plume
heights greater than 4 km are simulated in the subtropical and tropical savannah, in re-
mote mid-latitudes and in boreal regions. The differences in plume heights between the
various versions of the SP (Fig. 2.5b–d) are much smaller than the differences to HAM2.2-
STANDARD (Fig. 2.5a). The implementation of a diurnal cycle (SOFIEV-DCYCLE,
Fig. 2.5c) introduces a significant mean plume height increase in regions of high fire inten-
sity. For SOFIEV-MODIFIED, the FRP correction for plumes > 1500 m leads to a fur-
ther increase in plume heights. In contrast to the SOFIEV-ORIGINAL simulation, for
SOFIEV-MODIFIED a very small fraction of individual plumes reaches plume heights of
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more than 7 km. In parts of Australia, boreal Canada and Siberia, some high plumes sim-
ulated by SOFIEV-MODIFIED rise substantially above the HAM2.2-STANDARD plume
heights.

Sofiev et al. (2013) presented zonal mean injection profiles and regional maximum
plume heights of 5.5 km with the majority of plumes injecting into the lowest 1000 m. In
contrast to our study, the results by Sofiev et al. (2013) were based on MODIS MOD14
FRP data and were therefore lacking a significant fraction of small fires which is included
in GFASv1.1. However, the dominance of emission injections into the lowest 1–2 km is
observable in both studies. The tuning of high plumes applied in SOFIEV-MODIFIED
leads to a small fraction of plume heights above 6–7 km which is not included in Sofiev
et al. (2013), although such high plumes are reported in the MPHP data set. In the MPHP
data set, one single, particularly high plume even exceeds a plume height of 10 km and
lies thus beyond the spectrum of our SP simulations.

Gonzi et al. (2015) applied a modified version of the 1-D plume rise model by Freitas
et al. (2007) for global modeling of plume heights for the year 2006 and analyzed regional
plume height distributions in Indonesia, North America, Africa and Siberia. The authors
found a very limited number of plumes (approximately 10–100 plumes for 2006) which
exceeded injection heights by more than 5 km above the PBL height. Due to differences
in model resolution, FRP inventories and temporal resolution, the study by Gonzi et al.
(2015) is not directly comparable to our simulations. Nevertheless, the magnitude of the
highest plumes shows basic agreement with simulation SOFIEV-MODIFIED.
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Figure 2.5: Maximum plume heights for simulations HAM2.2-STANDARD (a), SOFIEV-
ORIGINAL (b), SOFIEV-DCYCLE (c), SOFIEV-MODIFIED (d). Plume heights for (a) repre-
sent standard plume heights in ECHAM6-HAM2.2, plume heights in (b) to (d) are based on various
versions of the Sofiev plume height parametrization. For a detailed description, see Sect. 2.2.6.
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2.4.2 Vertical emission distributions

For all SP simulations we assume a vertical emission distribution of constant mass mixing
ratio in all levels below the top plume height. In the HAM2.2-STANDARD simulation
a fixed fraction of the emissions (25 %) is injected in the next two layers above the PBL
(see Sects. 2.2.1 and 2.2.6). Figure 2.6 illustrates the vertical emission distributions of
all simulations as 7 year global means. All versions of the SP are emitting the major
fraction of the emissions below 800 hPa with small differences between these simulations.
For simulation HAM2.2-STANDARD, a considerably larger emission fraction is injected
into layers 3–5 km above the surface.
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Figure 2.6: Globally averaged vertical emission distribution of wildfire emissions for different emis-
sion height parametrizations 2005–2011. All emission distributions are weighted with FRP, i.e.
strong fires contribute disproportionately high to the distribution, see text Sect. 2.4.1. Red and blue
shadings indicate one SD of simulation HAM2.2-STANDARD respectively SOFIEV-ORIGINAL.
Note that the SOFIEV-DCYCLE and SOFIEV-MODIFIED lines largely overlie for pressure levels
>700 hPa. For a detailed description of the simulation set-ups, see Table 2.3.

The SP simulations are basically in line with the observational study of Jian and Fu
(2014) who found on average only 45 % of smoke MISR pixels above 1 km. Kipling et al.
(2013) showed that, for prescribed standard emission profiles, ECHAM6-HAM2 generally
overestimates BC in the upper troposphere over the Pacific. This model bias might to
some extent be related to too high plumes in ECHAM6-HAM2 standard. A doubling of
FRP is not found to considerably change the vertical emission distributions compared to
simulation SOFIEV-ORIGINAL.

2.4.3 Diurnal and seasonal cycles

The purely PBL-related plume height variations in HAM2.2-STANDARD result in a dis-
tinct diurnal cycle of plume heights (see Fig. 2.7). The SP, which also takes into account
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Figure 2.7: Global mean diurnal cycle of plume heights for different plume height implementations.
Shadings indicate one SD.

the FRP and Brunt–Väisälä frequency, shows a less pronounced diurnal cycle. Overall,
simplified diurnal variations in FRP (simulation SOFIEV-DCYCLE) turn out to impact
the overall diurnal cycle by 200–500 m and are therefore of similar importance as diurnal
variations in PBL and Brunt–Väisälä frequency. The limited impact of a diurnal cycle in
FRP in all SOFIEV simulations coincides with the results from Gonzi et al. (2015) who
showed that the differences in CO profiles are only marginally influenced except for the
lowest 1–2 km when diurnal FRP variations are accounted for. For analysis of the simu-
lated seasonal cycle in plume heights, we choose North America (30–60° N, 90–120° W) as
a region with a distinct fire activity peak during the northern hemispheric summer and
tropical Africa (0–15° N, 15° W–45° E) as a region of maximum fire activity in southern
hemispheric summer conditions.

Figure 2.8 shows seasonal variations of the HAM2.2-STANDARD, SOFIEV-
ORIGINAL and SOFIEV-DCYCLE simulations. In both regions, seasonal variations of
area averaged plume heights are not very pronounced, since a large number of small fires
dominates the mean plume heights. There is a distinct seasonal cycle in the maximum
individual daily plume heights observable in the SOFIEV simulations for North America
and – though less pronounced – also for Africa. This seasonal cycle in plume heights is
mainly related to the seasonal cycle in individual FRP values peaking in the summer sea-
son. For HAM2.2-STANDARD, the seasonal cycle is not represented because PBL heights
do not show distinct seasonal patterns in those regions.

2.4.4 Fraction of free tropospheric injections

In HAM2.2-STANDARD, all plumes are prescribed to reach or exceed PBL height. In all
versions of the SP, the fraction of plumes that reach the FT is significantly smaller than
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Figure 2.8: Seasonal cycle of daily mean plume heights for North America (left plot a) and Central
Africa (right plot b). Shading represents one SD, crosses indicate maximum individual mean daily
values in these regions. See text and Table 2.3 for a more detailed description of model simulations
HAM2.2-STANDARD, SOFIEV-ORIGINAL and SOFIEV-DCYCLE.

100 % (see Table 2.6). The simulated global fraction of FT plumes ranges between 9.7±1.4
and 15.0±2.0 %. For daytime plumes, which emit 80 % of the total wildfire emissions, the
fraction of FT plumes is substantially smaller (3.7–5.5 %).

A similar fraction of 4 % daytime plumes reaching the FT was presented by Tosca et al.
(2011) for Indonesia. For North America Val Martin et al. (2010) found a fraction of
4–12 %. In contrast, Diner et al. (2008) and Mims et al. (2010) found values of 26 % for
North America, and 30 % for Australia, respectively. A slightly smaller fraction of North
American FT injections (14–22 %) has also been identified by Gonzi et al. (2015).

Table 2.6: Global fraction of FT plumes for all-day (0–24 LT), daytime (8–18 LT) and nighttime
(18–8 LT) plume heights. Uncertainties indicate SDs of day to day variations.

Simulation
Name

FT Fraction
0–24 LT,[%]

FT Fraction
8–18 LT [%]

FT Fraction
18–8 LT [%]

SOFIEV-
ORIGINAL 11.9 ± 1.7 3.7 ± 0.7 17.8 ± 2.3

SOFIEV-DCYCLE 9.7 ± 1.4 5.2 ± 0.9 12.8 ± 1.7

SOFIEV-2X-FRP 15.0 ± 2.0 5.5 ± 1.0 21.6 ± 2.7

SOFIEV-
MODIFIED 9.7 ± 1.4 5.2 ± 1.0 12.8 ± 1.7
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2.5 Comparison to other plume height parametrizations

The SP represents a simple, semi-empirical plume height parametrization that takes into
account fire intensity as well as meteorological parameters for calculation of plume heights.
This parametrization does not explicitly account for fire size, wind drag, entrainment and
the number of updraft cores which have been shown to influence plume heights (Freitas
et al., 2007, 2010; Liu et al., 2010a; Rio et al., 2010). But for long-term climate modeling,
the computational costs for the implementation of more complex analytical models are
disproportionate to the benefits. Nevertheless we compare the plume heights calculated
by the SP to the widely used 1-D plume height model by Freitas et al. (2007) for a limited
period of time. We use fire and meteorological data from the Monitoring Atmospheric
Composition and Climate (MACC) project for the period 1 January 2014 to 13 July 2014.
The MACC-II data were most suitable for this comparison, because a modified version of
the Freitas plume rise model (PRM-MODEL) (Freitas et al., 2007; Gonzi et al., 2015) had
already been implemented in MACC-II. Therefore, the required additional effort for the
implementation of the SP was very limited. As the PRM-MODEL requires the fire size of
each fire which is not provided in GFASv1.1, it was unfortunately not possible to run the
PRM-MODEL simulations for our ECHAM6-HAM2.2 experiment set-ups.

The PRM-MODEL provides entire detrainment profiles, but for comparability to the SP
we only analyze the mean height of maximum injections. In the PRM-MODEL, maximum
injection heights are defined as the average of the levels for which the detrainment is> 50 %
of the maximum detrainment. Moreover, the PRM-MODEL output is assimilated to fill
observational gaps as described by Kaiser et al. (2012).

Figure 2.9: Plume height distributions calculated by the PRM-MODEL and the original version
of the SP (SOFIEV-ORIGINAL) implemented in MACC-II for 1 January 2014 to 13 July 2014.
Each line represents the global mean plume height distribution of a particular day.
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The implementation of the PRM model for all individual fires entailed roughly a dou-
bling in computation time for the MACC-II system, whereas the additional computational
costs of the SP implementation are negligible. A comparison of global mean daily plume
height distributions of the PRM model vs. SP implemented in the MACC-II system is
shown in Fig. 2.9. For this period, the PRM model provides a mean plume height of
1287± 807 m, for SP the mean is 1392± 506 m; the 10th percentile in PRM is only 273 m,
whereas it is 809 m in SP; the 95th percentile is 2663 m in PRM and 2322 m in SP; the
mean plume height of the highest 100 plumes in the PRM is 7251 ± 466 m, for the SP
it is 4406 ± 329 m. Overall the differences between the models are largely restricted to
the lowest 500–1000 m within the well-mixed PBL and furthermore to the upper 97–99
percentile. However, a modified SP in MACC to improve occasionally high plumes (which
would require additional tuning similar to our FRP correction in simulation SOFIEV-
MODIFIED) would shift the plume height distribution to a better agreement with the
PRM (see Table 2.5).

2.6 Summary and conclusions

In this study prescribed plume heights in ECHAM6-HAM2.2 have been replaced by the im-
plementation of different versions of a simple, semi-empirical plume height parametrization
after Sofiev et al. (2012). In a first step we evaluated the modeled plume height distribution
against 6942 plumes of the MPHP data set. Overall the semi-empirical parametrization
shows a reasonable performance within the uncertainty range, although low plumes tend
to be slightly overestimated and high plumes tend to be underestimated. A statistical–
empirical correction for the FRP of high plumes turned out to significantly improve the
uppermost 10 % of the plume height spectrum, because this correction compensates the
smoke opacity effects which reduce the detectability of FRP for intense fires. For the
plume height parametrization used in this study, meteorological conditions impact the
plume heights more effectively than uncertainties in FRP. The reliance of plume heights
on FRP in the Sofiev parametrization represents a very simplified approach which provides
reasonable statistics on the global scale, but it might fail for the prediction of individual
plumes.

In a second step we simulated plume heights for fire activity of global coverage for 2005–
2011 using FRP reported in the global fire inventory GFASv1.1 (Kaiser et al., 2012) as in-
put for the plume height parametrization. The application of the fire-intensity-dependent
plume height parametrization introduced considerable changes to global plume height
patterns compared to the ECHAM6-HAM2 standard plume height implementation which
solely depends on PBL height. The global mean plume height simulated by the modi-
fied Sofiev plume height parametrization is 1559 ± 577 m with a fraction of 3.7 ± 0.7 %
of daytime plumes emitting into the FT. The highest 100 plumes reach altitudes of 6.1–
8.7 km above the surface. On the global scale, plume heights simulated by the Sofiev
plume height parametrization are significantly lower than for ECHAM6-HAM2 prescribed
plume heights and show a much more heterogeneous spatial distribution. As a results of
the strong damping in the FRP impact on plume heights described by the Sofiev plume
height parametrization, a hypothetical doubling in future fire intensity, as well as the im-
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plementation of a diurnal cycle in FRP, only marginally increases the vast majority of
emission heights. Basic global plume height patterns are rarely affected by these changes
in FRP, but for the uppermost 10 percent of all plumes, an average increase in plume
heights by 300–500 m is simulated.

The lack of high-resolution plume height data sets of full global coverage remains a lim-
iting factor for the evaluation of plume height parametrizations in climate and Earth
system models. Nevertheless, the implementation of an advanced plume height represen-
tation into a climate model is an essential step forward to advance the progress in our
understanding of the overall fire emission climate impact. The simulations presented in
this study form the basis for the investigation of the fire emission height impact on black
carbon long-range transport and radiation which we show in the third chapter of this
thesis. For subsequent studies without observational FRP data, we will couple the im-
plemented plume height parametrization to a mechanistic interactive fire model (Lasslop
et al., 2014) within a global vegetation model (see chapter 4). This will enable the inves-
tigation of climate-change-induced future changes in fire intensity and related changes in
plume heights.
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Chapter 3

Impact of emission heights on
atmospheric transport, BC
concentrations and radiation

3.1 Introduction

Within the last two decades, comprehensive observational and modeling studies have inves-
tigated and quantified the importance of wildfire aerosol emissions for direct, semi-direct
and indirect radiative effects and aerosol–cloud precipitation interaction (Haywood and
Boucher, 2000; Lohmann and Feichter, 2005; Bowman et al., 2009). The global BC emis-
sions from vegetation fires are estimated to range between 1.7 and 3.0 Tg BC yr−1, which
is equivalent to roughly 30 % of the global total BC emissions including fossil fuels (e.g.,
Andreae and Merlet, 2001; Reid et al., 2005; Bond et al., 2013). Regardless of the consider-
able progress that has been made concerning our understanding of the direct, semi-direct
and indirect aerosol effects, the ability of recent global climate models to reproduce obser-
vations and climate-related changes in carbonaceous aerosol concentrations is very limited
(Dentener et al., 2006; Kinne et al., 2006; Koch et al., 2009). Important sources of bias
could be identified to arise from large uncertainties in the fire emission inventories, im-
proper transport mechanisms and removal processes (Bond et al., 2013; Schwarz et al.,
2013). Long-range transport and removal processes of wildfire aerosol emissions in turn
depend to some extent on the emission heights. Samset et al. (2013) published a com-
prehensive comparison of 12 global aerosol models in the framework of the AEROCOM
project. The authors found that most of the AEROCOM models attribute more than
40 % of the BC radiative forcing (RF) to altitudes higher than 5 km, although only 24 %
of the BC mass is found above 5 km. Thus, the vertical emission distribution at the time of
the wildfire emission release can be identified as a key parameter for the overall radiative
impact of wildfire emissions.

In the following, we use the term “plume height” to describe the maximum altitude
above the surface at which emissions are released (e.g. prescribed, or calculated by a plume
height parametrization). The term “emission heights“ describes the full range of heights
at which wildfire emissions are released. “Emission profiles” specify the entire vertical
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emission profiles from the surface to the top of the smoke plume.
Although advanced emission height models are available for implementation in global

circulation models (e.g., Luderer et al., 2006; Freitas et al., 2007; Rio et al., 2010), there is
an ongoing discussion about which degree of complexity in emission height parametrization
is required for global Climate Modeling. Due to a lack of observational plume height data
sets of global coverage, our knowledge regarding appropriate emission height parametriza-
tions for specific global modeling applications is largely based on short-term or regional
studies. By application of inverse Lagrangian modeling techniques, the early studies of Li-
ousse et al. (1996), Wotawa and Trainer (2000) and Spichtinger et al. (2001) found the best
matches of modeled aerosol transport to observations for emission distributions between 0
and 2, 0.5 and 3, and 3 and 5 km for BC, CO and NOx concentrations, respectively. Chen
et al. (2009) showed that emission heights are substantially more important for BC than
for trace gases, which questions the general transferability of the results from trace gas
studies to BC. Other studies provided good agreement of model simulations with obser-
vations for an emission release between the surface and the PBL height as well as a fixed
height of 1.2 km (Wang et al., 2006; Matichuk et al., 2007). While Jian and Fu (2014)
found a large sensitivity of BC concentrations on the emission heights, Colarco (2004)
demonstrated that the differences between a near-surface emission release and a release
between 2 and 6 km are small for convective atmospheric conditions. Chen et al. (2009)
used the GEOS-CHEM model with GFED2 emissions to simulate the smoke transport
from North American forest fires. The authors found the best overall model performance
for a scenario of 40 % emissions injected into PBL and 60 % emissions injected into the
FT. For a study by Stein et al. (2009), in one case PBL injections performed best, whereas
in another case plume heights up to 3 km were necessary to reproduce observations. Gonzi
et al. (2015) applied a modified version of the 1-D plume model by Freitas et al. (2007),
MODIS FRP and fire size to simulate global CO concentrations in GEOS-Chem for the
year 2006. The authors compared modeling results to Measurement of Pollution in the
Troposphere (MOPITT) satellite data, but it turned out that the particular emission
height impact on the overall bias was not quantifiable. Overall, modeling as well as ob-
servational studies (e.g., Diner et al., 2008; Val Martin et al., 2010; Ichoku et al., 2012)
indicate that wildfire plume heights are highly variable on the global scale. While Freitas
et al. (2007), Rio et al. (2010) and others demonstrated a reasonable performance for their
specific plume height parametrizations in particular case studies, other authors including
Val Martin et al. (2012) and Goodrick et al. (2012) presented results that showed a poor
to moderate performance of all these models on the global scale.

In summary, our knowledge about both, an appropriate implementation of emission
heights in global climate models as well as the impact of the emission heights on aerosol
long-range transport, atmospheric radiative transfer and other climate variables is very
limited. In the second chapter of this thesis, we presented globally simulated plume height
patterns. Through a comparison of simulated plume heights to observations from the
MPHP data set, we evaluated the performance of different plume height implementations.
The best agreement of model results to observations was found for a modified version of
the Sofiev et al. (2012) plume height parametrization (modeled global mean plume heights
1411± 646 m, observed mean global plume heights 1382± 702 m). Only 5.2± 1.0 % of all
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daytime plumes were injecting emissions into the FT. On average, plume heights simu-
lated by the semi-empirical parametrization are 1.1–2.0 km lower than prescribed standard
plume heights in ECHAM6-HAM2. Based on the simulations introduced in chapter 2 and
the additional extreme scenarios (pure surface and free-tropospheric injections) presented
in this chapter, we analyze atmospheric BC concentrations, BC deposition rates and at-
mospheric radiative transfer for all simulations to address the following research questions:

• To what extent do wildfire emission heights impact atmospheric aerosol concentra-
tions and aerosol–radiation interaction?

• How important is the vertical distribution of the released emissions?

• Does the diurnal cycle of fire intensity and emission release enhance, dampen or
change the sign of the averaged climate response?

• How might a future increase in fire intensity and emissions influence plume heights
and radiation?

• What degree of complexity in plume height parametrization is required to capture
the emission height impact on aerosol long-range transport and atmospheric radiative
transfer in global climate models?

A comprehensive comparison of modeled AOT (also referred to as Aerosol Optical Depth,
AOD) to observational data sets from Marine Aerosol Network (MAN), AERONET,
MODIS and CALIOP gives us an independent constraint on an adequate choice of plume
height parametrizations for climate modeling applications.

The next section introduces our model setup, the different plume height implemen-
tations and the observational data sets used for model evaluation. In the “Comparison
of model results to observations” section, the impact of the wildfire emission heights on
BC concentrations, deposition rates and radiation is analyzed. Furthermore, we present
regional time series and statistical analysis on the model performance. The conclusions
section summarizes our results and provides suggestions for future implementations of
plume height parametrizations in climate and Earth system models based on our findings.

3.2 Methodology

3.2.1 ECHAM6-HAM2 model description

The aerosol–climate modeling system ECHAM6-HAM2 is an extension of ECHAM6, the
atmospheric component of the MPI-ESM (Stevens et al., 2013). ECHAM6-HAM2 pre-
dicts the evolution of micro-physically interacting aerosol populations, their size distribu-
tion and composition (Stier et al., 2005; Zhang et al., 2012a). For all our simulations,
we use model version ECHAM6.1.0-HAM2.2. We apply a spatial grid of approximately
1.875° × 1.875° (T63) and a temporal resolution of 600 s. The 47 vertical layers range
from the surface to 0.01 hPa. To allow for appropriate comparisons of the wildfire RF,
the model is nudged against observational data every 6 h by relaxation of the prognostic
variables to ERA-Interim reanalysis fields (Dee et al., 2011). The aerosol module HAM2
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employs a superposition of seven lognormal distributions which describe the nucleation,
Aitken, accumulation and coarse modes. Besides dust, sea salt and sulfur emissions from
natural and anthropogenic sources, the model also simulates the emission and transport
of carbonaceous matter from anthropogenic sources and wildfires.

Wildfire emissions are represented by three species in the ECHAM6-HAM2 model: BC,
OC and SO2. For details on the implementation of sedimentation, wet and dry deposition,
thermodynamics and aerosol micro-physics parametrization, see Stier et al. (2005). A de-
tailed assessment of the processes which drive the evolution of aerosol mass and number
concentrations is described in Schutgens and Stier (2014). Calculations of aerosol optical
properties are based on Mie theory for 24 solar spectral bands and provide single scattering
albedo, extinction cross section and asymmetry factors. These parameters in turn serve
as input for radiation calculations by the ECHAM6 radiation scheme (Giorgetta et al.,
2013; Stevens et al., 2013). Aerosol–cloud interactions are represented by a two-moment
cloud micro-physics scheme that is coupled to the aerosol micro-physics (Lohmann et al.,
2007). Overall, we carry out nine ECHAM6-HAM2 simulations with different emission
height implementations for 8 years (2004–2011) which will be described in the next two
sections. The year 2004 is used for the spin-up of the model and therefore excluded from
our analysis.

3.2.2 Emission data sets

In the standard release of ECHAM6-HAM2, AEROCOM phase 2 wildfire emissions (Den-
tener et al., 2006) are implemented. These emissions are based on GFEDv2 data (van der
Werf et al., 2006) multi-year monthly means of the years 1997–2008. GFEDv2 emissions
are derived from burnt area observations and do not provide any information on wildfire
intensity. As fire intensity is a key input parameter required for plume height parametriza-
tions, the AEROCOM emission data set within the standard ECHAM6-HAM2 model does
not represent an appropriate framework to study wildfire emission heights. In contrast
to GFED, GFASv1.1 (Kaiser et al., 2012) uses FRP retrieved from MODIS satellite ob-
servations to estimate fire emissions from the year 2000 to present. GFAS applies land-
cover-specific emission factors to calculate combustion rates and fills observational gaps
by use of a Kalman filter. With consistent aerosol emission and fire intensity information,
GFASv1.1 provides an appropriate input data set for our simulations.

Kaiser et al. (2012) found that GFAS emissions implemented in the global circulation
model ECMWF are only able to reproduce AOT observations in a reasonable way, if
global GFAS wildfire emissions are multiplied by a global factor of 3.4. This zero-order
approximation also provided reasonable global modeling results in studies by Huijnen et al.
(2012) and von Hardenberg et al. (2012) using the global MACC atmospheric composition
forecasting system as well as ECHAM5-HAM1. Basically, the underestimation of AOT
in GFAS and other bottom-up inventories could have various reasons including an un-
derestimation of emission fluxes (e.g., due to underestimation of wildfire emission factors
or burned area and FRP) as well as shortcomings in the representation of aerosol micro-
physics in the model (impacting aging and removal rates). It would be highly desirable to
investigate the reasons for the required factor of 3.4 in more detail in a future study.
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We apply the GFASv1.1 emission data set for eight out of nine simulations, but we also
run one simulation with the standard AEROCOM wildfire emissions to provide a reference
which is comparable to other ECHAM6-HAM2 studies. As the global annual emission
fluxes of GFAS and AEROCOM show mean differences of less than 9.2 % for BC and
4.4 % for OC, we decided to apply the 3.4 factor not only to GFAS but also to AEROCOM
wildfire emissions. For both, AEROCOM as well as GFAS simulations, wildfire emissions
are represented by the emission species BC, OC and SO2.

In addition, we run one “NO-WILDFIRES” scenario for which wildfire emissions are
completely switched off to calculate the overall wildfire emission impact on radiation.

3.2.3 Emission height parametrizations

Table 3.1 provides a summary of all plume height parametrizations used in this study.
Based on the large range of emission height implementations in the literature, we apply
first the most extreme and unrealistic scenarios for our sensitivity study: on the one
hand the experiment “SURFACE” simulates a wildfire emission release into the lowest
and second lowest model layer (approximately 30–150 m above the surface). Thus, this
simulation provides the lower limit of the emission height radiative impact due to fast
removal of the aerosols close to the surface. Wildfire emissions in simulation SURFACE
were chosen to be distributed into the two lowest model layers instead of the surface layer
only, because in preliminary test runs prior to this study, very intense wildfire emission
releases concentrated at one specific model layer resulted in model instabilities, presumably
due to radiative imbalance. On the other hand a simulation of purely free-tropospheric
emission release (FT) serves as an unrealistic upper constraint of the emission height
climate impact.

In the standard version of ECHAM6-HAM2.2, plume heights for all wildfires are pre-
scribed as the PBL height plus two model layers, see also section 2.2.1, equation 2.1 If
the PBL height exceeds 4 km, Hp is set to PBL height. We use this implementation as
a reference simulation “HAM2.2-GFAS”. For a more appropriate representation of wildfire
emission heights in ECHAM6-HAM2, we implemented the semi-empirical plume height
parametrization introduced by Sofiev et al. (2012) (named “SP”). In contrast to the stan-
dard emission heights in ECHAM6-HAM2, the SP takes into account the total FRP of
a fire Pf as well as atmospheric stability (Brunt–Väisälä frequency of the atmosphere N)
and PBL height HPBL to predict fire emission heights:

Hp = αHPBL + β

(
Pf
Pf0

)γ
exp

(
−δN2/N2

0

)
. (3.1)

For more details on the SP, a description of the normalizing constants N0 and Pf0 as well
as the tuning parameters α, β, γ and δ and all modifications we applied (e.g., introduction
of a diurnal cycle in FRP), see chapter 2 and Sofiev et al. (2012). Overall we carry out
five simulations with different implementations of the SP: the original and most simple
one-step model as described in Sofiev et al. (2012) called “SOFIEV-ORIGINAL”, one sim-
ulation with additional application of a diurnal cycle in fire emissions and FRP called
“SOFIEV-DCYCLE” and one simulation which applies a diurnal cycle as well as a tuning
of high plumes “SOFIEV-MODIFIED”. Simulation SOFIEV-MODIFIED represents the
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Table 3.1: Set-up of ECHAM6-HAM2 simulations for 2005–2011 based on various plume height
parametrizations. All simulations are nudged towards observations every six hours. In addition to
the listed simulations, a NO-WILDFIRES scenario represents a simulation without any wildfire
emissions. The diurnal cycle refers to FRP. See text for a more detailed description of the emission
height implementations and emission inventories.

Simulation
Name

Plume Height
Parametrization

Diurnal
Cycle

Emission
Inventory

Emission
Distribution

HAM2.2-GFAS PBL Height+ 2
model layers NO GFAS 25 % into FT, 75 %

into PBL

SOFIEV-
ORIGINAL SOFIEV (Original) NO GFAS const. mass mixing

ratio top – bottom

SOFIEV-
DCYCLE SOFIEV (Original) YES GFAS const. mass mixing

ratio top – bottom

SOFIEV-
MODIFIED SOFIEV (Modified) YES GFAS const. mass mixing

ratio top – bottom

SOFIEV-TOP-
INJECTION SOFIEV (Original) YES GFAS 50 % into top layer,

50 % top – bottom

SURFACE 2 lowest model
layers (30–150 m) NO GFAS 100 % into lowest

and 2nd lowest layer

FT PBL Height to
Tropopause NO GFAS 100 % into FT, const.

mass mix. ratio

SOFIEV-2X-
EMISSIONS-FRP

SOFIEV (Original,
2xFRP) NO GFAS const. mass mixing

ratio top – bottom

HAM2.2-
AEROCOM

PBL Height+ 2
model layers NO AEROCOM 25 % into FT, 75 %

into PBL

plume height parametrization which provides the best agreement to global plume height
observations (see chapter 2). A hypothetical future scenario with a doubling in FRP
and emissions, “SOFIEV-2X-EMISSIONS-FRP”, enables a comparison of the impact of
changes in emission fluxes and emission heights. We assume the BC/OC/SO2 emission ra-
tios for simulation SOFIEV-2X-EMISSIONS-FRP to be constant and apply BC/OC/SO2
ratios provided by GFASv1.1. The last simulation “SOFIEV-TOP-INJECTION” is run
to test the influence of the vertical emission distribution.

3.2.4 Vertical distribution of wildfire emissions

Besides the plume heights which describe the maximum level of emission injection above
the surface, one has to make assumptions on the vertical distribution of the emissions from
the surface to the plume height. For all SOFIEV simulations, we distribute emissions from
the surface to the first level below the top of the plume with a constant mass mixing ratio.
Simulation FT also applies a constant mass mixing ratio from the PBL height to the
first level below the tropopause. In the simulation SURFACE, all wildfire emissions are
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injected into the first two model layers approximately 30–150 m above surface. HAM2.2-
AEROCOM and HAM2.2-GFAS use the vertical emission distribution prescribed in the
standard HAM2.2 model with a fraction of 25 % of the emissions to be injected into the FT
(in the two levels just above the PBL). The remaining 75 % of the emissions are distributed
from the surface to the PBL height with constant mass mixing ratio.

Vertical emission distributions with constant mass mixing ratios have been used in
most former global aerosol modeling studies even in case of more advanced plume models,
e.g., Freitas et al. (2007). Our knowledge about the global variability of vertical emission
distributions is even more limited than our knowledge about the plume heights. However,
Luderer et al. (2006) and Fromm et al. (2010) showed in modeling, as well as observational
case studies, that rare but extraordinarily high injections might emit a large fraction of
the emissions into the upper part of the plumes. To account for this, we perform one
sensitivity study, in which we emit 50 % of the total emissions into the uppermost layer of
the plume and we distribute the remaining 50 % uniformly (constant mass mixing ratio)
into the model layers below (SOFIEV-TOP-INJECTION).

3.2.5 Observational data sets for model evaluation

For evaluation of the ECHAM6-HAM2 model performance, vertically resolved and inte-
grated AOT values are compared to observations from AERONET, MODIS, MAN and
CALIOP. The AERONET program (Holben et al., 1998) is a ground network of sun pho-
tometers that provides long-term continuous AOT measurements based on the attenuation
of direct solar radiation. These AOT measurements are estimated to have errors of ≈ 0.015
(Eck et al., 1999; Schmid et al., 1999) and are considered some of the most accurate aerosol
observations we have. In this study, we use AERONET AOT which was averaged over
6 h, every 6 h.

The MAN is an integrated component of AERONET and includes data from ship
cruises since the end of 2004 (Smirnov et al., 2011). It is based on hand held Microtops II
sun photometers with five spectral channels ranging from 320 to 1020 nm providing data
for spectral AOT. The MAN data set has limited spatial and temporal coverage due to
the limited number of ship cruises which collected data (about 1700 individual days of
measurements between November 2006 and March 2010).

In addition to AERONET data, spectral radiance measurements from the two MODIS
sensors aboard the Aqua and Terra satellites are used to monitor AOT with a wide spatial
coverage. MODIS AOT values are calculated by retrieval algorithms based on lookup
tables for different particles which depend on scattering geometries (Tanre et al., 1997).
Error estimations of MODIS AOT retrievals have been investigated by comparison with
ground-based AERONET (e.g., Remer et al., 2005; Bréon et al., 2011) and MAN obser-
vations (e.g., Adames et al., 2011; Smirnov et al., 2011). Here we use the Naval Research
Laboratory (NRL) L3 (Hyer et al., 2011; Shi et al., 2011) data that are derived from
MODIS L2 observations through additional quality checks and empirical correction for-
mulae. Both, the Aqua as well as the Terra NRL L3 data, are 1° by 1° aggregates, available
every 6 h. MODIS observations do provide a far wider spatial coverage than AERONET,
but uncertainties are significantly larger. For the quantitative analysis of the plume height
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Figure 3.1: Region specification used for comparison of modeled AOT to observations. Color
shading represents mean annual assimilated FRP values of GFASv1.1 for 2005–2011. Yellow colors
indicate low FRP values, dark red colors indicate high FRP values.

parametrization, we restrict our considerations to the following six regions: boreal North
America, temperate North America, Siberia, the Amazon area and neighboring regions,
Congo and the African outflow to the tropical Atlantic (Fig. 3.1).

Vertically resolved information of AOT is provided by the CALIOP on board the
CALIPSO satellite which was launched in June 2006 to acquire global aerosol profile data
between 82° N and 82° S (Winker et al., 2010). CALIOP provides backscatter profiles at
a vertical resolution of 30 m (below 8.2 km) as well as 60 m (between 8.2 and 20.2 km).
Vertical aerosol extinction profiles are calculated at 1064 and 532 nm (Winker et al., 2013).
CALIOP vertical AOT profiles have a good global coverage, but the uncertainties in in-
dividual AOT profiles are known to be large due to uncertainties in lidar ratios (e.g.,
Campbell et al., 2013; Winker et al., 2013). There is a tendency of CALIOP to underes-
timate low AOT values and the lowest 1.4 km are not reasonably captured. The gridded
CALIOP level 3 data have been shown to provide more accurate AOT values than level 2
data because of an improved retrieval algorithm for the lowest 1.4 km (Kacenelenbogen
et al., 2011; Redemann et al., 2012). Therefore, in this study, we apply multi-annual
monthly means of level 3 data for 2006–2011 and restrict our analysis to relative vertical
AOT profiles. For our analysis, we use only complete CALIOP vertical profiles without
missing individual layers. Absolute AOT values are vertically averaged to 0.5 or 1.0 km
layers for our comparison to ECHAM6-HAM2 model simulations.

In contrast to the spatially and temporally collocated MODIS, AERONET and MAN
data of 6 hourly resolution, which we use for the comparison of total AOT to ECHAM6-
HAM2 simulations, CALIOP level 3 data are only available in monthly temporal and
2°×5° (latitude× longitude) horizontal resolution. Therefore, the introduced errors in the
CALIOP model–observations comparison are a priori larger for the CALIOP data then
for MODIS, AERONET and MAN data. On the other hand CALIOP is the only data set
which provides vertically resolved AOT profiles of global coverage.
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3.3 Impact on BC burdens, concentrations and deposition
rates

Differences in emission height parametrizations can be expected to cause differences in
the vertical and horizontal transport of the wildfire emissions. To quantify these changes
in global aerosol transport, we assess regional and global changes in BC burdens, vertical
concentration profiles and deposition rates. We analyze seven years of model simulations
(2005–2011) for the nine emission height scenarios provided in Table 3.1.

3.3.1 BC burdens

Global mean values of the atmospheric BC and OC aerosol burdens for all individual
experiments are presented in Table 2.4. As the patterns of changes in OC concentrations
and deposition rates are very similar to the changes in BC, we limit our detailed analysis
to BC. Changes in SO2 are not discussed in this chapter as SO2 emissions from wildfires
contribute only about 5 % to the overall SO2 emissions. Table 2.4 also reports the range
of plume heights simulated in the individual experiments. Global plume height patterns
have been discussed in detail in chapter 2. All global mean values provided in Table 2.4
are complemented by more detailed and region-specific discussions within the next three
sections. Note that all uncertainty estimates in Table 2.4 (except for the plume heights)
represent 1 SD of monthly global means for 2005–2011.

Figure 3.2 illustrates the global relative changes in BC burden for the individual exper-
iments compared to the standard ECHAM6-HAM2 setup (simulation HAM2.2-GFAS).
For the various implementations of the Sofiev plume height parametrization (SOFIEV-
ORIGINAL, SOFIEV-DCYCLE, SOFIEV-MODIFIED, SOFIEV-TOP-INJECTION; see
Fig. 3.2a–d), the global patterns of changes in BC burden are very similar in the trop-
ics and subtropics. While an increase in BC burden is observable close to the source
regions, the implementation of the plume height parametrization introduces a reduction
in BC burden far from the source regions. The simulated changes in BC burden can
be attributed to a decreased aerosol long-range transport. The application of a diurnal
cycle (SOFIEV-DCYCLE) which increases the height of daytime plumes, and a more re-
alistic representation of deep emission injections (SOFIEV-MODIFIED), introduce only
marginal changes in BC burden. In the TOP-INJECTION scenario, which injects 50 %
of the emissions into the highest emission layer, the sign of the relative changes in BC
burden compared to simulation HAM2.2-GFAS changes in boreal regions. The higher
burdens can be attributed to the importance of strong boreal forest fire events which emit
significant fractions of the emissions into the FT. Although the majority of emission injec-
tions in the SOFIEV simulations are injecting below the HAM2.2-GFAS emission heights,
a small fraction of strong emission events simulated by the Sofiev parametrizations ex-
ceeds the HAM2.2-GFAS maximum emission heights of PBL height + two model layers
(see chapter 2). The comparison of simulations SOFIEV-ORIGINAL, SOFIEV-DCYCLE
and SOFIEV-MODIFIED shows that the changes in BC burden introduced by the appli-
cation of a diurnal cycle and more realistic deep plumes are rather small on the global
scale.
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Figure 3.2: Mean relative changes in BC burden introduced by various implementations of
fire emission heights. All relative changes refer to the standard implementation of prescribed
emission heights combined with GFASv1.1 emissions (simulation HAM2.2-GFAS). Simulations
SOFIEV-ORIGINAL (a), SOFIEV-DCYCLE (b), SOFIEV-MODIFIED (c) and SOFIEV-TOP-
INJECTION (d) show different versions of the Sofiev plume height parametrization. Simula-
tion SURFACE (e) represents near surface emissions, simulation FT (f) is based on purely free-
tropospheric emissions. SOFIEV-2X-EMISSIONS-FRP (g) assumes a doubling in emissions and
FRP. HAM2.2-AEROCOM (h) illustrates the influence of changes in the emission inventory. For
a description of settings for simulations (a) to (h), see Table 3.1.
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Simulation SURFACE, the extreme scenario of pure near-surface emission injections,
provides an estimate of the lower limit of the global BC burden (Fig. 3.2e). For the near-
surface emission injections, residence times and therefore also BC burdens are increased in
the vicinity of the sources, while long-range transport is generally reduced. The negative
relative changes in BC burden are more pronounced in the Southern Hemisphere and range
from 10 to 25 %.

Global mean relative changes in BC burden introduced by the replacement of prescribed
emission heights in HAM2.2 by the implementation of various versions of the Sofiev plume
height parametrization range between −2.6 and −4.8 % for BC and −2.7 and −5.5 % for
OC. For the SURFACE scenario, global BC and OC burdens are reduced by −7.9 % and
−8.9 %, respectively. These changes are remarkably small due to the fact that median
global plume heights between these simulations range from about 0.15 km for the SUR-
FACE simulation to 2.7 km for the HAM2.2-GFAS prescribed plume heights (see chap-
ter 2). Consequently, these results indicate that the vertical mixing in ECHAM6-HAM2
acts very efficiently in the lower troposphere.

The extreme and unrealistic scenario of purely free-tropospheric injections shows an
increase in BC burden over Antarctica by more than 20 times (see Fig. 3.2f). BC burdens
in simulation FT are dominated by long-range transport rather than the emission sources.
Because of the proportionately higher fraction of wildfire emission to the overall BC burden
in the Southern Hemisphere, the relative changes in BC burden in these regions are more
sensitive to plume height changes. The scenario of a doubling in FRP and fire emissions
(Fig. 3.2g) entails an increase in atmospheric BC burden which largely exceeds the changes
of the other simulations except the unrealistic FT scenario. In scenario SOFIEV-2X-
EMISSIONS-FRP, which assumes a doubling in FRP and wildfire emissions corresponding
to an overall increase in total BC emissions by 56.7 %, the global BC burden is non-linearly
enhanced by 38.7 % compared to simulation SOFIEV-DCYCLE. This dampening of the
increase in atmospheric BC concentrations for increased emissions can be attributed to
the interaction of multiple aerosol micro-physical and atmospheric effects. These include
but are not limited to non-linear particle formation, coagulation and deposition, micro-
physical cloud processes and atmospheric feedback via changes in vertical temperature
profiles due to changes in aerosol concentrations and radiation. However, in the framework
of this study, it is impossible to disentangle the contribution of particular processes to the
overall non-linear source–receptor relationship. A comparable magnitude in damping of
the atmospheric response to an increased emission release has been found by Zhang et al.
(2014) within a WRF-CHEM modeling study. Note that the differences in plume heights
for a doubling in FRP and emissions do not exceed 100–500 m on average for 95 % of all
plumes (see chapter 2).

Although the global mean differences in emission fluxes between AEROCOM and GFAS
are only 9.2 %, the regional differences are considerably larger. For boreal regions (60–
80° N), GFAS BC emission fluxes are roughly 2 times the AEROCOM emission fluxes. In
the temperate regions (20–60° N and 20–60° S) GFAS is about 18.8 % higher than AERO-
COM. In the tropical source regions (20° S to 20° N), which dominate the global burden,
AEROCOM BC emission fluxes exceed the GFAS emission fluxes by 17.9 %. Figure 3.2h
shows large regional differences in atmospheric burden between the HAM2.2-GFAS and the
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HAM2.2-AEROCOM simulations applying the same plume height parametrization. These
differences in BC burdens largely reflect the spatial differences in the emission inventories.
Nevertheless, the mean total global BC burdens of HAM2.2-AEROCOM (0.36± 0.01 Tg)
and HAM2.2-GFAS (0.34 ± 0.02 Tg) are very similar as a result of similar mean global
emission fluxes.

The global mean BC lifetime of realistic plume height implementations ranges between
8.1±0.1 days for the SOFIEV-ORIGINAL simulation and 8.5±0.2 days for the prescribed
standard emission heights in HAM2.2-GFAS (see Table 2.4). For similar daytime emission
heights, a doubling in wildfire emissions (simulation SOFIEV-DCYCLE vs. SOFIEV-
2X-EMISSIONS-FRP) enhances the mean BC lifetime by 22.3 h. An increase in plume
heights by 1.7–3.7 km for simulation HAM2.2-GFAS compared to simulation SURFACE
introduces an increase in BC lifetime by about 16.3 h. Due to the GFAS emission flux
factor of 3.4 applied in this study, these lifetimes are substantially larger than mean BC
lifetimes of 5.9 days in ECHAM6-HAM2 shown by Zhang et al. (2012a). The lifetimes in
our study, however, are still within the range of the AEROCOM models for which mean
lifetimes of 7.1 days with a 33 % SD were found (Textor et al., 2006).

3.3.2 Vertical BC concentration profiles

Figure 3.3 presents vertical cross sections of relative changes in BC concentrations as zonal
means for 2005–2011. Compared to the HAM2.2-GFAS simulation with a prescribed emis-
sion injection of 25 % into the FT, the on average much lower Sofiev emission heights lead to
increased BC concentrations near the surface and decreased BC concentrations in the FT.
Differences in BC concentrations between the various versions of the Sofiev plume height
parametrization are largely smaller than 5 % (Fig. 3.3a–d). However, for the SOFIEV-
TOP-INJECTION scenario, the near-surface concentrations are substantially lower than
for the other SOFIEV simulations (see Fig. 3.3d). In the tropics, a slight increase in
BC concentrations is observable between 500 and 300 hPa for all SOFIEV simulations.
This enhancement in tropical free-tropospheric BC concentrations cannot be directly at-
tributed to differences in emission heights which are smaller in all SOFIEV simulations
compared to the HAM2.2-GFAS standard emission heights. Moreover, Fig. 3.2a–d show
a substantial increase in BC burden in equatorial Africa for the Sofiev simulations. As
the regions of increased burden coincide with the strongest tropical convective zones, we
assume that deep convection is the major process which determines the free-tropospheric
BC concentrations, not the emission heights.

For simulation SURFACE, a decrease in mean BC concentrations up to 25 % in the
Southern Hemispheric FT is found, but the sensitivity of stratospheric BC concentrations
to emission heights is very limited (relative changes < 5 %). The other extreme scenario
(simulation FT) shows an upper tropospheric and lower stratospheric increase in BC
concentrations by a factor of 10–100 which substantially impacts the radiative transfer (see
Sect. 3.5). For the SOFIEV-2X-EMISSIONS-FRP scenario, the largest relative increase
in BC concentrations is observable in the Southern Hemispheric upper troposphere and
lower stratosphere. Simulation HAM2.2-AEROCOM (see Fig. 3.3h) reflects the enhanced
tropical wildfire emission fluxes in the AEROCOM emission data set compared to GFAS.
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Figure 3.3: Mean relative changes in zonal mean BC concentrations for 2005–2011. All rela-
tive changes refer to the standard implementation of prescribed emission heights combined with
GFASv1.1 emissions (simulation HAM2.2-GFAS). A more detailed description of the simulation
set-ups is provided in Table 3.1.
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As a result of the tropical convective transport, BC concentrations in the lower strato-
sphere are increased by 5–20 % all over the globe in the HAM2.2-AEROCOM simulation.
On the other hand, the extra-tropical tropospheric BC concentrations are decreased by
5–25 %. Overall Fig. 3.3 demonstrates that upper tropospheric and lower stratospheric
BC concentrations are not very sensitive to the emission heights if realistic emission height
scenarios are applied.

3.3.3 Total deposition rates

Global mean values of wet deposition rates, dry deposition rates and sedimentation rates
for BC are provided in Table 3.2. A potential climate impact of BC emissions is related to
the deposition of BC on snow and ice which substantially reduces the surface albedo (e.g.,
Dumont et al., 2014). In this context, the question arises how strongly deposition rates
in the Arctic and Antarctic depend on emission heights. Figure 3.4 presents the relative
changes in total deposition rates for our various plume height implementations. Simulation
SOFIEV-ORIGINAL reflects an increase in deposition rates in the vicinity of the major
source regions due to lower emission heights. In contrast, the reduced remote deposition
rates can be attributed to a decreased atmospheric long-range transport. Changes intro-
duced by a consideration of the diurnal cycle in fire emissions (SOFIEV-DCYCLE) and
a more accurate representation of high plumes (SOFIEV-MODIFIED) only marginally
influence the deposition rates on the global scale. Over Antarctica, total deposition rates
are decreased by 20–25 % for the SURFACE emission release compared to the HAM2.2
standard implementation. Over the glaciated areas of Greenland and the northern polar
ice sheet, the reduction ranges between 10 and 20 %. However, although these changes
are substantial, the known model biases in aerosol long-range transport, which have been
found for ECHAM5-HAM1 by Bourgeois and Bey (2011) and von Hardenberg et al. (2012),
may still persist. A global doubling of emissions and fire intensity results in a Southern
Hemispheric increase in regional deposition rates of 60–140 % (Fig. 3.4g). In the Northern
Hemisphere this increase is significantly smaller, because the BC release in mid-latitudes
is largely dominated by anthropogenic emissions, not by wildfires.

3.4 Comparison of model results to observations

Our temporal analysis for the six regions specified in Fig. 3.1 for 2006–2008 is restricted
to four simulations: a zero fire emissions scenario (NO-WILDFIRES), the HAM2.2-
AEROCOM and the HAM2.2-GFAS simulations, both applying HAM2.2 emissions heights
and the SOFIEV-MODIFIED simulation which is most appropriately representing the
global spectrum of plume heights. For the sake of clarity, the other SOFIEV simulations,
which have been shown to only marginally influence parameters such as BC burden and
concentrations, are not included. Likewise, the scenarios SOFIEV-2X-EMISSIONS-FRP,
SURFACE and FT are excluded from this analysis as these simulations do not represent
realistic emission heights and emission inventories. Thus, these simulations cannot be ex-
pected to match observations. The NO-WILDFIRES scenario is used to identify regions
and time periods in which wildfires significantly contribute to the overall model bias.
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Figure 3.4: Simulated mean total deposition rates from 2005 to 2011. All relative changes refer to
the standard implementation of prescribed emission heights combined with GFASv1.1 emissions
(simulation HAM2.2-GFAS). A more detailed description of the simulation set-ups is provided in
Table 3.1.



3.4 Comparison of model results to observations 51

3.4.1 AERONET, MAN and MODIS

ECHAM6-HAM2 computes AOT at 550 nm for clear-sky conditions. The model calculates
a separate relative humidity (RH) for the clear (RH< 100 %) and cloudy (RH = 100 %)
parts of a grid box based on the grid box mean-specific humidity and the cloud frac-
tion (see Stier et al., 2005, Sect. 2.6). The modeled AOT has global coverage and can
be evaluated by comparison to observational AOT values which always refer to clear-
sky conditions. Figures 3.5 and 3.6 provide a comparison of simulated and regionally
averaged AOT to MODIS Aqua observations for the years 2006, 2007 and 2008. Time pe-
riods for which the NO-WILDFIRES values show little differences to all other simulations
(e.g., Fig. 3.6, Boreal North America 2006, days 50–100 and Siberia 2008, days 250–
300) indicate that the model bias in these periods has primarily to be attributed to non-
wildfire sources. Generally those simulations based on GFAS emissions (HAM2.2-GFAS
and SOFIEV-MODIFIED) perform better than the HAM2.2-AEROCOM simulation.

0 100 200 300
0.0

0.2

0.4

0.6

0.8

Congo: NRL aqua (2006)

0 100 200 300
Days since 1−jan−2006

0.0

0.2

0.4

0.6

0.8

A
O

T

NO−WILDFIRES
HAM2.2−AEROCOM

HAM2.2−GFAS
SOFIEV−MODIFIED

Observations

(a)

0 100 200 300
0.0

0.2

0.4

0.6

0.8

Congo: NRL aqua (2007)

0 100 200 300
Days since 1−jan−2007

0.0

0.2

0.4

0.6

0.8

A
O

T

NO−WILDFIRES
HAM2.2−AEROCOM

HAM2.2−GFAS
SOFIEV−MODIFIED

Observations

(b)

0 100 200 300
0.0

0.2

0.4

0.6

0.8

Congo: NRL aqua (2008)

0 100 200 300
Days since 1−jan−2008

0.0

0.2

0.4

0.6

0.8

A
O

T

NO−WILDFIRES
HAM2.2−AEROCOM

HAM2.2−GFAS
SOFIEV−MODIFIED

Observations

(c)

0 100 200 300
0.0

0.2

0.4

0.6

0.8

1.0
Outflow: NRL aqua (2006)

0 100 200 300
Days since 1−jan−2006

0.0

0.2

0.4

0.6

0.8

1.0

A
O

T

NO−WILDFIRES
HAM2.2−AEROCOM

HAM2.2−GFAS
SOFIEV−MODIFIED

Observations

(d)

0 100 200 300
0.0

0.2

0.4

0.6

0.8

1.0
Outflow: NRL aqua (2007)

0 100 200 300
Days since 1−jan−2007

0.0

0.2

0.4

0.6

0.8

1.0

A
O

T

NO−WILDFIRES
HAM2.2−AEROCOM

HAM2.2−GFAS
SOFIEV−MODIFIED

Observations

(e)

0 100 200 300
0.0

0.2

0.4

0.6

0.8

1.0
Outflow: NRL aqua (2008)

0 100 200 300
Days since 1−jan−2008

0.0

0.2

0.4

0.6

0.8

1.0

A
O

T

NO−WILDFIRES
HAM2.2−AEROCOM

HAM2.2−GFAS
SOFIEV−MODIFIED

Observations

(f)

0 100 200 300
0.0

0.1

0.2

0.3

0.4

0.5

0.6

Amazon: NRL aqua (2006)

0 100 200 300
Days since 1−jan−2006

0.0

0.1

0.2

0.3

0.4

0.5

0.6

A
O

T

NO−WILDFIRES
HAM2.2−AEROCOM
HAM2.2−GFAS
SOFIEV−MODIFIED
Observations

(g)

0 100 200 300
0.0

0.1

0.2

0.3

0.4

0.5

0.6

Amazon: NRL aqua (2007)

0 100 200 300
Days since 1−jan−2007

0.0

0.1

0.2

0.3

0.4

0.5

0.6

A
O

T

NO−WILDFIRES
HAM2.2−AEROCOM
HAM2.2−GFAS
SOFIEV−MODIFIED
Observations

(h)

0 100 200 300
0.0

0.1

0.2

0.3

0.4

0.5

0.6

Amazon: NRL aqua (2008)

0 100 200 300
Days since 1−jan−2008

0.0

0.1

0.2

0.3

0.4

0.5

0.6

A
O

T

NO−WILDFIRES
HAM2.2−AEROCOM
HAM2.2−GFAS
SOFIEV−MODIFIED
Observations

(i)

Figure 3.5: Temporal evolution of regional AOT for standard HAM2.2 emission heights based on
GFAS emissions (HAM2.2-GFAS) respectively AEROCOM emissions (HAM2.2-AEROCOM) and
a modified plume height parametrization of Sofiev et al. (2012) including a diurnal cycle of fire
emissions and fire intensity (simulation SOFIEV-MODIFIED). The NO-WILDFIRES scenario is
shown to distinguish wildfire-related biases from others. Observations are MODIS Aqua satellite
measurements of AOT. All model data were collocated with the observations prior to averaging.
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Figure 3.6: Temporal evolution of regional AOT for standard HAM2.2 emission heights based on
GFAS emissions (HAM2.2-GFAS) respectively AEROCOM emissions (HAM2.2-AEROCOM) and
a modified plume height parametrization of Sofiev et al. (2012) including a diurnal cycle of fire
emissions and fire intensity (simulation SOFIEV-MODIFIED). The NO-WILDFIRES scenario is
shown to distinguish wildfire-related biases from others. Observations are MODIS Aqua satellite
measurements of AOT. All model data were collocated with the observations prior to averaging.

Note here that AEROCOM emissions represent a monthly climatology and are as
such not expected to match the observations for specific time periods. Therefore, the
HAM2.2-AEROCOM simulation should be seen as a crude approximation which only rep-
resents the basic seasonal and regional emission patterns. Due to the distinct differences in
plume heights between HAM2.2-GFAS and SOFIEV-MODIFIED and subsequent changes
in aerosol lifetime (see Table 3.2), larger AOT values can be observed for HAM2.2-GFAS,
especially during the local burning season. In Siberia and boreal North America, the
model performance is highly variable from year to year. While massive burning events
in 2008 are captured very well by HAM2.2-GFAS and SOFIEV-MODIFIED simulations,
large biases are observable for the weak burning periods in boreal North America 2006
and Siberia 2007 with negligible differences in performance between the two simulations.
By implementation of the modified plume height parametrization (SOFIEV-MODIFIED),
the overestimation in AOT observable for HAM2.2-GFAS over the Amazon region during
2007 can be slightly reduced for the major wildfire season. In the western Atlantic outflow
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region of the central African smoke plumes, the model is generally less capable of capturing
the magnitude and seasonality of AOT variations.

Figure 3.7 provides Taylor plots which illustrate the model performance with regard to
correlations and standard deviations. The results show that the application of the fixed
emission climatology AEROCOM is hardly able to improve the model performance com-
pared to the NO-WILDFIRES scenario. Model runs with the GFAS emission inventory
reach reasonable correlations of 0.4–0.85 depending on region and observational data set.
The application of the Sofiev parametrization (SOFIEV-MODIFIED) instead of prescribed
emission heights in HAM2.2-GFAS provides a moderate, but significant increase in corre-
lation in boreal North America, Siberia and the Amazon. In the central African outflow
region the biases of SD and correlation slightly increase, whereas there is no significant
changes observable for temperate North America and the Congo region.

3.4.2 CALIOP

Figure 3.8 presents multi-year monthly AOT profiles (relative vertical AOT distribution)
of ECHAM6-HAM2 simulations vs. CALIOP observations for the six regions specified
in Fig. 3.1. For reasons of clarity, we limit our investigations to relative vertical AOT
profiles and focus on the differences in AOT vertical profiles for prescribed (HAM2.2-GFAS
and SURFACE) versus parametrized wildfire emission heights (SOFIEV-MODIFIED).
In chapter 2 it has been shown that HAM2.2-GFAS overestimates plume heights by 1–
2 km on average, while SOFIEV-MODIFIED offers the best plume height performance.
Note that the lowest 1.5 km of all CALIOP profiles are known to include particularly
high uncertainties which also impact the higher layers. Nevertheless, Fig. 3.8 shows that
the vertical AOT patterns of CALIOP and the model simulations SOFIEV-MODIFIED,
HAM2.2-GFAS and SURFACE show general agreement for boreal and temperate North
America and Central Africa (Congo).

There is a tendency of the model to simulate higher AOT values in the extra-tropical
FT than CALIOP (boreal North America, Siberia), but this feature is not necessarily
related to shortcomings in the model, but could also be related to known underestimation
of AOT for low AOT values in the CALIOP data set. Remarkably, the impact of the
emission height implementation (HAM2.2-GFAS vs. SOFIEV-MODIFIED or SURFACE)
is significantly smaller than the inter-annual variability and the differences between the
model and CALIOP observations.
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Figure 3.7: Taylor diagrams for comparison of simulations HAM2.2-AEROCOM, HAM2.2-GFAS
and SOFIEV-MODIFIED to satellite observations (MODIS NRL Aqua, MODIS NRL Terra) and
ground-based observations (AERONET DS, MAN), see text for more detailed description of sim-
ulation set-ups and observational data sets. The NO-WILDFIRES scenario excludes all wildfire
emissions. Note that for region Congo (e) simulation HAM2.2-AEROCOM is not shown, because
the standard deviations exceed the scale range.
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(a) (b)

(c) (d)

(e) (f)

Figure 3.8: Regional AOT profiles averaged for 2006–2011 for CALIOP observations (solid blue
line), simulation HAM2.2-GFAS (bold solid red line), simulation SOFIEV-MODIFIED (bold
dashed dark red line) and simulation SURFACE (solid green line). Thin red lines indicate indi-
vidual multi-year monthly means; red shading represents one SD of monthly variations for model
simulation HAM2.2-MODIFIED. Dark blue shading indicates one SD of CALIOP monthly means;
light blue shadings indicate minimum and maximum monthly means for CALIOP observations. All
vertical lines represent relative AOT fractions at 532 nm (CALIOP) respectively at 550 nm (model
simulations) of monthly averages for 2006–2011. Relative AOT fractions describe the integrated
AOT of individual height layers (500 m intervals for 0–5 km, 1 km intervals for 5–10 km).
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Figure 3.9: Pearson correlation coefficients of multi-year monthly means for CALIOP vs. SOFIEV-
MODIFIED. Correlation coefficients greater than 0.48 are significant on a 95 % confidence interval,
while correlations smaller than 0.48 are not significant.

As wildfire activity is seasonally varying, we further separate the analysis seasonally.
Figure 3.9 provides correlation coefficients of spatially and temporally averaged relative
AOT profiles for simulation SOFIEV-MODIFIED compared to CALIOP. For boreal North
America and Siberia, a clear seasonal cycle in the model performance is observable with
the highest correlations during the major wildfire season in these regions (June to August).
Thus, the major shortcomings of the model in simulating vertical AOT profiles are not
primarily related to wildfire emissions as such. Simulation HAM2.2-GFAS and simula-
tion SURFACE show largely similar seasonal patterns in correlations (not shown). More
realistic plume heights in simulation SOFIEV-MODIFIED compared to HAM2.2-GFAS
increase the model performance in 65 % of all cases, but the differences in correlation range
only between 0.001 and 0.038.

3.4.3 Comparison to former studies

Kipling et al. (2013) investigated the sensitivity of BC burdens and
vertical profiles to emission heights in the ECHAM5-HAM2 and the
Hadley Centre Global Environment Model version 3 – UK Chemistry and Aerosols
(HadGEM3-UKCA) model. The authors found that differences in emission heights (PBL
vs. prescribed 50–3000 m) did not significantly contribute to differences in the model
performance. These findings are basically in line with our results which show that
substantial differences in emission heights of 1–3 km entail differences of less than 10 % in
global BC burdens at least for scenarios which inject emissions neither very close to the
surface nor only into the FT. On the other hand, our evaluation of different plume height
parametrizations also indicates that the application of a semi-empirical plume height
parametrization which takes into account fire intensity as well as ambient meteorological
conditions, marginally improves the overall model performance in AOT in the vicinity
of regions with strong wildfire activity. Stein et al. (2009) also discovered a moderate
improvement in model performance for the Hybrid Single Particle Lagrangian Integrated
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Trajectory (HYSPLIT) model by application of a simple, empirical plume height
parametrization (Briggs, 1969). Koffi et al. (2012) provided a comprehensive comparison
of CALIOP AOT profiles to different model simulations including ECHAM5-HAM1. The
spread of the model ensemble presented in that study is considerably larger than the
impact of different emission height parametrizations in our study. The general CALIOP
uncertainties in AOT profiles (e.g., Kacenelenbogen et al., 2011; Ma et al., 2013) exceed
by far the uncertainties in emission heights. A minor general importance of emission
heights compared to the large uncertainties in the emission inventories has also been
found by Gonzi et al. (2015) for CO emissions.

3.5 Radiative forcing

The TOA RF of wildfire emissions is analyzed to quantify the climate impact caused by
different emission height representations. Here, the RF represents exclusively the radiative
perturbation that is introduced by wildfire emissions (BC, OC and SO2), while anthro-
pogenic emissions are kept constant. The radiative perturbation which is attributed to
direct aerosol–radiation interference is referred to as clear sky RF; the RF which also
includes indirect and semi-direct effects due to aerosol–cloud interaction is referred to as
total sky RF. Aerosol-induced changes in atmospheric temperature profiles are implicitly
included in both RF parameters, but due to our nudging towards reanalysis data every
6 h, they are partly suppressed. Figure 3.10a and b visualize the total sky and clear-sky
TOA RF for different plume height implementations. Global mean values for the total
sky RF are also provided in Table 2.4.

The differences in TOA RF introduced by the differences between the SOFIEV
simulations are negligible (total sky TOA RF ranges between −0.196 ± 0.056 and
−0.211±0.060 W m−2). The most realistic implementation of emission heights (simulation
SOFIEV-MODIFIED) leads to a TOA RF of −0.20± 0.07 W m−2 and is thus slightly less
negative than the standard model HAM2.2-GFAS (total sky TOA RF of HAM2.2-GFAS:
−0.24±0.05 W m−2). The total sky TOA RF introduced by the extreme scenario of a SUR-
FACE emission release is −0.16 ± 0.06 W m−2. Although the HAM2.2-GFAS simulation
prescribes a certain emission injection into the FT for nearly all plumes, the difference in
total sky TOA RF compared to the SURFACE simulation is only 0.08 W m−2.

The FT scenario entails a positive total sky TOA RF of +0.66 ± 0.24 W m−2 (not
shown in Fig. 3.10). The change in the sign of the RF in the FT simulation can be
attributed to the larger BC concentrations in the upper troposphere and lower stratosphere
compared to the near-surface atmospheric levels. A doubling of FRP and emission fluxes
in SOFIEV-2X-EMISSIONS-FRP entails a TOA RF of −0.36±0.11 W m−2 which is nearly
a doubling in the negative RF compared to SOFIEV-ORIGINAL. When the AEROCOM
wildfire emissions are used (HAM2.2-AEROCOM), the total sky TOA RF is −0.25 ±
0.06 W m−2 which is comparable to the HAM2.2-GFAS simulation. Regionally, however,
we find significant differences, that compensate on the global scale.

Figure 3.10c and d show the total respectively clear-sky surface RF for different
plume height implementations. The surface RF of the simulation SOFIEV-ORIGINAL is
−1.62 ± 0.17 W m−2 and ranges between the SURFACE and the HAM2.2-GFAS sim-
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Figure 3.10: Simulated global mean net RF for TOA total sky (a), TOA clear sky (b), surface
total sky (c) and surface clear sky (d). The RF of all simulations refers to the NO-WILDFIRES
scenario. Error bars indicate one SD of monthly mean RF values for 2005–2011. For a detailed
description of the simulation set-ups, see Table 3.1.

ulation (see Fig. 3.10c). Neither the implementation of a diurnal cycle in fire emis-
sions (SOFIEV-DCYCLE) nor a more realistic representation of deep plumes (SOFIEV-
MODIFIED) alter the global surface RF by more then ±0.05 W m−2. The same mag-
nitude of changes in surface RF also applies for changes in the vertical distribution
(SOFIEV-TOP-INJECTION). In contrast, the FT scenario causes a total sky surface
RF of −7.37±1.16 W m−2. A doubling in wildfire emissions and FRP would entail a total
sky surface RF of −3.28± 0.34 W m−2 which represents roughly a doubling in surface RF
compared to SOFIEV-DCYCLE (−1.63±0.15 W m−2) applying the same emission height
parametrization (not shown). Similarly to the TOA RF, the impact of the choice of the
emission inventory on the global surface RF (HAM2.2-AEROCOM: 1.82 ± 0.09 W m−2)
is small. The ratio of TOA to surface RF ranges from 0.11 to 0.14 for all simulations
except for the FT scenario. These similar TOA to surface RF ratios indicate that the
aerosol–radiation interaction within the atmosphere shows a largely linear response to
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Figure 3.11: Clear sky Top of Atmosphere radiative forcing (top plot) and surface radiative forcing
introduced by wildfire emissions (lower plot). Both figures show absolute differences of SOFIEV-
MODIFIED (applying the plume height parametrization which matches best to observations) and
the NO-WILDFIRES scenario for which all wildfire emissions were turned off.

moderate changes in plume heights of up to a few kilometers. In contrast, for the extreme
FT scenario this largely linear response does not apply, because the absorption of solar
radiation by BC particles in the stratosphere is particularly important.

Although the global RF introduced by wildfire emissions is negative for all realistic
simulations, regionally, positive and negative TOA RF values are observable which exceed
the global values by up to one order of magnitude. Global maps of the total sky TOA
and surface RF introduced by wildfire emissions for the SOFIEV-MODIFIED simulation,
which represents the most realistic emission height scenario, are shown in Fig. 3.11a and
b. Maximum TOA RF positive values of up to +5 W m−2 are found over central South
America, while a negative TOA RF is observable over most parts of the oceans. Although
emission heights have a similar range in the Amazon region and central Africa, the TOA RF
in Amazon is clearly positive while regions of positive and negative TOA RF are found in
Africa. In contrast, the largest regional radiative effects at the surface are detectable in the
vicinity of the African source regions, where the negative surface RF exceeds mean values
of −10 W m−2. Between scenarios SURFACE, SOFIEV-ORIGINAL, SOFIEV-DCYCLE,
SOFIEV-MODIFIED and SOFIEV-TOP-INJECTION, maximum changes in surface RF
introduced by changes in emission heights in the order of 1–3 W m−2 are limited to tropical
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Africa (not shown). In the extra-tropics, changes in surface RF rarely exceed ±0.5 W m−2.
In contrast, the switch from GFAS to AEROCOM emissions introduces a regional surface
RF of 2–5 W m−2 in large parts of topical Africa, South America and also boreal North
America.

Tosca et al. (2013) compared a simulation based on GFEDv3 wildfire emissions to a
zero wildfire-emission control run to estimate the net change in surface shortwave fluxes in
the Community Earth System Model (CESM). The authors only considered a prescribed
wildfire emission release at the surface. The difference in net shortwave fluxes at the surface
was found to be −1.3±0.2 W m−2 leading to a surface cooling of −0.13±0.01 K. However,
in contrast to our study, the sign of the TOA RF was positive (+0.18± 0.10 W m−2).

A strong surface RF over tropical Africa is observable in both studies, but extra-tropical
RF patterns show larger differences. For the University of Oslo chemistry-transport
model (Oslo-CTM2) model, simulations by Myhre et al. (2009) showed also a positive TOA
RF value of +0.07 W m−2. However, Jones et al. (2007) and Unger et al. (2010) found neg-
ative TOA RF values of −0.29±0.07 W m−2 in the HadGEM1 model and −0.25 W m−2 in
the Goddard Institute for Space Studies (GISS) atmospheric composition–climate model.
TOA RF values simulated by our ECHAM6-HAM2 simulations lie within the range of
these references, but the spread between all our realistic simulations (−0.16 ± 0.06 to
−0.24 ± 0.05 W m−2) is considerably smaller than the spread between the models. Pre-
sumably the differences in RF between the models are attributed to differences in trans-
port mechanisms, removal processes and absorptivity of BC and OC, not to the emission
heights.

3.6 Summary and conclusions

We have investigated the impact of wildfire emission heights on atmospheric BC con-
centrations, deposition rates and radiation using the aerosol–climate modeling system
ECHAM6-HAM2. In addition to extreme scenarios of pure free-tropospheric and pure
near-surface emission release, we implemented different versions of a simple plume height
parametrization and compared the introduced changes in aerosol concentrations and radi-
ation to simulations with prescribed HAM2 standard emission heights. A hypothetical sce-
nario of a climate-change-induced doubling in emissions and fire intensity provided a first
estimate of the relative importance of changes in total emissions and emission heights.
By comparison of our simulations to AOT observations from AERONET, MODIS and
CALIOP we quantified the magnitude of improvements for climate modeling that can be
expected from the implementation of a simple plume height parametrization. Based on
the analysis of our results, we present the following findings:

• The atmospheric BC burden, total deposition rates and atmospheric radiative trans-
fer are more sensitive to emission inventories than to the details of the emission height
implementation. The application of a diurnal cycle and a model-specific tuning of
the plume height parametrization do not significantly change these results.

• Upper tropospheric and lower stratospheric BC concentrations are mainly deter-
mined by emission fluxes, tropical convection and the location of the emission release,
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while emission heights are of limited importance.

• Future changes in emission fluxes were found to be more important than changes in
emission heights.

• Considerable changes in mean plume heights of 1.1–2.5 km alter the mean annual
BC deposition rates over in the Arctic and Antarctica by 5–25 % for the unrealistic
scenario of prescribed emission release at the surface. Thus, BC deposition rates on
snow and subsequent changes in surface albedo show only a moderate sensitivity on
wildfire emission heights.

• Our comparison of modeling results to AERONET, MAN and MODIS observations
indicates that the ECHAM6-HAM2 model is capable of capturing the magnitude of
the AOT variability as well as the seasonality in the vicinity of regions with strong
wildfire activity. Mean correlations of R2 = 0.4–0.85 between simulated and observed
instantaneous AOT values can be achieved for those regions of strong wildfire activity
with small improvements introduced by the plume height parametrization.

• The comparison of simulated, vertically resolved AOT to CALIOP observations
shows that close to the regions of strong wildfire activity, the implementation of
the semi-empirical plume height parametrization marginally increases the model
performance. Nevertheless, the CALIOP measurement uncertainties by far exceed
the changes in AOT profiles caused by changes in wildfire emission heights.

• The top-of-atmosphere (TOA) radiative forcing (RF) of the wildfire emissions ranges
between −0.24± 0.05 W m−2 for standard prescribed emission heights in ECHAM6-
HAM2 (25 % of the emissions injected into the FT) and −0.16 ± 0.06 W m−2 for
pure surface emission release. The application of a modified version of the Sofiev
plume height parametrization, which offers the best match to observations, provides
a TOA RF of −0.20 ± 0.07 W m−2 and thus shows little difference to the other
plume height implementations. These changes in TOA RF are small compared to
the spread of the overall wildfire emission RF in other state-of-the-art climate models
(−0.3 to +0.2 W m−2).

Based on these findings, we suggest that for current state-of-the-art climate and Earth
system models, simple plume height parametrization are sufficient means to study global
aerosol–climate interactions. More complex and advanced plume height models might
be more appropriate tools for short-term regional studies of high resolution. Applying
a correction factor of 3.4 to the GFAS wildfire emission inventory, fire emission heights
turned out to be of limited importance compared to emission fluxes and removal processes.
The assessment of the wildfire emission height impact on global BC concentrations, burden
and deposition rates demonstrates that wildfire emission heights constitute only a second-
order source of uncertainty. The known biases of global aerosol–climate models such as the
improper representation of height-dependent aerosol–cloud interactions will persist even
though emission heights are more appropriately represented.
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Chapter 4

Wildfire emission fluxes, emission
heights and black carbon
concentrations in 2090-2099

4.1 Introduction

While consensus about a future decrease in carbonaceous aerosol emissions from anthro-
pogenic sources has been achieved (Lamarque et al., 2011; Bond et al., 2013; Shindell et al.,
2013), the future trend in aerosol emissions from wildfires is much more uncertain. This
is due to the fact that the interactions between fire, land and atmosphere are very com-
plex. First integrated approaches to assess post-fire changes in albedo, radiative forcing
of emitted aerosols and subsequent feedbacks on climate have shown that the processes
relevant for wildfire-climate interactions cover several magnitudes of temporal and spatial
scales (Stavros et al., 2014, and references therein). However, the ability of state-of-the-art
Earth system models to appropriately simulate vegetation-fire-climate interactions, is very
limited (Carslaw et al., 2010; Ciais et al., 2013; Reichstein et al., 2013). To investigate
the future climate impact of wildfires, we are in need of an improved coupling between
vegetation-dynamics, wildfire activity, emission release and atmospheric aerosol transport.
At the interface of terrestrial and atmospheric processes, emission heights are of impor-
tance, because they affect the impact of fire emissions on climate due to their influence
on aerosol long-range transport, aerosol-cloud interaction and radiation (Luderer et al.,
2006; Samset et al., 2013). On the other hand, emission heights themselves are strongly
impacted by atmospheric stability and fire intensity, which are both expected to change
in the future (e.g. Joshi et al., 2007; Luo et al., 2013).

First attempts to simulate future wildfire activity emerged in the early 90’s (e.g. Flanni-
gan and Wagner, 1991; Price and Rind, 1994; Beer and Williams, 1995). These approaches
were based on global predictions of temperature and precipitation by various GCMs. Most
of these studies assumed a doubling or triplication of atmospheric CO2 concentrations and
were limited to predictions of changes in the fire weather index (FWI) or burned area.
A comprehensive summary of about 40 regional and global studies on the prediction of
future fire activity is provided by Flannigan et al. (2009). While a general increase in
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burned area and fire occurrence in the extra-tropics during the 21st century was indicated
by most these studies, the magnitude of these changes remains uncertain. In the trop-
ics, changes in wildfire activity have been projected to be less pronounced, but regionally
strong enhancements as well as reductions in fire activity have been simulated (e.g. Liu
et al., 2010b; Flannigan et al., 2013).

As most of the future fire probability projections are based on atmospheric parameters
only, no wildfire emission estimates are provided, because these require vegetation-specific
information on the biomass available for burning. Therefore recent efforts aim to imple-
ment process-based fire models into dynamic global vegetation models (DGVMs) allowing
for interactive trace gas and aerosol emission estimates. The fire model SPITFIRE, for
example, has been implemented into LPJ (Pfeiffer et al., 2013), JSBACH (Lasslop et al.,
2014) and ORCHIDEE (Yue et al., 2014).

However, up to now, the radiative forcing of aerosol emissions from wildfires has pri-
marily been investigated for present day (PD) climate conditions based on prescribed,
satellite-based wildfire emission inventories, see e.g. Myhre et al. (2009), Unger et al.
(2010) and chapter 3 of this thesis. The total wildfire top of atmosphere radiative forc-
ing in current state-of-the-art climate-aerosol models ranges between +0.18±0.10 Wm−2

(Tosca et al., 2013) and -0.29±0.07 Wm−2 (Jones et al., 2007) for PD climate conditions.
In contrast to the prescribed wildfire emission inventories used in the studies mentioned
above, Ward et al. (2012) applied interactively simulated wildfire emission estimates based
on a fire model by Kloster et al. (2012) and provided a first assessment of simulated wild-
fire activity, emission release and radiative forcing for the years 1850, 2000 and 2100. The
authors found that fire emissions entail an overall negative radiative forcing for all time
periods, but the contribution of trace gases and aerosols varies.

To our knowledge, up to now the impact of climate-induced changes in emission heights
and their impact on atmospheric BC has not yet been investigated. In chapter 2 and
chapter 3 of this thesis, a semi-empirical plume height parametrization was implemented
in a global aerosol-climate model and, for the first time, the global emission height impact
on atmospheric aerosol-long range transport and radiation for PD climate conditions was
quantified.

In this chapter, we integrate fire emission estimates and interactively calculated fire
emission heights for future climate conditions and quantify the impact of changes in emis-
sion fluxes and emission heights on atmospheric aerosol concentrations. The major research
questions addressed are:

• How will wildfire emission fluxes change in the future?

• To what extent will changes in atmospheric conditions and changes in fire intensity
impact fire emission heights?

• How will atmospheric BC concentrations respond to changes in wildfire emission
fluxes, emission heights and atmospheric conditions?

• Which magnitude of changes in AOT is induced by changes in climate conditions
and changes in emission fluxes?
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To answer these questions, we use the process-based fire model SPITFIRE within the
global vegetation model JSBACH and simulate global wildfire activity, fire intensity and
emission fluxes for different Representative Concentration Pathway (RCP) scenarios in the
21st century. In a second step, we apply the global aerosol-climate model ECHAM6-HAM2
extended by a semi-empirical plume height parametrization with JSBACH-SPITFIRE
emissions as boundary conditions to simulate aerosol transport, deposition rates and AOT
for different RCP scenarios between 2090 and 2099. A range of sensitivity experiments
allows us to disentangle the impacts of future changes in climate conditions, emission
heights and emission fluxes on the atmospheric aerosol concentrations and AOT.

The next section introduces the specific model components and describes the simulation
setup. In the results section, we analyze the contributions of changes in emission fluxes and
emission heights on changes in simulated atmospheric BC concentrations and AOT at the
end of the 21st century. In the conclusions section we summarize our findings and provide
suggestions for future improvements in the representation of vegetation-fire-aerosol-climate
interactions in Earth system models.

4.2 Methodology

In the following we introduce the DGVM and the atmospheric aerosol model, which are
used to investigate wildfire emission fluxes and related atmospheric aerosol concentrations
in a warmer future climate. Moreover, we describe the implementation of wildfire emission
heights and the anthropogenic emission inventories applied in this study.

4.2.1 JSBACH-SPITFIRE model description

All fire-related processes and fire emission fluxes in this study are simulated by JSBACH-
SPITFIRE (Lasslop et al., 2014) which is an implementation of SPITFIRE (Thonicke
et al., 2010) in JSBACH (Brovkin et al., 2013; Reick et al., 2013; Schneck et al., 2013).
JSBACH is the land component of the Max Planck Institute Earth System Model (MPI-
ESM, Giorgetta et al. 2013). SPITFIRE is a process-based fire model which simulates
fires based on guiding physical principles. The number of natural and human ignitions
is combined with the rate of fire spread and the fire duration to estimate the burned
area. Based on the biomass burned, SPITFIRE calculates daily total carbon emissions
which are transformed into aerosol emissions following vegetation-specific emission factors
(Akagi et al., 2011).

JSBACH-SPITFIRE is run as described in Lasslop et al. (2014), but for our simulations
the dependency of fire size on population density is based on a linear decreasing relation-
ship between population density and observed mean fire size in MODIS data (Hantson
et al., 2015). Moreover, the diagnostic parameter total fire radiative power (FRP) of all
fires in a particular grid cell was implemented. We consider that only the fuel classes 1 h
to 100 h (representing leaves, small branches and large branches) contribute to the flaming
process, but not the 1000 h fuel class (representing trunks). In SPITFIRE, the consumed
fuel f1−100h of the fuel classes 1 h to 100 h is a function of the biomass available for burning,
the fuel moisture and the wind speed. For a more detailed description see Appendix A
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of Thonicke et al. (2010) and Lasslop et al. (2014). Following the average consumed fuel
per unit area [g biomass m−2] simulated by JSBACH-SPITFIRE and assuming a constant
heat capacity h, we derive the diagnostic variable mean daily FRP:

FRP = α · f1−100h
86400 s ·A · h (4.1)

where α describes the fraction of energy which is released as radiation. Here, we choose
a globally constant value of α = 0.15 based on the references by Wooster et al. (2005),
Freeborn et al. (2008), Kremens et al. (2012), Morandini et al. (2013) and Smith et al.
(2013), which provide values for α that range between 0.12 and 0.17 for different vegetation
types. The parameter A describes the specific grid cell area. For the heat capacity h we
apply a constant value of 18,000 Jg−1, which represents an average of experimentally found
heat capacity values (e.g. Dickinson and Kirkpatrick, 1985; Reid and Robertson, 2012, and
references therein) that are widely used in fire spread models (e.g. Andrews, 2009; Thonicke
et al., 2010). Note that the FRP values calculated by equation 4.1 represent the mean
total FRP of all fires burning in a grid box, not of individual fires. They are basically
comparable to assimilated mean daily FRP values in the Global Fire Assimilation System
(GFAS), a satellite-based FRP and emission data set (Kaiser et al., 2012).

Due to the fact that emission heights need to be calculated for individual fires rather
than for a mean fire state of a grid box, FRP and emissions, which are only provided as grid
box means by JSBACH-SPITFIRE, have to be distributed to individual fires. Therefore,
we implement a statistical-empirical distribution function which is based on global mean
FRP distributions for single fires in the GFASv1.2 data set. A more detailed description of
the FRP distribution scheme, which we implemented in JSBACH-SPITFIRE, is provided
by Appendix A.1. An evaluation of the normalized JSBACH-SPITFIRE FRP distribution
for PD climate conditions against GFAS is provided in the results section.

The fraction of carbon emitted as black carbon (BC) and organic carbon (OC) is
calculated using species-specific wildfire emission factors by Akagi et al. (2011). We also
use Akagi et al. (2011) emission factors for SO2 except for extra-tropical forests, which
are not specified in this reference. For the latter we apply emission factors from Andreae
and Merlet (2001). For all emission factors, plant functional types (PFTs) in JSBACH
are attributed to land cover types (LCTs) provided by Akagi et al. (2011) as shown in
Table 4.1.

All JSBACH-SPITFIRE simulations are run for 1850–2005 as described in Lasslop
et al. (2014), except that atmospheric forcing is provided by MPI-ESM model output of
the model intercomparison project CMIP5 (Giorgetta et al., 2013) and not from reanalysis
data. For 2006–2100, MPI-ESM model output for the RCP scenarios RCP2.6, RCP4.5
and RCP8.5 is applied (van Vuuren et al., 2011). Population density for 1850–2005 is
prescribed according to the HYDE data base (Goldewijk, 2001; Klein Goldewijk and Ver-
burg, 2013) and has been extended for the years 2006–2100 by population density changes
predicted from Shared Socio–economic Pathways (SSPs) relative to HYDE data for 2010.
Combinations of SSP and RCP scenarios are chosen according to the suggestions by van
Vuuren and Carter (2014): RCP2.6 + SSP1, RCP4.5 + SSP1 and RCP8.5 + SSP3. Land
use change is taken from Hurtt et al. (2011).
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Table 4.1: Attribution of JSBACH plant functional types (PFTs) to land cover types (LCTs) for
emission factors described in Akagi et al. (2011).

JSBACH PFT Attributed Akagi LCT

Tropical Evergreen Trees Tropical Forest

Tropical Deciduous Trees Tropical Forest / Savanna 1

Extra-tropical Evergreen Trees Extra-topical Forest

Extra-tropical Deciduous Trees Extra-topical Forest

Raingreen Shrubs Savanna / Chaparral 2

Deciduous Shrubs Savanna / Chaparral 2

C3 Grass Savanna

C4 Grass Savanna

C3 Pasture Pasture / Savanna 3

C4 Pasture Pasture / Savanna 3

C3 and C4 Crops Crops 4

1 According to the definition of Savanna in Akagi et al. (2011), the JSBACH
PFT Tropical Deciduous Trees is attributed to Akagi Tropical Forest, if the
sum of the JSBACH PFTs Tropical Evergreen Trees and Tropical Deciduous
Trees is greater than 60 %, otherwise it is assigned to the Akagi LCT Savanna.

2 JSBACH Raingreen Shrubs and Deciduous Shrubs are assigned to the Akagi
LCT Savanna in the tropics and the Akagi LCT Chaparral in the extra-tropics.

3 JSBACH C3 Pasture and C4 Pasture are assigned to the Akagi LCT pasture
only if the Pasture fraction is larger than 50 %, otherwise they are attributed
to the Akagi LCT Savanna.

4 Crops in JSBACH are prescribed to be not affected by fires.

4.2.2 ECHAM6-HAM2 model description

In a second step, we use the global circulation model ECHAM6 extended by the aerosol
module HAM2 to simulate atmospheric circulation, aerosol microphysics and radiation.
ECHAM6, the atmospheric component of MPI-ESM (Giorgetta et al., 2013; Stevens et al.,
2013), is run at a horizontal resolution of approximately 1.9◦ x 1.9◦ with 47 vertical layers
from the surface up to 0.01 hPa; a time step of 10 min is applied. For the RCP scenarios
2090–2099 sea surface temperature (SST) is prescribed according to MPI-ESM CMIP5 sim-
ulations, whereas for PD simulations, it is prescribed according to the Atmospheric Model
Intercomparison Project AMIP (Hurrell et al., 2008). The aerosol component HAM2
(Stier et al., 2005; Zhang et al., 2012a) models the transport and removal of trace gas
and aerosol species including, among others, BC, OC and SO2, which represent the major
wildfire emission species. Aerosol emissions are thereby prescribed as boundary conditions.
By use of Mie theory, aerosol optical properties are calculated for 24 solar spectral bands
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and serve as input for the ECHAM6 radiation scheme. In addition, a two-moment cloud
microphysics scheme (Lohmann et al., 2007) coupled to the aerosol microphysics, enables
the simulation of aerosol-cloud interactions.

4.2.3 Wildfire emission heights

Maximum emission heights in ECHAM6-HAM2, also referred to as “top plume heights“,
are simulated by a semi-empirical plume height parametrization, which is based on the
parameters FRP (Pf ), Brunt-Väisälä frequency of the atmosphere (N) and PBL height
(HPBL). Originally developed by Sofiev et al. (2012), we apply the ECHAM6-HAM2
specific modifications presented in chapter 2 of this thesis including a tuning of FRP for
high plumes and the introduction of a diurnal cycle in FRP. Top plume heights (Hp) are
simulated as follows:

Hp = αHPBL + β

(
Pf
Pf0

)γ
exp

(
−δN2/N2

0

)
(4.2)

whereupon

Pf =

Pf if Hp ≤ 1500m
Pf ×

(
Hp

1500m

)0.5
if Hp > 1500m

(4.3)

The reference Brunt-Väisälä Frequency (N0) and the reference FRP (Pf0) hold fixed
values of N0 =

√
2.5 x 10−4 s−1 and Pf0 = 106W , respectively. The constant values of α,

β, γ and δ have been determined by use of a computational learning data set; for more
detailed information see Sofiev et al. (2012). We distribute all wildfire emissions vertically
with constant mass mixing ratio from the top of the plume to the surface.

In order to save computational time, we apply a slightly modified FRP binning scheme
as presented in chapter 2 of this thesis. This FRP class scheme summarizes individual fires
of similar FRP in specific bins and runs the plume height parametrization only once for
each bin. In contrast to the individual observational FRP values of FRP bins 27–41 applied
in chapter 2, here the JSBACH-SPITFIRE FRP distribution scheme (see Sect. 4.2.1)
requires fixed FRP values for the FRP bins 27–41. Furthermore, we enlarge the number
of bins from 41 to 47 to improve the representation of very intense fires. Table 4.2 provides
a summary of the FRP bin ranges and bin widths applied in the present study.

Table 4.2: Description of the applied FRP binning scheme which groups fires of a certain FRP
range. Mean FRP bin values serve as input for the plume height parametrization applied in
ECHAM6-HAM2.

FRP bin No. 1–10 11–15 16-21 22–31 32–38 39–43 44–46 47

FRP range
[MW] 0–100 100–

200
200–
500

500–
1500

1500–
5000

5000–
10000

10000–
25000

25000–
50000

Bin width
[MW] 10 20 50 100 500 1000 5000 25000
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4.2.4 Emission inventories

Wildfire emissions in the ECHAM6-HAM2 simulations are either based on JSBACH-
SPITFIRE emissions for PD climate conditions (1996–2005) or JSBACH-SPITFIRE RCP
scenarios for 2090–2099. In addition, we run one simulation with GFASv1.2 emissions for
2003–2011 to provide a satellite-based reference simulation for PD conditions. Anthro-
pogenic and biogenic emissions are taken according to the HAM2.2 standard setup using
AEROCOM phase II emissions for all simulations (Stier et al., 2005; Dentener et al., 2006).
These represent PD emission inventories. To estimate the relative importance of changes
in wildfire emissions compared to future changes in anthropogenic BC emissions, we also
apply projected changes in anthropogenic BC emissions according to RCP8.5 (Lamarque
et al., 2011) for one simulation. Dust, sea salt and dimethyl sulfide (DMS) emissions are
calculated interactively in ECHAM6-HAM2.

4.2.5 Experiment setup

We run three JSBACH-SPITFIRE simulations for the scenarios RCP2.6, RCP4.5 and
RCP8.5. These simulations provide the wildfire emission and FRP input for the ECHAM6-
HAM2 simulations. All scenarios are carried out for the time period 1850–2100 as de-
scribed in Sect. 4.2.1. The vegetation carbon pools are run into equilibrium prior to 1850
realized by a spin-up of 300 years. The model spin-up equilibrates the fast carbon pools,
whereas slow carbon pools are not considered and do not interact with fires. The setup of
the ECHAM6-HAM2 simulations is described in Table 4.3.

Table 4.3: Setup of ECHAM6-HAM2 experiments. All SPITFIRE simulations and the CLIMATE-
ONLY experiment use wildfire emissions from JSBACH-SPITFIRE output. Simulation ’PD-GFAS’
employs wildfire emissions from the Global Fire Assimilation System (GFAS) for the period 2003–
2011. Emission heights are calculated by a modified version of the Sofiev plume height parametriza-
tion. See text Sect. 4.2.3 to 4.2.5 for more detailed information.

Simulation Name Time
Period

Climate
Scenario

Anthropogenic
Emissions

Wildfire
Emissions & FRP

RCP2.6-SPITFIRE 2090–2099 RCP2.6 AEROCOM 2000 SPITFIRE RCP2.6

RCP4.5-SPITFIRE 2090–2099 RCP4.5 AEROCOM 2000 SPITFIRE RCP4.5

RCP8.5-SPITFIRE 2090–2099 RCP8.5 AEROCOM 2000 SPITFIRE RCP8.5

PD-SPITFIRE 1996–2005 AMIP AEROCOM 2000 SPITFIRE PD

CLIMATE-ONLY 2090–2099 RCP8.5 AEROCOM 2000 SPITFIRE PD

RCP8.5-
SPITFIRE+

ACCMIP-2090
2090–2099 RCP8.5 ACCMIP RCP8.5

2090 SPITFIRE RCP8.5

PD-GFAS 2003–2011 AMIP AEROCOM 2000 GFASv1.2
2003–2013
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The ECHAM6-HAM2 experiments RCP2.6-SPITFIRE, RCP4.5-SPITFIRE and
RCP8.5-SPITFIRE are run for the period 2090–2099. They combine the change in wild-
fire emissions, FRP and projected changes in climate, which impact emission heights,
dust, DMS and sea salt mobilization, aerosol transport and aerosol removal rates. Com-
pared to simulation PD-SPITFIRE, which represents PD wildfire emissions and climate,
these simulations demonstrate the potential effects of climate-induced changes in wildfire
emissions on atmospheric aerosol concentrations in a warmer climate at the end of the
21st century. In experiment CLIMATE-ONLY, PD SPITFIRE emission fluxes are applied
together with future climate conditions from the RCP8.5 scenario. The comparison of
simulation CLIMATE-ONLY to simulation RCP8.5-SPITFIRE enables us to disentangle
the combined impact of changes in FRP, emission fluxes and emission heights from changes
caused by altered atmospheric conditions alone.

Simulation RCP8.5-SPITFIRE+ACCMIP-2090 is identical to RCP8.5-SPITFIRE ex-
cept for the anthropogenic emissions which represent projected future RCP8.5 emissions
of the year 2090 (Lamarque et al., 2011). These anthropogenic ACCMIP BC emission
projections for the year 2090 are only 47 % of the PD anthropogenic AEROCOM BC
emissions used in all other simulations. Thus, the comparison between simulation RCP8.5-
SPITFIRE+ACCMIP-2090 and RCP8.5-SPITFIRE provides an estimate of how the rela-
tive wildfire contribution to the overall aerosol concentrations might change in the future
due to changes in anthropogenic aerosol emissions. The last simulation called PD-GFAS
applies satellite-based wildfire emission estimates reported in GFASv1.2 for 2003–2011.
It represents a reference simulation for the comparison of JSBACH-SPITFIRE emissions
in PD climate conditions to satellite-based emission estimates. Although GFASv1.2 data
were available for 2003–2013 at the start of this study, the availability of AMIP SST and
sea ice was limited to 2003–2011; therefore simulation PD-GFAS covers only the period
2003–2011. For all scenarios, one year of ECHAM6-HAM2 model spin-up is run prior to
the start year of the simulations.

SPITFIRE emissions have been tuned against the Global Fire Emissions Database
(GFED, van der Werf et al. (2010)), which are known to results in a global underestimation
of AOT. Therefore, we apply a zero-order emission correction factor of 3.4 for wildfire
emissions as described in Huijnen et al. (2012), Kaiser et al. (2012) and von Hardenberg
et al. (2012) for all simulations.

4.3 Analysis of model simulations

First, we will discuss the simulated JSBACH-SPITFIRE emission fluxes (Sect. 4.3.1) and
JSBACH-SPITFIRE FRP (Sect. 4.3.2) for PD climate conditions including a comparison
to satellite-based data sets. Second, we will analyze the differences in emission fluxes be-
tween the RCP scenarios for 2090–2099 and discuss the changes compared to PD climate
conditions (Sect. 4.3.3). In Sect. 4.3.4 potential drivers for the simulated regional changes
in future wildfire emission fluxes will be investigated. In a third step, we will assess the re-
sulting changes in emission heights, atmospheric BC concentrations and AOT (Sect. 4.3.5,
4.3.6 and 4.3.7, respectively).
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4.3.1 Emission estimates for present day climate conditions

The ability of an interactive fire model to realistically simulate global fire activity and
fire emissions is largely determined by the process representation of the fire model itself,
the general performance of the global vegetation model and the meteorological forcing
applied. A detailed general analysis of the JSBACH-SPITFIRE model performance has
been discussed by Lasslop et al. (2014). Here, we focus on the evaluation of simulated
emission fluxes and FRP against satellite-based emission and FRP inventories. Figure 4.1
illustrates a comparison of the mean global total wildfire emission release simulated by
JSBACH-SPITFIRE to the satellite-based emission inventories GFASv1.2 (2003–2013)
and GFEDv2 (1997–2008).
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Figure 4.1: Global mean emission fluxes of BC (a), OC (b) and SO2 (c) from wildfires simu-
lated by JSBACH-SPITFIRE for the years 1996–2005 compared to multi-year monthly means of
the satellite-based emission inventories GFED and GFAS. Blue and green shadings represent one
standard deviation of multi-year monthly means in the observational data sets.

The global total wildfire BC emissions simulated by JSBACH-SPITFIRE for the years
1996–2005 lie approximately 5 % above the satellite-based emission inventories GFED and
GFAS. For OC, the JSBACH-SPITFIRE emission estimates are 13 % and 8 % larger than
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GFED and GFAS, respectively; for SO2 negative discrepancies of -28 % and -23 % are
found. The seasonality is only partly captured by the model with a slightly too early
onset of the Northern Hemispheric fire season. The large differences in emission flux
estimates between GFED and GFAS in January and February, however, depict the large
uncertainties which are included in the satellite-based data sets. Overall, the differences
between the simulated and the satellite-based global emission estimates lie within the range
of the natural inter-annual variations indicating a reasonable global model performance of
JSBACH-SPITFIRE.

4.3.2 FRP estimates for present day climate conditions

As described in Sect. 4.2.1, only the daily mean total FRP of a grid cell is calculated by
the JSBACH-SPITFIRE model. The distribution of the total FRP to individual fires is
realized by an empirical-statistical distribution scheme which is described in more detail
in Appendix A.1. Figure 4.2 shows a comparison of the number of fires and individual
FRP values simulated by the empirical FRP distribution scheme applied in the JSBACH-
SPITFIRE simulations to assimilated observational data from GFAS.

Although the transitions between FRP bins with different widths (see Table 4.2) are
slightly smoothed out by the empirical distribution scheme, the JSBACH-SPITFIRE FRP
spectrum follows the basic shape of the observational GFAS FRP distribution. Taking
into account the large measurement uncertainties included in GFAS, the model describes
a reasonable distribution of FRP to individual FRP classes.
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Figure 4.2: Global mean attribution of normalized FRP and number of fire distributions to FRP
classes. Blue lines represent simulated JSBACH-SPITFIRE distributions (1996–2005), red lines
show observational GFAS data (2003–2013). For a description of the FRP class scheme, see
Sect. 4.2.3, respectively Sect. 2.2.4.

The global mean FRP simulated by JSBACH-SPITFIRE (1996–2005) is approximately
47 % higher than the GFAS global average for 2003–2013. This discrepancy can partly
be explained by the fact that a large number of small fires is not included GFASv1.2
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(due to the lower detection limit of the MODIS instrument) but simulated by JSBACH-
SPITFIRE. Note that the assimilation techniques applied for low FRP fires in GFAS have
changed from GFASv1.1 to GFASv1.2 leading to a significant reduction of fires with FRP
values smaller than 1 MW in GFASv1.2.

However, Fig. 4.3 demonstrates that, regionally, the modeled FRP shows substantial
differences to the satellite-based FRP patterns. These differences are most pronounced in
Central North America and Australia. Most likely these bias patterns can be primarily
attributed to an overestimation in the modelled JSBACH net primary productivity (NPP)
and the available fuel in these regions (Lasslop et al., 2014). In boreal regions of North
America and Eurasia, emission fluxes and FRP are presumably also underestimated by
SPITFIRE because of a distinct underestimation in the number of simulated human igni-
tion events and meteorological conditions favorable for fires. In contrast, the FRP patterns
of SPITFIRE show good agreement to GFAS in large parts of the tropics which represent
the major source regions of wildfire emissions globally.
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Figure 4.3: Mean annual FRP per grid cell in the observational GFAS data set 2003–2013 (a) and
simulated by JSBACH-SPITFIRE for 1996–2005 (b).
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General region-specific discrepancies in wildfire emission estimates between implemen-
tations of SPITFIRE in DGVMs and the satellite-based GFED data set have also been
identified in previous studies. Yue et al. (2014) implemented the SPITFIRE model into
the global vegetation model ORCHIDEE. The authors found similar regional bias patterns
in SPITFIRE burned area and wildfire emission fluxes compared to GFED. Nevertheless,
other satellite-based data sets (e.g. L3JRC and GLOBCARBON) provide burned area
estimates, which show significantly better agreement to SPITFIRE, e.g. in North Amer-
ica (Yue et al., 2015). For Central Africa, Zhang et al. (2014) analyzed eight different
satellite-based emission estimates and found large variations between the observational
data sets of up to a factor of 10. These regional differences are even larger than most of
the regional biases we detect when comparing JSBACH-SPITFIRE to GFAS and GFED.

4.3.3 Changes in wildfire emission release over the 21st century

Simulated changes in wildfire activity within the 21st century are driven by the complex in-
teraction of human activity, climate change and changes in vegetation cover. A time series
of the total global wildfire carbon emissions simulated by JSBACH-SPITFIRE between
1996–2100 is provided by Fig. 4.4. To understand the projected changes in future wildfire
carbon emissions, a more detailed analysis of the regional modifications is required.

Figure 4.5 presents global maps of the relative changes in BC emission fluxes for all
RCP scenarios 2090–2099 vs. 1996–2005. A general increase in boreal wildfire emissions
is simulated for all RCP scenarios, with the magnitude of the increase gradually strength-
ening from RCP2.6 to RCP8.5. While emissions in Africa are consistently simulated to
decrease for all RCP scenarios, other tropical and subtropical regions (e.g. the Amazon
and South East Asia) show different directions of changes in emission fluxes.
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Figure 4.4: Time series of total C emissions simulated by JSBACH-SPITFIRE for PD and RCP
scenarios RCP2.6, RCP4.5 and RCP8.5. Thick solid lines represent decadal means, shadings
represent one standard deviation of decadal means. Thin lines show individual yearly means.
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Figure 4.5: Relative changes in BC emission fluxes simulated by JSBACH-SPITFIRE for
RCP2.6 (a), RCP4.5 (b) and RCP8.5 (c) for 2090–2099. All plots show relative differences to
present day (PD) climate conditions (1996–2005). Red colors indicate an increase in emission
fluxes, blue colors indicate a decrease in emission fluxes compared to PD. Black rectangles repre-
sent region classifications discussed in Sect. 4.3.4.
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Table 4.4: Mean tropical and extra-tropical wildfire emission fluxes for the emission species BC,
OC and SO2. The tropics represent 24.375◦ N to 24.375◦ S. All emission fluxes shown in this table
describe emission fluxes simulated by JSBACH-SPITFIRE. For the ECHAM6-HAM2 simulations,
these emission fluxes are multiplied by the 3.4 correction factor described in Kaiser et al. (2012).
Uncertainty estimates represent one standard deviation of annual means.

Simulation PD-
SPITFIRE

RCP2.6-
SPITFIRE

RCP4.5-
SPITFIRE

RCP8.5-
SPITFIRE

Tropics BC [Tg yr−1] 1.11±0.11 0.78±0.09 0.95±0.08 0.70±0.10

NH Extra-tropics BC [Tg yr−1] 0.76±0.12 0.82±0.11 1.09±0.15 1.25±0.15

SH Extra-tropics BC [Tg yr−1] 0.32±0.05 0.26±0.03 0.35±0.04 0.36±0.05

Tropics OC [Tg yr−1] 9.87±0.97 7.05±0.87 8.24±0.70 6.77±0.93

NH Extra-tropics OC [Tg yr−1] 8.05±1.33 8.70±1.24 11.97±1.70 13.68±1.67

SH Extra-tropics OC [Tg yr−1] 2.72±0.45 2.21±0.32 2.96±0.39 3.55±0.51

Tropics SO2 [Tg yr−1] 0.93±0.09 0.64±0.08 0.87±0.07 0.45±0.06

NH Extra-tropics SO2 [Tg yr−1] 0.64±0.09 0.71±0.09 1.12±0.15 1.18±0.13

SH Extra-tropics SO2 [Tg yr−1] 0.24±0.04 0.19±0.02 0.28±0.03 0.25±0.03

Table 4.4 provides a quantitative summary of mean annual tropical and extra-tropical
wildfire emission fluxes for all RCP scenarios and emission species. The decrease in tropical
wildfire BC emission fluxes ranges from -14 % for RCP4.5 to -37 % for RCP8.5. In contrast,
extra-tropical wildfire emissions stay nearly constant for RCP2.6, while they are increased
by +32 % for RCP4.5 and +49 % for RCP8.5, with only negligible differences between
emission species. Due to the fact that the FRP is proportional to the biomass burned
and thus to the emissions released by a fire, all changes discussed for wildfire emissions
similarly apply to changes in FRP.

Besides the mean annual changes, also the seasonal cycle in wildfire emission fluxes is
of importance for the atmospheric long-range transport. Figure 4.6 and Fig. 4.7 illustrate
mean zonal daily relative and absolute changes in BC emission fluxes. Mid-latitude and
boreal fire seasons are simulated to largely expand by up to 1–3 months for RCP8.5.
Furthermore, fire activity significantly tends to shift north in the Northern Hemisphere
and south in the Southern Hemisphere for RCP8.5. The absolute increase in the mid-
latitude and boreal BC emission fluxes, which roughly compensates the decrease in the
tropical emission fluxes, indicates that the relative importance of extra-tropical wildfires
compared to tropical wildfires might be significantly enhanced in the future. In addition to
the analysis of the changes in emission fluxes, Fig. 4.8 shows the FRP- and number-of-fires-
spectrum simulated for all RCP scenarios compared to PD-SPITFIRE. For RCP2.6, FRP
and the number of fires slightly decrease, while little change is observable for RCP4.5.
For RCP8.5, the fraction of intense fires with FRP> 1000 MW is moderately increased
compared to PD conditions. In contrast, the fraction of low FRP fires slightly decreases.
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Figure 4.6: Seasonal cycle of zonal mean relative changes in BC emission fluxes simulated by
JSBACH-SPITFIRE for RCP2.6 (a), RCP4.5 (b) and RCP8.5 (c) for 2090–2099. All plots show
relative differences to present day (PD) climate conditions (1996–2005).
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Figure 4.7: Seasonal cycle of simulated zonal mean absolute changes in BC emission fluxes simu-
lated by JSBACH-SPITFIRE for RCP2.6 (a), RCP4.5 (b) and RCP8.5 (c) for 2090–2099 vs. present
day (PD) conditions (1996–2005).
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Figure 4.8: Global mean attribution of normalized FRP and number of fire distributions to FRP
classes. Blue, green and red lines represent JSBACH-SPITFIRE distributions for the RCP scenar-
ios 2.6, 4.5 and 8.5 (years 2090–2099), black lines represent JSBACH-SPITFIRE distributions for
PD climate conditions (1996–2005).

4.3.4 Potential drivers of future changes in fire activity

Although it is not possible to fully disentangle all individual parameters which impact fire
activity in our set of simulations, we analyze four region-specific basic drivers of changes
in fire activity: human ignitions, fuel available for burning, fire danger index (FDI) and
precipitation. These quantities are analyzed in six regions of distinct changes in emis-
sion fluxes (see Fig. 4.5) by calculating Pearson correlation coefficients between changes
in specific parameters and the changes in emission fluxes. In summary, the strongest cor-
relations can be found between fire emission fluxes and increased precipitation and fuel
availability in North America and Siberia. In Africa, a strong decrease in human igni-
tions due to an increase in population density and land-use change represents the driving
force for the strong decrease in fire activity. Scenario RCP8.5 shows the largest and most
significant correlations, whereas for scenario RCP2.6 and scenario RCP4.5 statistically
significant drivers of changes in fire activity could only be found for boreal North America
and Africa. The results of our analysis are described in more detail for all regions in
Appendix A.2.

4.3.5 Emission heights

While substantial differences in emission fluxes, meteorology and FRP exist between
the RCP scenarios, mean top plume heights in all our simulations show little varia-
tion. Between simulation RCP2.6-SPITFIRE featuring the lowest mean plume height
(1353± 428 m) and PD-SPITFIRE (1640± 560 m) featuring the highest mean plume
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height, a difference of only 300 m is simulated. Figure 4.9 provides globally averaged
plume height distributions for all simulations.
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Figure 4.9: Global plume height statistics for all RCP-SPITFIRE experiments (2090–2099), simula-
tion PD-SPITFIRE (1996–2005), simulation CLIMATE-ONLY (2090–2099) and PD-GFAS (2003–
2011). Bluish bars represent 10th, 25th, 50th, 75th, 90th, 95th and 99th percentiles.

Simulation CLIMATE-ONLY represents an RCP8.5 scenario for which wildfire emis-
sions and FRP are kept identical to PD-SPITFIRE, but the meteorology is similar to
RCP8.5-SPITFIRE. The largest differences between these simulations are observed for
the 99th plume height percentile. Simulation PD-SPITFIRE (3742 m) lies approximately
1.1 km above CLIMATE-ONLY (2686 m) indicating that, globally, climate warming en-
tails more stable lower tropospheric conditions which tend to dampen plume heights. Due
to the fixed fire locations and FRP, global changes in plume heights between simulations
PD-SPITFIRE and CLIMATE-ONLY can only be attributed to decreased PBL heights
and increased Brunt-Väisälä frequencies (see equation 4.2). As no significant changes in
Brunt-Väisälä frequencies could be detected (not shown), the observed reduction in plume
heights is primarily introduced by an average reduction in PBL heights due to decreased
lapse-rates. A general decrease in atmospheric lapse-rates in a warmer climate and a
reduction of PBL heights over land (particularly in the summer season) has also been
indicated by several previous studies (e.g. Joshi et al., 2007; Penrod et al., 2014).

The comparison of simulation CLIMATE-ONLY to simulation RCP8.5-SPITFIRE en-
ables us to disentangle the effects of climate change versus changes in emission fluxes and
FRP on plume heights. With simulation RCP8.5-SPITFIRE showing the highest (3907 m)
and CLIMATE-ONLY showing the lowest 99th plume height percentile value (2686 m), we
conclude that the increase in FRP overcompensates the climate effect on plume heights
for the RCP8.5 scenario and therefore leads to larger plume heights, if both effects are
considered. Note that all mean plume heights represent FRP-weighted daily mean plume
height values, i.e. fires with high FRP values contribute disproportionately larger to the
overall mean. We apply this weighting function to take into account the importance of
emission fluxes which linearly scale with FRP (see Sect. 4.2.1).
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Besides global statistics, the spatial plume height patterns of particularly deep emission
injection events are of interest especially for air quality, long-range transport and removal
processes. Figure 4.10 shows global maps of individual maximum plume heights in the pe-
riod 2090–2099 for the RCP-SPITFIRE experiments. In addition, Fig. 4.11 illustrates the
global distribution of maximum plume heights for simulation PD-SPITFIRE, simulation
CLIMATE-ONLY and simulation PD-GFAS.

90°S

60°S

30°S

0°

30°N

60°N

90°N

180° 180°120°W 60°W 0° 60°E 120°E180° 180°

Max Plume Heights RCP2.6-SPITFIRE 2090-2099

0

1000

2000

3000

4000

5000

6000

7000

M
a
x
 P

lu
m

e
 H

e
ig

h
t 

[m
]

(a)

90°S

60°S

30°S

0°

30°N

60°N

90°N

180° 180°120°W 60°W 0° 60°E 120°E180° 180°

Max Plume Heights RCP4.5-SPITFIRE 2090-2099

0

1000

2000

3000

4000

5000

6000

7000

M
a
x
 P

lu
m

e
 H

e
ig

h
t 

[m
]

(b)

90°S

60°S

30°S

0°

30°N

60°N

90°N

180° 180°120°W 60°W 0° 60°E 120°E180° 180°

Max Plume Heights RCP8.5-SPITFIRE 2090-2099

0

1000

2000

3000

4000

5000

6000

7000

M
a
x
 P

lu
m

e
 H

e
ig

h
t 

[m
]

(c)

Figure 4.10: Maximum plume heights of individual fires for RCP2.6-SPITFIRE (a), RCP4.5-
SPITFIRE (b) and RCP8.5-SPITFIRE (c) for 2090–2099.
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Figure 4.11: Maximum plume heights of individual fires for simulation PD-SPITFIRE (a), simu-
lation CLIMATE-ONLY (b) and simulation PD-GFAS (c).
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The general global patterns are fairly similar for all six simulations. The increased
fire activity in boreal latitudes for simulation RCP4.5-SPITFIRE and RCP8.5-SPITFIRE
compared to PD-SPITFIRE causes a slight expansion of maximum plume height > 2km
to the north which is not observable for simulation RCP2.6. This northward shift of deep
plumes is mainly driven by increased FRP values in these regions. In contrast, plume
heights in the Sahel zone are decreased in simulation RCP8.5-SPITFIRE, due to a sharp
decline in FRP.

The less intense tropical fire activity for the RCP-SPITFIRE scenarios compared to
PD conditions is also represented by lower maximum plume heights in central Africa
and Northern Australia. Global plume height patterns in simulation CLIMATE-ONLY
are very similar to simulation PD-SPITFIRE, but a moderate decrease in tropical plume
heights is observable due to more stable atmospheric conditions in the RCP8.5 climate
state. The comparison of simulation PD-SPITFIRE to PD-GFAS qualitatively demon-
strates the limitations of the model to simulate regional plume height patterns due to
biases in fire activity patterns. Although the global mean plume height statistics show
very good agreement for both simulations, the model largely underestimates maximum
individual plume heights in Alaska, Northern Siberia, South America and Australia. Rea-
sonable agreement is achieved for Africa, Europe and Central Asia. The underestimation
of emission fluxes and plume heights in boreal latitudes is presumably related to a poor
representation of favorable fire conditions which cause too low FRP values.

4.3.6 Black carbon concentration profiles

BC concentrations throughout the troposphere are determined by emission fluxes as well
as vertical and horizontal transport and removal processes. Figure 4.12 and Fig. 4.13
show relative differences of mean zonal BC profiles for all simulations shown in Table 4.3.
Lower tropospheric BC concentrations (below 500 hPa) are in all cases vastly correlated
to the regional changes in emission fluxes (see Fig. 4.7). On the other hand, simulation
RCP8.5-SPITFIRE clearly demonstrates that upper tropospheric and lower stratospheric
BC concentrations are mainly dominated by tropical emission fluxes, because differences
in plume heights are negligible and upper tropospheric extra-tropical BC concentrations
decrease even though local emission fluxes are increased (Fig. 4.12c). These findings are
consistent with similar aerosol transport mechanisms identified for present day climate
conditions (see Sect. 3.3.2).

Figure 4.13a illustrates that tropical deep convection is generally decreased for RCP8.5
climate conditions leading to a decrease in upper tropospheric BC concentrations by
10-50 %, if wildfire emissions are kept constant at PD levels. The impact of changes
in emission heights is expected to be small, because in the tropics BC concentrations
show a moderate increase between 600 hPa and the surface even though emission heights
are decreased in these regions compared to PD conditions. The comparison of simu-
lation RCP8.5-SPITFIRE (Fig. 4.12c) and simulation RCP8.5-SPITFIRE+AMCCMIP-
2090 (Fig. 4.13b) indicates that changes in wildfire emissions are of similar importance as
the projected reduction (-53 %) in BC emissions from anthropogenic sources.
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Figure 4.12: Relative change in mean zonal BC concentrations for simulation RCP2.6-
SPITFIRE (a), RCP4.5-SPITFIRE (b) and RCP8.5-SPITFIRE (c) for 2090–2099; reference sim-
ulation is PD-SPITFIRE 1996–2005. Black dots indicate significance based on a student-t-test at
a 95 % confidence interval.
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Figure 4.13: Relative change in mean zonal BC concentrations for simulation CLIMATE-ONLY
(a), RCP8.5-SPITFIRE+ACCMIP-2090 (b) and simulation PD-GFAS (c); reference simulation is
PD-SPITFIRE 1996–2005. Black dots indicate significance based on a student-t-test at a 95 %
confidence interval.
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The comparison of simulation PD-GFAS and simulation PD-SPITFIRE (see Fig. 4.13c)
provides an estimate, how the differences between a satellite-based emission inventory
and the interactively simulated wildfire emissions from JSBACH-SPITFIRE impact at-
mospheric BC concentrations. While the total global emission fluxes differ by only 5 % for
present day climate conditions (see Sect. 4.3.1), strong regional deviations in atmospheric
BC concentrations occur. These regional differences in BC concentrations between simula-
tion PD-SPITFIRE and PD-GFAS show a similar magnitude as the changes from present
day climate conditions to the future RCP climate scenarios. In Sect. 3.3.2 of this thesis,
however, we found comparable regional differences in BC concentrations of up to 50 %
between GFAS and AEROCOM (based on GFEDv2) emission inventories, which are both
satellite-based. Therefore the presented differences in BC concentrations, which emerge
from the choice of the wildfire emission inventory, do not represent model biases in a strict
sense, but only provide a rough idea about the uncertainties introduced by the choice of
the emission inventory.

Besides BC concentration profiles, BC removal rates in the polar regions might rep-
resent a relevant parameter for the overall fire-climate impact, because BC deposition
on snow decreases the albedo leading to enhanced melting. A summary of mean annual
BC deposition rates is provided in Table 4.5. Overall changes in future Arctic deposi-
tion rates compared to PD-SPITFIRE are small for scenario RCP2.6-SPITFIRE, while
a strong increase in BC deposition up to 53 % is simulated for RCP8.5-SPITFIRE due
to a strong increase in boreal wildfire activity. The comparison of simulation RCP8.5-
SPITFIRE to RCP8.5-SPITFIRE+ACCMIP-2090 illustrates that Arctic deposition rates
in the RCP8.5 scenarios are largely determined by BC emissions from wildfires, not by
anthropogenic emission which are approximately cut by half in the scenario RCP8.5-
SPITFIRE+ACCMIP-2090.

Table 4.5: Total removal rates represent the sum of wet and dry deposition and sedimentation. Po-
lar regions represent 67◦ N - 90◦ N and 67◦ S to 90◦ S, respectively. Uncertainty estimates represent
one standard deviation of annual means.

Simulation RCP2.6-
SPITFIRE

RCP4.5-
SPITFIRE

RCP8.5-
SPITFIRE

PD-
SPITFIRE

CLIMATE-
ONLY

RCP8.5-
SPITFIRE+
ACCMIP-

2090

PD-
GFAS

Global removal
rates [mg m-2 y-1] 22.63±0.42 26.15±0.51 25.68±0.89 24.81±0.62 24.81±0.62 20.32±0.86 22.70±3.95

NH Polar removal
rates [mg m-2 y-1] 5.35±0.53 7.21±0.80 8.09±0.93 5.29±0.60 5.85±0.40 7.32±0.74 6.13±1.67

SH Polar removal
rates [mg m-2 y-1] 0.39±0.06 0.47±0.05 0.65±0.08 0.44±0.04 0.46±0.05 0.67±0.07 0.23±0.07
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4.3.7 Aerosol optical thickness

The simulated future changes in AOT at 550 nm are caused by combined changes in
aerosol emission fluxes and by changes in atmospheric aerosol processing via trans-
port and aerosol-cloud interactions. Table 4.6 provides AOT values as global, tropical
and Northern Hemisphere (NH) and Southern Hemisphere (SH) extra-tropical means
for all ECHAM6-HAM2 experiments. While only moderate changes in global AOT
are simulated for RCP2.6 (0.131±0.002) and RCP4.5 (0.139±0.003) compared to PD-
SPITFIRE (0.134±0.002), a considerably stronger increase in AOT is modelled for RCP8.5
(0.151±0.004).

As dust, sea salt and DMS emission fluxes in ECHAM6-HAM2 are calculated inter-
actively and depend on the specific atmospheric conditions, only the comparison of sim-
ulation CLIMATE-ONLY to RCP8.5-SPITFIRE enables us to disentangle the particular
impact of changes in wildfire emissions from other emission sources. Globally, the sig-
nificant increase in AOT for simulation CLIMATE-ONLY compared to PD-SPITFIRE of
+10.4±1.1 % can be assigned to the increase in atmospheric dust, sea salt and DMS bur-
dens of +13.6±5.2%, +7.1±0.8 % and +23.2±0.6 %, respectively (see Appendix A.3 for
spatial patterns). The differences in AOT between simulation CLIMATE-ONLY and sim-
ulation RCP8.5-SPITFIRE can be attributed to changes in wildfire emissions alone. In the
extra-tropical NH, the wildfire-induced increase in AOT for simulation RCP8.5-SPITFIRE
(+0.021±0.002) compared to PD-SPITFIRE is about two times larger than the climate
change induced reduction in AOT in simulation CLIMATE-ONLY (-0.010±0.001).

Moreover, the modeled total increase in extra-tropical NH AOT due to changes in wild-
fire activity is comparable to the counteracting projected decrease in AOT in the order
of -0.030 caused by a decrease in anthropogenic BC emissions (see Table 4.6, RCP8.5-
SPITFIRE+ACCMIP-2090). In the tropics, however, the reduction of tropical wildfire
emissions in simulation RCP8.5-SPITFIRE compared to simulation CLIMATE-ONLY
slightly decreases the mean AOT by -0.005±0.003.

Table 4.6: Mean AOT values for 2090–2099 (all RCP simulations) and 1996–2005 (simulation
PD-SPITFIRE) as well as 2003–2011 (PD-GFAS). Uncertainty estimates represent one standard
deviation of annual mean AOT values.

Simulation RCP2.6-
SPITFIRE

RCP4.5-
SPITFIRE

RCP8.5-
SPITFIRE

PD-
SPITFIRE

CLIMATE-
ONLY

RCP8.5-
SPITFIRE+
ACCMIP-

2090

PD-GFAS

Global mean
AOT 0.131±0.002 0.139±0.003 0.151±0.004 0.134±0.002 0.148±0.004 0.136±0.002 0.131±0.006

Tropics mean
AOT 0.156±0.004 0.164±0.005 0.179±0.006 0.162±0.003 0.184±0.008 0.165±0.004 0.167±0.009

Extropics NH
mean AOT 0.124±0.003 0.136±0.004 0.147±0.005 0.126±0.004 0.116±0.002 0.117±0.004 0.115±0.009

Extropics SH
mean AOT 0.104±0.002 0.108±0.002 0.116±0.003 0.104±0.001 0.130±0.004 0.116±0.002 0.098±0.002
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In addition to the globally and zonally averaged AOT values presented in Table 4.6,
Fig. 4.14 and Fig. 4.15 provide global maps of relative changes in AOT and BC burdens
for the simulations CLIMATE-ONLY vs. PD-SPITFIRE and RCP8.5-SPITFIRE vs. PD-
SPITFIRE to allow for region-specific analysis of the simulated changes in AOT. In large
parts of North America, Asia and sub-Saharan Africa, distinct changes in BC burdens of
-50 % to +100 % correspond to AOT changes of similar magnitude for simulation RCP8.5-
SPITFIRE (see Fig. 4.14b and Fig. 4.15b, respectively), whereas these regional changes
in BC burden and AOT are less pronounced or nonexistent in simulation CLIMATE-
ONLY (see Fig. 4.14a and Fig. 4.15a, respectively). Therefore, the simulated changes in
wildfire emissions can be identified to represent the major drivers of changes in AOT in
these regions of strong wildfire activity. Other region-specific patterns such as the strong
relative increase in AOT around Antarctica and a moderate increase in AOT over large
parts of the tropical oceans, are similarly observable in simulation CLIMATE-ONLY and
RCP8.5-SPITFIRE. In these regions the BC burdens do not hold comparable changes and
therefore we conclude that changes in AOT in the polar regions and over the tropical
oceans are not primarily caused by changes in wildfire activity, but by changes in dust,
sea salt and DMS emission fluxes (see also Appendix A.3).
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Figure 4.14: Relative changes in AOT at 550nm for simulations CLIMATE-ONLY (a) and RCP8.5-
SPITFIRE (b) both representing the time period 2090–2099 compared to the reference simulation
PD-SPITFIRE (1996–2005). Black dots indicate significance based on a student-t-test 95 % confi-
dence interval.
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Overall, the changes in wildfire emissions can be identified to represent the major driver
in AOT changes only in the vicinity of those regions featuring strong wildfire activity. It
is uncertain, whether a similar AOT impact of changes in wildfire emissions and climate
conditions is applicable to the scenarios RCP2.6 and RCP4.5. For a more detailed analysis,
further simulations with RCP2.6 and RCP4.5 climate conditions and fixed PD wildfire
emissions would be required. But due to the high computational costs, they could not be
carried out in the framework of this study.

90°S

60°S

30°S

0°

30°N

60°N

90°N

180° 180°120°W 60°W 0° 60°E 120°E180° 180°

Relative Changes in BC Burden: CLIMATE-ONLY vs. PD-SPITFIRE

1.0

0.8

0.6

0.4

0.2

0.0

0.2

0.4

0.6

0.8

1.0

R
e
la

ti
v
e
 c

h
a
n
g
e
 i
n
 B

C
 b

u
rd

e
n

(a)

90°S

60°S

30°S

0°

30°N

60°N

90°N

180° 180°120°W 60°W 0° 60°E 120°E180° 180°

Relative Changes in BC Burden: RCP8.5-SPITFIRE vs. PD-SPITFIRE

1.0

0.8

0.6

0.4

0.2

0.0

0.2

0.4

0.6

0.8

1.0

R
e
la

ti
v
e
 c

h
a
n
g
e
 i
n
 B

C
 b

u
rd

e
n

(b)

Figure 4.15: Relative changes in BC burden for simulations CLIMATE-ONLY (a) and RCP8.5-
SPITFIRE (b) both representing the time period 2090–2099 compared to the reference simulation
PD-SPITFIRE (1996–2005). Black dots indicate significance based on a student-t-test at a 95 %
confidence interval.

4.4 Summary and conclusions

In this chapter, the process-based global vegetation-fire model JSBACH-SPITFIRE (Lass-
lop et al., 2014) was used to simulate changes in wildfire emission fluxes and FRP dur-
ing the 21st century. In our simulations we prescribed atmospheric conditions according
to RCP scenarios of the MPI-ESM (Giorgetta et al., 2013), population density changes
according to SSP scenarios described by van Vuuren and Carter (2014) and land-use
changes from Hurtt et al. (2011). Wildfire emission fluxes and FRP simulated by JSBACH-
SPITFIRE were employed to investigate the fate of the wildfire aerosol emissions in the
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atmosphere using the aerosol-climate model ECHAM6-HAM2 for the period 2090–2099
(Stier et al., 2005; Zhang et al., 2012a).

The emission release into the atmosphere in ECHAM6-HAM2 was implemented by a
semi-empirical plume height parametrization. Based on FRP from JSBACH-SPITFIRE
and atmospheric stability parameters from ECHAM6-HAM2, the parametrization simu-
lates plume heights of individual fires (Sofiev et al., 2012).

The combined set of JSBACH-SPITFIRE and ECHAM6-HAM2 model simulations
enabled us to quantify not only the projected future changes in wildfire emission fluxes, but
also to assess the impact of changes in emission heights and emission fluxes on atmospheric
BC concentrations and AOT. The major findings of this study can be summarized as
follows:

• The complex interactions of changes in climate conditions, population density and
land-use within the 21st century result in diverse, region-specific changes in future
wildfire activity. While extra-tropical fire emissions stay nearly constant for the
RCP2.6 scenario in 2090-2099 compared to present day, substantial enhancements
in extra-tropical emission fluxes of +32 % and +48 % are simulated for RCP4.5 and
RCP8.5. The length of the boreal and temperate fire seasons is enlarged by 1–3
months on average. In the tropics, wildfire emissions are decreased by -14 to -37 %
for all RCP scenarios.

• Compared to present day conditions, a future increase in atmospheric stability gen-
erally tends to dampen the mean plume heights by about -0.3 km and the 99th

percentile by approximately -1.1 km for RCP8.5. An increase of similar magnitude
in the mean plume heights and in the 99th percentile of +0.3 km and +1.2 km is in-
troduced by a significant intensification of strong fires in RCP8.5. For RCP2.6 and
RCP4.5, plume heights are reduced primarily due to the combined increase in atmo-
spheric stability and decreased or constant fire intensities. Overall, we conclude that
future changes in fire emission heights are of minor importance for future changes
in BC long-range transport and the overall wildfire climate impact.

• Lower tropospheric BC concentrations basically demonstrate the response to the
regional changes in wildfire emission fluxes. Upper tropospheric BC concentrations,
however, are mainly determined by tropical convection with little influence of the
emission heights.

• Our results for the RCP8.5 scenario demonstrate that the changes in wildfire emis-
sions may largely compensate the projected reduction in anthropogenic BC emissions
by the end of the 21st century.

• For the strongest warming scenario RCP8.5, a significant increase in AOT of
+0.031±0.002 is introduced by the changes in wildfire emissions for the Northern
Hemisphere extra-tropics. Globally, however, the mean increase in AOT is small
(+0.003±0.002) because of the substantial decrease in tropical wildfire activity.

Although different in it’s magnitude, a distinct increase in future boreal and mid-
latitude wildfire activity and a decrease in tropical wildfire activity has been indicated by
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a large number of previous studies (Flannigan et al., 2009, and references therein). Our
results are basically in line with the general findings of those studies, but depending on the
specific RCP scenario, the magnitude of changes in wildfire emission release shows large
regional variations. Fire activity projections by Pechony and Shindell (2010) suggested
that future fire activity might primarily be driven by temperature change rather than
anthropogenic activities. For our JSBACH-SPITFIRE simulations only extra-tropical
changes in fire activity are mainly driven by climate conditions whereas human activities
prescribed in this study dominate the changes in tropical fire activity. The lengthening of
the mid-latitude and boreal fire seasons by up to three months presented in this study and
the increased spread of fires to northern latitudes show basic agreement to the studies by
Spracklen et al. (2009), Moritz et al. (2012), de Groot et al. (2013) and Flannigan et al.
(2013), which were based on more simplified fire modeling approaches.

To our knowledge no references of future FRP estimates have been provided by other
studies and the use of FRP as a diagnostic parameter in JSBACH-SPITFIRE is a novel
approach. However, de Groot et al. (2013) applied three GCMs (CGCM3.1, HadCM3 and
IPSL-CM4) to simulate fire activity and fire line intensity in Canada and Siberia between
2091–2100. Overall, the fire line intensity of individual fires was expected to increase
substantially in the future. An increase in FRP in these regions is similarly projected in
our simulations, but globally, only a weak shift towards more intense fires is found even
for the RCP8.5 scenario.

The simulated future regional changes in boreal and mid-latitude AOT due to changes
in wildfire emissions show a magnitude which is similar to results presented by Ward
et al. (2012). But due to the differences in fire model representations, population density
projections and atmospheric conditions, the results of this study are only in line with
the extra-tropical increase in AOT, not with the strong tropical increase in AOT shown
by Ward et al. (2012). These results indicate that the response of fire activity to global
warming emerges to be more uncertain in the tropics than in the extra-tropics.

In the vicinity of the major wildfire activity regions, wildfire-induced positive and neg-
ative changes in AOT of up to 50–100 % are substantial. Previous studies have shown
that regional changes in wildfire aerosol concentrations of this magnitude can lead to a
local suppression or intensification of convective precipitation (e.g. Andreae et al., 2004;
Grell et al., 2011) and can even impact atmospheric large-scale systems like the Hadley
circulation (Tosca et al., 2013). A more detailed assessment of the expected future wild-
fire aerosol-cloud interactions and their impact on large-scale circulation is desirable, but
would require a fully coupled land-ocean-atmosphere-aerosol model which was not yet
available at the time of the present study.

With the next generation of Earth system models, fully coupled high resolution simula-
tions will potentially provide more appropriate settings to study local vegetation-wildfire-
aerosol-cloud interactions and potential feedbacks. The methodological approaches ap-
plied in this study, which link vegetation-modeling, emission heights and aerosol-climate
modeling, may help to step forward towards a more accurate assessment of the future
interactions between wildfires and climate.
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Chapter 5

Conclusions

5.1 Summary

The combined discussion of the three individual chapters 2, 3 and 4 enables a detailed
assessment of the research questions raised in chapter 1.3:

I) Which degree of plume height parametrization complexity is required to adequately
represent wildfire emission heights in state-of-the-art global climate models?

The implementation of a semi-empirical plume height parametrization (Sofiev et al.,
2012) enables a reasonable simulation of regional heterogeneities in global plume height
patterns compared to observations. Although the prediction skills for individual plumes
remain uncertain, the variables FRP (satellite-based), Brunt-Väisälä frequency and PBL
height (both simulated by the model) applied in the parametrization are basically suf-
ficient to calculate realistic global plume height distributions. The introduction of a
diurnal cycle and the compensation of the underestimation of high FRP values due to
smoke opacity effects enables an accurate simulation of deep emission injections above
4 km which is not accounted for in the original parametrization by Sofiev et al. (2012).
Compared to the application of prescribed standard emission heights in ECHAM6-HAM2,
which do not take into account fire intensity and atmospheric stability, the modified Sofiev
parametrization represents a significant improvement in the representation of fire emission
heights in ECHAM6-HAM2. A computationally more expensive, fully analytical model
(Freitas et al., 2007; Paugam et al., 2015) does not lead to improved plume height predic-
tions. Hence, one can conclude that for coarse resolution climate modelling, empirically
derived and computationally inexpensive parametrizations provide adequate plume height
representations for global climate models.

II) How do wildfire emission heights impact global BC concentrations, BC deposition
rates and atmospheric radiative transfer?

Although the representation of emission heights in ECHAM6-HAM2 could be substan-
tially improved, the subsequent improvement in AOT model performance is found to be
small and limited to the major biomass burning regions. The results presented in this
study clearly show that global BC concentrations, BC deposition rates and atmospheric
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radiative transfer are more sensitive to emission inventories than to the details of the
emission height implementation. Upper tropospheric and lower stratospheric BC con-
centrations are mainly determined by tropical convection and regional emission release
patterns rather than by the specific plume height parametrization applied. The differ-
ences in the total wildfire emission TOA RF between prescribed emission heights (at the
surface / in the lower free troposphere) and parametrized emission heights range between
0.04 to 0.08 W m−2. For mean plume height differences of 1.1–2.5 km between prescribed
and parametrized emission heights, BC deposition rates in the Arctic and Antarctica are
altered by 5–25 %. These results imply that, on average, plume heights only have a limited
impact on the BC-induced decrease in snow and ice albedo. Against the background of the
large biases which are persistent in all state-of-the-art emission inventories, the emission
height impact on global long-range transport and atmospheric radiative transfer can be
identified to be small compared to the emission inventories.

III) How might future changes in fire emissions and fire emission heights in a warmer
climate impact atmospheric BC concentrations and atmospheric radiative transfer?

Depending on the choice of the RCP scenario, a moderate to strong increase in Northern
Hemisphere extra-tropical wildfire emission fluxes of about 8–64 % is found for the time
period 2090–2099 compared to present day in the applied JSBACH-SPITFIRE simula-
tions. The intensity of the increase in emission fluxes as well as a lengthening in the
fire season scales with the magnitude of the extra-tropical warming. In the tropics, all
RCP scenarios project a 14–37 % decrease in fire activity which is primarily driven by
changes in human land-use and changes in climate. Changes in climate generally tend do
decrease emission heights due to increased atmospheric stability. While these changes in
atmospheric stability are dominant for the RCP2.6 and the RCP4.5 scenario, the effect
is overcompensated by a substantial increase in fire intensity for the strongest warming
scenario RCP8.5. Compared to the distinct changes in regional emission flux patterns,
the changes in emission heights represent only a second-order effect for BC long-range
transport and atmospheric radiative transfer. Overall, changes in wildfire BC emission
fluxes have a similar strength as the projected decrease in anthropogenic BC emissions.
Thus, for aerosol-climate modelling studies of future climate scenarios, the relative impor-
tance of wildfires emissions will substantially increase in the extra-tropics. The magnitude
of changes in regional AOT of -20 to +80 % caused by changes in wildfire emission fluxes
could potentially impact atmospheric circulation patterns and precipitation rates, but the
layout of this study did not allow to investigate possible feedbacks due to a lack of coupling
between land, ocean and atmosphere in the model setup.

5.2 Discussion

The results of this study should be discussed in the interdisciplinary context of our current
scientific understanding of wildfire-climate interactions. With the recent implementation
of the process-based fire model SPITFIRE in JSBACH (Lasslop et al., 2014) which is part
of the MPI-ESM (Giorgetta et al., 2013; Stevens et al., 2013), the existing gaps in linking
fire as a vegetation disturbance process with atmospheric processes are expected to narrow.
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However, the results of this thesis demonstrate that the uncertainties in vegetation-fire as
well as in aerosol modelling remain large. This is the case even if emission heights are
parametrized more accurately in aerosol-climate models.

Compared to previous studies which prescribed emission heights at the surface or at
fixed atmospheric levels (Dentener et al., 2006; Tosca et al., 2013), the modified imple-
mentation of the semi-empirical plume height parametrization by Sofiev et al. (2012) im-
plies a substantial progress in the representation of the physical processes, which link the
terrestrial biosphere and the atmosphere. The new fire intensity binning technique imple-
mented in ECHAM6-HAM2 and the novel statistical-empirical FRP distribution scheme
included in JSBACH-SPITFIRE offer a consistent framework to appropriately simulate
the emission release of individual fires in ESMs. Although the results of this study show
that emissions heights are of limited importance for coarse resolution modelling, the in-
troduced methodological approaches may easily be applied in follow-up studies of higher
resolution in the newly developed icosahedral non-hydrostatic (ICON) general circulation
model. The quantification of the sensitivity of atmospheric BC transport and radiation to
emission height implementations shown in this study provides a reference for future model
inter-comparison studies.

However, related to the plume height parametrization used in this study, some major
limitations apply:

• The applied Sofiev parametrization does not provide any information about the
vertical distribution of the injected emissions, but only about top emission heights.
As it has been shown by the sensitivity study presented in chapter 3, uncertainties in
the vertical emission profiles alter BC transport and radiation by a magnitude that
is comparable to emission height changes of 1-2 kilometers. A very limited number of
vertical plume measurements was provided by Liu et al. (2013) and Archer-Nicholls
et al. (2015), but extensive statistics for a broad range of emission profiles would be
required to make considerable progress with regards to the representation of vertical
emission distributions in global models.

• Rare events of emission injections into the lower stratosphere represent extreme
phenomena where intense plume dynamics interact with fires and local topography
and trigger the development of strong thunderstorms, sometimes even fire-induced
tornados (Fromm et al., 2006; Peterson et al., 2015). The occurrence numbers and
impacts of these events are uncertain and thus they are not accounted for in the
applied model, even though they might be of importance for global atmospheric
radiative transfer as several authors have demonstrated (Jost, 2004; Fromm et al.,
2008, 2010).

• Plume height predictions in the Sofiev parametrization are only based on the pa-
rameters Brunt–Väisälä frequency, PBL height and FRP. Other atmospheric and
fire-related processes like entrainment, wind drag or a multiple core structure of
fires are known to impact the fire-induced convection and thus the emission heights
(e.g. Freitas et al., 2010; Rio et al., 2010), but these parameters are only implicitly
accounted for in the modified semi-empirical parametrization of Sofiev et al. (2012)
which was applied in this study.
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Even though the uncertainties in plume height predictions introduced by the limita-
tions of the semi-empirical plume height parametrization are numerous, the results of this
study indicate that the application of a more sophisticated plume model can not be ex-
pected to improve the plume height modelling results. Val Martin et al. (2012) and Ichoku
et al. (2012) also stated that an improvement in individual plume height predictions would
require substantially higher temporal and spatial resolution of land-surface, fire and at-
mospheric properties. For all current state-of-the-art plume models and parametrizations,
no distinct differences in model performance could be found between the different plume
models. In addition, a recent study by Archer-Nicholls et al. (2015) underlines these
conclusions as even for higher resolution local WRF modeling, the widely used analytical
PRM model (Freitas et al., 2007) vastly fails to reproduce realistic emission heights. Com-
bined with the limited impact of changes in emission heights on atmospheric transport
and radiation shown in this study, the hypothesis that ESMs would significantly benefit
from implementations of sophisticated plume rise models (Paugam et al., 2015), can be
rejected.

Compared to emission heights, wildfire emission inventories represent an even lager
source of uncertainties. The simulations presented in this study were either directly based
on the satellite-based emission inventories GFED and GFAS or on JSBACH-SPITFIRE
emission estimates which were tuned against these observational estimates. Therefore the
following major issues remain:

• All bottom-up emission inventories (including GFED and GFAS applied in this
study) need to apply specific tuning factors in order to provide reasonably simulated
AOT values in aerosol-climate models. As it has been demonstrated by Huijnen
et al. (2012), Kaiser et al. (2012) and von Hardenberg et al. (2012) and also in
the present study, a zero-order approximation of a globally constant tuning factor
of 3.4 provides reasonable results for GFAS as well as GFED. However, it remains
unclear, why the use of the untuned wildfire aerosol emission inventories leads to a
general underestimation of AOT in all state-of-the-art GCMs. An underestimation
in the species-specific emission factors may presumably represent one major reason
as model biases are significantly smaller for GFAS trace gas species in ECHAM6-
HAMMOZ (Martin Schultz, personal communication) and in the MACC project
(Inness et al., 2013), even though they are based on the same FRP data set.

• The comparison of emission fluxes and FRP from the present day JSBACH-
SPITFIRE simulations to the satellite-based data sets demonstrates that in some
regions, e.g. Alaska and Australia, JSBACH-SPITFIRE does not adequately repro-
duce observed wildfire activity.

• For the future scenarios human activity significantly impacts land-use, population
density and fire management. The population density and land-use projections by
Klein Goldewijk and Verburg (2013) and Hurtt et al. (2011) applied in this study
represent idealized scenarios which have a strong impact on fire activity via fire
ignitions and suppression.
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The listed issues in emission height and emission flux representations could not be
eliminated in the applied model, but the analysis of the presented modeling experiments
enabled the quantification of some of these uncertainties.

5.3 Research perspective

The results of this study indicate that for the current generation of ESMs, sophisticated
and computationally expensive plume model implementations exceed the model capabil-
ities of ESMs to represent small scale fires and atmospheric properties relevant for the
smoke plume development. The modified Sofiev plume height parametrization (Sofiev
et al., 2012), which has successfully been modified and applied in other models (Kukkonen
et al., 2014; Konovalov et al., 2015), holds the potential to become a standard implemen-
tation in aerosol-climate modeling applications where long-range transport and regional
aerosol-radiation interactions are of major importance. For long-term simulations it might
even be sufficient to prescribe region-, fire-intensity- or climate-specific plume heights based
on plume height climatologies. Within an ongoing collaboration between the Laboratoire
des Sciences du Climat et de l’Environnement (LSCE) and the Max Planck Institute for
Meteorology, a comprehensive, region-specific plume height climatology is currently de-
veloped. This global climatology will be based on three data sets: observational data
of an updated version of the MPHP data set providing global coverage, several years of
ECHAM6-HAM2 simulations with the Sofiev plume height parametrization and several
years of MACC simulations with an extended version of the fully analytical PRM model
by Paugam et al. (2015). This global plume height climatology will add to the less so-
phisticated and regional plume height data sets by Val Martin et al. (2012), Sofiev et al.
(2013) and Dentener et al. (2006). With the new implementation of fire emission heights
in ECHAM6-HAM2 and the additional fire parameters provided by JSBACH-SPITFIRE
presented in this study, a novel framework for a full coupling between the land-surface
and the atmospheric aerosol model is provided. Although no distinct feedbacks of emis-
sion heights, emission fluxes, cloud micro-physics and mesoscale atmospheric dynamics
could be identified in this study (partly due to the layout of the experiments), previous
studies have shown indications for feedbacks between tropical fire activity and ENSO re-
spectively the Hadley circulation (Tosca et al., 2010, 2013). The use of the fully interactive
MPI-ESM with integrated JSBACH-SPITFIRE and extended by the aerosol module HAM
will enable new investigations of such potential feedbacks between vegetation dynamics,
cloud micro-physics and atmospheric circulation.

Moreover, this study has also shown that, in contrast to emission heights, improved
representations of wildfire emission inventories hold a high potential for improvements
in aerosol-climate model performance. In consideration of the large uncertainties in all
available wildfire emission inventories, the further investigation of two key parameters
is required: First, the improvement of high-resolution satellite-based burned area and
FRP estimates. The exploration of the sub-pixel-based calculation of MODIS FRP by
Peterson et al. (2013a,b, 2014) presents a promising approach to gradually overcome these
challenges. Second, the recalibration and extension of species-specific emission factors
by the use of up-to-date measurement techniques might substantially reduce the emission
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estimate uncertainties. Current activities in this field are largely limited to specific regions
and trace gas species (e.g. Akagi et al., 2013; Urbanski, 2014), but a comprehensive research
project on an emission factor characterization for carbonaceous aerosol particles would be
highly desirable.

Closely linked to improvements in observation-based emission estimates is the repre-
sentation of wildfire emission release in DGVMs. The comparison of JSBACH-SPITFIRE
emission estimates to satellite-based GFAS data provided in this study indicates that the
model has difficulties to adequately simulate fire activity in boreal areas. Kantzas et al.
(2013) analyzed the fire activity model performance in three state-of-the-art DGVMs and
showed that all models fail to reproduce the observed spatial and temporal fire patterns
with differences between models of up to a factor of 4. An improved representation of
subgrid-scale heterogeneities such as permafrost patterns, landscape fragmentation and
a more adequate representation of species-specific fire behavior are expected to decrease
the fundamental limitations which still apply to current DGVMs (Kantzas et al., 2013;
Alencar et al., 2015; Rogers et al., 2015).

By use of the increasing computational capabilities, it might be possible to signifi-
cantly improve the complex representation of fires in DVGMs within the next decade.
Based on better constrained emission inventories for PD and more realistically simulated
emission estimates for future climate conditions, a substantial reduction in aerosol-climate
modelling uncertainties might be achieved.

For now, with all the uncertainties included in emission inventories, atmospheric trans-
port and removal processes, an interdisciplinary joint effort is required to step forward
towards a more reliable assessment of the fire-climate impact. Sponsored by the Inte-
grated Land Ecosystem Atmosphere Processes Study (iLEAPS) and the World Meteoro-
logical Organization (WMO), the Interdisciplinary Biomass Burning Initiative (IBBI) is
a promising collaboration which aims to enhance the exchange and communication be-
tween vegetation modelers, satellite experts and aerosol-climate modeling groups. In the
framework of IBBI, the first vegetation-fire model inter-comparison project is currently
initiated. It is highly desirable to strengthen this collaboration and to develop a strategic
plan how the scientific community can consolidate the individual progress that has been
made so far. Hopefully the results of this PhD study will contribute valuable knowledge
to target the right directions of vegetation-fire and aerosol-climate model development in
the near future.
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Appendix

A.1 Description of the FRP distribution scheme

In the original version of the SPITFIRE model by Thonicke et al. (2010) neither in-
formation on FRP nor on the attribution of FRP and emissions to individual fires is
included. As described in Sect. 4.2.1, we introduced the diagnostic variable FRP of all
fires within a grid cell in JSBACH-SPITFIRE. In addition, we developed an empirical-
statistical scheme that aims to distribute the total FRP of a grid box to a given number of
individual fires provided by JSBACH-SPITFIRE. Therefore we first calculate a probability
density function (PDF) of the FRP distribution to individual fires based on satellite-based
GFASv1.2 data. We limit our analysis to FRP classes which bin FRP values in specific
ranges, see Sect. 4.2.3. The empirical-statistical FRP distribution scheme is designed to
achieve a JSBACH-SPITFIRE PDF which is similar to the PDF derived from GFAS data.
To preserve the number of fires and the total FRP of a grid cell simulated by JSBACH-
SPITFIRE, modifications have to be applied to the satellite-based GFAS PDF. This is
done in the following:

We distribute the total FRP of all fires in a grid cell (∑FRP) to individual FRP classes
as described in Fig. A.1.1. First, we divide ∑FRP by the simulated number of fires N to
get an FRP value for the assumption that all fires would have the same FRP. This FRP
value α (see red stars in Fig. A.1.1) is compared to the mean FRP value of an individual
fire in GFAS, FRPGFAS . If α is larger than FRPGFAS , α represents the turning point of
the subsequent PDF tuning (see right diagram in Fig. A.1.1). The PDF of all FRP classes
larger than α is increased by a factor α / FRPGFAS . All FRP classes smaller than α are
decreased by a factor which scales the remaining FRP classes linearly in a way that the
integral over the PDF remains 1, see upward and downward arrows right and left to the
red star in the right diagram of Fig. A.1.1. If α is smaller than FRPGFAS , the up- and
down-scaling of FRP classes is applied in different directions as described before.

The updated PDF is used together with a random number generator to calculate a
potential FRP of one specific fire. We then test whether the FRP of this fire is smaller
or equal the total FRP of all fires ∑FRP in order to decide if the individual FRP is
still consistent with the total FRP of a grid cell simulated by JSBACH-SPITFIRE. If
the remaining ∑FRP would become negative, the random generator is run once again.
Otherwise the specific FRP is subtracted from the remaining ∑FRP and the number of
fires N is reduced by 1. Thereafter another iteration of the algorithm is started in case
the number of fires is greater than zero. For the last remaining fire within a grid box, the
total remaining FRP is automatically adjusted to the nearest FRP class value.
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Figure A.1.1: FRP distribution scheme applied in JSBACH-SPITFIRE. Note that the schematic
drawing of the normalized FRP distribution includes only six FRP classes for reasons of clarity,
but in reality 47 FRP classes are applied.

In rare cases where α is smaller than the FRP of class 1, the standard FRP distribution
scheme would a-priori be incapable to realistically allocate the number of fires simulated
by JSBACH-SPITFIRE to individual FRP classes. Therefore the FRP value of FRP class
no. 1 has to be adjusted. Here, we apply an adjustment of FRP class 1 to a value of
0.25*α. The value of 0.25 is to some extend arbitrarily chosen, but our empirical test
cases indicated a reasonable FRP distribution for this factor.

A.2 Analysis of future regional changes in wildfire activity

In the following, we make an attempt to analyze the main drivers for changes in wildfire
emission fluxes in our JSBACH-SPITFIRE simulations. All changes refer to relative differ-
ences in total carbon emission fluxes between the JSBACH-SPITFIRE RCP scenarios 2.6,
4.5 and 8.5 for 2090–2099 compared to JSBACH-SPITFIRE PD emissions for 1996–2005.
Region-specific analyses are carried out for six major biomass burning regions: Boreal
North America, Temperate North America, the Amazon, Africa, Siberia and Australia
(see Fig. 4.5). For these regions, we calculate Pearson correlation coefficients between
changes in emission fluxes and changes in parameters which are assumed to be the driving
forces of wildfires according to the fire process representations in JSBACH-SPITFIRE.
The parameters chosen for the analysis are the number of human ignitions, the available
fuel of fuel classes 1–100 h, the FDI and precipitation. The results of all parameter analyses
are summarized in Table A1.
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Generally, significant correlations can be detected for many regions and parameters for
RCP8.5, but not for RCP2.6 and RCP4.5, except for Africa and Boreal North America.
For RCP8.5, fuel availability is clearly identified to be the major driver of extra-tropical
changes in wildfire emissions. The large decrease in African emissions observed in RCP8.5
can primarily be attributed to a strong decrease in human ignition rates caused by land-use
change and increasing population density.

Note that the linear correlation analysis shown in this study represents only a rough first
estimate of potential drivers for future fire activity. Furthermore, the analysis is limited to
10-year periods in which vegetation dynamics and long-term internal climate variability
are not accounted for. A more sophisticated analysis would require an ensemble of separate
model simulations with individually fixed parameters. But due to the high computational
expenses of the long-term model experiments, these extensions go beyond the scope of the
present study.

Table A1: Correlations between changes in fire-driving parameters and changes in carbon emission
fluxes for 2090–2099 vs. 1996–2005. Circles (◦) indicate very week or insignificant correlations
(R2 < 0.2), plus and minus signs (+/-) represent weak but significant (at a 95 % confidence
interval) positive and negative correlations of 0.2 < R2 < 0.5 and −0.5 < R2 < −0.2, respectively.
Double plus signs (++) indicate strong positive correlations R2 > 0.5.

Parameter Temperate
NA

Boreal
NA Siberia Amazon Australia Africa

RCP2.6 Ignitions ◦ ◦ ◦ ◦ ◦ +

RCP2.6 Fuel 1–100 h ◦ + ◦ ◦ ◦ +

RCP2.6 FDI ◦ + ◦ ◦ ◦ ◦

RCP2.6
Precipitation ◦ ◦ ◦ ◦ ◦ +

RCP4.5 Ignitions ◦ ◦ ◦ ◦ ◦ ◦

RCP4.5 Fuel 1–100 h ◦ ◦ ◦ ◦ ◦ +

RCP4.5 FDI ◦ ◦ ◦ ◦ ◦ -

RCP4.5
Precipitation ◦ ◦ ◦ ◦ ◦ +

RCP8.5 Ignitions ◦ ◦ ◦ ◦ + ++

RCP8.5 Fuel 1–100 h ++ ++ + ◦ + ◦

RCP8.5 FDI ◦ + ◦ + + ◦

RCP8.5
Precipitation ◦ ◦ ◦ ◦ + ◦
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A.3 Future changes in dust, sea salt and DMS burdens

In Sect. 4.3.7 the simulated future changes in AOT are discussed and compared to changes
in atmospheric burdens of different aerosol species. In addition to the BC burden analysis
provided in Sect. 4.3.7, Figure A.3.1 shows relative changes in dust, sea salt and DMS
burdens for the CLIMATE-ONLY simulation compared to PD-SPITFIRE.
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Figure A.3.1: Relative changes in dust (a), sea salt (b) and DMS (c) burdens for simulation
CLIMATE-ONLY (period 2090–2099) compared to the reference simulation PD-SPITFIRE based
on the period 1996–2005. Black dots indicate significance of yearly means based on a student-t-test
at a 95 % confidence interval.
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