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Abstract

Mineral dust aerosol constitutes an important component of the Earth’s climate system

due to direct and indirect influences on the radiation budget. It also acts as a fertilizer

for the biosphere and thus affects the global carbon cycle. Marine sediment cores and

ice cores indicate that dust fluxes were substantially higher during glacials compared to

warmer climates. Since many physical processes influence dust emission, transport and

deposition, mineral dust can be utilized as a climate proxy in order to obtain insights on past

climatic conditions in the source regions as well as atmospheric circulation and precipitation

patterns.

The aerosol-climate model ECHAM6.3-HAM2.3 is used to perform simulations for present-

day (PD), pre-industrial (PI) and Last Glacial Maximum (LGM) climate conditions with a

focus on the Southern Hemisphere. A novelty in the model is the fully interactive coupling

between climate, vegetation and mineral dust emissions. The comparison to observational

data shows that the model results are in good agreement in terms of global dust emissions

and regional dust deposition for PD, PI and LGM. However, contrary to data studies, the

model suggests that Australia instead of Patagonia represents the predominant source of

dust deposited over Antarctica during the LGM. The discrepancy can be traced back to

changes in regional climate conditions and precipitation patterns, which in turn are strongly

affected by the prescribed sea surface temperatures (SST).

Due to different methods, current SST reconstructions suggest strongly varying global

and regional coolings for the LGM. Reducing this uncertainty is of importance in order to

assess the Earth’s climate sensitivity. Two recent SST datasets, which provide general con-

straints on possible LGM cooling, are prescribed in the model. The simulated land surface

temperatures are compared to data reconstructed based on noble gases in groundwater in

order to investigate which SST reconstruction results in a higher agreement. The results

are ambiguous. The colder SSTs result in a good agreement in low latitudes, but are sys-

tematically too cold in mid-latitudes, and vice versa for the warmer SSTs.

Finally, the sensitivity of the simulated mineral dust cycle to changes in SST is investi-

gated by prescribing both datasets for LGM simulations. The model results suggest that

the mineral dust cycle responds strongly to changes in SST in terms of individual dust

source strength and contribution to the deposition in high latitudes. The differences can be

traced back to regional changes in vegetation and meteorological factors on the one hand,

and changes in the atmospheric circulation on the other hand. Generally, the atmospheric

circulation during the LGM is characterized by a larger horizontal extent due to lower iner-

tial stability, a reduced vertical extent due to lower temperatures and higher barotropicity

during south.-hem. winter.
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1. Introduction

"In every outthrust headland, in every curving beach, in every grain of

sand there is the story of the Earth."

(Rachel Carson)

1. Introduction

1.1. Motivation

Mineral dust represents the most abundant atmospheric aerosol species by mass

(Kok et al., 2021) and interacts with the Climate System in many ways. Dust parti-

cles influence the Earth’s energy balance and alter the vertical temperature profile

of the atmosphere (Boucher, 2015). In clouds, they affect the formation of precip-

itation and change their optical properties (Spracklen et al., 2008). Additionally,

mineral dust often delivers nutrients to remote areas, e.g. the Amazon rainfor-

est. Consequently, it serves as a fertilizer for the biosphere and therefore exerts

an influence on the global carbon cycle (Reichholf, 1986; Schepanski, 2018). The

impact on the global climate has in turn regional implications, e.g. in terms of

dust emissions (Carslaw et al., 2010; Tegen and Schepanski, 2018).

Serious efforts to include aerosols into atmospheric general circulation models

(AGCM) have been made since the 1990s and early 2000s (Tegen and Fung, 1994;

Tegen and Lacis, 1996; Stocker, 2011) once it became obvious that the overall ef-

fect of their radiative forcing is only poorly constrained and associated with high

uncertainties (Penner et al., 2001). However, despite all the progress that has been

made since, it is still unclear whether mineral dust in particular has a net-warming

or a net-cooling effect (Albani et al., 2014; Kok et al., 2017). The challenges in dust

modelling can be traced back to the small spatial and short temporal scales of

the underlying physical processes. A combination of wind tunnel experiments, in

situ measurements and numerical modelling has shown that the dust emission

process, for instance, depends on many small-scale features. These include type,

texture and wetness of the soil, vegetation and the atmospheric flow patterns close

to the surface, e.g. turbulence. The same holds true for dust transport and de-

position, where particle size, shape and mineralogy influence their microphysical

and transport properties (Richter and Gill, 2018). All aforementioned processes

take place on scales that are far below what current weather and climate models

are capable of resolving explicitly due to computational limits. Their considera-

1



1. Introduction

tion relies therefore heavily on parameterizations, i.e. simplified representations

of complex physical or chemical processes on the sub-grid scale. Expressed dif-

ferently, processes involving mineral dust in AGCMs are parameterized based on

variables which in turn are also often obtained from parameterizations. There-

fore, models commonly still require regional correction factors (’tuning’) in order

to achieve a reasonable agreement between simulation results and observational

data (Cakmur et al., 2006; Knippertz and Todd, 2012).

In numerical weather prediction, the consideration of mineral dust has led to

substantial progress in terms of reducing temperature biases in regions with high

atmospheric dust loads (Pérez et al., 2006). However, the inclusion of mineral dust

into climate models has also been recognized a necessity due to the radiative effects

and its importance as a climate proxy. The analysis of ice cores from Antarctica,

for instance, has revealed a striking coherence between temperature, CO2 concen-

tration and mineral aerosol concentration over the last 800 kyr. The results indi-

cate that the dust deposition was high when CO2 concentration and temperature

were low and vice versa (Lambert et al., 2008; Kohfeld and Ridgwell, 2009). This

raises naturally the question which long-term role mineral dust plays in the cli-

mate system. Due to its known fertilizing effects on marine ecosystems (Martin

and Fitzwater, 1988; Martin et al., 1990), it has been suggested that enhanced

dust deposition in the Southern Ocean (SO) during glacials caused phytoplankton

blooms due to the supply of bioavailable iron. These blooms bound vast amounts

of CO2 dissolved in sea water and thus contributed to the decrease in the atmo-

spheric CO2 concentration from 280 ppm during interglacials to 190 ppm during the

Last Glacial Maximum (LGM) (Martin, 1990). Based on data studies, the upper

limit of this effect has been constrained to around 40 ppm (Martínez-Garcia et al.,

2011).

Early modelling studies for glacial climate conditions focusedmostly on the prove-

nance of dust found in ice cores from both hemispheres and the question whether

changes in source strength or atmospheric circulation and transport efficiency

were mainly responsible for the increased dustiness during the LGM (Lunt and

Valdes, 2001, 2002; Werner et al., 2002; Mahowald et al., 2006). In later studies,

increased computational resources and more sophisticated representations of dust

in climate models allowed for the investigation of processes depending on particle

size and mineralogy. These include the effects of mineral dust on the Earth’s radi-

ation balance (Takemura et al., 2009) and particle sorting during transport (Albani

et al., 2012). Additionally, a focus has been put on the biogeochemical effects of

2



1. Introduction

dust deposition over the SO during the LGM (Lambert et al., 2015), and how they

might have been affected by sea ice (Albani et al., 2016). A more recent research

topic is the influence of dust-radiation interactions on climate transitions, e.g. the

dynamics of the last deglaciation (Albani and Mahowald, 2019).

1.2. Objectives & Structure of the Thesis

The research documented in this thesis has been performed in the scope of the AWI

strategy fund project DustIron. This project aims for a improved characterization of

the modern and past dust cycle and its link to SO iron fertilization and atmospheric

CO2 via the combination of modelling and data studies by utilizing the expertise of

three AWI working groups. The focus of this work is the comprehensive modelling

of the atmospheric mineral dust cycle, i.e. the process of dust emission, transport

and deposition, for pre-industrial and LGM climate conditions by using a state-of-

the-art aerosol-climate model.

The following three research questions are addressed in particular:

1. How well is the chosen model able to simulate dust fluxes in comparison

to observational data for present day, pre-industrial and LGM climate,

particularly in the Southern Hemisphere?

Recent modelling studies still lacked a dynamical vegetation model, and pre-

scribed previously simulated vegetation according to the PMIP3 protocol in-

stead (Albani et al., 2016; Albani and Mahowald, 2019). The novel model

setup used in the scope of this thesis provides a fully interactive coupling be-

tween dust emissions, dynamic vegetation and climate. This feature is very

important because it allows for new insights on the question whether changes

in source strength or transport efficiency led to the increased dust deposition

over Antarctica during the LGM from a modelling perspective. The assess-

ment of the simulation results focuses particularly on the Southern Hemi-

sphere in terms of dust source strength and contribution depending on mete-

orological factors, transport characteristics and deposition for pre-industrial

(PI) and LGM climate. The simulated deposition fluxes are compared to ma-

rine sediment and ice core data (Kohfeld et al., 2013).

2. Can simulation results help to improve constraining proper, global sea

surface temperature reconstructions for the LGM?

Different reconstruction methods based on different temperature proxies re-

sult in sea surface temperatures (SST) datasets for the LGM varying by around

3



1. Introduction

2°C in terms of the suggested global average cooling (Tierney et al., 2020; Paul

et al., 2021). Since the model used in this thesis requires the prescription of

SSTs as boundary condition, a proper assessment of both datasets is neces-

sary in order to interpret the mineral dust simulation results. A comparison

between simulated and reconstructed land surface temperatures for the LGM

(Seltzer et al., 2021) might help to tighten the constraints on the question

which SST dataset results in better agreement and therefore suggests a more

realistic cooling. A reduction in the uncertainty of the reconstructed SSTs for

the LGM is of importance in order to assess the Earth’s climate sensitivity

and therefore to reduce the uncertainty in future climate projections.

3. What are the effects of prescribing different sea surface temperature re-

constructions on the mineral dust cycle and the atmospheric dynamics

in the Southern Hemisphere?

SSTs affect the energy exchange between ocean and atmosphere, the atmo-

spheric circulation and precipitation patterns (Yin and Battisti, 2001; Tharam-

mal et al., 2013). Particularly in the Southern Hemisphere, precipitation has

been recognized to be the determining factor in terms of how much mineral

aerosol deposits over the SO, respectively, gets transported from the source

regions to Antarctica (Markle et al., 2018). Sensitivity studies with both SST

reconstructions might yield insights how LGM climate in general and the min-

eral dust cycle in particular react to the variation. A focus is put on changes

in dust source strength and contribution, meteorological factors in the source

regions as well as atmospheric circulation patterns such as strength, shape

and position of the midlatitude westerlies.

Chapter 2 provides an overview on the Climate System and the role of mineral

dust therein. The model and methods are explained in detail in Chapter 3. Chapter

4 has been published in Krätschmer et al. (2022) in Climate of the Past. The results

of Chapter 5 have been submitted in form of a manuscript to Geophysical Research

Letters (Krätschmer et al., 2022b, submitted). The final Chapter 6 shows the cur-

rent status of the research, which will be submitted to Atmospheric Chemistry and

Physics (Krätschmer et al., 2022c, in preparation).

4
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2. Theory

"The Earth would only have to move a few million kilometers sunward

- or starward - for the delicate balance of climate to be destroyed. The

Antarctic icecap would melt and flood all low-lying land; or the oceans

would freeze and the whole world would be locked in eternal winter. Just

a nudge in either direction would be enough."

(Arthur C. Clarke, Rendezvous with Rama )

2. Theory

Summary. The Climate System consists of five subsystems, which interact with each other

by the exchange of matter and energy often in form of cycles and feedback loops. It re-

ceives a constant energy flux by the sun, which enables it to maintain a state far away from

the thermodynamic equilibrium, and emits longwave radiation back to space. The climate

variability is determined by external (solar activity, orbital parameters) and internal (atmo-

spheric composition, changes in albedo and plate tectonics) forcings, and ice cores enable

the reconstruction of climate signals like temperature and atmospheric composition for the

last one million years. These ice core records indicate that mineral aerosol played a crucial

role on glacial-interglacial time scales, which has been suggested to be caused by its fer-

tilizing effects on the marine ecosystem in the Southern Ocean. The knowledge about the

underlying physical processes during dust emission, atmospheric transport and deposition

enable its utilization as climate proxy.

2.1. The Climate System

2.1.1. Components of the Climate System

According to the IPCC (e.g. (Masson-Delmotte et al., 2021)), Climate is defined as

“[...] the average weather, or more rigorously, as the statistical descrip-

tion in terms of the mean and variability of relevant quantities over a

period of time ranging from months to thousands or millions of years.

The classical period for averaging these variables is 30 years, as defined

by the World Meteorological Organization (WMO). The relevant quantities

are most often surface variables such as temperature, precipitation and

wind.”

6



2. Theory

The aforementioned relevant quantities used to describe the climate are so-called

Climate Elements, and their entirety including their interactions are considered the

Climate System. For a methodical investigation, it has proven useful to divide it into

five components (e.g. Peixoto and Oort (1992)):

• TheAtmosphere is the gaseous shell around the Earth, which consists mainly

of N2 (ca. 78 %), O2 (ca. 21 %) and Ar (ca. 0.9 %), along with some trace

gases (e.g. H2O, CO2, CH4). Additionally, it contains several aerosol species,

i.e. solid or liquid particulate matter suspended in air, for instance min-

eral dust, soot or sea salt. In contrast to gases, their concentration usually

varies spatially. Some processes taking place here are cloud formation, pre-

cipitation, convection, small-scale boundary layer turbulence and large-scale

atmospheric circulation. Since many atmospheric processes occur on short

timescales, e.g. cloud droplet collisions on 10−6 s to 10−3 s Stocker (2011), and

due to its low specific heat and density, the response time 1 is rather short,

ranging from days to weeks (Peixoto and Oort, 1992).

• The Hydrosphere includes all forms of liquid water on Earth, i.e. oceans,

lakes, rivers and groundwater, which is approx. 97.8 % of all water existing on

Earth (Shikazono, 2012). Processes taking place here are a large-scale ther-

mohaline circulation, which is driven by variations in the seawater density

due to changes in temperature and salinity, enormous heat transport, small-

scale eddies and a substantial exchange of matter, heat and momentum be-

tween the Atmosphere and the well-mixed, upper ocean layer (ca. 100 m). Due

to its high density, mechanical inertia and heat capacity, it has a rather long

response time, ranging from months (ocean mixed layer) up to millenia (deep

ocean) (Peixoto and Oort, 1992).

• All water on Earth that exists in a frozen state (ca. 2.2 % (Shikazono, 2012)),

namely glaciers, sea ice, snow fields and permafrost, are part of theCryosphere.

The extend of snowy, respectively, icy surfaces influences how much energy

the Earth absorbs from the incoming solar radiation due to its high albedo 2

and has therefore a huge climatic impact. Apart from seasonal variations in

1 The response time is the time a system needs to relax back into a energetic equilibrium state after

a small perturbation (Peixoto and Oort, 1992).

2 The term albedo describes the reflectivity of a surface ranging from 0 (black body absorption) to 1

(total reflection), usually across the entire wavelength spectrum of the incident solar radiation.

7



2. Theory

the sea ice extent, typical timescales of processes occuring in the Cryosphere,

for instance substantially increasing or decreasing glaciation and thus changes

in the sea level, are in the magnitude of tens of thousand of years (Peixoto and

Oort, 1992).

• The Biosphere includes all terrestrial and marine flora and fauna. An impor-

tant process taking place here is the gas exchange with the Atmosphere, par-

ticularly O2 and CO2 in the scope of the photosynthesis and H2O due to evap-

otranspiration, but also many other chemical compounds that act as aerosol

precursor. The typical timescales are ranging from hours, e.g. the carbon

exchange with the Atmosphere, to centuries, for instance the transformation

of vegetation zones (and therefore changes in the albedo) as a response to a

changing climate (Stocker, 2011).

• The final component is the Lithosphere, which includes all soils and rocks,

i.e. basically all continents and the ocean floor. Even though there are con-

tinoous interactions with other spheres in terms of matter, energy and mo-

mentum, typical timescales of large-scale transformations taking place in this

sphere, for instance continental shifts, are in the magnitude of tens of millions

to hundreds of millions of years (Peixoto and Oort, 1992; Stocker, 2011).

Although the definition of the term Climate suggests that it is only determined

by atmospheric processes, the overview on the five different components of the

Climate System shows clearly that none of the spheres exists isolated from the

others (see Fig. 2.1). Instead, they interact by the exchange of matter (e.g. CO2

exchange between Biosphere and Atmosphere) and energy (e.g. heat exchange be-

tween Hydrosphere and Atmosphere) and are thus thermodynamically open (sub-)

systems. The whole Climate System, however, represents in good approximation

a closed system, i.e. it exchanges energy with its environment, but no matter 3

(Fieguth, 2017). The next section provides a closer look on the interactions within

the Climate System.

3 The Earth receives small amounts of mass by meteors and cosmic dust, and loses small amounts

of mass due to space probes and highly energetic molecules. However, these contributions can be

neglected.
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2. Theory

Atmosphere

Cryosphere Biosphere

Hydrosphere Lithosphere

Climate System

Energy Flux: 341 W m-2

(solar short-wave radiation)

Energy Flux: 239 W m-2

(outgoing long-wave radiation)Matter
&

Energy
Fluxes

Sun

Modified from Ruddiman (2013)

© Stephan Krätschmer

Energy Flux: 102 W m -2

(reflected solar radiation due to

cloud and land surface albedo)

Figure 2.1. The Climate System receives on average an energy flux of 341 W m−2 from the

sun in form of short-wave radiation (Stocker, 2011). Around 30 % is scattered

back into space due to the albedo of clouds and the land surface. The remaining

energy is taken up by the Climate System, where it is exchanged and driving

various matter cycles between the five spheres, before it is finally dissipated

and re-emitted into space. [Figure modified from Ruddiman (2013)]

2.1.2. Interactions in the Climate System

As schematically shown in Fig. 2.1, the Climate System receives on average an en-

ergy flux of 341 W m−2 provided by the sun in form of short-wave radiation. Around

30 % (102 W m−2) of the incoming energy flux is immediately scattered back to space

due to clouds and the land surface albedo. The remaining energy is then cycled

and distributed among the five subsystems, before it is eventually dissipated on the

smallest scale and re-emitted into space in form of long-wave, respectively, infrared

radiation. The constant energy supply enables the Climate System to maintain a

state far away from the thermodynamic equilibrium.

On an abstract level, all spheres can be considered reservoirs for matter and

energy, which are connected by according fluxes. Due to complex and numerous

interactions, these fluxes often run in cycles (e.g. the carbon cycle or the hydrologic

cycle), which in turn leads to feedback loops either diminishing or nonlinearly am-

plifying a given variable. This keeps the whole Climate System in a self-stabilized

state in form of a dynamic equilibrium, i.e. all climate elements remain within

a typical value range. However, that has been suggested to be the case only as

long as specific thresholds of several climate elements are not exceeded as a con-

sequence of changes in the forcing (e.g. in the insolation). Previous studies have
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tried to identify several of these so-called tipping elements, along with boundaries

and types of their threshold forcings (Lenton et al., 2008). Once such a threshold

(so-called tipping point ) is exceeded, the whole Climate System might transition

into a completely new state. Analytical studies of simple energy balance mod-

els and numerical studies with more sophistacted energy balance models indicate

that multiple equilibria exist in the Climate System, and that its overall state also

depends on the previous climate history, an effect called hysteresis (Stocker, 2011);

Dortmans et al. (2019). Simulations with more complex, coupled models also sug-

gest the existence of several equilibrium states, albeit with some limitations, e.g.

only for an aquaplanet configuration (Manabe and Stouffer, 1988; Ferreira et al.,

2011). The actual existence of such tipping elements, their detectability and po-

tential transition mechanisms are the subject of current research (e.g. Bathiany

et al. (2016)).

Furthermore, the many different timescales of processes in the subsystems lead

to strongly varying response times after perturbations in the mass or energy bud-

get. Since material and energy cycles are often intertwined (e.g. the evaporation of

water, which transfers matter and latent heat from the Hydrosphere to the Atmo-

sphere), a comprehensive visualization of all interactions within the climate sys-

tem is infeasible. However, the concept of feedback loops among several climate

elements can be visualized schematically. Figure 2.2 shows the interactions of

several climate elements in a highly simplified manner and puts the focus of this

thesis, the global mineral dust cycle, into the bigger picture in the scope of the

whole Climate System:

1. A rising atmospheric CO2 concentration, e.g. due to natural (volcanoes) or

anthropogenic (fossil fuel burning) causes, leads to an increase in the aver-

age global temperature. Due to their dipole moment, CO2 molecules absorb

parts of the spectrum of the outgoing long-wave radiation emitted from Earth.

The absorbed energy is then either partly thermalized in the Atmosphere or

re-emitted towards Earth, which leads to a temperature increase (Wallace and

Hobbs, 2006). Due to its fertilizing effects, a higher atmospheric CO2 concen-

tration also facilitates more vegetation.

2. A increase in the average global temperature leads to a rising sea level due to

thermal expansion, a reduced global ice volume due to melting and a stronger

hydrologic cycle, because warmer air can hold more water vapor. A higher

temperature also facilitates enhanced vegetation.

10
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Figure 2.2. A highly simplified, schematic illustration of several feedback loops among var-

ious important climate elements in the Climate System. It is to be read as:

An increase in X leads to an increase (+) / decrease (-) in Y. A detailed descrip-

tion following the numbering can be found in the text. [Figure modified from

Ridgwell and Watson (2002)]

3. A stronger hydrologic cycle leads to more vegetation and a reduced global

dust cycle, since water increases the inter-particle cohesive forces, which in

turn leads to lower dust emissions (see section 2.2.2). It also partly leads

to an increase in global ice volume, because more water is delivered to high

latitudes, and a further increase in atmospheric temperature, because H2O

is exactly like CO2 a greenhouse gas and acts accordingly.

4. A increase in global ice volume leads to a reduced sea level, because more

water is bound in the Cryosphere. Since a larger surface is then covered by
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snow / ice, the Earth’s albedo increases and the global temperature decreases

as a consequence.

5. Increased vegetation leads to a reduction in global dust emissions, since it

reduces the wind speed in the boundary layer (see section 2.2.2). It also

leads to a stronger hydrologic cycle due to increased evapotranspiration.

6. A higher sea level leads to a decreased global dust cycle, since dust is also

emitted in coastal regions (see chapter 4).

7. A stronger mineral dust cycle leads to increased marine bioproductivity, be-

causemineral dust deposited over the oceans provides bioavailable iron, which

is a key element for phytoplankton growth (see section 2.2.3).

8. Finally, increased marine bioproductivity leads to a decrease in the atmo-

spheric CO2 concentration. Carbon, which is continuously exchanged be-

tween the Atmosphere and the Oceans in form of CO2, is bound in biological

matter. After death, large parts of this matter sinks to the ocean floor, effec-

tively removing CO2 from the Atmosphere (see section 2.2.3).

Figure 2.2 illustrates schematically the interactions between several climate el-

ements as a response to a change in the atmospheric CO2 concentration, i.e. in

the climate forcing. There are, however, different types of forcings in the Climate

System acting on different timescales, which eventually contributes to the Earth’s

climate variability over time.

2.1.3. Climate Variability & Recent Climate History (800,000 yr)

A climate forcing is a driver of the Climate System, i.e. a mechanism that puts en-

ergy into the system and thus enables it to maintain a state far away from the ther-

modynamic equilibrium 4. The entirety of all forcing mechanisms combined with

all internal feedback mechanisms (as exemplarily shown in the previous section)

4 Since the Sun is essentially the Earth’s sole source of energy and all variations can be traced

back eventually to changes in the radiation balance, it is also often referred to as radiative forcing.

Geothermal contributions, i.e. heat fluxes mostly stemming from radioactive decay in the Earth’s

core released at the surface, which is estimated to be (46± 3)× 1012 W (Lay et al., 2008), are much

smaller than the 341Wm−2×4π× (6.371× 106 m)2 ≈ 1.74× 1017 W received from the Sun and can

thus be neglected.
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over all timescales causes eventually the Climate Variability. A common approach

is the distinction between external and internal forcings (Peixoto and Oort, 1992):

1. External Climate Forcings

• Changes in solar output : The solar irradiance is only 341 W m−2 on av-

erage. Physical processes within the sun lead to a so-called solar cycle,

which modulates the irradiance by ±0.5 W m−2 with a periodicity of 11

years. Of negligible importance on timescales below tens of millions of

years is the aging of the sun, which leads to an increase in luminosity of

around 1 % per 108 yr.

• Orbital changes: The Earth’s orbit around the Sun is characterized by

three parameters, each of them showing long-term variations that even-

tually influence how much energy the Earth receives from the Sun: The

axial precession (periodicities 19 kyr and 23 kyr 5), the obliquity of the eclip-

tic (periodicity 41 kyr) and the eccentricity of the orbit (periodicities 100 kyr

and 400 kyr) (Loutre, 2003).

2. Internal Climate Forcings

• Atmospheric composition: All atmospheric gases consisting of molecules

with a electric dipole moment, e.g. CO2, CH4, H2O and N2O, absorb

parts of the outgoing terrestrial long-wave radiation (so-called greenhouse

gases). The energy is then either partly re-emitted towards Earth or ther-

malized in the Atmosphere, effectively increasing the temperature (Wal-

lace and Hobbs, 2006). Similarly, atmospheric aerosols, for instance from

volcanoes, may absorb long-wave radiation (e.g. soot particles) or scat-

ter incoming short-wave radiation back into space (e.g. H2SO4 droplets)

(Boucher, 2015).

• Changes in (terrestrial) albedo: As already discussed in section 2.1.1, the

albedo determines which share of the incoming solar radiation is scat-

tered back into space by clouds and land surfaces. Consequently, varia-

tions in the vegetation, soil composition or the snow / ice cover modulate

the amount of energy that is taken up by the Climate System.

• Changes in plate tectonics: The location of the continents plays a crucial

role in terms of how much incoming energy the Earth absorbs due to

5 The oscillation of the parameter is not specified by just a single frequency. Instead, it is given by

the frequencies of two superimposed oscillations (so-called beat ).
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differences between land and sea albedo. Processes like pole wandering

and continental drifts take place on timescales ranging from 107 yr to

109 yr (Peixoto and Oort, 1992).

Knowing about the timescales of all forcings and feedback mechanisms is partic-

ularly important in order to identify the causes of climate signals, i.e. any trends

or patterns which can be observed in time series of climate variables. Since near-

global observations have only been available for the very recent past on geological

timescales (ca. 150 yr (Masson-Delmotte et al., 2013)), their reconstruction is a cen-

tral topic in the field of paleoclimatology. To this end, so-called climate archives are

being used, for instance rocks, sediments, ice cores and tree rings. The knowledge

about the formation processes of these archives, along with various dating and

other analysis methods, allows to retrieve a time series for a climate variable. The

covered timespan as well as the temporal resolution depend on the type of archive.

Continental coastal and ocean sediments, for instance, cover a timespan up to

108 yr with a typical temporal resolution ranging from 10 yr to 103 yr, depending on

the sedimentation rate and other disturbances like stirring by marine organisms

(Ruddiman, 2013).

Ice cores, i.e. ice drilled in glaciers and ice sheets at various locations, have

provided detailed insights on the climate variability of the late Quaternary Period.

Parts of the water that evaporates in lower latitudes gets transported to the poles,

where it deposits in form of snow and annual layers accumulate over time. The

weight of subsequent snow layers leads to a continuous compactification of the

snow to firn and finally, it recrystallizes into ice, preserving aerosols and atmo-

spheric gases in tiny air bubbles trapped within the ice (Ruddiman, 2013). The

pressure onto the ice increases with depth, which in turn leads to a thinning of

the annual layers and might render them unrecognizable. Also other physical ef-

fects, e.g. internal deformation and sliding along the glacier bed, requires the

determination of a thinning function based on a geophysical ice flow model for an

accurate dating. If the net snow accumulation rate is known, the layer thinning

with depth can finally be calculated (Steig, 2003).

Apart from trace gases and aerosols, the concentrations of different water iso-

topes are of particular interest. While most of the water molecules are H2
16O,

other frequently occuring isotopes are H2
18O and HD16O (with D being Deuterium,

i.e. 2
1H). The differences in the molecular weight lead to enhanced evaporation of

the lighter isotopes from the oceans compared to the heavier isotopes. In warm

climates, there is an equilibrium between the evaporation of lighter isotopes and
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Figure 2.3. Time series of δD (a temperature proxy), the atmospheric CO2 concentration

and the mineral dust concentration retrieved from the EPICA Dome C ice core

for the last 800,000 years. A detailed discussion can be found in the text.

[Figure taken from Kohfeld and Ridgwell (2009)]

their return into the ocean due to the surface runoff and thus the isotope ratio re-

mains unchanged. However, during cold climates a large amount of the evaporated

water is bound in ice sheets, and the isotope ratio in the oceans is increased, re-

spectively, decreased in ice cores. As indicator for the deviation from the standard

mean ocean water, the relation

δ(HD16 O) = δD :=

( (
D
H

)
sample(

D
H

)
standard

− 1

)
· 1000 (1)

has been defined. An empirical (linear) relation, a so-called transfer function, can

then be used to link the deviation in the isotope concentration to the respective

temperature (Steig, 2003; Zhang, 2018).

Applying this technique to ice cores from Greenland and Antarctica has provided

climate records over the last 120 kyr and 800 kyr, respectively (Alley and Bender,

1998; Lambert et al., 2008; Wolff et al., 2010). In particular the long records of

the Antarctic ice core(s) suggest that the climate exhibited a strong variability, at

15



2. Theory

least during the covered timespan. The time series for δD retrieved from the EPICA
6 Dome C ice core (75°06’S, 123°21’E) shown in Fig. 2.3 indicates according to Eq.

(1), that the temperature oscillated between a warm climate state (low deviation,

interglacial) and a cold climate state (high deviation, glacial) with a periodicity

of approximately 100 kyr (time series A). An interglacial was usually followed by a

cooling over a period of around 90 kyr until it reached the glacial maximum, just to

be followed by a comparably abrupt warming period of around 10 kyr at the end of

a glacial-interglacial cycle.

The first interdisciplinary reconstruction of the global climate conditions during

one of these glacials, the Last Glacial Maximum (LGM, 21 kyr BP), had been done

in the 1970s and 1980s in the scope of the project Climate: Long range Investiga-

tion, Mapping and Prediction (CLIMAP), resulting in global maps of the sea surface

temperatures (SST), the extend of continental and sea ice, and the land albedo

for modern and LGM climate conditions (McIntyre and Cline, 1981). The most

prominent features of the reconstructions are the enormous continental ice sheets

during the LGM, covering large parts of North America (Cordilleran ice sheet) and

Canada (Laurentide ice sheet) down to 37°N, Scandinavia and Northern Europe

(Fennoscandian ice sheet, down to 48°N) as well as the northern margins of Eura-

sia (Ruddiman, 2013). Initially, the sea level drop due to the water that was bound

in the kilometers thick ice sheets was estimated to be in the range of 127 m (CLIMAP

min) to 163 m (CLIMAP max), particularly due to uncertainties in the thickness re-

construction of the Laurentide and Fennoscandian ice sheet. More recent projects
7 constrain the sea level decrease to the range between 120 m and 135 m (Clark and

Mix, 2002). However, especially the temperature reconstructions remain contro-

versial. The mean global temperature decrease during the LGM had "only" been

reconstructed to (3.0± 0.6) ◦C (Hoffert and Covey, 1992), and for parts of the tropics

and the Pacific Ocean even a warming in the SSTs (compared to present climate

conditions) had been suggested, a feature that could so far neither be explained

conceptually nor reproduced by climate models (Yin and Battisti, 2001).

Analyzing the composition of the air trapped in the EPICA Dome C ice core has

revealed a striking synchronicity between δD and the atmospheric CO2 concentra-

6 European Project for Ice Coring in Antarctica (EPICA).

7 For instance, the program Environmental Processes of the Ice-Age: Land, Ocean, Glaciers (EPILOG).
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tion 8, indicating that the temperature was high (low) when the CO2 level was high

(low) (see Fig. 2.3, time series A & B). The obvious correlation between both time

series and the knowlegde about CO2 being a greenhouse gas leads naturally to

the question whether CO2 was a driver or "only" an amplifier of the drastic glacial-

interglacial climate changes. Milankovitch (1941) suggested that the solar forcing,

which is modulated by the superimposed oscillations of three orbital parameters

(axial precession, obliquity of the ecliptic and eccentricity of the orbit) was reponsi-

ble for the observed periodic climate changes over the last 800,000 years. A Fourier

analysis of the climate signal reveals indeed peaks at orbital frequencies, and the

δ18 O signal from the Vostok ice core (78°28’S, 106°48’E) has a strong correlation

with the 23 kyr periodicity of the axial precession signal. However, later studies

showed that the orbital variations in the irradiance are too small to cause the

observed changes in the climate and required amplifying mechanisms, of which

at least 50 % are attributed to the changes in the atmospheric CO2 concentration

(Steig, 2003).

Another remarkable coherence with the signals of temperature (δD) and atmo-

spheric CO2 concentration can be found in the (mineral) dust concentration re-

trieved from the EPICA Dome C ice core (Fig. 2.3, time series C). The fact that

it is antiphased to the other two signals indicates that the dust deposition at the

drilling location was high when the temperatures were low, and vice versa. The im-

plications of this observation will be discussed in section 2.2.4 because their un-

derstanding requires general background knowledge about the mineral dust cycle

in the climate system, i.e. the process of dust emission, transport and deposition.

Regardless of whether CO2 was a driver or an amplifier of the observed climate

changes, an equally important question is which sphere contributed to the draw-

down from 280 ppm during interglacials to well below 200 ppm during glacials. A

first constraint can be made by looking at the according timescales. The anor-

ganic part of the carbon cycle, which describes the process of atmospheric carbon

getting bound in form of carbonate rocks, i.e. in the lithosphere, acts too slow to

be responsible for substantial changes on glacial-interglacial timescales (Berner

et al., 1983). The carbon exchange between atmosphere and (terrestrial) biosphere

would take place on relevant timescales. However, studies investigating the amount

8 Since atmospheric gases can be assumed to be well-mixed globally on timescales of one year or

longer, the gas composition in the air bubbles trapped in the ice are representative not only locally,

but for the whole Earth.
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of dissolved inorganic carbon in the oceans and other reconstructions of the vege-

tation during the LGM suggest rather a considerably reduced global vegetation as

a consequence of the lower temperatures and the reduced hydrologic cycle, i.e. the

terrestrial biosphere might even have released carbon towards the LGM (Shack-

leton, 1977; Adams and Faure, 1998). This leaves only the hydrosphere and the

marine biosphere as potential carbon reservoirs during the LGM, and the discus-

sion on their role during the LGM as well as how both might be intertwined with

the mineral dust cycle will be resumed in section 2.2.3.

2.2. Mineral Dust in the Climate System

2.2.1. A Brief Overview on Atmospheric Aerosols

As mentioned in section 2.1.1, the atmosphere does not only consist of various

(trace) gases, but also contains solid and liquid particulate matter suspended in air,

so-called aerosols. A common way of categorizing the different aerosol species is to

distinguish between primary and (precursors of) secondary aerosols 9. The following

listing based on Boucher (2015) provides an overview on themost abundant aerosol

species:

1. Primary Aerosols, i.e. aerosols that have been emitted into the atmosphere

in form of particles

• Marine aerosol or sea spray, which is emitted in form of hydrated sea

salt particles, along with impurities like organic matter, when bubbles

burst at the sea surface. The particle sizes range from 100 nm up to tens

of micrometer, and an estimated 1000 Tg to 6000 Tg are emitted each year.

• Mineral aerosol or mineral dust, which is emitted from arid and semi-arid

areas. The particle sizes range from 100 nm up to tens of micrometer, and

an estimated 1000 Tg to 3000 Tg are emitted each year. More details follow

in the next section(s).

• Biogenic aerosol, for instance bacteria, pollen or spores with particle sizes

ranging from tens of nanometers to hundreds of micrometers. An esti-

9 An additional common distinction is between natural and anthropogenic aerosols. However, since

anthropogenic aerosols are not of importance in the scope of this thesis, this distinction will not

be introduced.
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mated amount of 1000 Tg is emitted each year.

• Biomass burning aerosol, i.e. burned biological matter that is emitted,

for instance, from forest fires in form of organic carbon and black carbon

(soot or ash). The annual emissions are estimated to be in the range of

50 Tg to 90 Tg.

• Volcanic aerosol or volcanic ash, i.e. black carbon.

2. Secondary Aerosols, i.e. aerosols whose gaseous precursors have been emit-

ted into the atmosphere and formed particles by gas-phase condensation

• Dimethylsulphide (DMS) is a gas that is produced by some phytoplankton

species. An estimated amount of 20 Tg to 40 Tg S is released each year

from the sea into the atmosphere, where it is then oxidized and forms

sulphate aerosols by condensation.

• Volcanic SO2 also forms sulphate aerosols after oxidization; an estimated

amount of 6 Tg to 20 Tg S is emitted each year.

• Terpenes, i.e. volatile organic compounds which form aerosols after ox-

idization; an estimated amount of 40 Tg to 400 Tg are emitted each year

from the biosphere.

The overview shows clearly that the particle sizes of aerosols vary over several or-

ders of magnitude, ranging from a few nanometers up to hundreds of micrometers.

An idealized, typical particle size distribution of atmospheric aerosols is shown in

Fig. 2.4, exhibiting four distinctive modes as a result of the underlying physical

and chemical formation processes. Aerosol particles in the nucleation mode are

formed by gas-phase condensation of secondary aerosol precursors. Due to fur-

ther gas and water vapor condensation, they grow into the nuclei or aitken mode.

Further growth is then caused by coagulation and coalescence, and an equilib-

rium between sources (growth processes) and sinks (evaporation, sublimation &

deposition mechanisms) is reached in the accumulation modes. Several primary

aerosols, e.g .mineral dust, are directly emitted either into the accumulation or

coarse mode. They can also grow in size by sulfate condensation on the particle

surfaces ("aerosol aging"), a process that increases the water solubility and facili-

tates coagulation (Heintzenberg, 2003; Boucher, 2015).

Mathematically, a mode can be described by a particle number concentration

N(D) in m−3 and a particle number density function n(D), such that

n(D) =
dN(D)

dD
(2)
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Figure 2.4. Idealized particle size distribution of atmospheric aerosols. The particle di-

ameter is plotted on a logarithmic scale due to the huge span they cover, and

the vertical axis could represent a particle number density. The four modes

are a consequence of different aerosol formation processes, see text for details.

[Figure taken from McMurry (2003)]

with the particle diameter D. The kth-order moment of this distribution is then

given by 10

mk =

∫ ∞
0

Dkn(D) dD. (3)

However, this still requires the definition of a particle number density function

n(D). A common choice is a so-called lognormal distribution

n (ln(D)) =
dN(D)

d(ln(D))
:=

N0√
2π ln(σ)

exp

(
− (ln(D)− ln(D̄))2

2 ln(σ)2

)
, (4)

which is defined by the total particle number concentration N0, the standard devia-

tion σ and the number median diameter D̄. Apart from the fact that this function

is defined by only three parameters, other "conveniences" are that the function is

not defined for negative particle diameter and that the moments of the distribution

also follow lognormal laws. In general, however, this function cannot be derived

from underlying physical principles (Heintzenberg, 2003). An easier readabiliy ac-

10 Note that the lower integration bound is 0 instead of −∞ because particle diameter can only have

positive values.
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cording to Eq. (2) is obtained by the transform

n(D) =
dN(D)

d(ln(D))

d(ln(D))

dD
=

N0√
2πD ln(σ)

exp

(
− (ln(D)− ln(D̄))2

2 ln(σ)2

)
. (5)

Under the assumption of spherical particles with a constant mass density ρ, the

total mass M0 contained in the mode is then given by the third-order moment of

the distribution:

M0 =
π

6
ρ

∫ ∞
0

D3 n(D) dD =
π

6
ρN0D̄

3 exp

(
9 ln(σ)2

2

)
. (6)

Equation (6) shows that, aside from the two predefined parameters of the lognormal

distribution σ and D̄, only the total particle number concentration N0 is required

in order to compute the total mass M0, and vice versa. In order to describe a mul-

timodal distribution as shown in Fig. 2.4, several unimodal distribution functions

can be superimposed. Both aspects will be of importance in section 3.1.2. In the

next section, the focus will be on the various physical processes taking place in

the scope of the mineral dust cycle.

2.2.2. Physical Processes in the Mineral Dust Cycle

Mineral dust is the final product of weathering, i.e. the process of dissolving and

breaking down rocks contained in the soil, e.g. quartz (SiO2), feldspar (KAlSi3O8),

calcite (CaCO3) and other minerals (Shao, 2008). Wind tunnel experiments showed

that also the mechanical abrasion due to dust-loaded winds contributes to the

production of mineral dust (Dietrich, 1977). As already adressed in the previous

section, the particle size distribution extends over several orders of magnitude. A

soil classification system of intermediate detail is, for instance, provided by the U.S.

Department of Agriculture (USDA) (e.g. García-Gaines and Frankenstein (2015))

and illustrated in Fig. 2.5a. Here, particles are at first roughly divided into four

different categories according to their grain size (diameter D): clay (D < 0.002 mm),

silt (0.002 mm < D < 0.05 mm), sand (0.05 mm < D < 2 mm) and gravel (D > 2 mm).

The sand fraction is then further divided into five groups, ranging from very fine

to very coarse. According to Shao et al. (2011), the term mineral dust cycle refers

to all formation, emission, transport, transformation, deposition and biogeochem-

ical processes of mineral dust. In the scope of this thesis, however, a particular

focus will be put on the atmospheric processes like dust emission, transport and

deposition.

Wind tunnel experiments have further shown that once a threshold wind velocity
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Figure 2.5. Soil classification system based on the particle sizes according to the U.S. De-

partment of Agriculture (e.g. García-Gaines and Frankenstein (2015)) (a). The

grain size influences the mobilization and transport properties of the particles,

ranging from wind-induced creeping and jumping (saltation) of larger particles

to short and long-term suspension and transport of smaller particles (a, b).

[Figures modified from Shao (2008)]

in the laminar layer of the boundary layer over a flat deposit is exceeded, dust emis-

sion occurs due to momentum transfer from the air to the soil particles (Fletcher,

1976), or put more simply, atmospheric mineral dust particles "have their aeolian

origin in the eroded crustal surface of the Earth" (Heintzenberg, 2003). The results

also suggest that a minimum threshold friction velocity of around 20 cm s−1 is nec-

essary for particle sizes between 80 µm and 100 µm 11 (Laurent et al., 2009). Larger

particles require a higher momentum due to their higher mass, and for smaller

particles the cohesive inter-particle forces lead to a strong bond between dust par-

ticles. For gravel and the larger fractions of sand, the wind friction is usually just

enough to cause a temporary horizontal movement, so-called creeping (see Fig.

2.5). Smaller sand particles can exhibit a short, jumping movement on a ballis-

tic trajectory, the so-called saltation. The impact of saltating grains might break

other particles into smaller pieces. Only clay, silt and the finest sand particles

are small enough in order to be lifted by turbulent eddies in the boundary layer,

11 Only for dry soils and without any other surface elements.
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Figure 2.6. Aeolianmineral dust influencesmany processes in the atmosphere, for instance

cloud formation and the radiative forcing, and also affects terrestrial and ma-

rine ecosystems. The feedbacks on the climate system affect in turn processes

like dust emission, transport and deposition, see text for details. [Figure mod-

ified from Carslaw et al. (2010)]

and the time they remain suspended generally increases with decreasing particle

size (Shao, 2008). This shows also clearly why the estimated amount of annual

dust emissions covers such a huge span for present day climate conditions, rang-

ing from 1000 Mt up to 3000 Mt (Gras, 2003; Boucher, 2015) and even as much as

5000 Mt (Shao et al., 2011), because it depends strongly on the upper particle size

limit: Large particles contribute substantially to the emitted mass budget, how-

ever, they remain only for a very short time in the atmosphere and might even fall

out immediately after emission.

The majority of mineral dust is emitted from arid and semi-arid areas, particu-

larly deserts. Consequently, the main dust source regions in the northern hemi-

sphere are located in North Africa, the Middle East and Asia, with minor contribu-

tions from the Great Basin in North America. In the Southern Hemisphere (SH),

the main dust source regions are located in southern South America (Patagonia),

southern Africa and Australia. Marine sediment data indicate that New Zealand

also represented a dust source during the LGM (Trudgill et al., 2020).

The wind velocity in the laminar boundary layer, and thus the dust emission, is

controlled by several factors. In general, all kinds of non-erodible surface elements

like rocks, larger stones, pebbles and any type of vegetation leads to a reduction
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of the wind velocity in the laminar boundary layer due to momentum dissipation.

Another factor increasing the required threshold wind friction velocity is the soil

wetness, because water increases the cohesive forces between particles (Laurent

et al., 2009), see Fig. 2.6. Once suspended, the dust particles are transported

and distributed by large-scale advection and convection of the atmospheric circu-

lation, which leads globally to a strongly heterogeneous dust burden in kg m−2 with

substantially higher dust concentrations above the source areas and along atmo-

spheric transport pathways. Since the atmospheric circulation is characterized by

geostrophic winds on a synoptic scale and above, which leads predominantly to a

zonal transport of dust, the meridional transport is mainly caused by eddies (Li

et al., 2010).

During transport, the dust particles directly influence Earth’s radiation budget

by scattering and absorbing shortwave and longwave radiation depending on par-

ticle size and mineralogical composition (Dufresne et al., 2002; Balkanski et al.,

2007), which in turn affects the atmospheric stability by altering the vertical tem-

perature profile and relative humidity (Boucher, 2015). Besides these direct effects

on the energy budget, mineral dust particles act as cloud condensation and ice

nuclei and thus affect optical and other microphysical properties of clouds, which

again influences the radiation budget (Spracklen et al., 2008). 12

At some point dust particles are removed from the atmosphere due to deposi-

tion. The predominant deposition mechanisms close to the ground, for instance

in the source regions, are passive gravitational settling (sedimentation) as well as

molecular and turbulent diffusion fluxes. All previously mentioned mechanisms

are usually summarized by the term dry deposition. Typical dry deposition veloci-

ties for comparably large atmospheric mineral dust particles in the size range from

1 µm to 5 µm are between 0.01 m s−1 and 0.05 m s−1, and for finer particles between

0.003 m s−1 and 0.03 m s−1 (Duce et al., 1991). Alternatively, particles are removed by

wet deposition (i.e. precipitation), either because they serve as cloud condensation

nuclei and are incorporated in raindrops (in-cloud scavenging), or less efficiently,

they are hit and removed by falling raindrops (below-cloud scavenging) (Boucher,

2015).

Depending on the mineralogical composition of the dust particles, they may con-

stitute a very important source of micronutrients for some ecosystems. By acting

as a fertilizer for the vegetation and the biosphere in general, mineral dust also

12 This paragraph has been quoted verbatim from Krätschmer et al. (2022).
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plays a crucial role in the carbon cycle and its impact on the global climate. Sa-

haran dust, for instance, has been identified to represent an important source of

phosphorus for the Amazon rainforest, where the soil shows a general depletion

(Reichholf, 1986).13

In the next section, a focus will be put on another ecosystem depending on the

fertilizing effects of mineral dust: the Southern Ocean (SO).

2.2.3. The Iron Hypothesis

The substantial atmospheric CO2 reduction from 280 ppm during interglacials to

well below 200 ppm during glacial maxima indicated by time series data retrieved

from Antarctic ice cores (see Fig. 2.3, time series B) is thought to be either a cause

or at least an amplifier of the observed climate change in terms of atmospheric

temperature (Fig. 2.3, time series A). As discussed in Sec. 2.1.3, a consideration

of the according timescales suggests that the ocean played a major role during

those transitions. In the late 1980s, several iron (Fe) fertilization experiments were

performed in remote surface waters of the Antarctic and Pacific subarctic Oceans

(Martin and Fitzwater, 1988; Martin et al., 1990). This region is enriched in major

plant nutrients like nitrate (NO3) and phosphate (PO4), however, without showing

the expected phytoplankton blooms, a circumstance due to which the SO is referred

to as the largest high nutrient-low chlorophyll (HNLC) region in the world (Pitchford,

1999; Martínez-García et al., 2014). The results of these experiments showed that

the available nutrients were used up whenever Fe was added to the water and the

amount of build up phytoplankton increased proportionally to the amount of added

iron, leading the authors to the conclusion that iron deficiency is the limiting factor

for phytoplankton growth in the SO.

Based on the results of those studies, Martin (1990) proposed the so-called Iron

Hypothesis (see Fig. 2.7), which states that increased mineral dust deposition onto

the SO during cold periods provided large amounts of bioavailable iron, which in

turn caused phytoplankton blooms binding vast amounts of carbon (which was

formerly bound in CO2 dissolved in ocean water due to atmosphere-ocean gas ex-

change). After death, large parts of the organic matter sunk down to the ocean

floor, effectively removing carbon from the atmosphere and thus contributing to the

13 This paragraph has been quoted verbatim from Krätschmer et al. (2022).
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Figure 2.7. A simplified, schematic illustration of the Iron Hypothesis (Martin, 1990): In-

creased mineral dust fluxes during cold periods delivered large amounts of

bioavailable iron (Fe2+) to the SO, a region that is enriched in plant nutrients

like nitrate and phosphate. The resulting phytoplanktion blooms bound vast

amounts of carbon. After death, large parts of the organic matter sunk down

to the ocean floor, effectively removing carbon from the atmosphere and thus

contributing to the observed atmospheric CO2 reduction.

observed reduction in atmospheric CO2 concentration. Paleoceanographic data in-

dicate that increased aeolian dust fluxes were only observed once the amtospheric

CO2 concentration had already decreased by 40 to 50 ppm, and consequently, the

upper limit of this effect has been constrained to 40 ppm (Martínez-Garcia et al.,

2011).

Ice core data from Antarctica suggest indeed regionally a ∼25-fold dust deposi-

tion flux raise during the LGM (Lambert et al., 2008), and the globally-averaged

increase in atmospheric dust load is estimated based on data to be around 2- to

5-fold (Kohfeld and Harrison, 2001). Additionally, marine sediment data from the

Pacific SO indicate that the dust deposition flux here was likewise enhanced by a

factor of two to three during glacials (Lamy et al., 2014). However, dust itself is just

the carrier of the key nutrient Fe required for phytoplankton growth, and the main

question is how much iron had been delivered to the glacial SO, a region that has

been suggested to be primarily responsible for the observed atmospheric glacial-

interglacial CO2 changes (Schmittner and Galbraith, 2008). Although strongly re-

gionally varying, the globally-averaged iron content in the Earth’s crust is 3.5 %

(Shao et al., 2011). Phytoplankton requires a form of soluble (i.e. bioavailable) iron,
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and the according oxidation state Fe2+, respectively, Fe(II) only makes up 0.5 % of the

total iron content in soil (Hand et al., 2004). Additionally, when dissolved in water,

Fe(II) is oxidized to the rather insoluble form Fe(III) within a few seconds to hours

(Sarmiento and Gruber, 2006). However, several biochemical and photochemical

reactions which reduce Fe(III) to its bioavailable form Fe(II) have been proposed,

either taking place during atmospheric transport (e.g. in clouds) (Zhuang et al.,

1992) or when already dissolved in seawater (Rue and Bruland, 1997). Marine

sediment core analysis showed that the iron flux to the subantarctic regions of the

Pacific increased proportionally to the dust deposition by a factor of 3 to 5, but

the fraction of bioavailable Fe(II) might actually have been increased by a factor of

15 to 20 during glacial periods compared to present day (Shoenfelt et al., 2018).

However, the sediment analysis also suggests that increased iron fertilization in

the SO during the LGM was regionally strongly heterogeneous, and some regions

like the subantarctic Pacific showed no or only a 2 to 3-fold increase in biopro-

ductivity (Lamy et al., 2014; Trudgill et al., 2020). This leads to the idea that the

estimated 40 ppm concentration reduction in atmospheric CO2 due to iron fertiliza-

tion towards the LGM is too high, and other processes might have played a (even

more important) role.

In order to investigate the iron hypothesis properly by a modelling approach, the

atmospheric modelling needs to represent correctly ...

• the strength of individual dust sources and transport pathways,

• the particle size distribution, because it affects transport and chemical prop-

erties,

• the atmospheric particle lifetime, because it affects aerosol aging and the

transport range,

• and the spatially-varying deposition.

Based on the dust deposition fields, the biogeochemical modelling then needs to

adequately represent the spatially-varying abundance of various forms of iron (free

or ligand-bound) and other nutrients, chemical reactions, transport by advection

and the iron uptake and utilization by biological matter as well as other factors

necessary for metabolism, for instance light availability.
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2.2.4. Mineral Dust as Climate Proxy

The many factors involved in controlling the processes of mineral dust emission,

transport and deposition (see sec. 2.2.2) enable the utilization of mineral dust

records, e.g. ice cores, deep sea sediments or loess, as climate proxies (Shao

et al., 2011). These records contain informations on the temporal variation of

grain sizes, isotopic composition and mass fluxes of dust deposited in the past.

For instance, the increased dust deposition during glacials found in ice cores from

Greenland, along with larger grain sizes, might have been caused by stronger winds

in the source regions (Steffensen, 1997). The characteristic ratios of strontium

and neodymium isotopes in dust retrieved from Antarctic ice cores suggest south-

ern South America as the predominant source of dust deposited during the LGM

(Basile et al., 1997; Delmonte et al., 2008), and the 2- to 5-fold globally-averaged

dust load increase during the LGM suggested by observational data (Kohfeld and

Harrison, 2001) is being interpreted as a consequence of the generally drier cli-

mate, extended source regions, reduced vegetation and increased near-surfae wind

speeds (Lunt and Valdes, 2002), i.e. mineral dust records allow for conlusions on

the climatic conditions in the source regions.

However, the interpretation of the data provided by dust records is not always

unambiguous. The coarser dust particles found in Greenland ice cores delivered

during glacials, for instance, could also have been caused by a dust source in closer

geographic proximity to the deposition region, which is not active in warmer cli-

mates (Steffensen, 1997; Mahowald et al., 2014). Identifying the dust provenance

has also turned out to be challenging because the characteristic isotope ratio of

dust contained in Antarctic ice cores does not only match the ratio of southern

South American soil samples, but also the ratio that has been found in soil sam-

ples from central and southeastern Australia (De Deckker et al., 2010). The 25-fold

increase in dust deposition in some regions in Antarctica during the LGM (Lambert

et al., 2008) could either be caused by

• a substantial source strength increase due to climatic changes in those re-

gions,

• or a higher meridional transport efficiency due to reduced precipitation,

• or a change in the atmospheric circulation patterns resulting in shorter trans-

port pathways,

• or by changes in local atmospheric conditions and deposition patterns,
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or a combination of all aforementioned factors (Delmonte et al., 2004; Kohfeld and

Ridgwell, 2009; Wolff et al., 2010). In order to get further insights on the mat-

ter, climate models provide, in combination with observational data to verify the

simulation results, a very useful tool.
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"However, what is cause and what effect, only the future will unveil."

(Alfred Wegener, The Origin of Continents and Oceans)

3. Model and Methods

Summary. The aerosol-climate model ECHAM6.3-HAM2.3 is the latest release of a state-of-

the-art atmospheric general circulation model. It utilizes a mixed spectral transform / finite

differences approach to solve the primitive equations for the variables vorticity, divergence,

temperature, logartihmic surface pressure and geopotential. The model includes param-

eterizations for various subgrid scale processes, including vertical mixing, gravity waves,

cloudiness and radiative transfer. The included land surface and vegetation model allows

for the representation of dynamic vegetation, considering several plant functional types as

well as various types of bare soil. The aerosol submodel calculates explicitly particle number

concentrations of the five aerosol species sulfate, black and organic carbon, mineral dust

and sea spray. It represents the particle sizes by superimposed log-normal distributions

and accounts for inter- and intramodal particle interactions, radiative effects and cloud in-

teractions. Mineral dust emissions are fully coupled to the vegetation model and depend on

several meteorological and topographic factors.

3.1. ECHAM6.3-HAM2.3

The model used to perform simulations in the scope of this thesis consists of the

atmospheric general circulation model ECHAM6.3 coupled to the aerosol model

HAM2.3. It is developed by a consortium composed of the ETH Zurich, the Max

Planck Insitute for Meteorology in Hamburg, the Forschungszentrum Jülich, the

University of Oxford, the Finnish Meteorological Institute and the Leibniz Institute

for Tropospheric Research. The full model version also includes the model of atmo-

spheric chemistry MOZ1.0 (ECHAM6-HAMMOZ; Schultz et al. (2018)). However,

MOZ1.0 has been switched off in all simulations and is therefore not of further

importance in the scope of this thesis and has simply been mentioned for the sake

of completeness. The ECHAM6-HAMMOZ model code, including all required input

files to run simulations, is being hosted by the Center for Climate Systems Model-

ing (C2SM) at the ETH Zurich and is accessible at https://redmine.hammoz.ethz.ch

after signing a license agreement. A detailed evaluation of the ECHAM6.3-HAM2.3

model performance for present-day climate can be found in Tegen et al. (2019) and

31

https://redmine.hammoz.ethz.ch


3. Model and Methods

Neubauer et al. (2019).

3.1.1. Atmospheric General Circulation Model ECHAM6.3

ECHAM6 (subversion 6.3.02) is the latest release of an atmospheric general cir-

culation model. It was branched in the late 1980s from a model developed at the

European Center for Medium Range Weather Forecasts (ECMWF) and has since

been further developed by the Max Planck Institute for Meteorology in Hamburg.

The model can be divided into two parts: The adiabatic core, which solves the

primitive equations via a spectral method for horizontal differences and a finite-

differences scheme on a Lorenz grid in the vertical up to a model top of 0.01 hPa

(≈ 80 km), and a set of parameterizations for physical processes on a sub-grid scale.

The implemented model equations are (Giorgetta et al., 2013):

dvh
dt

= −1

ρ
∇hp− 2(Ω× vh)− 1

ρ

∂Jvh

∂z
+Kvh

(7a)

∂p

∂z
= −gρ (7b)

dT

dt
=
RdTv
ρCp

dp

dt
− 1

Cp

(
QR +QL +QD −

1

ρ

[
∂Js
∂z
− CpdT (δ − 1)

∂Jqv
∂z

])
+KT (7c)

p = ρRdTv (7d)
dqi
dt

= Sqi −
1

ρ

∂Jqi
∂z

(7e)

with the total or advective derivative

d

dt
=

∂

∂t
+ vh · ∇h. (8)

Equation (7a) expresses the horizontal momentum conservation in a co-rotating

reference system. The right-handed side (RHS) of eq. (7a) contains sources and

sinks for horizontal linear momentum, such as pressure gradients (∇hp), the Cori-

olis force (Ω× vh), the parameterized vertical flux of horizontal momentum (∂zJvh
)

and a scale-selective diffusion term (Kvh
). Since the vertical height of the atmo-

sphere is much smaller than the horizontal extend, the model is assumed to be in

hydrostatic equilibrium (eq. (7b)) (Stocker, 2011). The energy conservation equa-

tion (7c) is based on the first law of thermodynamics. Changes in internal energy

(dtT ) are caused by adiabatic processes (dtp) and several parameterized diabatic

processes, including heating due to radiation (QR), phase transitions (QL), dis-

sipation (QD), vertical fluxes of dry static energy (∂zJs) and water vapour (∂Jqv )

and other sub-grid scale processes (KT ). The equation of state (7d) puts pressure

in relation to temperature. The set of equations is closed by mass conservation
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equations (7e) for dry air, water vapour, liquid water and ice, each denoted by the

subscript i. Changes in the specific mass of each component (dtqi) are caused by

phase transitions, respectively, precipitation formation (Sqi ) and vertical fluxes of

moisture and cloud species (∂zJqi ).

In order to be able to apply the spectral transform method to represent hori-

zontal differences, the divergence (∇·) and curl (∇×) operator are applied to eq.

(7a) (Bourke, 1972; Simmons et al., 1989). The spectral method is then applied to

the variables vorticity, diveregence, temperature, logarithmic surface pressure and

surface geopotential. Taking advantage of the Earth’s spherical symmetry, each

variable X (depending on azimuth, polar angle, a general pressure-based terrain-

following vertical coordinate and the time (λ, µ, η, t)) is expressed by a truncated

series of spherical harmonics, i.e. eigenfunctions of the Laplace operator in spher-

ical coordinates:

X(λ, µ, η, t) =
M∑

m=−M

N(M)∑
n=m

Xm
n (η, t)Pmn (µ) eimλ, (9)

with a height- and time-dependent factor Xm
n (η, t) and the Associated Legendre

Functions of the first kind Pmn (µ). In ECHAM6, a triangular truncation scheme

with typically M = 63 wavenumbers is used, usually denoted as T63. The high-

est wavenumber determines the spatial resolution (Stocker, 2011), and T63 cor-

responds to a horizontal resolution of 1.875° × 1.875°. In the vertical, the model

is typically discretized by 47 model layers, denoted as L47. The numerical meth-

ods to solve the governing equations are conservative in terms of specific quan-

tities, for instance kinetic and potential energy during vertical advection and an-

gular momentum for calculating pressure gradients (Simmons and Jiabin, 1991).

Tracer transport is calculated based on a inherently conservative flux-form semi

Lagrangian scheme on a Gaussian grid introduced by Lin and Rood (1996).

The suite of parameterizations for diabatic sub-grid scale processes includes

approximations for the following processes (Stevens et al., 2013):

• Vertical mixing: Vertical mixing occurs due to turbulent motions in the bound-

ary layer and the free atmosphere as well as convection. The boundary layer

and turbulence are parameterized based on an eddy diffusivity, respectively,

viscosity approach (Brinkop and Roeckner, 1995). The model accounts for

shallow, midlevel and deep convection using the mass-flux framework by

Tiedtke (1989). However, only one type of convection per grid cell is allowed,

with a preference for deep convection.

• Gravity waves: The transport of momentum in form of gravity waves caused
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by boundary effects is calculated following a scheme by Palmer et al. (1986)

and Miller et al. (1989), taking effects of the sub-grid orography into account,

for instance blocking (Lott, 1999; Baines and Palmer, 1990).

• Stratiform clouds: The subgrid scale cloud fraction is parameterized based on

the relative humidity once a specific threshold value is exceeded (Sundqvist

et al., 1989). Transport of cloud water and ice is prognostically calculated,

accounting for adiabatic circulations, phase transitions, and the conversion to

large-scale precipitation (Lohmann and Roeckner, 1996). The coupling to the

aerosol model HAM2.3 enables an explicit calculation of several microphysical

processes in clouds, e.g. aerosol activation.

• Radiative transfer: Radiative transfer is parameterized by dividing the rele-

vant part of the electromagnetic spectrum into 14 shortwave and 16 long-

wave bands, and absorption is calculated over all bands depending on trace

gas concentrations and ambient pressure using look-up tables. The optical

properties of clouds for each band are calculated based on Mie theory.

• Land surface and vegetation: ECHAM6 also contains a comprehensive sub-

model for the land surface and vegetation called JSBACH (Reick et al., 2013).

Therein, each grid cell is assumed to be tiled allowing various shares of bare

soil and 12 different plant functional types, whereas the soil hydrology is

represented by a fivelayer scheme (Hagemann and Stacke, 2015). The sub-

model allows for the calculation of dynamic vegetation and provides physical

parameters like evaporation and surface albedo.

3.1.2. Aerosol Model HAM2.3

HAM2.3 constitutes a comprehensive microphysics package for the five aerosol

species sulfate, black and organic carbon, sea spray and mineral dust. Similar to

ECHAM6.3, it can also be roughly split up into two parts, with one mainly treating

large-scale processes like emission, transport, and deposition of aerosol particles,

while the other deals with the microphysical processes, such as nucleation, con-

densation, coagulation, and hydration. For the latter, the default sub-model in

HAM2.3 is the modal M7 aerosol model (Vignati et al., 2004), which represents

the particle size distribution via seven superimposed log-normal modes (see sec.

2.2.1):

n(ln(r)) =
7∑
i=1

Ni√
2π ln(σi)

exp

{
− (ln(r)− ln(r̄i))

2

2 ln2(σi)

}
(10)
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The seven log-normal modes in M7 consist of four soluble and three insoluble

modes, representing the nucleation mode (number median radius r̄ < 5 nm, only

soluble mode), Aitken mode (5 nm < r̄ < 50 nm), accumulation mode (50 nm < r̄ <

500 nm), and coarse mode (r̄ > 500 nm). Hereby, the soluble modes are assumed

to be perfectly internally mixed. Each mode is mathematically defined by three

moments of the distribution, namely the aerosol number concentration N0, the

number median radius r̄, and the standard deviation σ. The latter is set to σ = 1.59

for the nucleation, Aitken, and accumulation modes and σ = 2.00 for the coarse

modes (Wilson et al., 2001; Stier et al., 2005).

In each time step, HAM2.3 calculates the transport of the tracer aerosol mass

and aerosol number. As shown by eq. (6), the number median radius r̄ can be de-

termined for each mode and grid cell based on the given information. Each mode is

consequently confined by the boundaries given above, though the number median

radius changes over time due to various processes transferring particles between

modes, respectively, removing or adding particles from or to modes. All further

size-dependent processes are calculated based on this number median radius for

all particles of a specific mode. Aerosol particles devolve from insoluble to soluble

modes either due to condensation of sulfate on their surface or due to coagulation

with particles of soluble modes. The aerosol dynamics, i.e. temporal changes in

particle number concentration per mode, is based on a general coagulation equa-

tion (Smoluchowski, 1918; Stier et al., 2005). For the soluble modes, the equation

reads

dNi
dt

= −1

2
KiiN

2
i −Ni

 ns∑
j=i+1

KijNj +
ns+ni∑
j=i+ns

KijNj

+ δi1c. (11)

The terms on the RHS represent sinks, like intramodal and intermodal coagu-

lation, and sources, i.e. nucleation, with the coagulation kernel K containing the

coagulation coefficients, the Kronecker delta δ and the nucleation rate c. For par-

ticles in the insoluble modes, intermodal coagulation with insoluble particles is

considered too inefficient, and eq. (11) simplifies to

dNi
dt

= −1

2
KiiN

2
i −Ni

 ns∑
j=1

KijNj

 . (12)

Since dry mineral dust particles essentially do not stick together, there is no

intramodal coagulation, and consequently the first term on the RHS of eq. (12)

vanishes for mineral dust.

Interactions between aerosol particles and clouds are parameterized by an ex-
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plicit activation scheme based on Köhler theory (Abdul-Razzak and Ghan, 2000).

As mentioned above, HAM2.3 enables the explicit calculation of cloud droplet and

ice crystal number concentrations, which is done via a two-moment cloud micro-

physics scheme (Lohmann et al., 2007; Lohmann and Hoose, 2009). The optical

properties of the aerosols are not calculated online in order to save computational

costs. Instead, a look-up table provides pre-calculated values based on Mie the-

ory and contains the Mie size parameter and the real and imaginary part of the

refractive index. Aerosols and aerosol precursor are emitted from various natural

(biosphere, ocean, etc.) and anthropogenic sectors (industry, ships, power plants,

etc.), where natural emissions are calculated online while emissions from anthro-

pogenic sectors are provided in form of external input fields (see 4.2). Consid-

ered particle removal processes include dry deposition, sedimentation based on a

Stokes settling velocity approach, and particle-size-dependent in- and belowcloud

scavenging (Croft et al., 2009, 2010).

Of particular importance in the scope of this study is the treatment of mineral

dust aerosol in HAM2.3. Since dust is only emitted from arid and semi-arid areas

without vegetation or covered only by low vegetation, the determination of those

regions is a crucial point in order to attain a suitable parameterization of the dust

emission process. In all simulations, a scheme introduced by Stanelle et al. (2014)

is used, which enables a fully interactive coupling between JSBACH and ECHAM6

with respect to dust emissions and was developed in order to investigate the impact

of anthropogenic land use change on the global dust cycle. Hereby, terrestrial tiles

not covered by any vegetation represent potential dust source areas, whereas tiles

covered by snow or vegetation block dust emissions. While gaps in low-stature veg-

etation such as shrubs and crops allow for dust emissions, gaps in forests prevent

them. The direct coupling of the dust emissions to the land surface and vegeta-

tion model automatically accounts for any changes, for instance in the land–sea

distribution as a consequence of past climate changes. The dust emission process

is parameterized based on the wind speed at 10 m elevation. In order to determine

the total emission flux, particles of all soil types are divided into 192 dust size bins

ranging from 0.2 µm to 1300 µm, and a threshold friction velocity is calculated in-

dividually for each bin (Marticorena et al., 1997). The calculation of the saltation

process is based on an explicit formulation of Marticorena and Bergametti (1995),

and the horizontal dust flux Gtot is given by

Gtot = E C
ρa
g
U3

∫
Dp

(1 +R)(1−R2) dSrel(Dp) dDp, (13)
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with the ratio of erodible to total surface E, an experimentally derived constant

C = 2.61 [White (1979)], the air density ρa, the wind friction velocity U , the particle

diameter Dp, the ratio of threshold wind friction velocity to wind friction velocity R

and the relative distribution of basal surfaces dSrel(Dp). The vertical dust flux is

then calculated based on a formulation by White (1979) (Tegen et al., 2002), taking

into account the soil moisture (because water increases the cohesive forces among

dust particles) and the effective surface for dust emission.

In all dust source regions, a constant surface roughness length of 0.001 cm is

prescribed. The vertical dust emission flux is finally calculated based on the hor-

izontal dust flux according to White (1979), whereas the particles are emitted ei-

ther into the insoluble accumulation mode (mass median radius (mmr) = 0.37 µm,

σ = 1.59) or the insoluble coarse mode (mmr = 1.75 µm, σ = 2.00). Due to their

short lifetimes, emissions into the super-coarse mode are neglected (Stier et al.,

2005; Cheng et al., 2008). Since the surface orography is not taken into account

in ECHAM6.3 in order to determine the aerodynamic surface roughness length,

so-called regional correction factors are applied on the threshold friction velocity

to account for “subsequent changes in surface wind distributions over dust source

areas” (Tegen et al., 2019). They can be set for each dust source region individu-

ally and are chosen such that the simulated emissions match best with values by

Huneeus et al. (2011). These factors are also used in simulations to switch specific

dust source areas on and off individually for the respective experiments.

3.2. HPC Environment & Data Analysis

ECHAM6.3-HAM2.3 is a massively parallelized model code mostly implemented in

Fortran. All simulations were performed on AWI’s High Performance Computer

(HPC) Ollie, a Cray CS400 AS System. The typical amount of resources used for

running a simulation consists of 12 nodes, each made up of 36 Intel Xeon Broadwell

(2.3 GHz) CPUs and 64 GB of RAM. The program consists essentially of the module

files containing the code, the external input files (e. g., anthropogenic aerosol

emissions, sea surface temperatures) and the namelist, which enables the user to

change model parameters for a new simulation without having to recompile the

code. For the analysis and visualization of the simulation data in the Network

Common Data Format (netCDF), the softwares Climate Data Operators (CDO) and

Python (standard packages xarray, numpy, scipy, pandas, matplotlib) are used.
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4. Glacial Dust Changes in the Southern Hemisphere

"How many times did the sun shine, how many times did the wind howl

over the desolate tundras, over the bleak immensity of the Siberian taigas,

over the brown deserts where the Earth’s salt shines, over the high peaks

capped with silver, over the shivering jungles, over the undulating forests

of the tropics!"

(Émile Argand, Tectonics of Asia )

4. Simulating Glacial Dust Changes in the

Southern Hemisphere using

ECHAM6.3-HAM2.3

4.1. The Role of Mineral Dust During the Last

Glacial Maximum

In the last few decades, mineral dust has been identified as playing an important

role in the climate system due to its various interactions in atmospheric processes

(e.g. Maher et al. (2010)). The emission of dust particles takes place in arid and

semi-arid areas and is controlled by several meteorological factors and surface

properties in the source areas, for instance, wind speed, soil moisture, the type and

amount of vegetation, soil composition, and the occurrence of other non-erodible

elements (Goudie, 2008). Once suspended, especially smaller dust particles can

get transported over large distances and distributed by the global atmospheric cir-

culation before they are removed from the atmosphere by sedimentation, turbulent

deposition, or scavenging. During transport, the dust particles directly influence

Earth’s radiation budget by scattering and absorbing shortwave and longwave ra-

diation depending on particle size and mineralogical composition (Dufresne et al.,

2002; Balkanski et al., 2007), which in turn affects the atmospheric stability by

altering the vertical temperature profile and relative humidity (Boucher, 2015).

Besides these direct effects on the energy budget, mineral dust particles act as

cloud condensation and ice nuclei and thus affect optical and other microphysi-

cal properties of clouds, which again influences the radiation budget (Spracklen

et al., 2008). However, the role of mineral dust in the Earth system is by no means

limited solely to the radiative energy balance. Depending on the mineralogical
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composition of the dust particles, they may constitute a very important source of

micronutrients for some ecosystems. By acting as a fertilizer for the vegetation and

the biosphere in general, mineral dust also plays a crucial role in the carbon cycle

and its impact on the global climate. Saharan dust, for instance, has been iden-

tified to represent an important source of phosphorus for the Amazon rainforest,

where the soil shows a general depletion (Reichholf, 1986). Another example for an

ecosystem depending on the fertilizing effects of dust is the Southern Ocean (SO).

Onboard incubation experiments showed that the bioproductivity in this region is

strictly limited by iron availability (Martin et al., 1990). Based on the results of

these experiments, Martin (1990) proposed the so-called iron hypothesis, which

states that increased amounts of bioavailable iron were supplied during glacials

in that region by enhanced mineral dust deposition. As a consequence of the at-

mospheric iron input, phytoplankton blooms emerged, binding huge amounts of

CO2. After death, large parts of the organic matter sunk down into the deep sea,

effectively removing the bound CO2 from the atmosphere and thus contributing

significantly to the observed reduction from 280 ppm to well below 200 ppm CO2

during the last glacial period. Estimates based on paleoceanographic data con-

strain the upper limit of this effect to 40 ppm, since increased aeolian dust fluxes

are only observed once the atmospheric CO2 concentration had already decreased

by 40 to 50 ppm (Martínez-García et al., 2014).

The analysis of ice cores and marine sediments from both hemispheres has pro-

vided detailed data on the spatial and temporal variability of dust deposition fluxes,

both in total amount and particle size distribution, over the last million years on

a global scale and has enabled the utilization of mineral dust as a climate proxy.

However, the interpretation of these data turns out to be quite challenging due

to their multifactorial causes. For instance, it has not yet been finally resolved

whether climatic changes in the source regions (e.g. soil moisture, wind speed,

vegetation cover) or changes in the atmosphere (e.g. wind speed, circulation pat-

terns, particle lifetime) were the primary driver causing up to 20 times higher

dust fluxes to Antarctica during glacials (Kohfeld and Ridgwell, 2009; Wolff et al.,

2010). The situation is similar with the data on particle sizes. Ice core data from

Greenland, for instance, show the deposition of significantly coarser dust during

cold climates (Steffensen, 1997), which has been interpreted as a consequence

of stronger winds transporting coarser particles over larger distances or as a re-

sult of the appearance of a closer dust source not active during warmer climates

(Mahowald et al., 2014). Contrastingly, ice core data from Antarctica indicate the
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deposition of generally finer particles during glacials, although a regional analysis

reveals the deposition of slightly coarser particles in parts of central East Antarctica

(Delmonte et al., 2002, 2004). The regional difference is explained by changes in

the atmospheric circulation leading to dust transport pathways of different lengths

from the sources to the deposition areas. On longer trajectories, a larger propor-

tion of coarser particles gets removed during transport, and the observed particle

size distribution in the deposition area is consequently shifted to finer particles.

In order to support or reject such a hypothesis, the unambiguous identification

of the dust’s provenance is indispensable. Based on measurements of strontium

(Sr) and neodymium (Nd) isotope ratios, southern South America has been iden-

tified as the most likely source of dust found in Antarctic ice cores that has been

delivered during the last glacial (Basile et al., 1997). This finding has been sup-

ported by the study of Lunt and Valdes (2002), who found via a back-trajectory

modeling approach that “[mineral dust] transport from Patagonia [to Antarctica] is

much more efficient than transport from both Australia and South Africa”, which

the authors explain by the southward extension of Patagonia well into “the strong

winds over the SO”. However, it is still challenging to identify minor source con-

tributions in the presence of a predominant dust source (Vallelonga, 2014). For

instance, the characteristic isotope ratios of 87Sr/86Sr and 143Nd/144Nd of mineral

dust found in Antarctic ice cores and delivered during interglacials match not only

those of southern South American soil samples but also the ratio of soil samples

from central and southeastern Australia (De Deckker et al., 2010). This finding

suggests that transport of Australian dust to Antarctica is generally possible and

raises the question if and to what degree Australian dust sources might also have

contributed to the total amount of dust found in ice cores during glacials and which

climate elements caused the according changes.

In this study, a state-of-the-art atmospheric general circulation model coupled

to an aerosol model is used in order to provide new global simulations of the dust

cycle for different climate conditions. The present-day simulation results are com-

pared to results obtained in the scope of the global dust model intercomparison in

AeroCom phase I in order to assess the performance of the model. The main fo-

cus of this study is, however, a comprehensive and quantitative characterization of

the global dust cycle during the last glacial maximum (LGM, 21 ka), in particular

compared to the pre-industrial (PI, 1850–1879 CE) dust cycle. In order to verify

the simulation results, observational data are being used for a detailed compar-

ison. The provenance studies focus on the Southern Hemisphere (SH) and give

43



4. Glacial Dust Changes in the Southern Hemisphere

new insights on the respective contribution of the three major dust source regions,

Australia, South Africa, and Patagonia, to the total dust deposition in the SH. Fi-

nally, the combined global and local information on particle sizes and lifetimes, as

well as precipitation and wind patterns, is used to draw conclusions concerning

the atmospheric circulation in the SH during the LGM.

4.2. Simulation Setup and Experiments

Global simulations are performed for present-day (PD, 1996-2005 CE), pre-industrial

(PI, 1850–1880 CE) and last glacial maximum (LGM, 21 ka) climate conditions us-

ing the spatial resolution T63 (1.875° × 1.875°) with 47 vertical layers. While an

initial run (“cold start”) is performed for PD and PI, the model is initialized by restart

files for the LGM, which represent a dynamic equilibrium of the model obtained

after several hundred simulation years for the according topographic, vegetation,

and climate conditions. The spin-up time is 10 years for PD and PI and 20 years

for the LGM, and the total simulation period is 20 years for PD, 40 years for PI, and

50 years for LGM. Except for PD, the final 30 simulation years are evaluated in or-

der to calculate mean values. The simulation setup consists of an atmosphere-only

model, i.e. the model is not coupled to an ocean model. Instead, the boundary con-

ditions for the sea surface temperature and the sea ice concentration are provided

in form of monthly resolved input files. For PD, monthly resolved 30-year means

for the years 1979–2008 based on the Atmospheric Model Intercomparison Project

– Phase II (AMIP II) dataset (Taylor et al., 2000) are used, for PI monthly resolved

30-year means for the years 1870–1899 created in the scope of the Program for

Climate Model Diagnosis and Intercomparison (PCMDI) based on the latest AMIP

II dataset (Durack and Taylor, 2019) are prescribed. For the LGM, monthly re-

solved 30-year means based on reconstructions in the scope of the Glacial Atlantic

Ocean Mapping (GLAMAP, Paul and Schäfer-Neth (2003)) are used. The emission

of aerosols and aerosol precursor from various anthropogenic sectors (see Schultz

et al. (2018)) for PI and PD are prescribed in form of monthly resolved input files

based on the Atmospheric Chemistry and Climate Model Intercomparison Project

(ACCMIP) dataset (Lamarque et al., 2010). For LGM runs, greenhouse gas concen-

trations, orbital parameters and the glacier mask (GLAC-1D) have been set in ac-

cordance with the Paleoclimate Model Intercomparison Project – Phase 4 (PMIP4)

experimental setup (Kageyama et al., 2017). Since a large amount of water was

bound in ice sheets covering large parts of North America and northern Europe

during the LGM, the land–sea mask has also been updated accordingly in order to
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account for a 125 m lower sea level compared to present-day conditions (e.g. Clark

et al. (2009)). In all simulations, dynamic vegetation is calculated online by JS-

BACH. It should be mentioned that the JSBACH restart files used for the LGM run

initialize a desert in a small region on the northeastern coast of South America.

Although efforts to reconstruct the vegetation in the Amazon region indeed show a

patch-like retreat of the rainforest during the LGM, the surrounding vegetation is

instead suggested to have consisted of tropical grassland instead of a desert (e.g.

Ray and Adams (2001)). Consequently, dust emissions are prohibited in this region

and accept this small shortcoming of the land surface and vegetation model.

4.3. Results and Discussion

4.3.1. Model Performance for Present-Day Climate Conditions

The present-day simulation is intended to evaluate the model’s performance con-

cerning the representation of the global dust cycle. Table 4.1 shows a comparison

of several key values used to characterize the global dust cycle budget of the model-

ing results in relation to the global dust model intercomparison in AeroCom phase

I for present-day climate conditions (Huneeus et al., 2011). In terms of total annual

dust emissions, the model simulates 1221 Tg yr−1, which is close to the AeroCom

median values of 1123 Tg yr−1. Generally, the model performs at the lower end of

the 1000 to 4000 Tg yr−1 range of dust emissions estimated by the IPCC (Intergov-

ernmental Panel on Climate Change, 2014), which is caused by the neglect of a

super-coarse particle mode (Stanelle et al., 2014). As a consequence of the com-

parably small particle sizes, the simulated atmospheric dust burden of 19.8 Tg is

slightly higher than the AeroCom median of 15.8 Tg, which also leads to a higher

averaged particle lifetime of 5.96 d compared to the 4.59 d for the AeroCom me-

dian. A noticeable difference is also the respective contribution of the three dif-

ferent deposition mechanisms, wet deposition, dry deposition, and sedimentation.

While the AeroCom median suggests an almost equal proportion of 357, 396, and

314 Tg yr−1, respectively, the most dominant deposition mechanism in the model is

wet deposition, with 708 Tg yr−1, followed by sedimentation (412 Tg yr−1), and finally

dry deposition (93 Tg yr−1). Again, this can be explained with the comparably small

particle sizes: dry deposition and sedimentation apply first and foremost to larger

particles close to the source regions, while rain scavenging is the predominant

deposition mechanism in remote areas after long-range transport, which mostly

applies to smaller particles in particular. Based on this intercomparison it is con-
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Model / experiment
Emission

[Tg yr−1]

Burden

[Tg]

Deposition

[Tg yr−1]

Wet deposition

[Tg yr−1]

Dry deposition

[Tg yr−1]

Sedimentation

[Tg yr−1]

ECHAM6.3-HAM2.3

mean 1996-2005
1221 19.8 1213 708 93 412

AeroCom median for

year 2000 (range)

1123

(514-4313)

15.8

(6.8-29.5)

1257

(676-4359)

357

(295-1382)

396

(37-2791)

314

(22-2475)

Table 4.1. Comparison of key values characterizing the global dust cycle budget between

the model used in this study, ECHAM6.3-HAM2.3, and the AeroCom median re-

sulting from an intercomparison of 14 different atmosphere models for present-

day climate conditions (Huneeus et al., 2011). [Table taken from Krätschmer

et al. (2022)]

cluded that the model setup used in this study represents the global dust cycle

adequately for the following investigations. A comparison of the simulated total

dust deposition with observational data from 84 sites provided by Huneeus et al.

(2011) can be found in the appendix A (Figs. A.1 and A.2).

4.3.2. The Dust Cycle Under Pre-Industrial and Last Glacial

Maximum Climate Conditions

4.3.2.1 Overview

Figure 4.1 shows the results concerning the global dust cycle for PI and the LGM.

An annual global dust emission of 923 and 5159 Tg yr−1 is found for PI and the LGM,

respectively. The model identifies northern Africa and Asia as major dust source re-

gions in the Northern Hemisphere and southern South America, southern Africa,

and Australia as major dust source regions in the SH (Fig. 4.1a and b). The zon-

ally averaged dust emissions shown in Fig. 4.1c reveal that while all sources emit

noticeably more dust during the LGM compared to PI, the increase is most signifi-

cant for Asia, northern Africa, and Australia. As a consequence of the higher dust

emissions during the LGM, the dust burden also increases from 16 to 99 Tg. Once

emitted, the dust is distributed by the atmospheric circulation (Fig. 4.1d and e).

The northeasterly and southeasterly trade winds transport in particular northern

and southern African dust along the Equator over the Atlantic Ocean, while dust

emitted in Asia and southern South America (and Australia) gets transported by

the westerlies over the Pacific Ocean and the SO, respectively. Finally, the dust

deposition patterns naturally follow the dust burden patterns (Fig. 4.1g and h).
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Figure 4.1. Global maps showing the dust emission, burden and deposition for PI (a, d, g)

and LGM climate conditions (b, e, h). Additionally, zonally averaged graphs are

shown for all quantities (c, f, i). [Figure taken from Krätschmer et al. (2022)]

As expected, the depositions in midlatitudes close to the source regions are higher

during the LGM (Fig. 4.1i). However, it should be noted that in remote regions in

both hemispheres more dust deposition also occurs, particularly in the high lati-

tudes. The model simulates a deposition of 423 Tg yr−1 (45 %) and 2122 Tg yr−1 (41

%) onto the oceans globally for PI and the LGM.

With respect to dust emissions, the obtained values are lower than the simulated

2785 Tg yr−1 for PI and 6294 Tg yr−1 for the LGM of the Community Earth System

Model (CESM) [Albani and Mahowald (2019)], whereas the differences are more

significant for PI (Table 4.2). The major dust source regions identified for both the

Northern Hemisphere and the SH are in accordance with other studies [e.g. Take-

mura et al. (2009)], suggesting that the interactive coupling of dust emissions to

the land surface and vegetation model JSBACH in the model yields reliable results

(see Table 4.3 for detailed regional values). As a consequence of the atmospheric
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Model / experiment
Emission

[Tg yr−1]

Burden

[Tg]

Deposition

[Tg yr−1]

Wet deposition

[Tg yr−1]

Dry deposition

[Tg yr−1]

Sedimentation

[Tg yr−1]

ECHAM6.3-HAM2.3

mean PI 1850-1879
923 16 929 547 57 325

CESM

PI year 1850
2785 20 - - - -

ECHAM6.3-HAM2.3

mean LGM 21ka
5159 99 5171 3096 473 1602

CESM

LGM 21ka
6294 37 - - - -

Table 4.2. Key values for dust emission, burden, and deposition characterizing the global

dust cycle budget as simulated by ECHAM6.3-HAM2.3 compared to results ob-

tained with CESM (Albani and Mahowald, 2019). [Table taken from Krätschmer

et al. (2022)]

circulation pattern, the increased zonally averaged dust burden in the high north-

ern latitudes during the LGM (Fig. 4.1f) can at least partly be attributed to the

markedly higher dust emissions in Asia compared to PI, which is in accordance

with results by Werner et al. (2002). With respect to dust deposition, the model

simulates a higher relative proportion of dust deposited over the oceans than the

440 Tg yr−1 (16 %) for PI and the 826 Tg yr−1 (13 %) for LGM found by Albani et al.

(2016) using CESM. Shao et al. (2011) evaluated results of several modeling stud-

ies and found on average a dust emission of 2000 Tg yr−1, of which 25 % deposit

over the oceans. Regardless of the differences in absolute numbers it is worth not-

ing that both models indicate a decreased deposition proportion for LGM climate

conditions. However, it is possible that the prescribed SSTs are too warm (Tierney

et al., 2020). While this study does not indicate a suggested equatorward shift of

the westerlies, other studies have shown an influence of prescribed SSTs and SIC

on the westerlies (e.g. Sime et al. (2013)).

Based on the previous findings, it can be concluded that the differences of

ECHAM6.3-HAM2.3 in comparison to CESM in terms of dust modeling can be

traced back to the modeled particle size distribution. The atmospheric component

of CESM, CAM4, utilizes a sectional approach in order to represent the particle size

distribution, grouping the particles into four size bins ranging from 0.1 to 10 µm in

diameter (Mahowald et al., 2006). The higher dust emission fluxes in CESM, in

particular for PI climate conditions, are consequently caused by larger particles,
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Emission [Tg yr−1] PI 1850-1879 LGM 21 ka LGM/PI ratio

Globally 923 5159 5.6

Northern Hemisphere 835 (90.6 %) 4300 (83.3 %) 5.3

Southern Hemisphere 88 (9.4 %) 859 (16.7 %) 9.8

Sahara 535 1626 3

Arabian Peninsula 70 430 6.1

Asia 204 1803 8.8

Australia 47 748 15.9

Southern Africa 12 63 5.3

Patagonia 2.3 36 15.6

Table 4.3. Global and regional dust emissions during the PI and LGM in Tg yr−1 and the

LGM/PI ratio. [Table taken from Krätschmer et al. (2022)]

which add to the mass budget significantly, and their rapid sedimentation close

to the source regions lowers the average particle lifetime (Albani et al., 2014). The

smaller particle sizes modeled by ECHAM6.3-HAM2.3, however, enable long-range

transport to remote regions for a large proportion of the emitted dust and conse-

quently causes wet scavenging to become the predominant deposition mechanism.

The importance of an adequate modeling of finer dust in order to achieve a proper

representation of long-range transport and subsequent deposition over the oceans

has already been pointed out by Mahowald et al. (2014). In the end, the question

as to how well the model performs in absolute values can only be evaluated by

comparing the results to measurement data, which is done in Section 4.3.2.2.

On average 5.6 times higher dust emissions are simulated for LGM compared to

PI climate conditions (Table 4.3). While the increase is only 5.3-fold in the North-

ern Hemisphere, the ratio is even 9.8 for the SH. This raises a question concerning

the causes of this significant increase. One obvious reason is the difference in the

land–sea distribution, as can be seen in Fig. 4.1. Globally, the extended drylands

during the LGM in the coastal regions as a consequence of the lower sea level, for

instance in South America and Australia (Fig. 4.1a and b), emit 229 Tg yr−1 of min-

eral dust and thus contribute only around 5 % to the total increase. On a regional

scale, the extended drylands contribute around 13 % in Australia and 10 % in

southern Africa to the increased dust emissions. Only in southern South America,

does more than 80 % of the increased dust emissions during the LGM come from

the extended drylands (see Table 4.4). However, dust emissions also depend on
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Figure 4.2. Global maps and zonally averaged graphs of anomalies (LGM PI) in the 2 m tem-

perature (a, b), annual precipitation (c, d), 10 m wind speed (e, f ), and desert

fraction for each grid box for both PI and LGM (g, h). Please note that glaciers

(white) and the ocean (blue) have been colored in (g) and (h) for improved read-

ability. [Figure taken from Krätschmer et al. (2022)]
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meteorological factors like wind speed and soil moisture. Figure 4.2 shows anoma-

lies (LGM - PI) with respect to the 2 m temperature, annual precipitation, and

10 m wind speed. The ice sheet over North America and northern Europe caused

a significant temperature drop in the corresponding regions during the LGM (Fig.

4.2a), while the decrease around the Equator was less pronounced, which resulted

in a globally averaged lower temperature of −4.1 ◦C. The steeper temperature gra-

dient between high latitudes and the Equator during the LGM (Fig. 4.2b) caused

noticeably stronger winds in the Northern Hemisphere (Fig. 4.2e and f), and the

generally colder climate resulted in a precipitation decline at the Equator and close

to the poles (Fig. 4.2c and d), averaging to a global anomaly of −6.8 cm yr−1. Since

precipitation acts as an effective deposition mechanism, the drier climate north

of 45° N also contributes to the higher dust burden towards the North Pole as a

result of the increased particle lifetime in addition to the higher dust emissions in

Asia (Fig. 4.1f). In the Northern Hemisphere the wind speed anomaly averages to

0.49 m s−1, and Fig. 4.2e reveals that there was an increase over the major dust

source regions of Asia and northern Africa. Although the zonally averaged wind

speed in Fig. 4.2f suggests no significant differences between LGM and the PI in

the SH (0.04 m s−1), the map shown in Fig. 4.2e indicates considerable differences

over the major SH dust source regions. A regional analysis yields a 10 m wind speed

anomaly of 0.77 m s−1 over Australia, 0.44 m s−1 over southern Africa, and 0.52 m s−1

over Patagonia. With respect to precipitation, the model simulates a decrease of

−31.7 cm yr−1 for Australia and −28.2 cm yr−1 for southern Africa and a slight in-

crease of 7.1 cm yr−1 for Patagonia (Fig. 4.2c). These findings are in agreement

with results by Rojas et al. (2009), who found in the scope of the PMIP2 simula-

tions a generally colder, drier climate south of 40° S but slightly more precipitation

over Patagonia during the LGM. Finally, the dust emissions also depend on the

vegetation cover. As can be seen in Fig. 4.2g and h, arid and semi-arid areas

were substantially further extended during the LGM compared to PI, particularly

in Asia, Australia, southern Africa, and Patagonia.

Based on the findings, it is concluded that the increase in dust emissions during

the LGM compared to the PI was caused by extended drylands in the source regions

and at the coasts due to a lower sea level, reduced vegetation cover, regionally

increased wind speeds, and less precipitation over the source regions, which is

also in agreement with findings by Lunt and Valdes (2002).
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4.3.2.2 Comparison to Observational Data

The compilation of dust deposition data from Kohfeld et al. (2013) is used for a

comparison between the simulated dust deposition in the SH and data based on

marine sediment and ice core analysis.

Figure 4.3 shows dust deposition maps including observations and scatter plots

comparing simulated and measured dust deposition for the PI, LGM, and the

LGM/PI ratio. For a more differentiated analysis, the data points have been cate-

gorized into five groups according to their geographical region. For both PI and the

LGM, the simulated values are mostly in accordance with the observed values for

the Atlantic Ocean (Fig. 4.3b and d, blue diamonds). Due to the atmospheric cir-

culation, dust deposited in the region close to the Equator originates mainly from

the Sahara and southern Africa, whereas dust deposited in the southern Atlantic

Ocean is mainly of southern South American origin. The model reveals a tendency

to underestimate the depositions over the Pacific Ocean and Pacific SO, particu-

larly in the PI simulation (Fig. 4.3b and d, green circles and triangles), as well as

a systematic overestimation of the dust depositions onto Antarctica (Fig. 4.3b and

d, orange pentagons) by and order of magnitude. At least for the Pacific region,

Australia can be assumed to be the major source, which indicates that the model

simulates too low dust emissions. However, the dust deposited over the Tasman

Sea is also very likely of Australian origin (Fig. 4.3b and d, red crosses). While the

simulation values are in good accordance with the observations in that region for

PI, the model overestimates the dust deposition during the LGM. Figure 4.3e and f

show a comparison between the simulated dust deposition ratios LGM/PI and the

measurement values, suggesting that this ratio varies strongly on a regional scale.

For instance, the simulation results indicate a 5-fold to 40-fold increase in dust

deposition over Antarctica, whereas a 1-fold to 4-fold increase has been simulated

over the Atlantic (Fig. 4.3f).

As the analyses of dust provenance (Sect. 3.2.3) reveal, the dust deposition over

Antarctica is dominated by the Australian contribution during the LGM. Thus, the

comparison of the model results with the observational data showing lower simu-

lated values in the Pacific Ocean and Pacific SO gives no clear hint as to whether

Australia’s source strength is overestimated or underestimated in the model. A

possible factor contributing to this inconsistency could be a too high transport

efficiency of dust towards the South Pole. However, considering the difference in

absolute values between dust deposition over the Pacific Ocean and Antarctica,

which is almost 3 orders of magnitude, a too high transport efficiency can be ex-
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Figure 4.3. Comparison between the simulated total dust deposition and observational

data [Kohfeld et al. (2013)] (in g m−2 yr−1) from several regions in the SH and the

according scatter plots for the PI (a, b) and LGM (c, d). Panels (e) and (f ) show

the according simulated and measured dust deposition ratio LGM/PI. Please

note the different value ranges in (a) and (c). [Figure taken from Krätschmer

et al. (2022)]

cluded as the sole reason for the discrepancies. Another factor that needs to be

considered are non-aeolian contributions. Although data from “marine sites that
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have been flagged because they are located within zones of thick nepheloid lay-

ers and ice-rafted detritus, which can contaminate aeolian signals” had already

been excluded from the dataset used for comparison (Kohfeld et al., 2013), the re-

constructed detrital flux estimates might still contain contributions from glacier

erosion and riverine input, which are not considered in the model. The dust flux

reconstructions are based on the assumption of relatively constant proportions of
232 Th in continental lithogenic materials and might thus be overestimated by 30

%–40 % in regions receiving fine-grained dust from Patagonia and Australia since

fine sediments have “a reduced proportion of low-232 Th phases such as quartz and

feldspar” (McGee et al., 2015). The lack of non-aeolian contributions in the model

might also contribute to the fact that the simulated dust deposition fluxes appear

so stratified in the Pacific Ocean and appear so stratified in the Pacific Ocean and

the Pacific SO region compared region compared to the observational data (Fig.

4.3b and d) but could also indicate a model shortcoming in the representation of

the dust deposition process on small scales. Finally, it should be taken into ac-

count that (simulated) aeolian dust deposition fluxes onto the ocean surface are

compared to marine sediment data, i.e. any horizontal transport processes of the

sediments deposited in the ocean are not also considered.

Sediment core analysis suggests that the total dust deposition flux during glacials

over the Pacific SO is about 50 % of that over the Atlantic (Lamy et al., 2014),

which can also be observed in the simulation results (Fig. 4.3d), revealing that the

average dust deposition flux is around 1 g m−2 yr−1 in the Pacific SO and around

2 g m−2 yr−1 in the Atlantic Ocean. The globally averaged LGM-to-PI ratio of 5.6

found with ECHAM6.3-HAM2.3 (see Table 4.3) is slightly above the assumed 2- to

5-fold increase found in the literature (e. g., Kohfeld and Harrison (2001)). How-

ever, the 25-fold increase in dust deposition over Antarctica suggested by ice core

data (Lambert et al., 2008) is in good accordance with the simulation results. Ad-

ditionally, the observed 1- to 4-fold increase in dust depositions over the Atlantic

is captured well by the model. As a consequence of the underestimation in the PI

simulation, the dust deposition ratio is systematically too high for the Tasman Sea

and the Pacific Ocean (Fig. 4.3f). Despite this, the model yields acceptable results

in terms of absolute values for LGM climate conditions.

4.3.2.3 Dust Provenance Studies

In order to identify the relative contribution of the major dust source regions south-

ern South America, southern Africa, and Australia to the total dust deposition in
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Figure 4.4. Results of the provenance studies showing the respective contribution of the

major dust source regions South America (red), southern Africa (green), Aus-

tralia (blue), and the Northern Hemisphere (yellow) to the total dust deposition

in the SH as a percentage (white and blue numbers; different colors were merely

chosen for improved readability) for PI (a) and LGM (b). Note that the Kergue-

len Islands have been considered a dust source in the SAFonly experiment and

thus appear in the same color style applied for southern Africa. [Figure taken

from Krätschmer et al. (2022)]

the SH, four additional simulations for both PI and LGM were performed. In each

of them, source regions in the SH were independently switched on and off, while

in all experiments all dust source regions in the Northern Hemisphere are still

considered. The four simulations consist of a South America-only run (SAMonly,

southern Africa and Australia switched off), a southern Africaonly run (SAFonly,

South America and Australia switched off), an Australia-only run (AUSonly, South

America and southern Africa switched off), and a Northern Hemisphere-only run

(NORTHonly, all sources in the SH switched off) in order to identify the contribu-

tion of interhemispheric dust. Although New Zealand is discussed as a potential

additional dust source during the LGM (Lamy et al., 2014; Koffman et al., 2021),

the model only simulates dust emissions of less than 1 Gg yr−1 from this region,

which is effectively negligible compared to the simulated emissions of 748 Gg yr−1

from Australia and 36 Gg yr−1 from Patagonia. Since the model runs at the rather

coarse spatial resolution T63 (horizontal grid size of approx. 1.8° × 1.8°), New

Zealand’s geographical expanse might only be marginally captured in the model,

and thus the source strength could be underestimated.

Figure 4.4 reveals the relative contribution of the fourmajor source regions South
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America (red), southern Africa (green), Australia (blue), and the Northern Hemi-

sphere (yellow) to the total dust deposition in the SH. For both PI and LGM, the

maps reveal the typical dust transport patterns in the SH, which are the south-

easterly trade winds for regions close to the Equator and the westerly wind belt for

regions in the high latitudes. Along the Equator, dust deposition is dominated by

interhemispheric dust originating from the Northern Hemisphere. For Antarctica,

the experiments reveal for PI (Fig. 4.4a) that the deposited dust is coming from

Australia and South America, of which the latter is predominant and contributes

between 60 % and 80 % of the dust deposition over West Antarctica. Despite a sig-

nificant increase in dust source strength of South America (Fig. 4.1b, Table 4.3)

during the LGM that is similar to Australia, its relative contribution to the total

dust deposition over the SO and Antarctica decreases (Fig. 4.4b). It is found that

dust deposited over the SO in the eastern half of the SH originates mainly from

southern South America, while dust deposited over the Pacific Ocean and Pacific

SO is mainly of Australian origin. Those two sources generally contribute in sum

slightly more than 90 % to the total dust deposition over the SO and Antarctica

(60–90° S) for both PI and LGM conditions (Table 4.5).

Due to the interactive coupling of mineral dust in themodel, it is checked whether

the reduced dust load in the SH resulted in a shift in the zonally averaged precip-

itation and found no shifts regardless of the switched-off sources. The procedure

and the findings are in agreement with results by Evans et al. (2020), who per-

formed similar experiments in order to investigate the influence of the dust load

asymmetry between the Northern Hemisphere and SH on the location of the In-

tertropical Convergence Zone (ITCZ) as a consequence of the resulting asymmetric

radiative forcing. They likewise found that the influence of the SH is almost negli-

gible compared to the Northern Hemisphere due to the much smaller contribution

to the total global atmospheric dust load. Those findings raise the confidence that

the experiments yield meaningful results. The model results for PI agree well with

those found by Li et al. (2008) for current climate conditions using the GFDL Atmo-

spheric General Circulation Model AM2, particularly the dominance of southern

South American dust deposited over West Antarctica and the equal contributions

of Australian and South American dust deposited over East Antarctica. The dis-

cussed combined contribution of Australia and South America of more than 90

% to the total dust deposition over the SO and Antarctica is again in accordance

with results by Li et al. (2008), who found a combined contribution of more than

85 %. However, the identification of Australia as the predominant source for dust
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Additional land area

LGM [106 km2]

Dust emission PI

1850-1879 [Tg yr−1]

Dust emission LGM

21 ka [Tg yr−1]

Dust emission [Tg yr−1]

from additional land areas

Globally 19.5 923 5159 229

Australia 1.8 47 748 92

Southern Africa 0.04 12 63 5

Patagonia 0.8 2.3 36 29

Table 4.4. Additional land areas in Australia, southern Africa, Patagonia, and globally dur-

ing the LGM compared to the PI due to the lower sea level in 106 km2 and the

dust emissions from those extended drylands (in Tg yr−1). [Table taken from

Krätschmer et al. (2022)]

Deposition region
All sources

[Tg yr−1]

Australia

[Tg yr−1]

South America

[Tg yr−1]

South. Africa

[Tg yr−1]

North. Hem.

[Tg yr−1]

Southern Ocean PI 1850-1879 1.04 0.38 (37 %) 0.59 (54 %) 0.09 (8 %) 0.01 (1 %)

LGM 21 ka 13.48 9.25 (69 %) 3.07 (23 %) 0.96 (7 %) 0.2 (1 %)

Antarctica PI 1850-1879 0.21 0.06 (29 %) 0.13 (62 %) 0.02 (9 %) 0.00 (0 %)

LGM 21 ka 2.88 1.96 (68 %) 0.69 (24 %) 0.19 (7 %) 0.03 (1 %)

Table 4.5. Dust deposition onto Antarctica during the PI and LGM depending on the dust

provenance (in Tg yr−1 and percent). [Table taken from Krätschmer et al. (2022)]

deposited over Antarctica during the LGM is inconsistent with observational data

from Antarctic ice cores. The characteristic ratios of Sr and Nd isotopes suggest

southern South America to be the most likely dust source, possibly with minor

contributions up to 15 % from Australian or southern African dust sources (Basile

et al., 1997; Delmonte et al., 2008). The contradicting results clearly indicate a

shortcoming on the modeling side, and the further analysis is intended to uncover

the mechanism causing this discrepancy.

Although both Australian and South American dust sources increase by a fac-

tor of around 15 in the model during the LGM compared to the PI (Table 4.3), the

absolute amount of dust coming from Australia clearly dominates the SH. Only

in a smaller region of East Antarctica does dust of South American origin con-

tribute up to 40 % of the total deposition. The deposition pattern of Australian

dust shown in Fig. 4.4b suggests an increased long-range transport, which can

likely be attributed to the higher particle lifetime during the LGM as a consequence

of the generally drier climate in the SH (Fig. 4.2c and d). At first glance, it seems
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that this should apply to dust coming from both Australian and southern South

American sources and might consequently not provide a possible explanation for

the decrease in the relative contribution of southern South American dust to the

total deposition. However, as discussed in Sect. 3.2.1, it is found that the regional

climate over Patagonia and parts of the Atlantic area of the SO turned out to be

slightly wetter during the LGM (Fig. 4.2c). Since the westerly wind belt is respon-

sible for the dust transport at these latitudes, this suggests that dust of South

American origin was removed by scavenging with a higher efficiency, while dust

coming from Australia might have had higher particle lifetimes due to the drier

climate simulated over the Pacific Ocean and Pacific SO.

4.3.2.4 Particle Lifetime and Radius Anomalies in the SH During the LGM

In order to test this hypothesis of changed glacial particle lifetimes, the particle

lifetime anomaly is investigated (Fig. 4.5a). The correlation between the particle

lifetime anomaly and the precipitation anomaly (Fig. 4.5b) can easily be recog-

nized, which is not surprising considering the fact that in Sect. 3.1 wet scavenging

was identified as the predominant deposition mechanism in the model. Especially

in regions close to the Equator, for instance in the Pacific Ocean and the Indian

Ocean but also more southwards in the Atlantic Ocean and SO around 60° S, the

pattern of increased precipitation causing shorter particle lifetimes can be clearly

seen. To get more insights into the decrease of the relative importance of south-

ern South American dust concerning the total dust deposition onto the SO and

Antarctica, the particle lifetime southwards of the horse latitudes (30° S) were an-

alyzed, since dust closer to the Equator is essentially transported northeastwards

by the trade winds. On average, the drier climate south of 30° S during the LGM

leads to an increased particle lifetime of 0.52 d. However, using the results of the

provenance studies, it is found that the average particle lifetime of Australian dust

increases by 1.12 d, whereas it decreases by −1.69 d for dust particles of southern

South American origin. Since the particle lifetime eventually influences the trans-

port range, the over-proportional importance of Australian dust in the SH during

the LGM compared to PI conditions (Fig. 4.4a and b), particularly south of 60° S,

can thus be explained by changes in the regional precipitation patterns.

Combining the results concerning changes in particle lifetime with the prove-

nance studies, the ongoing debate whether changes in source strength or atmo-

spheric particle lifetime were mainly responsible for the increased dust concen-

tration during the LGM found in Antarctic ice cores shall be taken up on. Figure
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Deposition region Wet deposition [%] Dry deposition [%] Sedimentation [%]

30-60° S PI 1850-1879 79 8 13

LGM 21 ka 68 13 19

60-90° S PI 1850-1879 91 1 8

LGM 21 ka 92 0 8

Table 4.6. Contribution of dust deposition mechanisms to the total dust deposition between

30 and 90° S during the PI and LGM in percent. [Table taken from Krätschmer

et al. (2022)]

4.5c and d and Table 4.6 clearly show that wet scavenging is the main deposition

mechanism for mineral dust between 60 and 90° S in the model, particularly over

the SO, which is in agreement with the study of Markle et al. (2018), who found

that precipitation is the “principal barrier to aerosols reaching the poles”. However,

while the authors suggest that changes in particle lifetime are the main reason for

the increased dust transport to Antarctica during glacials, the generally drier cli-

mate during the LGM simulated by the model only leads to a slightly higher particle

lifetime on average. Of bigger importance in the scope of the simulations are the

regional changes in precipitation, and thus in particle lifetime, because they even-

tually lead to Australia becoming the predominant source of dust deposited over

Antarctica. Although the model overestimates the dust deposition over Antarctica

for both PI and LGM by an order of magnitude (Fig. 4.3b and d), the simulated

LGM-to-PI ratio of 14 (Table 4.5) is generally in good agreement with observations

(Fig. 4.3e and f). Apparently, the almost 16-fold increase in dust source strength

during the LGM compared to PI for both southern South America and Australia

(Table 4.3) is necessary to achieve this accordance. Furthermore, the simulated

increase in source activity during the LGM can be traced back to increases in wind

speed over the source areas, reduced vegetation, a generally drier climate, and ex-

tended source regions due to a lower sea level. In particular, in southern South

America extended source regions contribute more than 80 % to the dust emis-

sions during the LGM (Table 4.4). The findings are in agreement with results by

Wolff et al. (2010), who suggested that the variability in the non-sea-salt calcium

flux (as an elemental marker for terrestrial dust most likely originating from South

America) on glacial–interglacial timescales found in Antarctic ice cores was caused

by changes in the source region rather than by changes in atmospheric particle

lifetime.
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Figure 4.5. Particle lifetime anomalies (LGM-PI) (in d) (a), annual precipitation anomalies

(in cm yr−1) (b), and the contribution of wet deposition to the total deposition (in

percent) for both the PI (c) and LGM (d) in the SH. Additionally, particle radius

anomalies (in nm) are shown for the insoluble accumulation (e) and insoluble

coarse mode (f ). [Figure taken from Krätschmer et al. (2022)]

Finally, particle size anomalies between the LGM and the PI in the SH are inves-

tigated. Here, the focus is only on the insoluble modes, since the model assumes

perfectly internally mixed soluble modes, and thus the according particles do not

consist of only mineral dust. The simulations show a clear trend of increasingly
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coarser particles for both the accumulation and the coarse mode in the SH be-

tween the source areas and the South Pole (Fig. 4.5e and f). Additionally, the

results suggest a correlation between coarser particles and increased particle life-

times and reduced precipitation (Fig. 4.5a and b).

The observed size variability between cold and warm climate states has been used

to draw conclusions about meteorological conditions. On the one hand, the analy-

sis of mineral dust retrieved frommarine sediments (Hovan et al., 1991) and Green-

land ice cores (Steffensen, 1997) consistently showed the deposition of coarser dust

particles during glacials, which has been interpreted as either being consequence

of stronger winds or the result of decreased weathering (Mahowald et al., 2014). On

the other hand, dust retrieved from Antarctic ice cores shows spatially varying and

opposing trends with respect to particle sizes during cold climates. For instance,

a particle size analysis of mineral dust retrieved from the EPICA-Dome C (EDC)

ice core (75°06’ S, 123°21’ E) indicates the deposition of finer particles during the

LGM compared to deposition occurring during the warmer climate of the Holocene

(10 ka), while the same analysis for an ice core drilled at the Dome B (DB) loca-

tion (77°05’ S, 106°48’ E) yields the deposition of coarser particles during the LGM

compared to the Holocene (Delmonte et al., 2004). Since the mineralogical analysis

of the dust particles clearly shows that the isotopic ratios match southern South

American sources for both locations, it can be concluded that the deposited dust

was of the same geographical provenance. Consequently, the observed differences

are assumed to be caused by changes in the atmospheric circulation. As coarser

particles tendentially have a shorter particle lifetime, those found at DB during

the LGM are likely the result of shorter trajectories, while the finer particles and

the increased sorting of the particles, expressed by a comparably small σ found

for the LGM (Delmonte et al., 2002), indicate longer pathways from the source to

the deposition area. The relative increase of finer particles in the EDC region dur-

ing the LGM has also been confirmed by modeling studies (e.g. Mahowald et al.

(2006)). The model used by Albani et al. (2012) also showed the deposition of

slightly coarser particles in regions of East Antarctica and a shift to generally finer

particles in most other regions of Antarctica during the LGM, as indicated by ice

core data (Delmonte et al., 2002, 2004). The authors explain the regional varia-

tion in particle size, on the one hand, by reduced wet deposition during transport,

which leads to the general shift to finer particles, and suggest, on the other hand,

that size-selective dry deposition dominates in the interior of Antarctica, which in

turn leads to the regional deposition of slightly coarser particles. The model results
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support the suggested spatial variation in the respective predominant deposition

mechanisms (Fig. 4.5e and f). Similar opposing dust grain size trends over glacial-

interglacial timescales have also been found in marine sediments retrieved from

the South Pacific and South Atlantic (van der Does et al., 2021).

The findings of generally coarser particles for both the accumulation and the

coarse mode in the SH between the source areas and the South Pole without any

remarkable regional differences contradict the previous discussion. For technical

reasons, the mass median radius and the standard deviation of the particle size

distribution in the scope of the dust emission process are both fixed parameters

in the model for both the insoluble accumulation and the insoluble coarse mode

(see Sect. 3.2.1 and Stier et al. (2005)). Consequently, the emission of coarser

particles during the LGM due to stronger winds in the source regions must be

excluded. Since the standard deviation of the particle size distributions are kept

constant for all modes, HAM2.3 also does not account for features like a more

efficient particle sorting due to longer particle lifetimes as discussed above. The

only mechanism in the model leading to increased particle sizes is the coagulation

of insoluble dust particles with sulfuric acid particles of much smaller size (Vignati

et al., 2004). Consequently, the observed particle size anomalies in the SH during

the LGM compared to the PI shown in Fig. 4.5e and f can be attributed to an

increased sulfur coating of the insoluble dust particles as a consequence of the

longer particle lifetimes (Fig. 4.5a) due to reduced precipitation (Fig. 4.5b). These

findings were tested by running the same simulation while switching off all sulfate

sources, and the observed particle radius anomalies did indeed vanish.

4.3.2.5 Meridional Dust Transport in the SH During PI and LGM

Although the particle size distribution implemented in HAM2.3 does not allow for

the investigation of sizedependent processes within a given mode during trans-

port, general transport patterns on larger scales can still be studied. Here, the

meridional transport from the source areas in the SH towards the South Pole is of

particular interest. As a consequence of the Coriolis force, southward-moving air

parcels carrying mineral dust are generally deviated eastwards, leading predom-

inantly to a zonal transport and distribution of dust by the westerlies, whereas

the meridional transport is caused by eddies (Li et al., 2010). Figure 4.6 shows the

zonally averaged dust mass concentration depending on the altitude south of 30° S

for both the PI (Fig. 4.6a and b) and the LGM (Fig. 4.6c and d), as well as the mean

dust transport height for all modes and times (Fig. 4.6e). The general meridional
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Figure 4.6. Zonally averaged dust concentration depending on the altitude for the insoluble

accumulation and coarse mode between 30 and 90° S during the PI (a, b) and

LGM (c, d). The mean transport height for all modes and simulation periods

(e). [Figure taken from Krätschmer et al. (2022)]

dust transport pathway can be understood as a result of prevailing convective cells.

After their emission in the mid-latitudes and low latitudes, dust particles are trans-

ported to the mid-troposphere and high troposphere (and potentially even higher

to the tropopause; see below) along the polar front, i.e. the boundary between the

Ferrel and the polar cell, by convection. While removal processes like sedimenta-

tion and dry deposition take place close to the ground, dust particles transported

in the troposphere are mostly removed by wet scavenging. Dust particles trans-
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ported at higher altitudes, however, remain significantly longer in the atmosphere

and can only get removed once they reach lower altitudes as a consequence of

the convergence and subsequent sinking of cold air masses (so-called subsidence)

close to the South Pole (James, 1989). As can be clearly recognized in Fig. 4.6 for

both the PI and the LGM, the finer particles of the accumulation mode are trans-

ported at higher altitudes compared to particles in the coarse mode. This effect

is caused by the higher sedimentation velocities of larger particles and has also

been found in other studies (Tegen and Fung, 1994). Delmonte et al. (2004) used

this insight in order to explain the differences in dust grain size at DB and EDC

during the LGM (see above) despite their geographical proximity and same dust

provenance. The authors suggest that the measured difference in particle size

and grading (i.e. low σ) are caused by finer particles being transported on longer

trajectories in the upper atmosphere and deposited in regions of air subsidence,

whereas coarse particles were transported to the respective deposition areas by

comparably short trajectories in the troposphere. This opposing temporal trend

with respect to the measured particle size of dust deposited at DB and EDC during

the LGM–Holocene transition is proposed to be the result of vortex migration, i.e.

the southwards movement of an area of preferential upper-air subsidence on the

corresponding timescale (Delmonte et al., 2004).

While differences in transport height between particles of the accumulation and

the coarse mode can be observed for a given time period, obvious differences also

exist with respect to transport height between the PI and the LGM for a given mode.

During the PI, the majority of dust particles in the accumulation (Fig. 4.6a) and

the coarse mode (Fig. 4.6b) seem to get transported quickly by convection from the

source regions to a typical altitude of 11 and 9 km, respectively, at around 50° S and

then follow a rather meridional pathway southward mostly at the same altitude.

The southwards-directed meridional transport of mineral dust during the LGM,

however, does not exhibit such clear vertical and horizontal patterns. Instead, the

altitude seems to increase continuously during the southward transport, reaching

a maximum of around 8 and 6 km for the accumulation (Fig. 4.6c) and the coarse

mode (Fig. 4.6d), respectively. The obtained difference in mean transport height

(Fig. 4.6e) between the PI and the LGM can be attributed to reduced vertical mixing

and advection as a consequence of colder surfaces (Fig. 4.2a and b), leading to a

higher dust concentration at lower levels (Albani et al., 2012). These results suggest

that the polar cell was vertically less extended during the LGM compared to the

warmer PI climate.
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4.4. Conclusions

ECHAM6.3-HAM2.3 constitutes a state-of-the-art model providing an interactive

coupling of mineral dust emissions to the atmospheric model depending on surface

properties and meteorological factors. For present-day conditions, the model yields

reasonable results for dust emission, burden, and deposition close to the median

of other studies performed in the scope of the global dust model intercomparison in

AeroCom phase I. Generally, the model performs at the lower end of the 1000 Tg yr−1

to 4000 Tg yr−1 range of dust emissions estimated by the IPCC, which is caused by

the neglect of a super-coarse particle mode. The predominant representation of

fine and coarse particles leads to slightly higher particle lifetimes, which in turn

enables the long-range transport of mineral dust to remote regions and causes wet

scavenging to become the most dominant deposition mechanism in the model.

For pre-industrial climate conditions, a comparison to other modeling studies

and measurement data suggests that in absolute numbers, the simulated dust

emissions and depositions are too low, particularly in the SH. The discrepancy is

greatest in the South Pacific, suggesting that the dust source strength of Australia

is underestimated in the model. However, since the simulated dust deposition in

the Tasman Sea and over Antarctica are in good agreement with and slightly higher

than the observational data, respectively, this model–data mismatch cannot be

easily explained by a sole model source strength deficit, and non-aeolian contribu-

tions not considered in the model might play a crucial role. For LGM climate condi-

tions, the simulated dust deposition fluxes agree well with measurement data. As

a consequence of the underestimation of the dust cycle during PI, the correspond-

ing simulated globally averaged LGM to PI ratio with respect to dust depositions of

5.6 is slightly above the 2 to 5 suggested based on measurement data. A regional

analysis in the SH shows that the increase in dust emissions of the major sources

of southern South America, southern Africa, and Australia during the LGM can be

attributed to a generally drier climate causing less precipitation (except over Patag-

onia), extended source regions due to a lower sea level, and significantly stronger

winds in the source regions combined with reduced vegetation.

The dust provenance studies indicate that over 90 % of the dust deposited be-

tween 30 and 90° S is either of Australian or South American origin for both the PI

and LGM climate conditions. However, the model suggests that Australia consti-

tuted the predominant source of dust deposited over Antarctica during the LGM.

This result is inconsistent with several data studies suggesting based on isotope

analysis that most of the dust deposited over Antarctica during the LGM is most
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likely of southern South American origin and clearly indicates a shortcoming on

the modeling side. Although both the South American and Australian sources

show an almost equal increase in strength during the LGM compared to the PI

in the model, the relative contribution of South America decreases. This can be

traced back to an average increase in particle lifetime of Australian dust during the

LGM, whereas the average particle lifetime of South American dust decreases due

to changes in regional precipitation pattern. Despite a slight increase in particle

lifetime in the SH during the LGM due to the generally drier climate, the almost

16-fold source strength increase of the contributions of southern South America

and Australia during the LGM compared to the PI seems to be necessary in order

to achieve a on average 14-fold increase in dust deposition over Antarctica in the

simulations, which is in good accordance with observational data.

For both the PI and LGM, the finer particles in the accumulation mode are

transported at greater altitudes than coarse mode particles within the Southern

Hemispheric troposphere due to lower sedimentation velocities. Additionally, both

modes exhibit a clear trend of being transported at lower altitudes during the LGM,

which can be explained by reduced convection due to colder surfaces and indicate

that the Polar cell was vertically less extended during the LGM.

This study clearly showed the capabilities and limitations of ECHAM6.3-HAM2.3.

Specifically, microphysical effects can only be studied to some degree since all par-

ticles within a given mode are assumed to have the same physical and chemical

properties. Since SSTs influence precipitation patterns and other climate elements

like wind speed, which in turn affect the dust emission process, prescribing differ-

ent boundary conditions based on reconstructions suggesting cooler SSTs might

turn out to be a useful approach to reduce the data–model discrepancy, particu-

larly in regard to the provenance of dust deposited over Antarctica during the LGM.

Future sensitivity studies might yield new insights into this matter.
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5. Modelling Perspective on the Glacial SST Conundrum

"The long summer was over. For ages a tropical climate had prevailed

over a great part of the Earth, and animals whose home is now beneath

the Equator roamed over the world from the far South to the very borders

of the Arctics ... But their reign was over. A sudden intense winter, that

was also to last for ages, fell upon our globe."

(Louis Agassiz, Geological Sketches)

5. Glacial SST Conundrum not Resolved: A

Modeling Perspective

5.1. The Importance of a Proper SST Reconstruction

for the LGM

The LGM was characterized by a climate much colder than at present, mainly

due to a strong reduction in atmospheric greenhouse gas concentrations and a

increased albedo as a consequence of enlarged ice cover in high latitudes (Schnei-

der von Deimling et al., 2006). Since the surface temperature differ between the

LGM and the pre-industrial period (PI), the LGM offers a opportunity to derive

independent estimates of Earth’s equilibrium climate sensitivity, i.e. the long-

term increase in global mean temperature after a doubling of the atmospheric

CO2 concentration (Hoffert and Covey, 1992; Schmittner et al., 2011). This effort

requires proper data-model comparisons and correct reconstructions of surface

temperatures. The first global reconstruction of glacial sea surface temperatures

(SST) was performed in the late 1970s in the scope of the Climate: Long range

Investigation, Mapping, and Prediction (CLIMAP) project (CLIMAP PROJECT MEM-

BERS, 1976), and the question concerning the glacial temperature drop remains

controversial. The CLIMAP reconstructions suggest globally a comparably weak

cooling by (3.0± 0.6) ◦C during the LGM, which results in a climate sensitivity of

(2.0± 0.5) ◦C (Hoffert and Covey, 1992). This value is at the lower end of the 1.8 to

5.6 ◦C interval (mean (3.7± 1.1) ◦C) derived from the latest-generation climate model

ensemble used in the scope of the sixth Coupled Model Intercomparison Project

(CMIP6) (Meehl et al., 2020). Based on the transfer function method using data

from three planktonic groups preserved in deep sea sediments, the average cooling

of the tropical SST are proposed to be only around 1-2 ◦C, with even a warming in
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some subtropical gyres. While climate models are generally able to reproduce the

changes in SST during the LGM averaged over the tropical ocean basin suggested

by data (Braconnot et al., 2007), several complex models were not able to repro-

duce this particular feature (Waelbroeck et al., 2009). This indicates that either

models are not yet able to capture important processes in the climate system, or

that some of the applied methods to reconstruct the temperature have a systematic

bias. However, the importance of a proper reconstruction of tropical SST during

the LGM is emphasized by studies showing that the tropics have a substantial in-

fluence on the temperature and precipitation in the mid-latitudes (Lohmann and

Lorenz, 2000), and that the climate sensitivity depends statistically significant on

the tropical temperatures, resulting in a higher sensitivity in case of cooler LGM

SSTs (Hargreaves et al., 2012; Yin and Battisti, 2001). Mix et al. (1999) suggested

that the problem on the data side might be caused by the utilization of so-called

no-analogue assemblages, i.e. species that do not exist today anymore and there-

fore are hard to interpret, for instance certain tropical Pacific foraminifera found

in marine sediment cores.

A recent global SST reconstruction for the LGM is provided by Tierney et al.

(2020). The authors use a data assimilation technique and cross-validate their

results by simulations with an isotopeenabled climate model. Their data consist

solely of geochemical proxies (UK′

37 from alkenones, TEX86 based on arachaeal iso-

prenoid tetraethers, Mg/Ca of planktic foraminifera and the water isotope δ18O),

taking into account seasonal bias and general proxy uncertainties. The approach

excludes marine as well as terrestrial microfossils completely to avoid the no-

analogues problem and the lack of Bayesian proxy-system models required in the

scope of the data assimilation process. The final reconstruction suggests a mean

global surface temperature reduction of −6.1 ◦C, with a 95 % probability for the in-

terval from −5.7 ◦C to −6.5 ◦C. However, the authors emphasize that their result has

no overlap with some other reconstructions, for instance the Glacial Ocean Map

(GLOMAP), a global climatology of the ocean surface during the LGM mapped on

a regular grid provided by Paul et al. (2021). Their study is based upon floral and

faunal assemblages and several sea-ice reconstructions from the Multiproxy Ap-

proach for the Reconstruction of the Glacial Ocean Surface (MARGO, Waelbroeck

et al. (2009)) project because those have the best spatial coverage available and en-

able potentially a seasonal reconstruction. The GLOMAP results suggest a global

ocean cooling by (−1.7± 0.1) ◦C and a tropical ocean cooling by (−1.2± 0.3) ◦C for the

LGM, but the authors state that their values might be too warm by 0.5 ◦C to 1.0 ◦C
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due to the effects of a heterogenous spatial sampling and uncertainties concern-

ing the response of fossil foraminifera to changes in seasonality and the thermal

structure of the upper ocean layer.

In this study, two SST reconstructions provided by Tierney et al. (2020) and

Paul et al. (2021) are used to force an Atmospheric General Circulation Model

(AGCM) including an aerosol model. The obtained results are assessed by com-

paring the simulated land surface temperature difference between LGM and PI to

reconstructed data based on noble gases in groundwater provided by Seltzer et al.

(2021), who suggest that the low-to-mid latitude land surface during the LGM

cooled by (5.8± 0.6) ◦C and stated that their land temperatures are consistent with

the SSTs of Tierney et al. (2020).

5.2. Experiments and Experimental Setup

Simulations are performed for PI (1850-1879 CE) and LGM climate conditions with

the horizontal spatial resolution T63, corresponding to 1.875° x 1.875°, and 47 ver-

tical layers. For PI, a cold start is initialized with a spin-up time of 10 years, and for

the LGM the simulations are intialized by restart files, which represent a dynamic

equilibrium of the model obtained after several hundred simulation years, with a

spin-up time of 20 years. More details on the setup can be found in Krätschmer

et al. (2022). Each simulation is run for 50 years, and the assessment period

covers the final 30 years of each simulation. The SST and sea ice boundary condi-

tions prescribed in the atmosphere-only setup for PI are monthly-resolved values

averaged for the years 1870-1899 and stem from the Program for Climate Model

Diagnosis and Intercomparison (PCMDI) based on the latest AMIP II dataset [Du-

rack and Taylor (2019)]. For the LGM, the according reconstructions are used from

Tierney et al. (2020) and GLOMAP (Paul et al., 2021). Since Tierney et al. (2020)

do not provide a sea ice reconstruction, the one from GLOMAP is used to keep the

LGM experiment setup as similar as possible in order to investigate the influence

of the SST, only. Anthropogenic emissions of aerosols and aerosol precursor are

only of importance for PI, and here monthly-resolved input files based on the Atmo-

spheric Chemistry and Climate Model Intercomparison Project (ACCMIP) dataset

(Lamarque et al., 2010) are prescribed. The orbital parameters, greenhouse gas

concentrations and a glacier mask (GLAC-1D) for the LGM runs are set in ac-

cordance with the Paleoclimate Model Intercomparison Project – Phase 4 (PMIP4)

experimental design (Kageyama et al., 2017). A glacial land-sea mask accounting

for the approx. 125 m lower sea level is prescribed.
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5.3. Results and Discussion

The results focus solely on the simulated surface temperature difference ∆T be-

tween LGM and PI for both prescribed sea surface temperature reconstructions.

5.3.1. Globally and Zonally Simulated Surface Temperature

Difference for GLOMAP and Tierney SST

Figure 5.1 shows the zonally-averaged surface temperature (sea and land surface)

for Tierney et al. (2020) (a) and GLOMAP SST (b). Since in both experiments the

same glacier mask and sea ice reconstruction are prescribed, there is only little

difference for the mid/high-latitudes. The most remarkable differences occur par-

ticularly in the latitudes 45°N – 45°S. Globally, the experiments result in a cooling

of −4.08 ◦C (GLOMAP SST), respectively, −6.12 ◦C (Tierney et al., 2020) of the sur-

face temperature. Using GLOMAP SST, the total cooling in the low latitudes (30°N

– 30°S) averages to −1.28 ◦C, with a more pronounced cooling of the land surface

(−2.07 ◦C) than the sea surface (−0.98 ◦C). A similar anomaly is also found if one

focuses on the tropics (23.5°N – 23.5°S), with a total cooling of −1.22 ◦C. However,

even though the considered tropics region has less influence from the mid/high-

latitudes, the sea surface temperature cooling is even slightly stronger (−1.0 ◦C)

than the average over the low latitudes between 30°N and 30°S. This difference is

caused by the warm pools in the subtropical gyres, which are less extensive closer

to the equator (see Fig. 5.2a). The use of Tierney et al. SST, on the other hand,

results in a much stronger total cooling than the GLOMAP experiment, both in the

low latidues (−3.80 ◦C) and also in the tropics (−3.71 ◦C). Likewise, the land surface

cooling by −4.59 ◦C (−4.43 ◦C) at low latitudes (tropics) is more pronounced than the

sea surface cooling of −3.50 ◦C (−3.46 ◦C). All values are summarized in Table 5.1.

Both reconstructions, GLOMAP and Tierney et al. SST, suggest a stronger cool-

ing during the LGM than the (3.0± 0.6) ◦C proposed by the CLIMAP reconstruction.

The mean cooling simulated in the high northern latitudes by approx. 10 ◦C, which

is caused by the ice sheets covering large parts of northern Europe and North Amer-

ica, is in good accordance with other modeling studies (Cao et al., 2019; Romanova

et al., 2006). Similarly, a comparably lower cooling simulated over Antarctica is

supported by reconstructions (e.g. Buizert et al. (2019)). The zonal and regional

differences are discussed in more detail section 3.2 with regard to the available

data.

71



5. Modelling Perspective on the Glacial SST Conundrum

a) b)

Figure 5.1. Zonally-averaged surface temperatures during the LGM for both GLOMAP (a)

and Tierney SST (b) compared to PI (AMIP II SST). [Figure taken fom Krätschmer

et al. (2022b) (submitted)]

5.3.2. Comparison of Simulated Land Surface Temperature

Anomaly to Reconstructed Data

Figure 5.2 shows the comparison between the reconstructed land-surface temper-

atures by Seltzer et al. (2021) and the simulation results for GLOMAP and Tierney

et al. SST in form of global maps (a, b) and scatterplots (c, d). The mean abso-

lute deviation between simulated and observed temperature anomalies is 2.84 ◦C

for GLOMAP, and 2.82 ◦C for Tierney et al..

The most remarkable differences in the simulated surface temperature anomaly

occur in the low latitudes (Fig. 5.2a, b). GLOMAP SST show a comparably weak

cooling in basically all low-latitude regions of the Pacific Ocean of less than -1°C,

and also exhibit the controversial warming in subtropical gyres in the Pacific and

the Atlantic Ocean. The weak low-latitude sea surface cooling leads to simulated

land surface temperatures in the same range that are all too warm as compared to

the reconstructions by Seltzer et al. (Fig. 5.2c). In this study, locations in regions

within or very close to the low latitudes, i.e. South America, Africa and Australia /

New Zealand, are grouped and compared to regions that are rather located in the

mid-latitudes, like North America, Europe and Asia. The entire neotropical realm

is only covered by one observation in the north-eastern part of South America.

In contrast to simulation results using Tierney et al., the GLOMAP SST clearly

underestimate the cooling here. This is not surprising considering that a previous

study (Krätschmer et al., 2022), in which the comparably warm GLAMAP SST (a

predecessor of GLOMAP, Paul and Schäfer-Neth (2003)) have been prescribed, it

has been found that the JSBACH vegetation model simulates a desert in this region
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a) b)

c) d)

e) f)

Figure 5.2. Comparison between the simulated surface temperature anomaly (LGM - PI) for

GLOMAP (a, c, e) and Tierney SST (b, d, f ) and reconstructed values based on

noble gas concentrations in groundwater provided by Seltzer et al. (2021). For

an easier readability, the difference between simulated and measured surface

temperature anomaly ∆(∆T) is additionally shown for the data points in c and

d, indicating that the simulated temperature anomaly is higher (∆(∆T) > 0)

or lower (∆(∆T) < 0) than suggested by the reconstructions. The data points

in the scatterplots e and f are grouped into regions at low latitudes (pluses,

South America, Africa, Australia / New Zealand) and regions predominantly

in the mid-latitudes (circles, North America, Europe, Asia). [Figure taken fom

Krätschmer et al. (2022b) (submitted)]
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∆TLGM−PI [◦C] GLOMAP SST Tierney et al. SST

Global −4.08 −6.12

Low Latitudes

(30°N - 30°S
Total −1.28 −3.80

Sea Surface −0.98 −3.50

Land Surface −2.07 −4.59

Tropics

(23.5°N - 23.5°S
Total −1.22 −3.71

Sea Surface −1.00 −3.46

Land Surface −1.83 −4.43

Table 5.1. Globally and regionally simulated cooling between LGM and PI averaged over the

total, sea and land surface for GLOMAP and Tierney et al. SSTs. [Table taken

fom Krätschmer et al. (2022b) (submitted)]

due to high temperatures and strongly reduced precipitation. However, the drier

climate simulated in this region is also supported by pollen and plant macrofossil

data, which show that the plant-available moisture was strongly reduced during

the LGM compared to present day (Farrera et al., 1999). The study by Farrera

et al. (1999) also proposes a cooling by −5 ◦C to −6 ◦C for neotropical sites, which is

much stronger than supported by the simulations using GLOMAP SST, but in good

agreement with results of the Tierney SST experiment (Fig. 5.2b). Though, the

authors state that data from West and South Pacific sites suggest only a reduced

LGM sea level cooling by−1 ◦C. This indicates that the CLIMAP-like SST anomalies,

i.e. the warmer pools in the subtropical gyres, might actually be realistic and thus

this data also partly support the GLOMAP SST reconstructions. The land surface

temperature reconstruction from Vietnam provided by Seltzer et al. (2021) is colder

than the simulation results for both SST reconstructions, and closer to Tierney et

al. SST.

However, low-elevation records from Indonesia and Papua New Guinea provided

by Farrera et al. (1999) suggest again only a weak cooling by −1 ◦C to −2 ◦C, sup-

porting both GLOMAP and Tierney et al. SST. Similarly, LGM temperature changes

in Australia and New Zealand are in both experiments in accordance with the two

observational records, but the low data coverage does not allow for any further in-

sights. The agreement between simulation results and observations for the African

continent is generally good for Tierney SST (Fig. 5.2f). GLOMAP SST, on the other

hand, simulated systematically too warm land surface temperatures here, espe-
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cially in South Africa (Fig. 5.2e). A TEX86 proxy record from Lake Malawi in East

Africa indicates a 3.5 ◦C cooling during the LGM, which is also in better accor-

dance with Tierney et al. SST (Powers et al., 2005). In North America and Eu-

rope, along the margins of the Laurentide and Fennoscandian ice sheet, as well

as two regions in mid-latitude Asia, Tierney et al. SST result systematically in too

cold land surface temperatures (Fig. 5.2b, d, f). The simulation results obtained

by using GLOMAP are, on the other hand, in better accordance with the recon-

structed data, particulary in some locations in western North America. Here, the

simulated lower cooling compared to Tierney et al. might be caused by changes

in the atmospheric circulation due to the Laurentide ice sheets. Bartlein et al.

(2011) suggested that a potential warming in Alaska during the LGM might have

been caused by warm air advectively transported from the south. Romanova et al.

(2006) found that the changes of the orography and albedo caused by the Lau-

rentide Ice Sheet induce strong temperature changes of about 16°C north of 30°N,

and much smaller changes elsewhere. These temperature changes are found to be

non-linearly related to ice sheet height with regional heterogeneities (Meyer et al.,

2017; Romanova et al., 2006; Wang et al., 2021).

5.4. Conclusions

The comparison of the obtained simulation results using both Tierney SST and

GLOMAP SST give no clear indication which reconstruction results in better-fitting

land surface temperatures. The warmer GLOMAP SST lead to simulated land sur-

face temperatures which are tendencially too warm at low-latitudes, like South

America, Africa, Australia / New Zealand and parts of Asia. However, particu-

larly at mid-latitudes close to the margins of the ice sheets over North America

and Europe, they lead to consistent results, whereas the colder counterpart, the

simulation based on Tierney et al. SSTs, causes tendencially a too pronounced

cooling in this region. However, Tierney et al. SST lead to a good accordance be-

tween the simulation results and observations in low-latitude regions like South

Africa, Africa and Australia / New Zealand, and are also regionally supported by

other data studies (Farrera et al., 1999; Powers et al., 2005). From the data side, a

higher low-elevation coverage obtained by using the same reconstruction method

in some regions, particularly the neotropical realm and Australia / New Zealand,

would be desirable.

As a logical next step, systematic analyses on different processes shall be per-

formed in order to elaborate their relative importance for land and ocean surface

75



5. Modelling Perspective on the Glacial SST Conundrum

temperatures for glacial climates. Even though the LGM is one of the most fre-

quently simulated time slices in paleoclimate modeling and belongs to the standard

PMIP paleoclimate model experiments (Braconnot et al., 2012; Kageyama et al.,

2021) a consistent view of the marine and terrestrial reconstructions is still lack-

ing. In order to estimate the Earth’s climate sensitivity based on simulations, the

models have to represent several feedback mechanisms in the climate system cor-

rectly. In the tropics, which are particularly important for the global climate due

their large spatial extent, relevant mechanisms include the cloud feedback and the

water vapor – lapse rate feedback (Bony et al., 2006). A reconstruction of high el-

evation temperatures from Mount Kenya, East Africa, indicate that the lapse rate

steepened substantially during the LGM compared to present day, and a compari-

son with simulation results show that this lapse rate change is still underestimated

by models (Loomis et al., 2017). As pointed out by Seltzer et al. (2021), the lapse

rate is critical for a comparison between simulated and reconstructed SSTs and

LSTs, respectively, since the 125 m lower sea level leads might also lead to an addi-

tional temperature change. Another source of uncertainty are the model resolution

and the parameterization of physical processes on the sub-grid scale. Model re-

sults with increased grid resolution demonstrate more realistic climate simulations

due to the higher number and improved representation of climate processes and

phenomena in the model (Lohmann et al., 2021; Roeckner et al., 2006). While the

model used in this study, for instance, accounts for changes in terrestrial albedo

due to variations in vegetation type and cover, other studies also indicate a sub-

stantial influence of variations in soil albedo on simulated LSTs, which might result

in an additional global cooling by 1.07°C during the LGM (Stärz et al., 2016). Since

the resulting LSTs could depend on the model (Kageyama et al., 2021), the formu-

lation of land surface parameters for soil (Stärz et al., 2016), or even the resolution

of the same model (Dong and Valdes, 2000; Lohmann et al., 2021), other research

groups are highly encouraged to also force their AGCMs with the two different

SST reconstructions used here, in order to arrive at an improved understanding of

glacial surface temperatures.
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6. Southern-Hemispheric Atmospheric Dynamics During the LGM

"This sense of instability is reinforced when we look within the last ice

age at shorter-term climate fluctuations. There were repeated, incredibly

rapid climate changes that were at least hemispheric in the extent of their

impacts. As the last ice age ended, our record of these abrupt climate

changes comes into sharper focus, revealing that warming of up to 10°C

in Greenland has occurred within less than a decade. This reinforces the

idea that the present climate system is unusually unstable - at least on

relatively short timescales - providing an important backdrop for thinking

about our own planet-changing activities as a species."

(Tim Lenton, Earth System Science: A Very Short Introduction)

6. Using Mineral Dust to Obtain Insights on

the South.-Hem. Atmospheric Dynamics

during the LGM for Different SSTs

6.1. The Role of the Atmospheric Circulation for

LGM Climate

Ice core records from Greenland and Antarctica indicate an increase in mineral

dust deposition during the LGM by a factor of 80, respectively, 15 in these regions

compared to the Holocene (Fischer et al., 2007). The isotopic fingerprint, i.e. the

isotope ratios 87Sr/86Sr, 143Nd/144Nd and 206,207,208Pb/204Pb, of dust particles in the

Greenland Ice Sheet Project 2 (GISP2) ice core samples retrieved at Summit Sta-

tion (72°34’N, 38°27’W) suggests eastern Asia as the main source region for dust

deposited over Greenland during the LGM (Biscaye et al., 1997). In the Southern

Hemisphere (SH), isotope analysis of dust particles contained in ice core samples

from the European Project for Ice Coring in Antarctica at Dome C (EDC; 75°06’S,

123°21’E) suggests Patagonia to be the main source region (up to 85 %) of dust

deposited over Antarctica during the LGM, possibly with minor contributions from

South Africa and Australia (Basile et al., 1997; Delmonte et al., 2008). This find-

ing is also supported by modelling studies (Lunt and Valdes, 2001, 2002; Albani

et al., 2012). Since mineral dust is mainly emitted in arid and semi-arid areas

and controlled by several factors, including wind speed in the boundary layer, soil
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moisture, type and amount of vegetation as well as other non-erodible surface ele-

ments (Goudie, 2008), the observed changes in mineral dust deposition during the

LGM have mostly been attributed to a source strength increase as a consequence

of higher wind speeds, a generally drier climate because of the lower temperatures

and more extended source regions due to reduced vegetation cover and a lower sea

level (Lunt and Valdes, 2002; McGee et al., 2010; Wolff et al., 2010). However, gen-

eral atmospheric changes are also being considered to have played a crucial role,

for instance shifts in the westerlies or changes in the precipitation patterns, which

in turn would affect transport pathways and particle lifetimes (Toggweiler et al.,

2006; Fischer et al., 2007). The results are ambiguous though. A data-synthesis by

Kohfeld et al. (2013) indicates that paleo-data for terrestrial moisture, dust deposi-

tion, ocean productivity and sea surface temperatures (SST) during the LGM would

support several hypothesis’ concerning the southern-hemispheric westerlies, like

a equatorward shift, a strengthening, or no change at all. The rapid changes from

high atmospheric dust concentrations during cold periods to low concentrations

during Dansgaard-Oeschger events found in the Greenland Ice Core Project (GRIP)

ice core have been interpreted to indicate substantial wind speed changes in the

source regions and possibly in the atmospheric particle lifetime rather than envi-

ronmental changes in the source regions (Fuhrer et al., 1999). Modelling studies

demonstrate the importance of precipitation patterns due to their influence on par-

ticle lifetimes, particularly over the Southern Ocean (SO), where more than 90 % of

all dust removal occurs due to wet deposition (Markle et al., 2018; Krätschmer et al.,

2022). The prescription of proper LGM boundary conditions in terms of SSTs in

atmosphere-only modelling setups has been investigated in several studies, show-

ing that tropical SST patterns have a large influence on the midlatitude circulation

and indicating that changes in the SSTs in general, together with changes in the

ice sheet topography, were mostly responsible for the according climate changes,

and thus precipitation, during the LGM (Yin and Battisti, 2001; Tharammal et al.,

2013).

Insights on the strength, shape and position of the westerlies during the LGM

are considered crucial in order to understand the role of the air-sea gas exchange

and the substantial atmospheric CO2 reduction from 280 ppm during the last inter-

glacial to around 190 ppm during the LGM. While dust-induced iron fertilization in

the SO might have played a crucial role (see Sec. 2.2.3; Martin (1990)), the wester-

lies during the LGM are also assumed to have been of great importance. However,

the persisting uncertainties in terms of correct SSTs and sea ice concentration
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(SIC) have led to contrary results concerning their position and strength in mod-

elling studies (Wolff et al., 2010). Simulations with coupled Atmosphere-Ocean

models, for instance, have suggested equatorwards shifts (Williams and Bryan,

2006), poleward shifts (Shin et al., 2003) or even no changes at all in strength and

latitudinal position (Otto-Bliesner et al., 2006). Toggweiler et al. (2006) suggested

a substantial equatorward shift during the LGM, which would result in less up-

welling of deep water around Antarctica, since this is mainly forced by the strong

westerlies over the Antarctic Cirumpolar Current (Wyrtki, 1961; Gordon, 1971).

This would lead to a substantial accumulation of CO2 below a ventilation depth of

2500 m (Toggweiler, 1999; Toggweiler et al., 2006), and might explain the important

role of the Ocean for LGM climate as discussed in Sec. 2.1.3. Since mineral dust

emission and transport depends strongly on atmospheric circulation patterns, its

utilization as a climate proxy in simulations might be a useful approach in or-

der to get further insights on atmospheric conditions during the LGM. In turn,

this approach might help to tighten the constraints for proper SST and SIC recon-

structions for the LGM, and enables the investigation of other important effects of

mineral dust. The direct radiative effects of aeolian mineral dust might have also

played a crucial role during past climate changes, e.g. during the deglaciation at

the LGM-Holocene transition. Modelling studies suggest that the high dust load

in the high northern-hemispheric latitudes during the LGM might have had a net-

warming effect on surface temperatures. The substantial dust load reduction due

to the global warming during the deglaciation and the increasing hydrological cy-

cle might have resulted in a cooling over arctic regions, which in turn would have

reduced the warming rate (Albani and Mahowald, 2019).

In this study, ECHAM6.3-HAM2.3 is used in order to investigate the influence of

two different SST datasets on the simulated dust cycle during the LGM and the

atmospheric circulation in general. As discussed in Chapter 5, both SST datasets

suggest a very different global and regional cooling since they were reconstructed

based on different methods. The focus is particularly on the SH. The simulated

total dust deposition in the SH is compared to observational data and simulated

differences in the dust budget are explained, considering the impact of the re-

spective SST dataset on wind speed, vegetation and precipitation. A index for the

“waviness” of the zonal circulation yields further insights on circulation patterns

and the vertical structure of the atmosphere. Finally, the simulation results are

evaluated with regards to the strength, position and meridional shape of the west-

erlies in the SH and their relation to the prescribed SSTs during the LGM compared
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to pre-industrial conditions.

6.2. Experiments and Experimental Setup

Simulations are performed for pre-industrial (PI, 1850-1880 CE) and LGM (21 kyr

BP) climate conditions with a horizontal spatial resolution of T63 (1.875° x 1.875°)

and 47 vertical layers. All simulations are run for 40 years, but only the final 30

years are used for the evaluation in order to account for the spin-up time. For PI,

a cold start is performed, and the LGM simulations are initialized by restart files

representing a dynamic equilibrium of the model obtained after several hundred

years of simulation. We prescribe boundary conditions in terms of SSTs and SIC.

For PI, monthly-resolved means for the years 1870-1899 from the Program for Cli-

mate Model Diagnosis and Intercomparison (PCMDI) based on the AMIP II dataset

(Durack and Taylor, 2019) are used. For the LGM runs, two different SST datasets

are used, one provided by (Tierney et al., 2020) and created based on geochemical

proxies and a novel data assimilation technique, and the other based on floral and

faunal assemblages from the Multiproxy Approach for the Reconstruction of the

Glacial Ocean Surface (MARGO, Waelbroeck et al. (2009)) in form of the Glacial

Ocean Map (GLOMAP) provided by Paul et al. (2021). Since the SST dataset by

Tierney et al. does not come with a SIC reconstruction, in all LGM experiments

the dataset provided by GLOMAP is used. Orbital parameters, greenhouse gas

concentrations and the glacier mask (GLAC-1D) for the LGM runs have been set in

accordance with the experimental setup of the Paleoclimate Model Intercomparison

Project - Phase 4 (PMIP4) (Kageyama et al., 2017). For the PI runs, the monthly-

resolved input files for the emission of aerosols and aerosol precursors from an-

thropogenic sectors originate from the Atmospheric Chemistry and Climate Model

Intercomparison Project (ACCMIP) (Lamarque et al., 2010). Simulations includ-

ing all dust sources provide monthly-resolved output, and the provenance studies

(PAT only, AUS only) have been set to daily output in order to capture the short

timescales of the atmosphere. A proper land-sea mask accounts for the lower sea

level during the LGM.
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6.3. Results and Discussion

6.3.1. Mineral Dust Budget for GLOMAP and Tierney et al. SSTs

The SST anomaly between LGM and PI is shown in Fig. 6.1a (GLOMAP) and b

(Tierney et al.). GLOMAP SSTs indicate a warming compared to PI in some sub-

tropical gyres in the Pacific and South Atlantic and suggest generally a weaker

global cooling (−4.08 ◦C, see Chapter 5) than Tierney et al SSTs (−6.12 ◦C, see Chap-

ter 5). The simulated annual, global dust emissions are 4538 Tg (GLOMAP) and

5197 Tg (Tierney et al.), respectively. Table 6.1 provides gobal and regional dust

emission values, indicating that differences in the dust budget in the SH between

GLOMAP and Tierney et al. SST are caused by variations in the increased source

strength of Australia and Patagonia during the LGM. The figures 6.1c and d sug-

gest a much stronger contribution of Patagonian dust to the total dust deposition

in the SH with Tierney et al. SSTs (d) compared to GLOMAP SSTs (c), particularly

over Antarctica. The total dust deposition fluxes in the SH shown in Figs. 6.1e and

f exhibit similar patterns, but indicate in accordance with the lower dust emissions

shown in Tab. 6.1 also generally lower dust depositions for Tierney et al. SSTs.

While the comparison to observational data by Kohfeld et al. (2013) shows a gen-

erally good agreement in the Atlantic Ocean, the simulated dust depositon fluxes

are overestimated in the Tasman Sea and over Antarctica for both GLOMAP and

Tierney et al. SSTs (Fig. 6.1e, f, g and h). Both SST datasets lead to a underesti-

mation of the dust deposition in the Pacific and Pacific SO, respectively. However,

it is more pronounced for Tierney et al. SSTs.

Figures 6.2a and b show the desert fraction, i.e. areas not covered by any vegeta-

tion and therefore potential dust emission areas, in the SH. GLOMAP SSTs result

in more vegetation in Patagonia compared to Tierney et al. SSTs during the LGM,

and vice versa in Australia. The precipitation anomaly patterns (LGM-PI) shown

in Figs. 6.2c for GLOMAP SSTs exhibit particularly over the Pacific Ocean distinct

regions of strongly increased precipitation in comparison to Tierney et al. SSts

(Fig. 6.2d). Additionally, the maps and Tab. 6.2 suggest a wetter climate in Patag-

onia during the LGM with GLOMAP SSTs than during PI compared to Tierney et

al. SSTs. Both SST datasets result in drier conditions in Australia during the

LGM compared to PI. The 10 m wind speed anomalies shown in Fig. 6.2e show that

GLOMAP SSTs result in higher wind speeds in the mid- and high-latitude regions

and reduced wind speeds in the subtropical regions over the Pacific compared to

Tierney et al. SSTs (Fig. 6.2f). Particularly over Australia, GLOMAP SSTs lead to
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a) b)

c) d)

e) f)

g) h)

Figure 6.1. Overview on the SST anomalies (LGM - PI) for GLOMAP (a) and Tierney et al.

SSTs (b) in ◦C, the contribution of Patagonian dust (red) and Australian dust

(blue) to the total dust deposition in the SH for GLOMAP (c) and Tierney et

al. SSTs (d) in percent, the total dust deposition in g m−2 yr−1 in the SH for

GLOMAP (e) and Tierney et al. SSTs (f ), and the comparison of the simulated

dust deposition fluxes to measured data provided by Kohfeld et al. (2013) at

several locations for GLOMAP (g) and Tierney et al. SSTs (h).

83



6. Southern-Hemispheric Atmospheric Dynamics During the LGM

substantially higher wind speeds over Australia (+0.86 m s−1) compared to Tierney

SSTs (+0.18 m s−1), and vice versa over Patagonia (+0.11 m s−1 and +0.66 m s−1, see

Tab. 6.2)

The warm pools in the subtropical gyres in the Pacific and Atlantic Ocean indi-

cated by GLOMAP SSTs have been discussed in detail in Chapter 5, and it should

be kept in mind that the authors state that the globally-averaged cooling might be

underestimated by 0.5 ◦C to 1.0 ◦C due to the chosen reconstruction method (Paul

et al., 2021). The strong increase of dust emissions in Australia from 47 Tg yr−1

during PI to 772 Tg yr−1 during the LGM with GLOMAP SSTs explains the strong

contribution to the total dust deposition in large parts of the SH, particularly over

Antarctica, where regionally between 70 % and 90 % of dust are of Australian origin

(Fig. 6.1c). The amount of dust from southern South America, on the other hand,

only inceased from 2.3 Tg yr−1 during PI to 36 Tg yr−1 during the LGM. However,

using Tierney et al. SSTs leads to a substantially different source contribution in

the SH. Although both SST datasets result in a source strength increase for both

regions, the model simulates annual emissions of 112 Tg from Patagonia, which is

more than three times as much as for GLOMAP SSTs, and 394 Tg yr−1 from Aus-

tralia, only around half as much as for GLOMAP SSTs. This results naturally in

a much stronger source contribution of Patagonian dust to the total deposition in

the SH, particularly over Antarctica, where regionally between 50 % and 70 % of

the deposited dust is of southern South American origin (Fig. 6.1d). This sim-

ulation result is in better agreement with the isotopic signature of dust retrieved

from Antarctic ice cores, which suggest that up to 85 % is of Patagonian origin with

minor contributions from Australia or South Africa (Basile et al., 1997; Delmonte

et al., 2008). Although this finding is widely accepted, some uncertainty about the

contribution of Australian dust sources still remains. De Deckker et al. (2010),

for instance, found that the isotope signature also matches the one of soil sam-

ples from southeastern Australia, which indicates that Australia also might have

been a relevant source of dust deposited over Antarctica during the LGM. However,

model results suggest that the transport efficiency from Australia to Antarctica

was generally much less efficient than from Patagonia (Lunt and Valdes, 2001).

Since dust is transported by the westerlies on synoptic scales, the strong vari-

ation in the Australian dust source strength between GLOMAP and Tierney et al.

SSTs also affects the accordance with measured data provided by Kohfeld et al.

(2013). Both SST datasets result in a underestimation of dust depostion in the

Pacific and Pacific SO (Figs. 6.1g and h). Since dust depositing in that region is

84



6. Southern-Hemispheric Atmospheric Dynamics During the LGM

a) b)

c) d)

e) f)

Figure 6.2. The figure shows the desert fraction in the SH for GLOMAP (a) and Tierney et

al. SSTs (b), the annual precipitation anomaly (LGM-PI) in the SH in cm yr−1 for

GLOMAP (c) and Tierney et al. SSTs (d), and the 10 m wind speed anomaly in

the SH with the absolute wind field plotted on top for GLOMAP (e) and Tierney

et al. SSTs (f ). Note that water and the ice in Antarctica are shown in blue,

respectively, white color in a) and b) for improved readability.
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Emission

[Tg yr−1]

PI 1850-1879

AMIP II SST

LGM 21kyr BP

GLOMAP SST

LGM 21kyr BP

Tierney et al. SST

Globally 923 4538 5197

North. Hemisphere 835 3660 4620

South. Hemisphere 88 878 577

Australia 47 772 394

South Africa 12 38 32

Patagonia 2.3 36 112

Table 6.1. Comparison between global and regional dust emissions in Tg yr−1 for pre-

industrial and LGM climate conditions for GLOMAP (Paul et al., 2021) and Tier-

ney et al. (2020) SSTs.

mainly of Australian origin (> 80 %, Figs. 6.1c and d), the more pronounced dis-

crepancy for Tierney et al. SSTs can be traced back to the substantially weaker

Australian source strength. While the general trend might be caused by shortcom-

ings in the model in terms of representing small-scale processes properly, it also

needs to be considered that the measured data might actually overestimate the ae-

olian dust proportion in the marine sediment cores. As pointed out by McGee et al.

(2015), fine sediments have only a reduced amount of phases like quartz or feldspar

with low-232Th content. Since the measured dust fluxes were reconstructed based

on the assumption of a constant 232Th content (Kohfeld et al., 2013), the dust fluxes

from the Pacific and Pacific SO, a region that receives dust mainly from Australia

(Fig. 6.1c, d; Lamy et al. (2014)), might be overestimated by 30 to 40 %. However,

the model also systematically overestimates dust deposition over Antarctica by a

factor of 10 regardless of the used SST dataset, which might be caused by a too

high meridional transport efficiency from the source regions to Antarctica. Re-

cent data studies even suggest that fine-grained dust from central South America

might have contributed up to 80 % to the dust deposition in the South Pacific Sub-

antarctic Zone due to very efficient circum-Antarctic transport during the LGM

(Struve et al., 2020). This finding is not supported by the simulation results for

both GLOMAP and Tierney et al. SSTs, allowing at maximum a contribution of 10

% and 20 %, respectively.

The strong variations in the mineral dust cycle indicated by the simulation re-

sults, which are solely caused by the usage of two different SST reconstructions,

suggest the analysis of the climatic conditions in the SH, particularly in the source
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regions. The lower temperatures during the LGM resulted in a weaker hydrologic

cycle and a drier climate in general (Lunt and Valdes, 2002), leading globally to a

reduction in precipitation of −2.93 cm yr−1 (GLOMAP SST) and −10.64 cm yr−1 (Tier-

ney et al. SST), respectively, compared to PI. In comparison to Tierney et al. SSTs,

the simulations using GLOMAP SSTs suggest more vegetation in southern South

America and less vegetation in Australia (Figs. 6.2a, b). This can be traced back to

changes in the regional precipitation patterns. The warm gyres in the Pacific Ocean

indicated by GLOMAP SST (6.1a) lead to increased evaporation and precipitation in

these regions (Fig. 6.2c). The increased moisture is transported by the westerlies

to south. South America, resulting in increased precipitation by 7.52 cm yr−1 (box

[30-60]°S x [55-75]°W) compared to PI (Tab. 6.2). The finding of increased precipi-

tation in southern South America is also supported by data studies (e.g. Kohfeld

et al. (2013)). With Tierney et al. SSTs, precipitation in south. South America was

reduced by −4.98 cm yr−1 during the LGM compared to PI. Australia, on the con-

trary, is for both SST reconstructions suggested to be much drier during the LGM,

resulting in a reduction of −31.75 cm yr−1 (box [12-35]°S x [112-153]°E) for GLOMAP

SST and −18.32 cm yr−1 for Tierney et al. SST. The 10 m wind speed anomaly (LGM-

PI) is on average higher in the south. South Pacific for GLOMAP SST compared to

Tierney et al. SST (Figs. 6.2e, f), which can be traced back to the stronger temper-

ature, and thus pressure, gradient between low and high latitudes in the SH (Fig.

5.1a, b). Regionally, Tierney et al. SST result in a stronger 10 m wind speed anomaly

in Patagonia (0.11 m s−1) compared to GLOMAP SST (0.66 m s−1). In Australia, how-

ever, Tierney et al. SSTs lead to a rather weak increase by 0.18 m s−1 compared to

GLOMAP SSTs, which result in a wind speed anomaly of 0.86 m s−1 (Tab. 6.2). The

substantially stronger wind speed increase over Australia for GLOMAP SSTs can

be attributed to the stronger temperature gradient between high and low latitudes

compared to Tierney et al. SSTs (Fig. 5.1a, b), and also the reduced vegetation

cover might have played a role. The findings of a drier climate and generally in-

creased wind speeds in Australia during the LGM, as suggested by both GLOMAP

and Tierney et al. SSTs, is in agreement with several studies indicating reduced

precipitation and extended dust source regions (Williams et al., 2009) as well as

increased dust emissions (McGowan et al., 2008).

In Chapter 4 it has been shown that particularly in south. South America, the

additional land areas due to the reduced sea level contribute substantially to the

strongly increased dust emissions during the LGM compared to PI (Tab. 4.4). How-

ever, since the identical land-sea mask has been used in the experimental setup,
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SST Dataset Globally Australia South Africa Patagonia

Precipitation anomaly

[cmyr−1]
GLOMAP -2.93 -31.75 -11.66 7.52

Tierney et al. -10.64 -18.32 5.55 -4.98

Wind speed anomaly

[m s−1]
GLOMAP 0.25 0.86 0.27 0.11

Tierney et al. 0.29 0.18 0.24 0.66

Table 6.2. Comparison between global and regional precipitation anomalies (LGM-PI) in

cm yr−1 and wind speed anomalies in m s−1, respectively, for GLOMAP (Paul et al.,

2021) and Tierney et al. (2020) SSTs.

it becomes clear that the vegetation and the climatic conditions in the source re-

gions, in terms of precipitation and 10 m wind speed, have a strong impact on the

mineral dust emissions. While the findings in Chapter 4 and the considerations

in appendix B indicated that a substantial source strength increase is necessary,

rather than increases in particle lifetime, in order to explain the ∼ 25-fold dust

flux increase during the LGM found in the EDC ice core (Lambert et al., 2008),

this study shows additionally the strong influence of the prescribed SSTs on those

regional climatic conditions. The importance of source strength increases, partic-

ularly in south. South America, during the LGM in order to explain the strongly

increased dust fluxes to Antarctica have already been suggested by other studies

(Fischer et al., 2007; Wolff et al., 2010). Although individual effects such as the

increased precipitation in southern South America, which is supported by data,

suggest GLOMAP SSTs to result in a better representation of the mineral dust bud-

get during the LGM, the individual source contribution of Australia and Patagonia,

in terms of both total emissions and contribution to the deposition over Antarc-

tica, as simulated by using Tierney et al. SSTs is in much better agreement with

observational data (Fig. 6.1d; Basile et al. (1997); Delmonte et al. (2008)).

6.3.2. The Atmospheric Circulation During the LGM

6.3.2.1 Dust Transport in the Southern Hemisphere

While mineral dust is transported zonally by the westerlies on a synoptic scale,

meridional transport is mainly caused by eddies (Li et al., 2008). One mechanism

considered to explain the deposition of coarser dust particles at the Vostok region in

Antarctica during the LGM are shorter trajectories (Delmonte et al., 2004). In order
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a) b)

c) d)

Figure 6.3. Contour lines of the geopotential height in m at the 500 mbar level for a randomly

chosen day during south.-hem. wintertime (a, b) and summertime (c, d) for

Tierney et al. and GLOMAP SSTs. The dashed lines represents the isohypse at

5300 m. In order to calculate the Meandering Index, the length of the (longest)

isohypse is divided by the length of a reference circle at 60° latitude (marked in

light gray). Additionally, the three ice core drilling locations EDC, DB and KMS

are shown.

to test whether there is increased meridional transport efficiency of dust from the

source regions to Antarctica during the LGM, a Meandering Index (MI) indicating

the waviness of the circulation is defined by (Capua and Coumou, 2016)

MI =
Arclength(i)

2πR cos(Θref)
, (14)

with the Earth’s radius R. The index puts the length of a isohypse, i.e. the line

connecting two points of equal geopotential height, in relation to the Earth’s cir-

cumference at Θref = 60° of latitude. In case there are several isohypses for a given

geopotential height, the longest one is chosen. Figure 6.3 shows four isohypses

at 500 mbar and 5300 m for a randomly chosen day during south.-hem. winter (a,

b) and summer (c, d) for both GLOMAP and Tierney et al. SSTs. Table 6.3 shows

the mean of the MI for three levels, namely at 300 hPa and 9000 m, at 500 hPa and
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Experiment

PI 1850-1879 - AMIP II SST LGM 21kyr BP - GLOMAP SST LGM 21kyr BP - Tierney et al. SST

Meandering

Index Mean

(South. Hem.)

PAT only AUS only PAT only AUS only PAT only AUS only

300 hPa

(9000 gpm)
1.62± 0.17 1.62± 0.16 1.63± 0.14 1.63± 0.14 1.72± 0.14 1.73± 0.14

500 hPa

(5500 gpm)
1.65± 0.17 1.65± 0.17 1.64± 0.14 1.64± 0.14 1.72± 0.15 1.72± 0.15

700 hPa

(3000 gpm)
1.74± 0.17 1.74± 0.17 1.68± 0.15 1.68± 0.15 1.74± 0.16 1.75± 0.17

Table 6.3. Annually-averaged MI, a measure for the waviness of the circulation, at three

pressure levels for PI and LGM for GLOMAP (Paul et al., 2021) and Tierney et al.

(2020) SSTs. The indices for the PAT only and AUS only experiments, respec-

tively, are considered equal in the scope of the roundoff error and indicate that

the experimental setup does not influence the atmospheric circulation.

5500 m and at 700 hPa and 3000 m for PI and LGM (GLOMAP and Tierney et al. SST).

The index is given for both provenance studies (PAT only, AUS only) in order to

demonstrate that the experimental setup does not influence the result and the MI

can be considered equal in the scope of the roundoff error. The MI indicates for

PI that the circulation decreased in waviness in the vertical from 1.74 at 700 hPa to

1.62 at 300 hPa. The result is similar for LGM (GLOMAP SST), however, the verti-

cal decrease is less pronounced. For Tierney et al. SST, the MI remains vertically

almost constant and only varies between 1.74 at 700 hPa and 1.72 at 300 hPa.

The first approach was a cross-correlation between the daily-resolved MI and the

residual of the dust depositon at the EPICA Dome C location, i.e. the signal without

any trend or seasonal variation. The time lag for the highest correlation could then

have been interpreted as a typical transport time. However, the approach did not

turn out successfully because the highest correlations, which were still low in ab-

solute terms (around 0.05) occured for unrealistically long time lags (>1000 d). This

might be caused by the fact that there is no direct transport between the source

and the depositon regions and many other factors, e.g. dust emission, precipita-

tion during transport and at the EDC region and local circulation patterns, would

need to be considered. The discussion on the meaning of the MI is resumed in

section 6.3.2.2.
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Figure 6.4 shows the monthly-resolved (averaged over 30 years) regional dust

deposition over the SO and Antarctica for PI (a), LGM with GLOMAP SSTs (b) and

Tierney et al. SSTs (c). It suggests that most dust is delivered in south.-hem. spring

(SON). Figures 6.4d, e and f show the according spatial correlation between the sea

level pressure in the SH and the dust deposition at EDC. Red regions indicate a

positive correlation, i.e. high (low) sea level pressure coincides with high (low) dust

deposition at EDC, and blue regions show a negative correlation, i.e. high (low) sea

level pressure coincides with low (high) dust deposition at EDC. Since the typical

transport time from the source regions to Antarctica is several weeks up to a month

(e.g. Lunt and Valdes (2001)), the correlation is performed without any time lag.

Figure 6.4d suggests that high dust deposition at EDC during PI coincides with a

high-pressure regions over Australia and low-pressure regions over many parts of

south. South America. For LGM with GLOMAP SSTs, a high-pressure region can

be observed over south. South America and both regions of high and low pressure

over Australia (Fig. 6.4e). With Tierney et al. SSTs, low-pressure areas can be seen

over Australia and Patagonia (Fig. 6.4f).

The correlation patterns shown in Figs. 6.4d, e and f correspond to monthly-

averaged regions of high (counter-clockwise rotation) and low sea level pressure

(clockwise rotation). Consequently, the contour lines represent monthly-averaged

transport pathways of air parcels since the flow is geostrophic on synoptic scales.

Figure 4.4a shows that south. South America is the predominant source in terms

of dust depositing over Antarctica during PI, although the dust source strength

of Australia is substantially higher (Tab. 4.3). This is likely caused by the low-

pressure region over large parts of south. South America, which allow for an effi-

cient vertical transport of dust from the source regions. Additionally, the spatial

pressure pattern over the South Atlantic and Atlantic SO enables a pathway into

Antarctica directly to EDC. The high-pressure regions over Australia, however, does

not allow for an efficient vertical transport of dust after emission. Furthermore,

the pressure pattern over the Tasman Sea and the South Pacific / Pacific SO does

not allow for an efficient transport of dust into Antarctica.

For GLOMAP SSTs, Fig. 6.1c indicates that between 70 and 80 % of all dust

deposited over Antarctica is of Australian origin. This might be caused by the

combined effects of very high dust emissions (Tab. 6.1) and regions of low-pressure

over Australia (Fig. 6.4e). Additionally, the pressure pattern in the South Pacific

enables a direct transport of dust into Antarctica to EDC. The region of low pressure

over the Eastern Pacific conincides well with the pool of warm SSTs by GLOMAP
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a) b) c)

d) e) f)

Figure 6.4. Regional dust deposition over the SO (solid line) and Antarctica (dashed line)

during PI (a), LGM for GLOMAP SSTs (b) and LGM for Tierney et al. SSTs (c).

For improved comparability, the dust deposition during PI (a) is also shown in

the subplots b and c. Since most dust is delivered to the aforementioned re-

gions during south.-hem. spring (SON), the montly-resolved spatial correlation

between sea level pressure and dust deposition at EDC (black triangle) is shown

for PI (d), LGM for GLOMAP SSTs (e) and LGM for Tierney et al. SSTs (f ).

(Fig. 6.1a), suggesting that the SSTs have a strong influence on shape and position

of the obtained high- and low-pressure regions. Southern South America, on the

other hand, represents a much weaker source during the LGMwith GLOMAP SSTs,

and the simulation results also suggest a region of high pressure during SON.

Additionally, the pressure patterns in the South Atlantic / Atlantic SO region do

not allow for an efficient transport of dust from South America to Antarctica.

For Tierney et al. SSTs (Fig. 6.4f), a low-pressure area can be observed over both

regions, south. South America and Australia. The climatic conditions in the source

regions result in a high source strength of south. South America and a strongly

reduced dust source strength of Australia compared to GLOMAP SSTs (Tab. 6.1).

It is rather difficult to identify typical transport pathways of dust from both source

regions, Australia and South America. However, the combined effects of reduced
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source strength and impeded transport to Antarctica compared to GLOMAP SSTs

result in a weaker contribution of Australia to dust deposited over Antarctica. The

strongly increased source strength of south. South America, on the other hand,

results eventually in the predominant contribution to dust deposited over Antarc-

tica, as indicated by Fig. 6.1d).

6.3.2.2 Strength, Position and Shape of the Zonal Circulation

Finally, the zonal circulation as simulated by the model is investigated in terms

of strength, shape and position for both GLOMAP and Tierney et al. SSTs and

compared to PI. Figure 6.5 shows zonally-averaged isotachs together with isolines

of potential temperature Θ for PI and LGM. The annually-averaged plots (Fig. 6.5a,

b, c) indicate a vertical strechting of the isotach cross sections in the Northern

Hemisphere for LGM compared to PI. In the SH, the stretching occurs in horizontal

direction during the LGM and is more pronounced for Tierney et al. SSTs. For

improved readability, the isotachs for LGM and PI are shown within the same plots

for the SH in Fig. 6.6 for GLOMAP (a, c, e) and Tierney et al. SSTs (b, d, f). The shift

towards the equator along with the horizontal strechting occurs during wintertime,

i.e. during DJF in the Northern Hemisphere (Fig. 6.5d, e, f) and JJA in the SH (Fig.

6.5g, h, i). For PI and both LGM experiments, a equatorward shift of the core of the

zonal flow during wintertime (DJF for the North. Hemisphere, JJA for the South.

Hemisphere) can be observed compared to summertime (Figs. 6.5 and 6.6). For

Tierney et al. SSTs (Fig. 6.5c), the cross section of the core of the zonal flow (wind

speed > 30 m s−1) is much smaller compared to GLOMAP SSTs (Fig. 6.5b, 6.6a)

and PI (Fig. 6.5a, 6.6b). The annually-averaged Θ isotherms in Figs. 6.5a, b and

c show particularly in the middle and upper troposphere between 5 km and 15 km

and the low- to mid-latitudes a larger spread for both LGM experiments compared

to PI.

Before Figs. 6.5 and 6.6 are discussed in detail, important theoretical back-

ground information concerning the zonal circulation is concisely recapitulated.

Due to its spherical geometry, the Earth has a positive energy balance between

30°N and 30°S and a negative energy balance towards the poles. The result-

ing temperature and pressure gradients between low- and mid-latitudes cause a

meridionally-directed flow at altitude, which is deflected to the west by the Coriolis

force. This results in a zonally-directed geostrophic wind (midlatitude westerlies).

Since the zonal flow does not allow for a meridional compensation of the energy

imbalance, the temperature gradient and therefore the flow velocity increase. At
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a) b)

c) d)

e) f)

Figure 6.6. Zonally-averaged isotachs in m s−1 for LGM (blue) and PI (red) for GLOMAP SSTs

(a, c, e) and Tierney et al. SSTs (b, d, f ) in the SH. The subfigures show anually-

averaged (a, b), as well as seasonally-averaged conditions for DJF (c, d) and JJA

(e, f ).

some point, a small perturbation leads to a instability of the zonal flow and it starts

to meander (see Fig. 6.3 & Tab. 6.3). It then forms so-called troughs and ridges,

allowing the poleward transport of warm air masses and the equatorward trans-

port of cold air masses. This process intensifies until the flow cuts off and forms

isolated cyclones and anti-cyclones, where cold and warm air masses are mixed.

Over time, the temperature gradient betwen low and mid-latitudes builds up and

the zonal flow sets in again (McMurdie and Houze, 2006; Stocker, 2011).

However, the idealized situation described above is only valid for barotropic con-

ditions, where the conservation of absolute vorticity ensures that the upper-level
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a) b) c)

Figure 6.7. Vertical cross sections of the stream function for point sources (or azimuthal

rings in three dimensions, respectively) of momentum, e.g. a zonal flow in

geostrophic balance, as suggested by the Sawyer-Eliassen equation. The vor-

tices are shown (a) for barotropic conditions with weak inertial stability, (b)

barotropic conditons with strong inertial stability and (c) for baroclinic condi-

tions. [Figure modified from Shapiro (1981)]

airflow meanders horizontally. Quasi-barotropicity is only given in the middle of

the troposphere. Instead, the horizontal displacement of air masses leads to the

formation of airflow divergence and confluence at altitude, which correspondends

to regions of confluence and divergence at low levels. As a consequence, a verti-

cal airflow arises, which superimposes the horizontal basic flow. This results in a

westwards directed flow with vertical and meridional deflections, and the propaga-

tion of these meanders is called baroclinic Rossby wave (Holton, 2004).

A mathematical framework in order to investigate the vertical cross section of

this so-called secondary circulation in meridional direction by a streamfunction ap-

proach has been provided in form of the Sawyer-Eliassen (SE) equation (Sawyer,

1956; Eliassen, 1962). The analysis of the SE equation shows that the shape of the

isotachs in a vertical cross section for a azimuthal flow in geostrophic and hydro-

static balance, which represents a source of momentum, is essentially determined

by three terms (Wang and Smith, 2019):

• the static stability, which depends on the vertical temperature gradient, i.e.

the lapse rate. A weak lapse rate corresponds to weak restoring forces, i.e.

lower static stability, in vertical direction, and leads to a larger vertical extend

of the cross sections of the isotachs.

• the inertial stability, which depends on the horizontal momentum gradient.

A smaller gradient implies weaker restoring forces, i.e. lower inertial stability,

in meridional direction, which result in a horizontal stretching and a vertical

compression of the streamfunction (6.7a), and vice versa for higher inertial

stability (6.7b).
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• the baroclinicity, which depends on the vertical momentum gradient. Baro-

clinicity leads to a rather diagonal shape of the vortex compared to barotropic

conditions (6.7c).

The previous considerations allow for some insights on the simulations results

shown in Figs. 6.5 and 6.6. The vertical stretching of the cross section of the

annually-averaged isotachs in the Northern Hemisphere (6.5b, c) suggest a weaker

static stability due to a reduced lapse rate compared to PI (6.5a), which would be in

agreement with the strong surface cooling for both GLOMAP and Tierney et al. SSTs

due to the ice sheets over North America and Europe. Additionally, this finding

would also be in accordance with the increased spreading of the Θ isolines in the

middle and upper troposphere in the low- and mid-latitudes. Although an increase

in inertial stability would lead to a similar effect (see Fig. 6.7b), this explanation

seems unlikely for Tierney et al. SSTs because the speed of the core of the zonal

flow is as high as for PI. However, for GLOMAP SSTs, the higher wind speed in

the core of the zonal flow (30 m s−1, Fig. 6.5b) compared to PI (25 m s−1, Fig. 6.5a),

which is caused by the larger temperature gradient between low and high latitudes,

might have led to a stronger meridional momentum gradient, which in turn would

have caused higher inertial stability and therefore would have contributed to the

vertical elongation. Generally, the zonal circulation appears to be uniformly shifted

towards lower altitudes during the LGM, a effect which can be seen best in Figs.

6.5g, h and i for the Northern Hemisphere and Fig. 6.6 for the SH. This might be

caused by the reduced convection due to the lower temperatures and the vertically

less extensive troposphere, as discussed in Chapter 4 for the dust transport in

lower levels during the LGM (see Fig. 4.6).

In the SH, a vertical stretching cannot be observed. Instead, the zonally-averaged

cross sections of the isotachs show a horizontal stretching for both GLOMAP and

Tierney SSTs (Fig. 6.6a, b), which indicates lower inertial stability. In south.-hem.

summer (DJF), the zonal circulation appears uniformly shifted equatorwards by

2 to 3° latitude during the LGM for both GLOMAP and Tierney et al. SSTs com-

pared to PI, rather than stretched horizontally (Fig. 6.6c, d). The effect is more

pronounced for Tierney et al. SSTs and might be caused by lower temperatures in

low latitudes during summer. During south.-hem. winter (JJA), the effect of the

vortex shearing (see Fig. 6.7c) can be well observed for both GLOMAP and Tierney

et al. SSTs (Fig. 6.6e, f). In winter, the temperature gradients between low and high

latitudes are the greatest, and the front in between has the highest baroclinicity.

Considering the stronger shear of the vortices for GLOMAP and Tierney SSTs com-
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pared to PI (Figs. 6.6e, f), the baroclinicity in the SH during the LGM was much

higher in winter compared to PI. This can be explained by the much stronger cool-

ing in the high latitudes during the LGM, as indicated by the Θ = 280 K isotherm

(Figs. 6.5g, h, i). The circulation for Tierney et al. SSTs indicates a weak inertial

stability during JJA in the middle and high troposphere between 5 km and 15 km

(Fig. 6.6f), a feature which can also be seen in the annually averaged pattern (Fig.

6.6b). This finding is in agreement with Table 6.3, which suggest strong meridional

deflections, i.e. a higher MI, of the zonal circulation at the 300 hPa level compared

to GLOMAP SSTs and PI. Particularly the shift in the lower troposphere is in agree-

ment with the higher 10 m wind speed over south. South America (Fig. 6.2f, Tab.

6.2) compared to LGM with GLOMAP SSTs (Fig. 6.2e, f; Tab. 6.2).

Kohfeld et al. (2013) provide a synthesis on paleo-data of terrestrial moisture,

dust deposition, SSTs, ocean productivity and other proxies for the LGM. Due to

the interactions of the climate elements, the interpretation of these data in terms of

position and strength of the westerlies in the SH during the LGM is ambiguous and

allows for several scenarios. However, based on terrestrial moisture data from the

west coast of south. South America and South Africa, which suggest increased pre-

cipitation, the authors conclude that a equatorward shift of the westerlies would be

in best agreement with the observational data. Simulations by Sime et al. (2013),

however, show that the increased precipitation in these regions were also repro-

duced by a model which indicates even a poleward shift of the westerlies. The sim-

ulation results presented in this study do not clearly indicate a annually-averaged,

uniform shift over the whole vertical extent in either direction, neither for GLOMAP

nor for Tierney et al. SSTs. Instead, they suggest weaker inertial stability and thus

a meridional stretching of the cross section of the zonally-averaged circulation, a

effect that is generally more pronounced for Tierney et al. SSTs. Consequently, the

wind speeds in the lower troposphere closer to the equator are higher. This can also

be seen in Figs. 6.2e and f, particularly the stronger equatorward displacement

of the 10 m wind speed for Tierney et al. compared to GLOMAP SSTs. However,

during south.-hem. summer (DJF), the zonally-averaged circulation pattern in the

SH appears to be shifted equatorwards, around 2 to 3° for GLOMAP SSTs and 4

to 5° for Tierney et al. SSTs compared to PI (Figs. 6.6c, d). During winter (JJA),

this is counteracted by a poleward shift of the zonally-averaged circulation in the

lower troposphere compared to PI due to increased barotropicity and low inertial

stability in the middle and upper troposphere, particularly for Tierney et al. SSTs

(Figs. 6.6e, f ).
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In summary, the results suggest that the weaker meridional temperature gradi-

ent between the high and low latitudes for Tierney et al. SSTs (due to the stronger

cooling in the tropics, see Fig. 6.1a, b) compared to GLOMAP SSTs result in a

zonal flow with less total momentum, particularly in the middle and upper tropo-

sphere. This leads in turn to a weaker meridional momentum gradient, i.e. lower

inertial stability, and the vertical cross sections of the zonally-averaged isotachs

are stretched horizontally. The equatorward shift of increased terrestrial moisture

during the LGM indicated by data (Markgraf et al., 1992; Kohfeld et al., 2013) would

also be in agreement with an equatorward stretching of the zonal circulation in the

middle and upper troposphere, because atmospheric water vapor is transported at

these levels.

6.4. Summary and Conclusions

Prescribing GLOMAP and Tierney et al. SSTs results in substantially different min-

eral dust cycles for LGM climate. The differences can be traced back to changes in

vegetation cover and meteorological factors like wind speed and precipitation in the

source regions. Moreover, the spatial correlation analysis between dust deposition

at EDC and sea level pressure patterns in the SH during SON, i.e. the season of

highest dust delivery to Antarctica, suggest that the efficieny of transport path-

ways from the source regions to Antarctica strongly varies with the prescribed

SSTs. This affects additionally the contribution of the individual sources to dust

deposited over Antarctica. GLOMAP SSTs lead to a higher agreement with obser-

vational data in terms of total dust deposition in the South Pacific / Pacific SO.

Tierney et al. SSTs, on the other hand, result in a predominant Patagonian source

contribution to the total dust deposited over Antarctica during the LGM, which is

in much better agreement with measured data on dust provenance.

The verification of simulation results in terms of three-dimensional atmospheric

circulation patterns during the LGM, which are produced by a model with data-

based SST and SIC boundary conditions, is generally very challenging. It relies

on the comparison to paleo-data, e.g. for terrestrial moisture, dust deposition as

well as ocean productivity and circulation. Although all aforementioned proxies

are influenced by the atmospheric circulation, also other factors play a role and of-

fer several possible explanations (Kohfeld et al., 2013). Since SIC were identical in

both LGM experiments, this study clearly demonstrates that changes solely in the

SSTs lead to substantial differences in the obtained results. Therefore, the most

expedient and desirable approach would be on the data side in terms of reduc-
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ing the uncertainties in the SST reconstruction for the LGM (see also Wolff et al.

(2010)).

The analysis provided in this study also focuses on the zonally-averaged response

of the zonal circulation in the SH to different SSTs. It shows that changes in

strength, shape and position can be traced back to changes in absolute temper-

ature, static and inertial stability as well as baroclinicity of the atmosphere. A

uniform, annually-averaged shift of the westerlies is not found for either SST recon-

struction. However, the horizontal stretching of the zonal circulation particularly

in the lower troposphere, which is most pronounced during south.-hem. sum-

mer (DJF), would also explain measured trends in terrestrial moisture in the SH,

which have been interpreted as a indicator for a equatorward shift of the wester-

lies. The stronger ridging of the atmospheric circulation in the SH during the LGM

suggested by Markgraf et al. (1992) would also be in agreement with the found hor-

izontal stretching of the zonally-averaged pattern due to reduced inertial stability.

The next step on the modelling side could be a detailed comparison of the sim-

ulated circulation in specific regions to observational data. Williams et al. (2009),

for instance, found evidence that dust from the Lake Eyre Basin / Simpson Desert

in Australia was transported around 350 km (approx. 3°) further northwards dur-

ing glacial times compared to present-day dust fluxes. The authors state that this

finding is consistent with a equatorward shift of the subtropical ridge and might

therefore also apply to the mid-latitude westerlies. Uncertainties also still remain

for Patagonian climate conditions during the LGM. The seasonality and interplay

between dust production, glacier extent, precipitation patterns, type and amount

of vegetation as well as the atmospheric circulation patterns is still a matter of

current research (Markgraf et al., 1992; Haberzettl et al., 2009; Wolff et al., 2010;

Lamy et al., 2014). However, since the glacier mask used in this study does not

account for the ice sheet covering parts of the Southern Andes in Patagonia during

the LGM (e.g. Hulton et al. (2002)), it would need to be adjusted. Since the glacier

mask has been kept constant in this study, the lack of the Patagonian ice sheet is

not problematic and allows for the investigation of climate changes solely imposed

by changes in the SSTs. Additionally, due to the rather coarse resolution of T63

(1.875° x 1.875°) only a few grid points would be covered by the glacier. However,

if simulations are performed with a higher spatial resolution and a focus on the

regional climate in Patagonia, the consideration of the ice sheet is indispensable.

As shown in this study, the vertical temperature profile of the atmosphere influ-

ences the circulation. Future research could then also include the comparison of
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the vertical temperature profile along mountains to observational data, which sug-

gest that the snowline was uniformly lower during the LGM (Broecker and Denton,

1989). Since assumed latitudinal shifts in the westerlies are typically in the order

of magnitude of a few degrees, a higher spatial resolution than used in this study

might be beneficial in order to investigate changes on a regional scale.
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7. Final Considerations

"Further, we have to be prepared always for the possibility that each new

discovery, no matter what science furnishes it, may modify the conclusions

we draw."

(Alfred Wegener, The Origin of Continents and Oceans)

7. Final Considerations

7.1. Conclusion

In this thesis, the aerosol-climate model ECHAM6.3-HAM2.3 is used to investigate

the mineral dust cycle for PD, PI and LGM climate with a focus on the SH. Of par-

ticular interest are all processes which affect mineral dust emission, transport and

deposition, including climatic factors in the source regions as well as atmospheric

circulation and precipitation patterns, and how they are influenced by different

climate conditions as a result of varying sea surface temperatures. The research

questions formulated in the beginning of this thesis guided the research docu-

mented in the chapters 4, 5 and 6, and a concise answer to each of them is given

in the following:

1. How well is the chosen model able to simulate dust fluxes in comparison

to observational data for present day, pre-industrial and LGM climate,

particularly in the SH?

For present-day climate, ECHAM6.3-HAM2.3 yields results for mineral dust

deposition that are globally in good agreement with observational data (see

appendix A). For pre-industrial climate, the simulated dust deposition is too

low in comparison to observational data and other modelling studies. Par-

ticularly dust emissions from Australia seem to be underestimated, which

results in too low dust deposition fluxes in the southern South Pacific. The

model performs generally well under LGM climate conditions and reproduces

the observed increase in global dust deposition. However, the simulated dust

deposition during the LGM is underestimated in the South Pacific and too

high over Antarctica. The discrepancy might be caused by shortcomings in

the model in terms of dust transport efficiency and deposition, but also the

marine sediment data might not properly account for non-aeolian contribu-

tions.
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The increase in dust burden and deposition in the SH during the LGM can

be traced back to strongly increased emissions from the major dust source

regions Australia, southern South America and South Africa, which in turn

are caused by the generally drier climate (except for Patagonia), increased

wind speed over the source regions and reduced vegetation. Increased particle

lifetimes due to drier climate conditions during the LGM are not sufficient in

order to explain the increased dust deposition over Antarctica; instead, the

model suggests that a substantial increase in source strength is additionally

necessary in order to explain the observations (see appendix B). Particularly

in Patagonia, the additional land areas due to the lower sea level contributed

substantially to the increased source strength. Reduced precipitation over

the SO results in longer particle lifetimes. However, the simulated influence

of precipitation on particle lifetimes has to be assessed carefully because the

prescribed sea surface temperatures, which have a strong influence on the

precipitation patterns, might be too warm.

2. Can simulation results help to improve constraining proper, global sea

surface temperature reconstructions for the LGM?

Prescribing both GLOMAP and Tierney et al. SSTs in ECHAM6.3-HAM2.3 and

comparing the simulated land surface temperatures to reconstructed data

based on noble gas concentrations in groundwater did not provide clear in-

dications which SST dataset results in a better agreement. GLOMAP SSTs,

which suggest a weaker cooling during the LGM compared to pre-industrial

climate than Tierney et al. SSTs, lead to a good agreement between observa-

tional data and simulation results along the glacier margins in North America

and Europe, but the simulated land surface temperatures are systematically

too warm in the tropics and subtropics, and vice versa for Tierney et al. SST.

The approach of using climate models in order to verify prescribed boundary

conditions is generally challenging and requires the correct representation of

several important feedback mechanisms in the model, e.g. the soil-albedo

feedback or the water vapor-lapse rate feedback. Another source of uncer-

tainty in the models is the spatial resolution, which is generally confined

due to limited computational resources and therefore requires the represen-

tation of many important sub-grid scale processes in form of parameteriza-

tions. Improvements could be achieved by repeating the same experiments,

i.e. prescribing the same SSTs, with different AGCMs in order to reduce in-

dividual model biases by using multi-model means instead. For a thorough
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comparison between simulation results and observational data, a higher data

availability would be necessary.

3. What are the effects of prescribing different sea surface temperature re-

constructions on the mineral dust cycle and the atmospheric dynamics

in the SH?

The globally and regionally differences in the suggested SST cooling between

GLOMAP and Tierney et al. SSTs during the LGM compared to PI has a sub-

stantial influence on the simulated mineral dust budget. On the one hand,

changes in source strength in the major source regions in the SH can be

traced back to changes in vegetation, wind speed close to the ground and

precipitation. On the other hand, the induced changes in atmospheric circu-

lation patterns over the source regions and along the transport pathways to

the deposition regions over the SO and Antarctica play also an important role.

The simulations for the LGM with Tierney et al. SSTs show a high agreement

with observational data in terms of individual source contribution of south.

South America and Australia to the dust deposition over Antarctica. GLOMAP

SSTs result in a stronger Australian dust source during the LGM and a higher

agreement with observational data in terms of absolute dust deposition in the

Pacific SO, but the simulated individual source contribution is not supported

by data. Additonally, it has to be kept in mind that GLOMAP SSTs might

globally be too warm by up to 1 ◦C due to the used reconstruction method.

The atmospheric circulation during the LGM is generally characterized by

weaker static stability in the Northern Heimsphere due to a reduced lapse

rate and weaker inertial stability due to lower horizontal momentum gradi-

ents of the zonal flow compared to PI. Particularly during south.-hem. winter

(JJA), the baroclinicity in the front between low and high latitudes in the SH

appears to be stronger for both LGM experiments compared to PI. For Tierney

et al. SSTs, the inertial stability in the middle and upper troposphere appears

strongly reduced. During south.-hem. summer (DJF), the zonal circulation is

almost uniformly shifted equatorwards for both LGM experiments by 2 to 3°

with GLOMAP SSTs and 4 to 5° with Tierney et al. SSTs is found. Annually-

averaged, this leads to a horizontal stretching of the vertical cross sections

of the zonal flow close to the ground such that the region of high zonal wind

stress is shifted equatorwards by 2 to 3° of latitude for Tierney et al. SSTs.

So far, the uncertainty concerning the south.-hem. circulation during the

LGM is high, and data would support several hypothesis’ in terms of position
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and strength of the westerlies. Reliable insights on the dynamics by models

are only possible once the constraints on the boundary conditions in terms

of SST and SIC are tighter from the data side.

Although the model clearly indicates a strong sensitivity of the mineral dust cycle

to changes in the climatic conditions, it has to be kept in mind that all results are

eventually produced by one specific model and might therefore be influenced by

biases. Uncertainties are introduced by the limited complexity of the model, i.e.

determined by the physical and chemical processes which are being considered (or

not), and the way these considered processes are represented in the model, i.e.

whether they are parameterized or calculated explicitly.

The modal approach to represent the aerosol particle size distribution by super-

imposed lognormal modes (Vignati et al., 2004; Stier et al., 2005), for instance, al-

lows for more complex physical and chemical interactions of dust in the model com-

pared to representing mineral dust just by a mass concentration (bulk approach,

Boucher (2015)). However, this feature comes with the disadvantage of higher

computational costs, which in turn limits the considered time periods. A very fine

representation of the particle size distribution (bin or sectional approach, Boucher

(2015)) would allow for a detailed investigation of size-dependent processes beyond

Mie scattering based on the median radius of a lognormal mode, e.g. particle sort-

ing during transport or microphysical processes in clouds. The inclusion of infor-

mation on the (spatially varying) mineralogical composition of dust particles and

their absorption of longwave radiation would additionally allow for a more reliable

assessment of the question whether mineral dust has a net-cooling or warming

effect (Albani et al., 2014; Kok et al., 2017).

Another shortcoming applying to most current mineral dust representations in

AGCMs is the underestimation of very coarse particles (diameter d > 5 µm) in terms

of emission and long-range transport (Adebiyi and Kok, 2020; Kok et al., 2021), and

even particles with d > 75 µm have been found in dust traps in the Atlantic Ocean,

far away from their source regions (van der Does et al., 2018). The exact reason

for this discrepancy is currently unknown, however, several ideas are being dis-

cussed. Most models assume a spherical dust particle shape and derive quantities

like volume and surface, which are important for transport properties or chemical

reactions, just based on the particle diameter. However, particles are usually not

perfectly spherical, and the drag coefficient of irregular non-spherical particles in-

creases with decreasing sphericity (Castang M. et al., 2022), which implies lower

sinking velocities and therefore higher particle lifetimes (Yang et al., 2013). Another
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factor which might play a crucial role is the electric charge of dust particles. The

initial charge might be brought upon particles during the saltation process, and

due to the Earth’s electric field, the gravitational settling of suspended (negatively

charged) particles are counteracted by electric forces, which keep the particles aloft

(van der Does et al., 2018). Studies suggest that the electrostatic effects could even

increase the total amount of emitted dust by a factor of 10 (Esposito et al., 2016).

Although the initial charge would be lost soon after emission, dust plumes likely

maintain a charged state via triboelectric charging between interacting particles

(Harrison et al., 2016). These findings strongly suggest the introduction of electri-

cally charged particles into dust models to accound for their effects, either in form

of parameterizations or magnetohydrodynamic models of the atmosphere.

7.2. Outlook

The obtained dust deposition fields will be used as input for an Atmosphere/Ocean

General Circulation Model coupled to a biogeochemical model (e.g. Schourup-

Kristensen et al. (2014)) in the scope of the project DustIron in order to investigate

the effects of dust-induced iron fertilization on the oceanic bioproductivity in the

SO during the LGM. The upper limit of this effect has been constrained to around

40 ppm based on paleoceanographic data (Martínez-Garcia et al., 2011). However,

the analysis of a high-resolution record of dust deposition and oceanic productiv-

ity from the Antarctic Zone shows that high deposition and high producitivity were

indeed antiphased, suggesting that iron fertilization was unlikely responsible for

a substantial share of the observed CO2 reduction (Weber et al., 2022). Instead,

the authors suggest that other processes like an extended sea-ice cover, reduced

bottom water export and increased water column stratification might have played

a more crucial role. The finding of a weak influence of iron fertilization on at-

mospheric CO2 reduction is partially supported by recent modelling studies with

more sophisticated models. For instance, Lambert et al. (2015) constrained the ef-

fect to around 20 ppm on multimillenial timescales, and Muglia et al. (2017) found

an even weaker effect of around 13 ppm by assuming a 10 times higher dust iron

solubility during the LGM compared to PI in the SO, even though hydrothermal

and sedimentary iron fluxes were likewise considered.

Since increased dust deposition in the SO did not only occur during the LGM,

but started already around 50 kyr before the LGM (Martínez-García et al., 2014),

the highest effects of iron fertilization on the atmospheric CO2 level might have

already occured before the LGM. To test this hypothesis, transient simulations
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from the LIG to the LGM would be necessary. However, this approach is currently

not feasible with a complex, coupled model setup due to computational limitations.

Alternatively, individual time slices for several periods between the LIG and the

LGM could be investigated. Though, such a setup would need to account for other

effects as well. A drier climate towards the LGM might have resulted in slower

weathering and therefore dust production. However, if a dust source is very active

for a long time and the weathering rate is too slow to replenish it, the source might

become depleted (Rea, 1994; Fischer et al., 2007). To account for such an effect in

a transient simulation, weathering or at least finite dust sources would have to be

included.

The fertilizing effects of iron addition into the oceans and the subsequent impact

on the atmospheric CO2 concentration are also being considered as a potential

mean for geoengineering (e.g. Smetacek et al. (2012); Boyd and Bressac (2016)).

Model results suggest that the effectiveness of iron fertilization depends on many

factors like the ocean circulation and the biogeochemistry, and depending on the

depth of the carbon sequestration, more than 66 % might be reexposed to the atmo-

sphere on a typical timescale of 38 yr (Robinson et al., 2014). This indicates that,

apart from political and societal implications of exploiting geoengineering methods

in order to counteract climate change, we have to make sure to understand the pro-

cess of CO2 sequestration in the oceans due to iron fertilization in all details before

we utilize such a method. If not, unforeseen consequences might be detrimental

in the near or even far future.

Generally, the adequate representation of mineral dust in weather and climate

models might become increasingly important due to climate change. Modelling

studies suggest that we are facing a time of globally increased dust burden due to

higher aridity and anthropogenic land use change (Stanelle et al., 2014). Due to

the known effects of small mineral dust particles on human health (e.g. Morman

and Plumlee (2013); Schweitzer et al. (2018)), the forecast of dust storms in regions

with high exposure and vulnerability could become very important.

Mineral dust plays also a crucial role in other scientific fields, e.g. in Astro-

physics, and modelling advances in either field might be beneficial for the other.

The relationship between horizontal (saltation) and vertical (emission) dust flux

implemented in HAM2.3, for instance, is based on a scheme developed by White

(1979), who investigated aeolian soil transport on Mars. But also outside of plan-

etary atmospheres, knowledge about physical and chemical properties of mineral

dust is indispensable to understand certain fundamental processes, e.g. the for-
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mation of rocky planets in protoplanetary disks. In contrast to the Earth’s atmo-

sphere, where the interaction between dry dust particles can be neglected in terms

of agglomeration (Stier et al., 2005), the evolution of planets requires grain growth.

This process goes through phases of coagulation / agglomeration and accretion

(e.g. Dullemond and Dominik (2005)), and models also need to account for coun-

teracting processes such as fragmentation (Birnstiel et al., 2010, 2012). Moreover,

the gas density in protoplanetary disks, which is much lower than in the Earth’s

atmosphere, results in a strong influence of dust on the thermodynamic properties

and hydrodynamic stability of the disk, which in turn affects planet formation (Lin

and Youdin, 2017).
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Figure A.1. Scatterplot showing the comparison of the total dust deposition simulated

by our model to observational data from 84 sites [Huneeus et al. (2011)] for

present-day climate conditions. The plot suggests in particular in the West

Pacific an improvement of the model used in our study compared to the older

version used by Stanelle et al. (2014).
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Figure A.2. The map shows dust deposition data from 84 sites (points, Huneeus et al.

(2011)) compared to the dust deposition simulated by our model for present-day

climate conditions.
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B. Source Strength Increase vs. Particle

Lifetime

Figure B.1. Contribution of sedimentation and wet deposition to the total dust deposition

for LGM (a, b) and PI (c, d) in percent.

Generally, the results in chapter 4 indicate globally a particle lifetime increase (all

modes) of +0.53 days during the LGM, and specifically +0.31 days in the Southern

Hemisphere, which are attributed to the generally drier climate. However Fig. 4.5a

(Chapter 4) suggests opposing trends for the Pacific SO (increasing trend) and the

Atlantic SO (decreasing trend) region. In the following, the discussion is based on

values for burden and (wet) deposition for the two regions stated above for both

PI and LGM. As shown in Fig. B.1 and Table 4.5 (Chapter 4), wet deposition is

the predominant deposition mechanism (> 90%) in the Southern Ocean region and

consequently, contributions from dry deposition and sedimentation are neglected.

The following particle lifetimes τ can be obtained:
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Reservoir

Dust source region, e.g. 
Australia / south. South 

America

Antarctica

Fin Fout

Fwetdep

B

Pacific SO / Atlantic SO

Femi

(a) Schematic dust reservoir

Figure B.2. Schematic representation of the atmospheric dust reservoir over the Pacific

SO / Atlantic SO containing the dust burden B and all fluxes into and out of

the reservoir (a). Figure (b) shows the net flux ratio depending on the particle

lifetime ratio in order to get the simulated dust burden ratio of 13.6 for the

Pacific SO region, respectively, 5.2 for the Atlantic SO region.

• τLGM,Atlantic,SO = 6.8 d

• τPI,Atlantic,SO = 7.4 d

• τLGM,Pacific,SO = 9 d

• τPI,Pacific,SO = 7.4 d

It shall be taken up on the debate about the relative importance of changes

in source strength and particle lifetime in determining the LGM increase in dust

concentration (Fischer et al., 2007; Wolff et al., 2010). Although an ultimate answer

on this matter will not be possible, the goal is to get at least some new insights in

the scope of our simulations. Therefore, a highly simplified description is used (see

B.2a), assuming the atmosphere above the Pacific SO, respectively, Atlantic SO to

be a dust reservoir with capacity B (burden), which is filled by the dust influx

Fin and loses mass due to wet deposition Fwetdep and dust transport to Antarctica

Fout. Here, Fin is assumed to be proportional to the dust source strength Femi.

Consequently, the temporal change of B can be described by

dB(t)

dt
= Fin − Fwetdep − Fout = −Fwetdep + (Fin − Fou) = −Fwetdep + Fnet (15)

The wet deposition flux Fwetdep can be assumed to be proportional to B with a decay

constant λ (inverse particle lifetime) and we can finally write

dB(t)

dt
= −λB(t) + Fnet, (16)
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with the solution

B(t) = Ae−λt +
Fnet

λ
(17)

Since we are interested in the long-term equilibrium between influxes and losses,

we write

lim
t→∞

B(t) =
Fnet

λ
(18)

Consequently, the burden is determined by the net influx and the decay rate. For

the LGM/PI ratio, we can write

BLGM

BPI
=

λPI

λLGM

Fnet,LGM

Fnet,PI
(19)

Since the high burden ratio is apparently required in the model for the increased

dust concentration over Antarctica, the interplay between the particle lifetime ratio

and the net influx ratio can be investigated now. Figure B.2b shows the results for

the LGM/PI burden ratio for the Pacific SO region (13.6) and the Atlantic SO region

(5.2). The plot suggests that the more the particle lifetime increases, the less of a

source strength increase is necessary (and vice versa) to obtain the simulated dust

burden ratio. The values for the lifetime and burden ratio are calculated based on

the values given above.
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