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A VOYAGE THROUGH SCALES Zoom into a cloud. Zoom out of a rock. Watch -

J The Earth System in
the volcano explode, the lightning strike, an aurora undulate. Imagine ice .
sheets expanding, retreating —pulsating —while continents continue their ' I’
‘leisurely collisions. Everywhere there are structures within structures... = rf

within structures. A Voyage Through Scales is an invitatior_i'to contemplate "
the Earth’s extraordinary variability extending from milliseconds to billions
of years, from microns to the size of the universe. ¥ s i
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A VOYAGE THROUGH SCALES
The Earth System in Space and Time



PREFACE

Patterns of billions of stars on the night skies, cloud patterns, sea ice whirling in the ocean, rivers meandering in
the landscape, vegetation patterns on hillslopes, minerals glittering in the sun, and the remains of miniature crea-
tures in rocks — they all reveal themselves as complex patterns from the scale of the universe down to the molecu-
lar level. A voyage through space scales.

From a molten Earth to a solid crust, the evolution and extinction of species, climate fluctuations, continents moving
around, the growth and decay of ice sheets, the water cycle wearing down mountain ranges, volcanoes exploding,
forest fires, avalanches, sudden chemical reactions — constant change taking place over billions of years down to
milliseconds. A voyage through time scales.

A Voyage Through Scales is an invitation to contemplate the Earth’s extraordinary variability across space and time
scales. Depending on the view point, different features are revealed. Big structures and small structures, elongated
in shape, connected, regular sinusoidal forms, vortices, branching structures or the more geometric shapes imposed
by humans. They are a legacy of the intertwined processes of the Earth on its voyage through time. We can use them
to understand how we arrived at what we see now, or we can use them to predict where we will go in the future.

This book presents photographs from around the world. Each photo comes with a yellow inset diagram with a small
blue ellipse indicating the space and time scales of the processes depicted on the photo. The space scales relate, for
example, to the diameter of a vortex, the time scales to its life time. The ranges of the diagrams were selected to
conform to what humans can experience directly - from a millimetre to the diameter of the Earth, and from seconds
to ourimmediate history of a few hundreds of years. Where measurement instruments are shown, the diagrams give
the sampling scales as small squares. The introductory chapter provides a more detailed description of the notion
of space and time scales.

This material is presented through the prism of the journals of the European Geosciences Union. The main body of
the book is organized into fourteen chapters. Each addresses space-time scales in the field of one of the journals,
from Annales Geophysicae that deals with the Sun-Earth system to The Cryosphere that is dedicated to all aspects
of frozen water and ground. The authors were asked to interpret the scale issues in their respective fields that chal-
lenge our ability to measure, to model, to comprehend.

The final chapter highlights the fundamental editorial concept of these journals — Open Access. The European Geo-
sciences Union, in cooperation with Copernicus Publications, has been a pioneer of Open Access Publication, having
published open access journals since 2001, a concept that, since then, has spread to most fields of science.

The editors would like to thank the many people who contributed to bringing this volume to reality, in particular the
Editors of the journals and other authors for their insightful pieces, Lois Lammerhuber for designing this book, Shaun
Lovejoy for suggesting the motto, the production staff for their professional approach, and — last but not least —
Thomas Hofmann who conceived the original idea of the book and coordinated the entire project.

As the Earth and humankind continue their voyage through time we have arrived at a stage where the human imprint
on the Earth system can no longer be overlooked. It may no longer suffice to treat humans as boundary conditions
in an isolated way but as an integral part of the coupled human-nature system. As this coupling is becoming more
and more central to Earth science, so the coupling between the geoscience disciplines becomes more important.
Perhaps the concepts of scale can play a catalytic role in our endeavour of integrating our disciplines into Earth
system science to better understand the interplay of processes across scales.

Giinter Bloschl, Hans Thybo, Hubert Savenije
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A VOYAGE
Guinter Bloschl, Hans Thybo, Hubert Savenije, Shaun Lovejoy

The evolution of the Earth, the planetary system, the entire universe and indeed humankind itself is a voyage. A voy-
age through space and time. Ever since the formation of the universe some 14 billion years ago and the formation
of the Earth some five billion years ago there has been constant change. The young molten Earth slowly cooled with
time to form a solid crust that allowed liquid water to exist on its surface. When photosynthetic life appeared some
two billion years ago the atmosphere became enriched with oxygen. Life responded to the ever-changing planet by
continuously evolving. Plate tectonics has shaped the face of the Earth, its oceans and continents, and subsequently,
the life that dwells in them. In turn, the biosphere has had a major effect on the atmosphere and other conditions
on Earth, such as the formation of the ozone layer, the nature of the air we breathe, and the creation of soil.

The interplay of these processes across the Earth system continues to shape the Earth as we know it today. The Earth'’s
lithosphere is broken up into plates that float upon the much thicker layer of viscous material that makes up most
of the Earth’s mantle. Plates move at speeds of a few centimetres per year, comparable to the growth rate of human
hair and nails. Convection in the mantle is believed to play a role in driving plate tectonics, although the main
forces appear to originate in the plates themselves. Metamorphic reactions in subducting plates increase density,
pulling the plates down, and the high topography at mid-oceanic ridges lead to outward forces that push the plates
away. Most earthquakes are concentrated along plate boundaries. Mountain building and volcanism are all closely
associated with these processes. Unseen to the eye, the Earth’s magnetic field protects humans from the solar wind
that would otherwise strip away the upper atmosphere, including the ozone layer that protects the Earth from harm-
ful ultraviolet radiation. The geomagnetic field and its polarity reversals are influenced by electrical currents in the
solid inner and fluid outer core. Higher up in the atmosphere, radiation and convection regulate the temperature at
the Earth’s surface, controlling the presence of snow and ice cover which, in turn, cools the Earth due to its low
reflectivity. Wind patterns regulate oceanic upwelling that brings nutrients to the marine biosphere and determine
the spatial distribution of rain that sustains the terrestrial biosphere. Rain, frost, and wind erode the Earth’s crust,
reshaping the land surface, and replenishing the soils with the supply of elements needed to sustain life. The soils
are the life support system of the Earth. Home to an entire universe of microorganisms they help make our air breath-
able, clean the water we drink and support production of the food we eat. As the waters in the landscape converge,
rivers are formed — the arteries of life. Most ancient civilisations have developed along rivers, and rivers still play a
key role in today’s society be it through water supply or transport but, in turn, threaten civilisation through floods.
Rivers close the water cycle from the atmosphere to the ocean and continuously wash sediments into the ocean. The
oceans themselves play a pivotal role in the Earth system due to their large storage capacity of heat, carbon and
other quantities, their exchange of heat between hot and cold regions, their supply of moisture to the continents,
and their position at the interface between the spheres.

The rich diversity of these interlinked processes manifests itself in patterns. The amazing patterns we see when we
look around us, patterns that this book attempts to capture. Patterns of billions of stars and untold galaxies in the
night skies, cloud patterns, and perhaps the spectacular view of an aurora reflecting the interactions of the solar
wind with the magnetic field of the Earth. Satellite images may show patterns of a threatening cyclone waiting to
wreak havoc across the land. When on an aeroplane flight we may see amazing patterns of nightlights reflecting the
preferences of modern human civilisation, the patterns of mountain ridges and valleys and, in the ocean, the tortu-
ous paths of algae or sea ice whirling along complex currents. During a leisurely weekend stroll we may admire from
a mountain summit the rivers meandering in the landscape, the vegetation patterns before us that show the clear
mark of humans, and diverse soils of stunningly different colours. In front of us the mountain faces with their undu-
lating patterns of layers and faults. Closer up, minerals may glitter in the sun exhibiting intricate crystal structures,
and the remains of corals and other miniature creatures our rocks are composed of reveal themselves as complex
patterns. Aided by microscopes and modern instrumentation we penetrate deeper into a genuine micro-cosmos of
patterns of life revealing themselves to the observer down to the molecular level.

This is the voyage through space, through space scales, from the universe to molecules. A voyage of patterns viewed
from far away down to patterns viewed up close. Depending from where we look, we see different features. Big
structures and small structures, elongated in shape, connected, regular sinusoidal forms, vortices, branching
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structures or the more geometric shapes imposed by humans. Sometimes the patterns are similar to an enlarged
part of itself (i. e. the whole has the same shape as one of the parts), a notion termed self-similarity. More frequent-
ly, such scale invariance is only established if the enlargement is squeezed and rotated. This is the case for coastlines
and clouds, for example. Whatever the patterns look like, they are a reflection of processes occurring at different
scales — or sometimes — a single dynamical mechanism that operates over a wide range of scales. Wherever two
media interact under some driving gradient (water and air, air and land, water and sediments, continental shelves,
and even traffic over a road layer), patterns appear. The patterns we observe are a legacy of the voyage through the
life time of the Earth. We can use them to understand how we arrived at what we see now, or we can use them to
predict where we will go in the future. For every pattern we can see, there are many more patterns we cannot see.
How do we go from what we can see to what we cannot see? How do we use these patterns?

There are many ways of using these patterns in understanding the Earth system, to test our theories and to infer the
dynamics of the pattern forming processes. One particularly interesting attribute are the scales associated with these
patterns. How big are the features we see in the patterns? How long do the processes take? Or in other words, what
are the space scales and time scales of the processes and what is the relation between the two? These scales can
be quantified so we can plot them on graphs. For example, we may measure the diameter of a vortex, the length of
a dune, the width of a stream — their space (or length) scales. And we can measure the lifetime of the same vortex,
and how long it takes to form the dune or the stream — their time scales. Time scales may also relate to the periods
of periodic phenomena such asin tides, and they may relate to fluxes. For example, the cycling of water in the Earth
system occurs at different rates and water molecules may stay for a longer time in some parts of the system than in
others. The residence times of water in the atmosphere are days, in rivers weeks, in aquifers hundreds of years or
more, in the oceans thousands of years, in the ice sheets tens of thousands of years, and in the crust and mantle
water stays even longer.

These space and time scales are extremely useful concepts when looking at the Earth system in its entirety. As opposed
to the focus on a single process and scale, they open up a whole panorama of different processes that operate at
different scales and interact across them. The energy cascade of turbulence is an example of such interactions where
the solar energy drives circulations at the global scale which in turn drives consecutively smaller scale motions of
the atmosphere and the ocean down to little whirls. As the cascade proceeds to smaller and smaller scales, the
variability systematically builds up and at millimetre scales, it can be enormous. Other quantities can cascade as well
through scale interactions. For example, when stream sediments are broken into consecutively smaller pebbles
through the flow of water, mass cascades towards smaller sizes. When water droplets in clouds coalesce, mass
cascades towards larger scales.

Henry Stommel was probably the first Geoscientist to plot the time scales of geo-processes against their space scales
in his 1963 Science paper on Varieties of Oceanographic Experience. On p.572 he noted, “It is convenient to depict
these different components of the spectral distribution of sea levels on a diagram ([his] Fig. 1) in which the abscissa
is the logarithm of period, P in seconds, and the ordinate is the logarithm of horizontal scale, L in centimetres. If we
knew enough we could plot the spectral distribution quantitatively by contours on this period-wavelength plane.”

In this book, the “Stommel diagram” is used to visualize the space and time scales of the processes leading to the
patterns shown in the photos. The scales are orders of magnitudes and, as more than one process may be associ-
ated with a particular pattern, they may not always be unique. Still, they are indications of the powers of ten scales.
In line with Stommel’s idea, each photo has a small inset diagram, with length scale L on the horizontal axis, time
scales T on the vertical axes and the small blue ellipse indicates the particular space-time scale combination. In most
instances the ellipses have been plotted in an oblique position to indicate that larger space scales are associated
with larger time scales. Some phenomena — notably turbulent ones — line up quite linearly on Stommel diagrams
so that their size-duration relationships are power laws reflecting the same underlying dynamical mechanism over
a range of scales, and there is one diagram (on p.18) where the scales have been plotted as a blue line. In some
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figures the ellipse has been plotted horizontally to indicate that the time scale does not increase with space scale;
these relate to diurnal or annual variations of solar radiation. For clarity, all ellipses have the same size.

The yellow-blue diagrams below show the ranges chosen for the small diagrams throughout the book: Length scales
from 1 mm to 10000 km, and time scales from 1 sec to 300 years, with a centre point of 100 m and 1 day. These
ranges were selected to conform to what humans can experience directly. With the naked eye we can discern things
in size from a millimetre to the diameter of the Earth, and we can discern seconds to our immediate history of a few
hundreds of years. If the little ellipse on the left plots within the diagram, then the photo is within the realm of
humans’ direct comprehension, if it plots outside, instrumentation needs to be used to extend our sensory abilities.

The ratio of the space and time scales of a process gives its characteristic velocity, as indicated by the oblique lines
in the diagram below. For, say, regional atmospheric processes it is on the order of 10 m/s, for river flow it is around
1m/s, for subsurface flow it is 100 m/day to 1 cm/day. The movement of continental plates is even slower with a few
centimetres per year and the landscape evolves with rates of millimetres per century. The characteristic velocities
may relate to the speed of particles, the speed by which waves propagate or the rate by which structures grow.

1073 102 10’m 1073 102 10”m
300yrs 10"s 300 yrs T T 10"%s
() [}
© ©
b 5 b 5
o Tlday 10 o Tldayf =410
= E
[ =
1s L Li10 1s ! L0
1mm 100 m 10000 km 1Tmm 100 m 10000 km
Length scale Length scale

Stommel diagram: Length scales from 1 mm to 10 000 km. Time scales from 1 sec to 300 years. Ranges were se-
lected to conform to what humans can experience directly. Left: Ellipse indicates the space-time scales of the un-
derlying processes. The oblique lines reflect the characteristic velocities of the processes. Right: Square indicates
the space-time scales (in terms of spacing and extent) of the sampling method. One of these diagrams is depicted
on all photos in this book, depending on whether the photo represents a process or a sampling method. The ellipses
and squares always have the same size for clarity.
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Stommel's motivation for his diagram was the sampling design of oceanographic expeditions. As he pointed out, ex-
peditions are scientific experiments that need to answer specific questions, so the space and time scales of the sam-
pling need to be commensurate to the processes to be captured. If the sampling is too far apart (i. e. their spacing is
too large) the small scale variability (in space and time) will fall through the cracks. If the sampling is too short
(i. e. their extent is too small) the large scale variability will not be mapped. Finally, if the measurement volume (also
termed the support or footprint) is too large, as is the case, e. g. with some satellite sensors, too much of the small
scale variability will be smoothed out. In other words, we need to sample at the right space-time scale, otherwise we
miss important information. These considerations will help in designing the strategy of explorations with a particular
process in mind, similar to Stommel’s strategy of deploying ships and buoys. The fantastic instrumentation depicted
in this book all sample at different space and time scales and these are, again, visualized by small diagrams where
the spacings and extents of the sampling are represented by squares. For example, a satellite sensor with pixel sizes
of 100 m and 30 km coverage, and daily revisits over a period of one year would plot as a rectangle in the Stommel
diagram as shown in the right panel on the previous page. Only processes with space-time scales within the rectangle
will be captured by the sampling. In the example of the diagram, processes with characteristic velocities of 100 m/day
will be captured, while faster (10 m/s) and slower (1 cm/day) processes will not be captured. Generally, the sampling
scales plot as rectangles on the diagram but, for clarity, they have been plotted as same-sized squares in this book.

Over the years, the Stommel diagram has found its way to essentially all the geoscience disciplines and has been
widely used both for visualising process dynamics across scales and for sampling design. The scale concepts have
themselves voyaged across the geoscience disciplines.

The usefulness of the scale concepts extends beyond measurements to modelling and predictions. In fact thereis a
scale problem common to most geosciences: the samples are taken at small scales but we would like to make pre-
dictions at much larger scales, a problem termed upscaling. An example are the measurements of carbon fluxes by
a flux tower that has a footprint (or sampling volume) of about one hundred metres across. Yet we are interested in
the carbon flux of an entire continent. Another example is the measurement of the hydraulic characteristics of a soil
that has a sampling volume of a few centimetres across. Yet we are interested in the water fluxes from entire river
basins. Similarly, ice cores have a typical diameter of a decimetre, yet we are interested in the characteristics of an
entire ice shelf. How do we get from these small sample scales to the scales at which predictions are required? How
do we upscale?

The geoscience disciplines have developed a range of methods to do the upscaling. First, there is the statistical ap-
proach to relate, say, the soil properties across scales. Geostatistical methods based on spatial correlations are often
assisted by auxiliary pattern data of surrogates of the variables of interest as can be obtained by remote sensing
methods. The idea is to link the space scales through the observed patterns of the surrogates. The shape of the
spatial correlation functions themselves is also of interest, in particular when they span many orders of magnitude.
If the patterns are self-similar — or more generally if they are scale invariant — the correlations obey power laws,
and (with some “squashing”) the whole of the correlation function has the same shape as a part of it. There are more
elaborate methods such as random cascades that exploit other aspects of scale invariance to create fractal patterns
at different scales whose degrees of filling space can be quantified by hierarchies of fractional dimensions.

Alternatively, there are deterministic, spatially explicit models of the dynamics of the underlying processes. The
incomplete data are fed into the models by methods termed data assimilation and the models themselves are used
to fill the gaps between measurements. Often, a scale problem remains if the model cell size is bigger than the
sampling volume. The methodological question then is how to get model parameters at larger scales that are con-
sistent with the underlying model dynamics from the parameters at smaller scales. Effective parameters are one
such way to obtain the consistency. Sub-grid parameterizations and closure relationships are other possibilities.
There are fantastic modelling examples in this book that all address the scale issue in some way and simulate ac-
curate patterns.
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Even though the processes vary dramatically within the Earth system, there are lots of similarities of scale issues
between the geoscience disciplines. In all cases we need to plan the sampling strategies and their space-time scales,
be it through boreholes, in situ sampling or remote sensing methods. In all cases we relate the data to the underlying,
incompletely sampled processes and we use the data to feed models to better understand the Earth system. As for
every pattern we can see, there are many more patterns we cannot see and these we mean to capture with our
models. There are therefore synergies between the geoscience disciplines we may want to exploit. We may want
to learn from our sister disciplines about how they are testing their hypotheses, how they are conceptualising the
underlying processes and how they deal with scale. The diverse set of examples in this book is intended to whet the
appetite. Why not exploit the similarities between the geoscience disciplines? We may be amazed by the exciting
results our colleagues have in store for us.

As the Earth and humankind continue the voyage through time we have arrived at a stage where the human imprint
on the Earth system can no longer be overlooked. We have arrived at the Anthropocene. Most of our models start
from the assumption that the geo-system can best be studied without human effects. There are of course very good
reasons for leaving out humans, as they add enormously to the complexity. Yet, there is an increasing number and
variety of patterns that can no longer be explained without integrating anthropogenic processes. The photos of this
book bear testimony to it. A new thinking that revolves around the dynamic coupling of geo-processes and human
action/reaction is therefore needed. Humans may no longer be treated as boundary conditions but should be seen
as an integral part of the coupled human-nature system. As this coupling is taking centre stage more and more in
Earth Science, the coupling between the geoscience disciplines also gets more important. Perhaps the concepts of
scales can play a catalytic role in our endeavour of integrating our disciplines into Earth system science to better
understand the interplay of processes across scales.

18

Top to bottom Zooming by factors of 2.9 into vertical sections of scale invariant simulated clouds.

Left Self-similar enlarged parts of structures are similar to the whole, so that the patterns do not change with scale.
Right A more realistic stratified but still scale invariant, cloud: enlarged parts of structures are similar to the whole
if after each enlargement they are “squashed” by a factor of 1.6 in the horizontal; the patterns do change with scale.
The top panels (left and right) are 5 km across, the bottom panels are 1 m across. In the Stommel diagram, the
slope of the blue line is either 2/3 or 6/5 depending on whether the horizontal or vertical structures are used to
define the size of structures (L).
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LIVING WITH A STAR

loannis A. Daglis, Christoph Jacobi, Mike Pinnock
Annales Geophysicae (ANGEO)

Life on Earth would be extremely difficult, if not impossible, if our planet were not positioned very precisely in the
habitable zone in our solar system, colloquially known as the “Goldilocks zone”. However, even positioned at this
optimum distance from the Sun, the behaviour of our star has profound consequences for our lives. ‘Living with a
Star’is a challenge for a civilisation that has deployed technologies such as satellites and power grid systems that
are vulnerable to particle energy emitted by our Sun. In recent decades, solar-terrestrial physics, the study of the
interaction of the Sun with Earth, has been addressing the need to provide Space Weather forecasting to protect such
technologies. This endeavour occupies a vast range of scales. The solar system is the largest complex system that
mankind can study with in-situ observation. It involves dimensions ranging from the astronomical unit (1 AU =
150,000,000 km, the distance from the Earth to the Sun) to the radius of charged particle motions spiralling around
magnetic fields which can be only a few centimetres. On the temporal scale, activity on the Sun varies on the “sunspot
cycle” of 11 and 22 years whilst phenomena such as explosive energy events on the Sun and in near-Earth space
require study on time scales of seconds.

Our Sun and near-Earth space region provide a natural laboratory for studying plasma physics processes. Plasma is
the fourth state of matter and the most abundant matter state in the known Universe, showing properties unlike the
other three states (gas, liquid and solid). The presence of free electrons and positive-charged ions, means that
plasma can respond rapidly to variations in electric and magnetic fields.

The stunning false colour image (left) shows the complexity of plasma structures in the corona of the Sun. This image
was taken by the NASA Solar Dynamics Observatory spacecraft and shows the temperature of the Sun’s corona. The
image reveals a huge amount of magnetic structure in the solar corona, but what is capturing scientists’ interest are
the occurrence of eruptions from the coronal surface, typified by the brown/pink structure in the centre of the image.
Such coronal jets can hurl exceptionally dense balls of hot plasma towards the Earth.

From this activity on the Sun a stream of charged particles (the solar wind) is ejected into space with supersonic
velocities, in addition to the electromagnetic radiation which supplies heat and light to the Earth. The planets sit as
obstacles in this stream of particles. As a consequence, the Earth’s magnetic field is distorted into a comet-like shape
which is compressed on the dayside and dragged out into a long tail-like feature on the night side of the Earth. But
our magnetic field is a leaky barrier to the solar wind, deflecting the majority of the particles away from the Earth
but allowing some to enter. Typically, the solar wind power incident on the Earth’s magnetic field is of the order of
10" W. Depending on the precise conditions in the solar wind, power of ~1010 W to 1012 W enters the Earth’s mag-
netic cavity, the “magnetosphere”.

The way in which that energy enters the magnetosphere and the consequences are the subject of much investigation.
In the latest generation of satellite missions, arrays of spacecraft such as ESA's Cluster mission, are exploring plasma

physics in our magnetosphere. Cluster is truly on a “Voyage of Scales”, navigating the different regions of the mag-
netosphere, measuring the particles and the electric and magnetic field variations. Solar wind electrons enter the

magnetosphere with energies of ~30eV (electron volts); electrons with energies up to 15 MeV are found in the trapped

particle regions close to the Earth (the Van Allen radiation belts). Our magnetosphere is, in effect, a giant particle

accelerator.

These energy transfer processes are invisible to mankind, though one of them gives us a spectacular illustration of
what is happening — the aurora. The auroras are light emissions at 100—300 km altitude, triggered by energetic
particles accelerated down to our atmosphere. The geometry of the Earth’s magnetic field guides the particles into
a circumpolar ring in both hemispheres. This phenomenon is seen on all planets having a magnetic field and an
atmosphere — the illustration shows aurora on Jupiter. Whilst the circumpolar ring of light may be ~3000 km in
diameter on the Earth, individual auroral forms reveal very fine scale detail that goes down to tens of metres. It is
still a significant challenge to understand how the energetic particles, the Earth’s atmosphere and the electric and
magnetic fields interact to produce such fine scale features and then vary them, second by second, in location and
intensity of light emission. Ground-based experiments, typified by the EISCAT radar systems (the European Incoherent
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Artist's impressions

Scatter Scientific Association), can address such questions. Whilst satellites can make in-situ measurements of
plasma parameters as they fly through the aurora, ground-based instruments can provide a more continuous
measurement at a specific location. The two techniques are highly complementary. The operation of radio and optical
instruments in both polar regions provides significant engineering challenges but such instruments are now being
operated routinely at latitudes right up to the Poles.

Energy, however, can also propagate upwards from the lower atmosphere and modify the near-Earth space region.
The Earth’s atmosphere contains a rich variety of waves and tidal signatures which move energy around the planet.
One illustration of this is shown in the NASA IMAGE satellite data. The bright, white spots in this picture show regions
where the electron density in the Earth’s upper atmosphere (the ionosphere) is being modified by upward propagat-
ing waves from intense thunderstorm activity over South America, Africa and Southeast Asia.

In summary, researchers have uncovered a complex series of energy transfer processes, originating from activity on
the Sun, and then interacting with planetary magnetic fields and atmospheres. Such processes are of intrinsic interest,
in particular to understanding the plasma physics processes that are ubiquitous throughout the Universe. However,
an additional spur to this research is that we have technology systems that are either immersed in the energetic
particle environment of space (e. g. satellites) or can be influenced by the energy released in phenomena such as the
aurora (e. g. power grid systems with infrastructure near the auroral zone). Such systems can be damaged by “space
weather” events. However, just as mankind has learned to use climate data and weather forecasting to adapt to and
mitigate the effects of hazardous weather systems on our civilisation, we can do the same for space weather. Here
lies the challenge.

Schematic illustration
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One of the EISCAT

Aurora on Jupiter.

Image of ultraviolet light

An image of a portion of the Sun

In honor of SDO’s fifth anniversary, NASA
has released a video showcasing highlights
from the last five years of sun watching
http://youtu.be/GSVv40M2aks

Aurora Borealis over Greenland and Iceland
http://vimeo.com/112360788
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UP INTO THE SKY

Laura Felgitsch, Hinrich Grothe
Atmospheric Chemistry and Physics (ACP)

Atmospheric processes extend over a vast range of temporal and spatial scales from less than nanoseconds and
nanometres up to years and thousands of kilometres. Typical examples are chemical reactions and physical interac-
tions of gases and aerosol particles at the small scale versus global circulation patterns of air masses in the tropo-
sphere and stratosphere at the large scale.

Clouds are prominent examples of atmospheric phenomena covering a wide range of scales. They extend over kilo-
metres but consist of small water droplets or ice crystals in the micrometre size range, which form by condensation
of water molecules on nanometre- or micrometre-sized aerosol particles serving as cloud condensation or ice
nuclei. Depending on their microstructure and meteorological conditions, clouds may form different types of pre-
cipitation (rain, snow, hail) and play an important role in the hydrological cycle. Moreover, they influence the Earth’s
energy budget by scattering and absorbing sunlight and infrared radiation. Anthropogenic pollution can influence
the atmospheric abundance and properties of aerosols and clouds, but the effects are quantitatively not well con-
strained and contribute substantially to the uncertainties of climate prediction. Thus, the interactions between
aerosols and clouds are key elements of current atmospheric and climate research.

The pictures of this book chapter illustrate the multi-scale nature of atmospheric phenomena and research, focusing
in particular on clouds and aerosols. One such phenomenon is Hurricane Linda, which was one of the strongest east-
ern Pasific hurricanes measured so far. Luckily Linda’s eye never hit land and the storm remained mostly on open sea.

The convective clouds of individual thunderstorms (cumulonimbus) are much smaller but can still extend over doz-
ens of kilometres horizontally and up to the tropopause near 15 km altitude. The formation and evolution of these
and other types of clouds depend on a wide range of factors including meteorological conditions such as tempera-
ture and humidity as well as the abundance and properties of aerosol particles.

Cold clouds also contain snowflakes on a millimetre scale. The formation of such beautiful crystals is often triggered

by aerosol particles serving as ice nuclei, which include biological particles like bacteria, fungal spores or pollen

grains with diameters in the range of 1-100 um. In the presence of ice nuclei, freezing can occur at temperature close

to 0° C, while the freezing of tiny water droplets without ice nuclei requires temperatures as low as -40 °C. The tem-
perature at which ice nuclei can induce the formation of ice depends on the chemical and physical properties of their
surface, but the activity of ice nuclei is not yet well understood. Thus the formation of ice crystals, which is also

important for the formation of precipitation, remains difficult to predict. These and other open questions of aerosol
and cloud research are the reason why the IPCC (Intergovernmental Panel on Climate Change) ranks aerosol-cloud

interactions as one of the most important uncertainties in the understanding and prediction of climate change.

TRREE LLLLEL LR ; : — A multitude of experiments have been developed to study and characterize ice nucleation and other atmospheri-

= i : - N cally relevant processes under well controlled and reproducible conditions. Temperature- and humidity-controlled
reaction chambers and flow tubes enable the investigation of aerosol and cloud particle ensembles on spatial and
temporal scales of metres and minutes to hours. Other experimental approaches like levitation trapping, powder
diffraction, and oil-matrix emulsions allow researchers to focus on the properties of particle ensembles or single
particles on smaller spatial scales from centimetres to micrometres, but over a wider range of temporal scales from

el e E

i ) b less than seconds to more than days. For example, high precision measurements of homogeneous ice nucleation
| rates in individual microdroplets levitated in an electrodynamic balance help to address the question of whetherice
nucleation is initiated in the bulk liquid or near the surface of a droplet. Alternative methods carried out with drop-
lets resting on different types of substrates require the consideration of droplet-substrate interactions that may
interfere with the freezing process.

The methods applied in atmospheric chemistry and physics laboratories often resemble those in the fields of ca-
talysis and materials science reaching down to the sub-nanometre scale. These include ultrahigh vacuum (UHV)
investigations of molecular complexes, clusters, nanoparticles, and adsorbed films. Examples are the use of second-
ary ion mass spectrometry to investigate interactions between condensed H20, NH3, and HCOOH molecules,

Shining polar stratospheric cloud
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molecular beam studies of interactions between water molecules and water ice, and the surface-science experiments
applied to study molecular-level surface properties. Several experiments that originally required UHV have also been
adapted to higher experimental pressures, allowing for the investigation of water samples and cloud processes.
Examples of such methods include electron microscopy, mass spectroscopy, reflection infrared spectroscopy, X-ray
photoelectron spectroscopy, near-edge X-ray absorption fine structure, and molecular beam experiments.

New developments in laboratory experiments, field measurements, remote sensing and atmospheric modelling
continue to open new pathways in the investigation and understanding of atmospheric processes on molecular to
global scales, which are highly relevant for the understanding of atmospheric and climate change. Thanks to great
efforts and achievements of numerous researchers, studies and methods, many scientific questions have been an-
swered over the past decades and have helped to resolve issues like the ozone hole. However, many more issues
relevant for air quality, climate and public health remain to be solved and this makes atmospheric science the excit-
ing and important field it is today.
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A cumulonimbus cloud.

An ice crystal.

Pollen

Hurricane Linda,

Heterogeneous ice nucleation
of supercooled water droplets
http://youtu.be/00uwGlgkgfy
Aerosols: Airborne particles

in Earth’s atmosphere
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SCALES AND ATMOSPHERIC MEASUREMENTS

Andreas Richter, Thomas Wagner
Atmospheric Measurement Techniques (AMT)

Atmospheric measurement techniques involve a broad range of methods from the development of in-situ and
remote sensing techniques and instrumentation, laboratory and environmental chamber experiments, algorithm
development to data intercomparison and validation and the quantification of measurement uncertainties.

The relevant scales of atmospheric processes and properties vary over many orders of magnitude. Even though early
humans certainly had a clear grasp of the fact that weather and climate have a much larger force and scale than
themselves, the full appreciation of the large scale patterns and connections of atmospheric phenomena was prob-
ably only possible with the first pictures and measurements from space. Over the last decades, these early photos of
cloud systems have evolved to a global observational system of many parameters which feed the numerical models
for weather forecasting as well as the scientific studies trying to understand the various processes of the atmos-
pheric system. At the same time, more and more measurements are being made on medium and small scale pro-
cesses to create a comprehensive picture of atmospheric processes at different scales and how they interact.

When designing a measurement of an atmospheric quantity, the first question to ask is always that of the scale of
interest. Taking NO2 concentration as an example, very different set-ups are needed when quantifying atmos-
pheric levels at the exhaust pipe of a car, or in a street canyon of a city, or for a whole agglomeration, or on a
country level. The difference in horizontal scale also results in differences in the natural vertical extension of the
probing volume — while in a street, one would usually take point measurements of the NO2 loading, a whole city is
probably best viewed in the form of column amounts, integrated vertically over the boundary layer or the whole
troposphere. The measurement volume also determines the range of values to expect — very large variability could
be expected for reactive species at small scales, particularly close to emission sources, while much less variability
is found at larger scales.

In the atmosphere, the space scales of the processes are intrinsically linked to their times through the transport
velocities. When analysing measurements taken at a ground-based station, the spatial structures and scales of a
phenomenon such as a high pressure system are mapped as temporal variations in the data depending on wind speed.
The opposite is also true — the temporal evolution in the degassing of a volcano can cause visible spatial patterns of
different sizes, for example, the distribution of aerosols or SO in satellite images downwind of the crater.

Limited atmospheric life time also has an impact on the typical scales at which gases and particles are found in the

atmosphere, which are relevant for observations. Considering a very short lived molecule such as the hydroxyl
radical OH, transport can only provide mixing over very short scales and depending on local conditions, large gra-
dients can be expected, for example, between illuminated air volumes and shaded areas. A trace gas with a long
atmospheric lifetime such as CFC-11 on the other hand will be efficiently mixed in the atmosphere on continental and

even hemispheric scales, leading to small gradients. As a consequence, the requirements for atmospheric measure-
ments of the two species are very different — for a long-lived gas a few observational points globally might suffice

while full characterisation of a short-lived constituent necessitates a large number of evenly spaced observations

at considerably smaller scales and at much higher frequency.

The different scales of phenomena in the atmosphere are not independent of each other. On the contrary, they in-
teract in many ways, transferring energy, constituents and properties between different scales. For example, large
scale atmospheric motion such as high and low pressure systems dissolve over time, transferring energy and mo-
mentum through a cascade of smaller vortices and eddies until the kinetic energy is eventually dissipated to heat.
At the same time, surface roughness from microscopic small scale structures to larger objects like trees, buildings
or mountains determines surface friction which in turn has an impact on wind speed and direction on much larger
scales. Another example is the formation of tiny aerosols in the atmosphere which can then act as condensation
nuclei leading to the formation of clouds and impacting on both precipitation and the radiative balance not only
locally but also on large scales. Similarly, polar stratospheric clouds (also known as mother of pearl clouds) are
responsible for the efficient destruction of stratospheric ozone over Antarctica in October known as the ozone hole.
Knowledge of the shape, composition and properties of individual sub-micron sized particles is needed and can only

Launch of a scientific balloon.
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be obtained by measurements on microscopic scales, while the effects on cloud formation and radiation can be
observed on much larger scales, for example from satellites in space.

Another important example where microscopic phenomena control large scale processes is the exchange of trace
species across phase barriers. Laboratory measurements in so-called wind channels in combination with observa-
tions of the microlayer structure of water surfaces are carried out to quantify trace gas fluxes through the air-water
interface. For example, the efficiency of the air-sea exchange of CO2 determines the rate at which the ocean can
uptake and store the anthropogenically produced excess concentration of this greenhouse gas.

Remote sensing measurements, in particular if taken from satellites, create their own scale problem. In many cases,
these observations are averaged over large volumes and areas. For example, satellite observations of tropospheric
NO2 have typical horizontal scales of hundreds of square kilometres and, in addition, integrate vertically over the
troposphere. These scales are usually appropriate for mapping pollution on a regional level, and such measurements
can provide global maps of NO2 distributions which cannot be obtained by other observations. Remote sensing
observations as an indirect method need validation by independent measurements. However, at the scales of the
satellite observations, this is a challenge as no other measurement technique is available providing mean values
over such a large volume. Averaging over many local measurements is needed, either using remote sensing from
the ground or in-situ observations from air-borne sensors, sequentially probing the measurement column. As this
is a time consuming process, and temporal scales of NO variability in the atmosphere are relatively short, this can
only lead to imperfect matching of measurement quantities. Clearly, the different scales of atmospheric phenom-
ena can only be appropriately probed by different measurement approaches and instruments, creating a complex
mosaic of measurements having diverse advantages and limitations but hopefully in the end providing a consistent
picture of the atmospheric system as a whole.

Atmospheric measurements at different scales are often used for comparison with model simulations at similar
scales. For example, satellite observations are well suited for the validation of global chemical transport models

and general circulation models. Measurements from aircraft or satellite observations with high spatial resolution

are compared to results of regional models. Regional models can be nested into global models with coarser resolu-
tion and can serve to bridge the gaps between observations at different scales (e.g. remote sensing and in-situ

observations). Laboratory measurements of basic atmospheric processes (e.g. chemical and microphysical pro-
cesses) are often compared to simple 1-dimensional box-models. While the scales on which phenomena in the at-
mosphere take place vary dramatically, it is the thorough and well-designed atmospheric measurement on all scales
that provide the ultimate tool to test our understanding of chemical and physical processes in the atmosphere.

Concentration pathlength (ppm-m)
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Mipas Launch from Timmins, Ontario
http://youtu.be/7w7anQOBEHwW

Stratos: the Canadian Space Agency Stratospheric Balloon Program
http://youtu.be/Bq4CoQTqeQ0

IMlustration of measurements of three satellite instruments Artist’s concept of the A-Train,
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BIOGEOSCIENCES CONNECTING EARTH’S SPHERES
FROM MICROSCOPIC TO GLOBAL SCALES

Michael Bahn, Katja Fennel, Jirgen Kesselmeier, Wajih Naqvi, Albrecht Neftel
Biogeosciences (BG)

Biogeosciences is focused on the interactions of marine and terrestrial life in and across the Earth’s main spheres:
the biosphere, atmosphere, hydrosphere and geosphere. These spheres are intricately connected and interact by
exchanging energy and matter through biological, physical and chemical processes across a range of scales. Bio-
chemically mediated reactions and transports across intracellular membranes occur at microscopic scales, yet they
profoundly influence the composition of Earth’s atmosphere and climate. Macroscopic properties, in turn, determine
which biota and biochemical pathways are prevalent in various environments on Earth.

The wealth of interactions across spheres and scales leads to feedback mechanisms that can dampen or amplify
natural and human influences. A striking example of a human perturbation to natural mass and energy flows on
Earth is the steep rise in atmospheric carbon dioxide (CO2) due to fossil fuel combustion, cement production and
deforestation, which leads to global warming and acidification of the ocean. Because of human influences, we now
refer to the period since the beginning of industrialization as the Anthropocene. The Anthroposphere, i.e. the sphere
that is directly influenced by humans, permeates practically all other spheres on Earth.

Perhaps the prime example of microscopic processes fundamentally altering the global environment and the course
of evolution is the oxygenation of Earth’s atmosphere and ocean about two billion years ago. On the early Earth free
oxygen was rare. The rise of photosynthesis in single-celled marine algae led to the accumulation of oxygen in atmos-
phere and ocean, and thus made the evolution of diverse multicellular life forms possible. In today’s ocean the explo-
sive growth of single celled algae, which occurs when light and nutrient conditions are favourable, can create
accumulations of biomass that are visible from space. During senescence of these blooms, organic matter sinks to
the deep ocean effectively sequestering carbon at ocean depths and mitigating global warming. As the surface ocean
warms, the efficiency of carbon export to the deep ocean may slow, potentially creating a positive feedback that
would amplify warming.

The ocean has taken up a large fraction of anthropogenic CO2 from the atmosphere (estimated at a third to half of
anthropogenic emissions) by a combination of sinking organic matter and physical equilibration processes, and
continues to do so. The ocean has thus slowed man-made global warming, but at a price to ocean ecosystems. The
increase in ocean inorganic carbon concentrations acidifies ocean water, making it more corrosive to calcium car-
bonate, which forms the solid structures of many marine organisms from select phyto- and zooplankton species
(phytoplankton are small drifting algae and zooplankton their equally small predators) to bivalves (clams, mussels,
oysters) and crustaceans (lobsters, crabs, shrimp). Perhaps the best-known early victims of ocean acidification and
warming will be coral reefs — elaborate calcium carbonate structures built by symbiotic coral-algae associations
that provide shelter to diverse tropical ecosystems.

On land, photosynthetic activity by vegetation results in the largest flux of carbon between the biosphere and the
atmosphere, a large portion of which returns to the atmosphere as respired CO, within timescales of days to weeks.
A smaller part of the assimilated carbon transiently remains in living biomass and ultimately feeds into the large
carbon reservoir of soils, where the unseen majority of microorganisms transform soil organic matter, in turn sustain-
ing the supply of nutrients for the vegetation.

Substantial alterations of biogeochemical cycles also include land cover changes and the introduction of non-native
species impacting the structure and functioning of ecosystems. Industrial fertilizer production, a major advance that
enables feeding the growing human population, has also massively perturbed the nitrogen cycle. Increased nitrogen
deposition, which may take place over distances as large as several hundred or even thousand kilometres from the
sources of production/emission, has consequences for the balance of macro- and micronutrients of organisms from
the smallest microbe to the largest organisms on Earth. The laws of stoichiometry determine to which degree and how
efficiently organisms compete for and process the elements, take up and store carbon and release greenhouse gases
to the atmosphere. While increased nitrogen inputs to ecosystems can enhance the capacity of the vegetation to take
up CO2 from the atmosphere, they also speed up the microbially driven nitrogen turnover in the soil and stimulate
the emissions of nitrous oxide, a potent greenhouse gas whose global warming potential is almost 300 times as high

An algal bloom
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Greenhouse gas measurements

as for CO,. On the continental scale, agricultural practices have recently been suggested to contribute to turning a
small continental carbon sink into a net source of radiative forcing for both Europe and Africa. Along the nitrogen
cascade, deposited nitrogen may also leach from terrestrial ecosystems and have downstream consequences for
rivers, streams, lakes and coastal oceans.

Dairy products play a growing role in the nutrition of the expanding world population. Key to the growing importance
of dairy products is the husbandry of ruminants. Ruminants are mammals that can acquire nutrients from grasses
by bacterial fermentation processes in their first stomach — a complex bioreactor. The fermentation creates a range
of gaseous byproducts including the potent greenhouse gas methane, which escape in large enough quantities to
alter atmospheric greenhouse gas concentrations and thus climate.

Biosphere-atmosphere exchange measurements by the eddy covariance technique are a typical example of how to
bridge the scale from individual point sources, the cows, to the whole grazing field, typical on the hectare scale. The
application of eddy covariance over pastures is challenging due to the spatially and temporally uneven distribution of
the grazing animals. Individual cow positions can be recorded by GPS trackers to attribute fluxes to animal emissions
using a dispersion model that makes assumptions about the upwind sources of the fluxes. Meaningful interpretation
of measured fluxes can only be gained if several disciplines work together, ranging from the development of instru-
mentation, to numerical modelling and animal physiology.

Another potential influence of animal husbandry is the release of amines into the atmosphere, which act as conden-
sation nuclei that stimulate cloud formation thereby increasing Earth’s albedo and slowing down global warming.
The process interactions span scales from microscopic (bacterial fermentation and cloud condensation nuclei) to
scales of metres (cows and their human handlers) to global (climate on Earth).

Critical questions for civilization are to what degree the biosphere can absorb greenhouse gases, tolerate warming
and other environmental perturbations, and maintain livable conditions on Earth. During a period of rapid losses of
biodiversity across the globe we need to understand how organisms and their interactions influence the fluxes of
matter and energy across scales, and how these patterns and processes are altered by changing environmental
conditions.

Biogeosciences research includes a wide range of perspectives from laboratory studies that quantify processes
under controlled conditions, and field investigations that observe complex natural systems with feedbacks, to theo-
retical and numerical modelling studies that synthesize observations and allow a scaling up of local observations in
space and time. The buildup of information resembles a puzzle with infinite pieces, but each new piece sharpens the
contour of a steadily evolving picture of intricate patterns and interacting processes from microscopic to global scales.
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The Global Challenge of Ocean Acidification
http://youtu.be/5cqCvcX7buo
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SCULPTING THE SURFACE OF THE EARTH

Tom Coulthard, Jéréme Gaillardet, Frédéric Herman,
Niels Hovius, Douglas Jerolmack, Andreas Lang
Earth Surface Dynamics (ESurf)

Tectonic, river, glacial, wind, slope and coastal process have shaped the surface of our planet and made it into the
environment we live in. Cities inhabit the flat lands of floodplains made by rivers, precipitous mountain ranges cre-
ated by tectonic forces are sharpened by the erosive power of ice and glaciers, the rolling hills are gradually mould-
ed by the erosion of soil and slopes, and at the coast land is made through the deposition of deltas and trimmed
away by coastal erosion. The Earth’s surface may seem static, but it is dynamic: and over a range to time and space
scales the action of water, ice, gravity and the sea all combine to create our world. Ever wondered why mountains
only grow so high? Or why floodplains are so gentle and fertile? All of this is a product of Earth Surface Dynamics.

Over millions of years the collision of tectonic plates leads to the growth of mountain ranges. Above a certain elevation
the climate cools and the gradual but powerful action of ice and glaciers trims away the tops of these mountains
and carves deep valleys at their base. The rock is then ground and transported by glaciers to lower elevations where
rivers act as giant conveyor belts episodically transporting their load of sediment down slope. At even lower heights
where gradients and potential energy drops, rivers deposit vast tracts of this material creating the large flat ex-
panses of floodplains and at the coast deltas. The balance between these glacial, fluvial and slope processes leads
to the variety of landscapes and landforms we see today. Where glaciers dominate, deep wide, U shaped valleys
form. Where rivers lead in cutting into the landscape steep V shaped valleys evolve. Both of which are balanced by
erosion and deposition on slopes — with the inexorable creep of material downslope, smoothing sharp gradients
into to rolling hills. Climate affects all of these processes, providing water and snow to drive fluvial and glacial impacts,
enabling soil to develop to further breakdown material once thrust up in mountain ranges. Where climate is drier
the action of water reduces and sediment can be carried by wind, leading to the deflation of surfaces, the formation
of sand dunes and sand seas, as well as the deposition of dust. The vast and fertile loess soils of China — that are
eroded by and give the name to the Yellow river — were once part of the Himalayas and were transported East by
wind. Furthermore, whilst climate can shape the landscape, the shape of the Earth’s surface can also feed back and
alter the climate — mountain ranges shift circulation patterns and uplift air prompting the release of rainfall and the
dissolution of the eroded material will remove CO2 from the atmosphere.

This complex mixture of erosive and depositional processes all operate over a wide range of time and space scales,
ranging from the uplift of mountain ranges over millions of years to a burst of turbulence in a river causing a pebble
to move downstream. This vast range of scales may at first glance seem to make deciphering how the Earth’s surface
evolves impossible. But, there is a great similarity in how processes operate over these different scales. For example,
the powerful braided river Tagliomento shown in the first image operates in the same way as a small stream draining
a beach. There is a statistical similarity between the shape of the channels and how they move and migrate. Simi-
larly, the branch like network of a river network draining a continent has a physical and numerical correspondence
to rills and gullies that may form on a slope or in a field after a rainstorm.

This similarity over scale allows researchers to use physical and numerical models to conduct experiments where
we speed up time and reduce space to understand how — and at what rate our Earth’s surface changes. For example,
the image on page 54 shows a gullied and dissected landscape of the Badlands National Park, South Dakota, and
the figure on page 52 shows how a numerical model can replicate the same shape and form. We can then see how
fast this landscape may respond to wetter or drier periods in our Earth’s history and how this translates into changes
in the Earth's surface. Furthermore, these processes are not limited to Earth. The image on page 53 shows how large
braided channels have formed on the surface of Mars at some point in its history. Titan, one of Saturn’s moons has
similar channels, but instead of lying in rock and sediment they are carved into frozen methane. Therefore, the dy-
namics we see and study on earth can be used to understand how other worlds are shaped. Understanding Earth
Surface Dynamics is also vital for exploring our planet’s resources. For example, over time river floodplains and
deltas become buried under newer sediments and these layers build up to become aquifers — stores of water, oil
and gas. Knowing where and how these form have enabled humans to extract the resources we use to build our world.
Yet, our actions also have an impact — giving rise to the geological age of the Anthropocene. How we change the
climate will have a direct impact on how glaciers, rivers, wind and coastal processes continue to shape the world in
the future.

The braided channels of the Tagliamento river
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Erosional response of an actively
uplifting mountain belt to cyclic
rainfall variations (See Page 52)

https://youtu.be/gKifVnFwjEY
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EARTH SYSTEM DYNAMICS:
“THE WHOLE IS MORE THAN THE SUM OF ITS PARTS” (ARISTOTLE)

Somnath Baidya Roy, Axel Kleidon, Valerio Lucarini, Ning Zeng
Earth System Dynamics (ESD)

The planet Earth is a complex system consisting of multiple spheres such as the atmosphere, biosphere, cryosphere,
hydrosphere, pedosphere, lithosphere, and the solid Earth. These spheres are tightly linked, resulting in a multitude
of interactions and feedbacks that span the scales ranging from individual molecules to the planetary system. Because
of these tight linkages, the behavior of the whole Earth system is more than the mere sum of the behavior of the
component spheres. In addition to natural phenomena, the behavior of the Earth system is also influenced by human
activity such as increases in atmospheric greenhouse gases and aerosols, and land use/land cover change due to
deforestation, agriculture, urbanization, and utility-scale energy farms. In fact, the intensity and extent of human
activity has reached such alevel that the part of the environment influenced by humans is now considered a separate
sphere called the anthroposphere that interacts with the other spheres. A systems approach is therefore essential
to understand the Earth system and its response to global change, be it natural or anthropogenic.

While the processes that occur within each of the spheres appear to be unique, they all follow the fundamental laws
of physics, so that we can expect a basic similarity between the processes in the different spheres. In addition to the
internal dynamics that occur within the spheres, they interact with each other, continuously exchanging mass and
energy amongst themselves. The uptake of carbon dioxide by the biosphere, for instance, is associated with the
removal of carbon dioxide from the atmosphere, coupling the atmospheric composition to the dynamics of the
biosphere. Due to this coupled nature of the Earth system, the processes that are purely internal to the spheres are
strongly influenced by the exchanges at the boundaries, and thus by process that are external to the spheres. In this
way, the overall behavior of the Earth system is shaped by the individual components as well as the interactions
among the spheres.

Earth system processes and their interactions occur at a wide range of space and time scales. Atmospheric transport,
forinstance, spans molecular scale diffusion to planetary waves in the atmosphere. The Earth’s climate provides an

outstanding example of a high-dimensional forced and dissipative complex system, whose evolution is governed by
Navier-Stokes equations in a rotating frame of reference complemented by the complex thermodynamical proper-
ties of the multiphase geophysical fluids. The dynamics of such a system is chaotic, so that there is only a limited

time horizon for skillful prediction. The challenge in predicting the system arises out of the vast range of spatial and

temporal scales, the difference in the properties of the various components of the Earth system and the coupling

mechanisms. For example, incoming solar shortwave radiation at the surface varies at short timescales of the order
of minutes due to changes in cloud cover and aerosols to long timescales of hundreds of thousands of years due to

changes in orbital eccentricity. On even longer time scales that span the Earth’s 4.5 billion years of history, changes

in solar luminosity, plate tectonics and greenhouse gases interact to create a habitable environment suitable for life.
Due to the tight coupling in the Earth system, extremely small-scale, short-lived processes and very large-scale,
long-term processes influence each other, even when they occur within different spheres of the system.

The connection between different scales are not readily apparent if we look at one phenomenon in isolation. It be-
comes clearer when we take a holistic look at the entire system and take an interdisciplinary approach. Nowadays,
the use of coupled Earth system models that simulate and predict the behavior of the whole system allows us to take
such a holistic look at the whole Earth system.

One example for a process that spans a large range of scales is the exchange of energy, moisture and gases between
the terrestrial biosphere and the atmosphere. The exchanges occur through stomata that are microscopic pores on
a surface of leaves. The rates of exchange depend on a number of plant physiological, atmospheric, hydrologic and
pedospheric characteristics that operate at different scales. The magnitude of the fluxes depend on the type and
surface area of the leaves. For instance, transpiration from a leaf in a coniferous tree is much lower than that from
a broadleaf tree. The structure of the tree canopy that governs the distribution of leaves on a tree is also a factor.
Because stomata open to facilitate photosynthesis, fluxes are typically lower for leaves on lower branches that get
less sunlight. Moreover, the small-scale variability of heat, moisture and carbon dioxide above, within and below
the canopy due to the complex air flow inside a canopy also play a critical role. The fluxes also depend on soil mois-
ture availability in the root zone that is governed by small scale variability in soil type and texture, as well as

The Ivanpah Solar Electric Generation System 277 M\ concentrated solar plant in the Mojave Desert in California. AVoyage Through Scales D7




Deforestation

elevation and slope. At the larger end of the spectrum, the fluxes are governed by weather and climate phenomena
that determine the spatio-temporal pattern of heat, moisture and gases in the atmosphere. Thus, the heat, moisture
and gases that are exchanged through the stomata at the microscopic scale shapes the exchange of these sub-
stances between the land surface and the atmosphere, thereby playing a vital role at the exchanges at the regional
to continental scale.

Another example for the need of a systems approach that spans a range of scales are the impacts of human-driven

land use change through deforestation and agricultural expansion on weather and climate. Land-atmosphere inter-
actions in the aftermath of deforestation involve phenomena at a wide range of scales, including stomatal exchange,
atmospheric convection and thunderstorms (~10 km), catchment run-off and river flow (10—100 km) and monsoonal

circulations (~1000 km). At smaller scales, sharp gradients between the forests and the clearings can create meso-
scale circulations that affect the spatial dynamics of heat and moisture in the atmosphere. Even though sharp land

cover gradients may occur naturally, the frequency is higher in anthropogenic land use patterns such as the fishbone

deforestation in Brazil or the radial deforestation pattern in Bolivia. Similar effects are also observed with irrigated

agriculture that often demonstrate an organized spatial structure with sharp boundaries. The effect is most pro-
nounced in arid regions where the soil moisture differential between the irrigated farmlands and the surroundings

are very pronounced. However, the effect of deforestation is not only felt locally but also in distant regions. Very large

scale deforestation such as that in Amazonia can affect regional and possibly global weather and climate patterns.
In the long term, such changes in weather and climate go on to exert feedbacks on the land cover in many different
ways. They accelerate or dampen the vegetation regrowth rate and may even determine the species composition of
the recovered forest. Because land use practices change over time, the nature and magnitude of the effects also

evolve in time, thus linking near-instantaneous stomatal response to long-term climate response that may take

decades to unfold.

Scale interactions in the Earth system is also evident in climate change that is mainly caused by the increase of
greenhouse gases from anthropogenic fossil fuel emissions and land use change. Underlying the long-term increase
in atmospheric background concentration of carbon dioxide (CO2) is the intricate pattern of how the anthropogenic
emissions from individual sources are collectively swept into swirls of weather patterns around the world. Most of
the fossil fuel emissions come from population centers such as the world’s major metropolitan areas in North
America, Asia and Western Europe. These emissions are transported and mixed first in the Northern Hemisphere,
then slowly diffuse into the Southern Hemisphere. In contrast with this nearly steady carbon emission source, the
plants, especially during the summer growing season of the Northern Hemisphere, take up even more CO; from the
atmosphere than the amount of fossil fuel emissions. This CO2, however, is respired back into the atmosphere
slowly during the dormant season, leaving only a small fraction that is sequestered on longer timescales as a net
carbon sink for the fossil fuel emissions. The locations and nature of this so-called ‘missing’ carbon sink is still a
major scientific mystery that involves scales ranging from individual plants to the planetary system.

The examples above clearly demonstrate the complex, nonlinear, multiscalar nature of the Earth system that, by
virtue of the interactions between its component spheres, is much more than a mere sum of its parts. A systems
approach that integrates knowledge from many different disciplines is required to understand and predict the be-
havior of the Earth system and its response to human activity.
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SCALES IN ATMOSPHERIC REMOTE SENSING INSTRUMENTS,
MEASUREMENTS AND SCIENTIFIC PRODUCTS

Jothiram Vivekanandan, Ari-Matti Harri, Hakan Svedhem
Geoscientific Instrumentation, Methods and Data Systems (Gl)

In assessing the future trajectory of Earth’s climate, scientists rely on climate models to predict potential changes
to our planet. One of the largest remaining scientific uncertainties critical to improving climate model capabilities
is the proper understanding and treatment of cloud processes. The Inter-government Panel on Climate Change (IPCC)
has repeatedly stressed the adverse impacts on weather, sea level, food production and different habitats in response
to small increases in Earth’s temperature. These impacts can be predicted with greater confidence if the representa-
tion of clouds in climate models is improved. This is not a simple task since atmospheric clouds differ in intensity,
shape, size and duration, ranging from small cumulus to tropical cyclones. Climate models have to accurately reflect
spatial scales on the order of metres to thousands of kilometres, and temporal scales of minutes to days for repre-
senting various forms of clouds.

Clouds play various roles in the Earth’'s atmosphere. For example, puffy cumulus clouds reflect incoming solar radiation,
which has an overall cooling effect whereas high altitude, wispy cirrus clouds trap outgoing radiation from the Earth’s
surface, warming our atmosphere. Tropical cyclones consist of a mix of clouds and thunderstorms and originate over
tropical or subtropical oceans. They produce heavy rainfall, lower the sea-surface temperature in their vicinity, and
maintain the global heat balance by transporting warm tropical moist air to the mid-latitudes and polar regions.

Aerosols play a major role in the formation of clouds. The interaction between aerosols and clouds is currently
treated very crudely in climate models. A number of observational studies showed that aerosols affect cloud formation
and evolution, as well as the timing and magnitude of precipitation. Models and field observations have shown that
an increase in human-made aerosols can ultimately lead to higher concentrations of cloud drops, which in turn en-
hance a cloud’s reflective properties, thereby leading to a cooling effect and affecting precipitation. Precipitation is
the primary mechanism for transporting water from the atmosphere back to the land and ocean surface. It is inter-
esting to note that a drop of water spends an average of eight days in the atmosphere before falling back to the Earth.

In order to reduce the uncertainty in climate model forecasts, detailed measurements are necessary for accurate
representation of cloud microphysics in climate models. Cloud microphysics fields include types of atmospheric
particles such as aerosol, ice, liquid, mean size, and concentration. Retrieved microphysical estimates from remote
sensing instruments, namely, lidars and radars, are used for estimating mean characteristics of cloud microphysics.
They are also used to evaluate a climate model’s predictive skill, i.e., how well a climate model simulates ‘present
climate’, which is an important part of evaluating a climate model’s prediction of global warming. It should be noted
that evaluating a climate model's performance using measurements is a daunting task since temporal and spatial
scales of aerosols and clouds span many orders of magnitude, and the measurements should be compatible for
inferring corresponding temporal and spatial scales of aerosols and clouds.

Remote atmospheric measurements from lidars and radars are used to estimate a wide range of spatial and tem-
poral scales of aerosol layers and clouds. Radars detect micron size cloud liquid, cloud ice particles, raindrops, and

large cm size ice particles. Lidars are often used to determine thin-cloud regions and aerosol layers of the atmosphere

as they detect reflections of objects such as air molecules, aerosols, ice crystals, and water droplets in clouds. Lidars

emit shorter wavelengths than radars, so they can detect atmospheric particles in the micron to millimetre size range.
Lidar and radar together give a more complete picture of the atmospheric particles of sizes that range from micron

to centimetre sizes and these particles are the primary constituents of aerosol layers and clouds.

Lidars and radars are active atmospheric remote sensing instruments. The sensitivity of these instruments for detect-
ing atmospheric particles is proportional to the concentration and mean size of the particles. Since the spatial and

temporal structure of aerosols, clouds and precipitation span a wide range of scales, these instruments are built to

measure backscatter signals across those scales. Atmospheric particle sizes and concentrations detected by these

instruments span many orders of magnitude.

This eye safe atmospheric lidar
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This article provides a brief description of how remote sensing instruments are capable of detecting atmospheric
particles, whose concentration and size vary over many orders of magnitudes. Examples of scientific products derived
from lidar and radar measurements that have the potential for evaluating climate models are also presented.

Atmospheric remote sensing instruments transmit electromagnetic energy at various frequency bands between
visible and microwave wavelengths. Visible frequency corresponds to 0.5 um wavelength, and the lower end of the
microwave frequency corresponds to 10 cm wavelength. Thus the range of transmit frequencies and wavelengths of
remote sensing instruments span four orders of magnitudes. Energy transmitted at these wavelengths travels at the
speed of light (3 x108 m s~). In one millisecond the transmit and receive signals covers a range of 150 km. Minimum
and maximum detection ranges of these instruments vary between 10 m and 300 km. Since the spatial structure of
aerosol, clouds, and precipitation range between metres and kilometres, these instruments are designed to detect
a wide range of temporal and spatial scales.

The transmitting energy pulse length determines the spatial resolution of a measurement. Shorter pulse lengths
correspond to finer spatial resolution. Typically the transmitting pulse lengths vary between 25ns and 1000 ns for
resolving 1m to 100 m scales. In order to cover a large volume and obtain a fine spatial resolution of atmospheric
features, these instruments are designed to transmit the maximum allowable power. Radars are capable of pulsing
mega watts of power at microwave frequencies, whereas lidars can transmit only kilowatts of power at visible wave-
lengths due to inherent engineering limitations and constraints for transmitting larger amounts of power. Even
though transmitting power from lidars and radars differ by three orders of magnitude, they are sensitive enough to
detect aerosol, clouds, and precipitation as described below.

When the transmitted electromagnetic wave from lidars and radars encounters discontinuity in space due to obstacles
such as aerosols, clouds and precipitation, the energy is reflected back to the instrument. The amount of energy
reflected back to the instrument is proportional to the number concentration and average backscattering cross section
of the particles in the scattering volume. Concentration of micron size aerosols ranges between 108 and 10" per
cubic metre (m3), whereas cloud and precipitation particles range between 1000 and 0.1 per m3. The scattering cross
section of aerosols is five orders of magnitude smaller than precipitation size particles, yet lidars detect aerosols
because the typical concentration of aerosols is many orders of magnitude larger than concentration of cloud and
precipitation particles. In the Rayleigh scattering regime, scattering cross section of a particle is proportional to
fourth power of frequency. Therefore, as the transmit frequency increases by a factor of 10, the radar cross section
of a particle increases four orders of magnitude. This large increase in the scattering cross section as the function of
frequency enables detection of micron sized particles even though transmit power at visible frequencies is three
orders of magnitude smaller than at microwave frequencies. Typical examples of measurements of lidars and radars
and also retrieved atmospheric particles are shown on the next pages.

In summary, weather and climate spatial scales span seven orders of magnitude and their temporal scales range
between seconds to years. Lidars and radars are best suited for detecting aerosols, cloud droplets, cloud ice and
also large ice particles and raindrops. Detection of these atmospheric particles lead to objective depiction of clouds
at a range of temporal and spatial scales that are necessary for improving predictions of climate change.
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Lidar backscatter
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HYDROLOGY, A SCIENCE OF WATER FLOW AT MANY SCALES

Alberto Guadagnini, Erwin Zehe, Hubert H.G. Savenije, Alison D. Reeves
Hydrology and Earth System Sciences (HESS)

Water is the lifeblood of Earth. All living organisms need water to thrive and the evolution of our planet is depend-
ent on it. Our landscapes are formed and shaped by water, our society depends on water, be it as rainfall, water in
rivers, lakes and subsurface water. We suffer when there is too little or too much of it. Droughts and floods wreak
havoc across our cultural landscapes, shaping our heritage. Water contamination is an additional concern for modern
society. Water borne diseases are among humankind’s worst enemies.

Given its importance to the evolution of society, it is not surprising that scientists have always had a keen interest in

continuously increasing the level of knowledge on how water flows on Earth. It is a fascinating subject, comprising
phenomena ranging from the visually compelling intricate patterns of water flowing over boulders to the devastat-
ing powers of floods forcing their way through natural and built environments. The flow paths are interconnected,
incredibly heterogeneous and dynamic, the transport of water and solutes in the soil and the bedrock, overland

water flow over complex topography, the invisible vapour fluxes associated with evaporation in terrestrial ecosystems,
the mixing and spreading of chemicals in lakes, the intrusion of saline waters in estuaries and aquifers are just a few
examples of how the flow of water links diverse parts of the Earth system.

Fascinating as the subject of hydrology is, studying it is fraught with difficulties because the physical, chemical and
biological processes associated with the flow of water take place at a wide range of space and time scales, from
individual pores in the soils to geological formations and entire river basins at the continental scale, from seconds
to millennia. Because of interactions, pore scale processes have strong effects on the way solutes migrating in water
spread over large water bodies and in the atmosphere. Subtle and complex reaction patterns due to micro-scale
mixing may eventually limit the availability of nutrients, hydrocarbons and other chemical compounds. Preferential
flows, where most of the fluid flows across a small part of the system on the surface and in the subsurface, tend to
control the large scale fluxes. Similarly, most of the mass, energy and momentum is transported during short, ex-
treme events, including floods, landslides, sediment flows, and pulses of contaminants. These events are often
triggered when thresholds are exceeded, such as rain exceeding the infiltration capacity of a soil or stream velocities
exceeding the resistance to motion of sediments in a stream.

Some hydrological processes, such as the percolation of water and contaminants through a soil column, can con-
veniently be studied in the laboratory. At the field scale quite different processes may become dominant, such as
flow in large-scale fractures (not examined in the laboratory). This causes a scale problem. How do we transpose
what we have learned at the small scale to larger scales? The main difficulty lies in the fact that the water fluxes are
governed not so much by the properties of the fluid, but rather by the structure of the medium through which it flows.
This structure has emerged as a result of the interaction between the water and the medium. Hence, it reflects the
legacy of the flow characteristics of the water.

There are also a range of measurement methods at larger scales, pumping and tracer tests for inferring aquifer
characteristics, a whole set of remote sensing instruments to infer soil moisture, snow cover and vegetation on the
land surface, and flow measurements of streams draining catchments of hectares to millions of square kilometres.
Here a critical challenge is to properly interpret the data in light of the small-scale processes.

Hydrological schools of thought have linked scales in different ways. One approach is to derive effective parameters
that represent the averaged (large scale) flows using small-scale equations. Examples are hydraulic conductivities
that average the system behaviour at sub-Darcy scales, or transmissivities, which arise in two-dimensional average
settings. Another example are the dispersion coefficients governing transport processes that can be related to both
the underlying flow field and the physical and chemical heterogeneity of an aquifer. An alternative is to build equa-
tions that explicitly capture the large scales. These are often including a series of additional terms to account for
scale effects. There are also a range of stochastic methods that acknowledge the lack of local information at all scales
and capture the flow and transport processes by stochastic differential equations. Their advantage is the possibility
to explicitly represent uncertainty, which helps when assessing the level of confidence one can have in predictions.

Flood of the Swat River in Pakistan. Extreme flood events occurring in otherwise minor streams
are examples of water flow behaving completely differently above and below a threshold. Avoyage Through Scales 69
Image taken from video referred to on page 73.




Outflow of the karstic Klafferquelle spring

Underlying all these up-scaling methods is the idea that the detailed understanding of small scale processes can be
used, in some way, to predict processes at larger scales. This may not always be the case, in particular when emer-
gent behaviour occurs. The latter comprises, for example, the meandering of streams, the organization of sedimen-
tary deposits of aquifers into distinct layers, the organization of vegetation in the landscape into patches, or the
patterns of soil in the landscape imposed by the interaction with plant roots. Such emergent behaviour is often
controlled by large-scale concepts, such as the optimality of energy or entropy states. This is an alternative, more
holistic viewpoint to the up-scaling concepts. The jury is still out on what ideas work best in what context.

Even as remarkable advancements have been made in understanding the flow of water and the transport of sub-
stances by water in the Earth system, much is left to learn. At the heart of future progress will be our ability to observe
phenomena at the smallest scales and use this information to enhance our knowledge of the fundamental mecha-
nisms acting at the larger scales of rivers and aquifers, i.e., where they are most needed by society. Equally impor-
tant will be our ability to understand the processes directly at the scale of entire landscapes, river basins and
aquifers that are governed by holistic rules of optimality, and link them to the fine scale patterns that are so obvious
to the eye. Identifying and describing all the complex patterns so typical of hydrological systems and the equations
that describe the flow through these patterns may be the most exciting challenge for hydrology in the years to come.

Cross sections of a Mallorca limestone sample
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Flood, Swat river, Pakistan
http://youtu.be/FPAXEU75UYk

Dead Sea sinkholes.




SCALES AND SCALING IN NATURAL HAZARDS

Bruce D. Malamud
Natural Hazards and Earth System Sciences (NHESS)

The term natural hazard includes a wide range of diverse physical phenomena, both here on Earth and extra-terres-
trial. We can broadly think of natural hazards as falling in six distinct hazard groups: geophysical (e. g., earthquakes,
tsunamis, landslides, volcanic eruptions); hydrological (e. g., floods, droughts); shallow earth processes (e. g., ground
collapse); atmospheric (e. g., cyclones, tornadoes, hail, lightning); and biophysical (e. g., wildfires).

When we think of natural hazard events (i.e., natural disasters), we often think of sudden and large events with
devastating impacts that occur in a short amount of time, such as a large wildfire, earthquake or snow avalanche.
These ‘large ones’ are what gain the attention of the press, decision makers, and the public. But, natural hazard
events are not just the rare large ones, but also the medium and small ones.

Take for example the wildfire on the left. This wildfire on 8 August 2013 burned more than 24 square kilometres near
Banning, about 140 kilometres east of Los Angeles. A thousand firefighters were involved in battling this blaze and
about 1500 people had to flee from the flames. In this example, the wildfire is large. But, wildfires occur at many
different scales, both in space and time, with the frequency, intensity, pattern and severity of their impact varying
over many orders of magnitude, and dependent on such items as vegetation type, season, wind, local relief, and
human influences. In space, an individual wildfire can vary from fractions of a hectare (100 hectares is 1 square kilo-
metre) to thousands of square kilometres, more than six orders of magnitude in area. In time, the lifetime of an
individual wildfire can range from seconds to many weeks (i.e., millions of seconds), again more than six orders of
magnitude. Thus wildfires range over many orders of magnitude both in their spatial extent and their temporal
duration. This is not uncommon for many natural hazards, and are the results of the complex processes (including
both environmental and human) by which each hazard event is created.

In addition to the many scales over which wildfires occur (true for many different natural hazards), one can also
consider their scaling. Scaling has varying meaning to different groups of scientists, but here, we will take it as
comparing some attribute at small scales to the same attribute at large scales (or vice-versa), either in time or space,
and observing how the scaling changes. For example, of key interest to many decision makers and the public is how
large an event will occur in a given period of time. To do this, we examine the probability of an event of a given size
occurring —how many large, medium, and small events occurred in the past using historical records, the frequency-
size distribution (i.e., the probability that a given size event will occur plotted against the size). We can then compare
the attribute of ‘how many’ at small scales to medium scales to large scales.

The question for people who study natural hazards, then, is what kind of probability distribution do these events
follow? Unfortunately there is no simple answer to this question, not least because extreme events are very rare.
Let us examine this in the context of wildfires. For wildfires, researchers have found that there are very few large
wildfires, more medium ones, and lots and lots of small ones. What is of key importance though, is that the shape
of the resultant probability distribution that describe wildfire frequency-area relationships (i. e., the scaling relation-
ships) have increasingly been found to be heavy-tailed in terms of their scaling. To illustrate the word ‘heavy-tailed,
consider a Gaussian, or normal, distribution that is symmetrical about a central peak. The values of the distribution
fall away on both sides of the peak, and the ‘tails’ are those values to the far left and far right. In the Gaussian dis-
tribution these tails are exponentials. In contrast, a distribution with a heavy tail decays much more slowly, such as
a power-law. Wildfires over many orders of magnitude of area follow inverse power-law distributions, which when
plotted on logarithmic axes are inverse straight lines. The scaling then of a frequency-size distribution that is
power-law is said to be ‘scale invariant’, as the ratio of the log of the number of large to medium, and medium to
small, and small to very small, is the same — there is no inherent scale in the underlying frequency-size distribu-
tion — it is scale invariant.

It is not just wildfires that exhibit these scale invariant distributions. Many other hazards have for part or all of their
range of sizes a similar frequency-size distribution. Take for example the snow avalanche from Pakistan shown in the
image overleaf. Snow avalanches can be small and they can be large, with many more small snow avalanches occur-
ring than large ones. Or, on pages 78 and 79 we see the tracks of all known Atlantic tropical cyclones from 1851 to 2012,

A helicopter A Voyage Through Scales 75




A snow avalanche

with colours representing the wind speeds. If we examine the number of cyclones with high vs. medium vs. low wind
speeds, the distribution is again heavy-tailed, with many more wind speeds that are ‘low’ vs. those that are very ‘high’.
Not surprisingly from what we know about nature, the largest events (high wind speeds, or very strong hurricanes)
are much rarer than the much more frequent smaller events (lower wind speeds, or the tropical storms/depressions).

Where do these heavy-tailed, or scale-invariant distributions come from? Scale invariance appears to underlie many
natural systems. For example, when we look at a photograph of a mountain range, a drainage network or ripples of
sand in a river, we need some familiar object in the photograph to indicate the scale because the shapes appear
approximately similar at each scale. Examine again the wildfire on the previous page — if one looks at the wildfire
itself, one has no idea of the scale without some human element in the photo to give us an idea of its size. The same
with the photograph of the snow avalanche to the right — without a human scale in the photo, we have no idea of
how wide, tall or how much volume it takes up. In many images shown in this book, it is similar, we have no way of
telling how wide the structures are if we have no scale. This idea of scale-invariance in nature can be extended to
the shape of probability distributions for natural hazards. These statistical distributions have no inherent scale to
them, no characteristic ‘average’ value.

Why are these distributions important? It is the extreme tails that give an idea as to how often, on average, the larg-
est events might occur. The decisions that might be made based on the shape of these tails are numerous: how high
a bridge should be built, how deep electricity pylons need to be anchored, and so on. With very little historical data
to play with, however, we sometimes have to make our best guess as to what the tails actually look like. If we pick a
distribution where the tail decays quickly, then large events are very rare. In a distribution with heavy tails — where
there is no inherent scale, on the other hand, large events are much more likely. The shape of the tail for natural
hazard probability distribution sizes is our first step to assessing risk — heavy-tailed or power-law distributions are
much more conservative in their estimation of risk compared to Gaussian (exponential) tails — so the implications
for humans on which scaling distribution is chosen, can literally be thousands of millions of euros in building costs
or mitigation measures as we decide whether a given size event (or larger) has a 1in 100 chance of occurring next
year or1in 1000 chance of occurring.

Where is the natural hazard community headed in terms of issues of scales and scaling? The first is increasing the
awareness of others outside the community that natural hazard events are not ‘just’ large ones, but also occur at
medium, and small and very small spatial and temporal scales. This awareness is important for the general public,
that they not just think about ‘the very large’ events, but at all scales, so they can make appropriate plans. Second,
is to ensure that the computational models that we have include in their theoretical designs the observations that
we have on scaling of hazards. Not all models currently do include what we have observed in nature, but increas-
ingly the community is becoming aware of the many issues around scaling of hazards.
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BEAUTIFUL GEOMETRIES UNDERLYING OCEAN NONLINEAR PROCESSES

Ana Maria Mancho, Jezabel Curbelo, Stephen Wiggins,
Victor José Garcia-Garrido, Carolina Mendoza
Nonlinear Processes in Geophysics (NPG)

Finding order in the apparent chaos that seems to govern ocean motions is a formidable task which has drawn the
attention of scientists and oceanographers all over the world for the last decades. The endeavour of describing how
heat, salt, carbon dioxide and other biogeochemical tracers are transported in the ocean has become a global chal-
lenge, and its understanding is of vital importance for predicting and assessing theirimpact on global climate change
or the distribution of natural marine resources.

The main agents that drive ocean circulation at different scales are large-scale ocean currents such as the Gulf Stream,
Kuroshio, Antarctic Circumpolar Current; mesoscale eddy structures such as the Agulhas rings, or sub-mesoscale
eddies found near coasts. Nowadays, these structures can be directly observed by satellite altimeters, high-frequen-
cy coastal radars or through in situ devices. While in the past, navigators such as Juan Ponce de Ledn noticed their
presence on expeditions.

While strong currents are thought to be responsible for most of the major transport processes, eddies determine
much of the mixing in the ocean. However, a common aspect of both features is that they define regions where
fluid parcels have difficulty crossing, which are known in the literature as transport barriers. These water barriers
form boundaries between fluids with different physical properties and give rise to an organizational structure in the
overall picture of ocean flows. Eddy-induced transport has been historically underestimated, but increasingly it is
being recognized as a key contributor to ocean transport processes. Indeed, since vortices are robust, long-lived
structures that may persist for periods lasting from months to years, when water gets eventually trapped within the
eddy’s core, the fluid inside will travel hundreds to thousands of kilometres within the mesoscale structure and
preserve its biogeochemical properties for a long time.

The ocean motion follows a fully nonlinear dynamics in which turbulence is an essential feature, enabling interac-
tions between motions on different spatial scales and playing a key role in ocean transport and mixing. Efforts to
understand and parameterize turbulent mixing have been a research focus for many years, and continue to be es-
sential towards understanding and predicting the evolution of the Earth’s oceans.

In this context, dynamical systems theory has provided a framework for describing messy paths of float trajectories
in ocean flows. Behind their apparent disorder, a subtle and sophisticated order is revealed through geometrical
structures over many scales. The underlying fabric uncovered by dynamical systems tools has been considered as
the skeleton of turbulence. These structures, which organize trajectories schematically into distinct regions corre-
sponding to qualitatively different types of trajectories, are responsible for the transport and mixing processes that
govern the ocean in these areas. The boundaries, or barriers, between these regions are mathematically realized as
objects called manifolds. The figure on the left makes visible this geometrical representation for the Gulf Stream on
the 14 March 2004 over an area extending 1100 km in length. The image is produced using altimeter data sets
distributed by AVISO (http://www.aviso.oceanobs.com/duacs/). This representation is achieved using Lagrangian
Descriptors, a mathematical tool which highlights invariant manifolds in flows with a general time dependence.

A maghnification of the area indicated by the rectangle is shown on the next page right. An intricate geometrical pat-
tern, a chaotic tangle, is observed at a lower scale, in which the filamentary structures are less than one kilometre
in length. The skeleton displayed in these figures represents time dependent dynamical barriers along which passive
ocean tracers are attracted either backwards or forwards in time.

The figures summarize particle histories over a time interval of 140 days: 70 days after the 14 March 2004 and 70 days
before this date. Should this time interval be reduced then the complexity of the figure is also reduced.

The six small figures show a sequence of images summarizing particle histories. They show a small region of the Gulf
Stream with a different colour scale and forward and backward time intervals of 15, 30 and 50 days, respectively.
Filamentary patterns are related to the mixing of passive scalars during the time interval over which the figures are
calculated. The bottom panels show the forward evolution of two particle sets, red and blue, according to the Aref

Geometrical representation for the Gulf Stream
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Maghnification of Gulf Stream

Sequence of images

blinking vortex map (a conceptualisation of flow patterns related to a pair of vortices, that switch on and off alter-
nately). After a short flow period, particles are not mixed, their evolution does not show complicated patterns. How-
ever, at longer times this structure becomes more and more labyrinthine, showing that attracting filaments and
particles are intermingled.

The structures shown in the figures are more than just beautiful mathematical objects obtained from the nonlinear
ocean motion: they are objects truly present in nature. The image of sea ice off the east coast of Greenland on the
following pages shows structures strikingly similar to those displayed in the analysis figures. The swirling structures
marked out by the sea ice are visualizations of the unstable manifolds
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OCEAN SCIENCE

John M. Huthnance
Ocean Science (0S)

Big whirls have little whirls that feed on their velocity,
and little whirls have lesser whirls and so on to viscosity.
Lewis Fry Richardson

The seas cover more than two-thirds of the Earth’s surface. They hold and transport heat and carbon, so affecting
weather and climate; presently oceans continue to take up more than a quarter of anthropogenic carbon dioxide
emissions. The seas are an important food source. Marine life has long fascinated mankind. Waves on the ocean
surface, tides and locally strong currents have posed challenges to sailors for milliennia.

Modern society has many reasons for needing to know about and understand the oceans. These reasons include the
design and legislation for expected climate and conditions for offshore operations (fishery, coastal developments
and defence). Forecasts (early “weather” warnings for safe operations, coastal defence, Harmful Algal Blooms, response
to spills, search and rescue, navigation and recreation) require advanced ocean-atmosphere coupling in computer
models. Discharge consents impact on water quality (toxins and lack of oxygen). Sustainable use of resources (min-
erals, renewable energy) entails their management and knowledge of seafloor and sub-seabed processes to detect
natural resources and geo-hazards, and of habitats for living marine resources including fish. To detect the effects
of climate change such as “ocean acidification”; where and how heat and carbon penetrate into the deeper ocean
affecting the Earth’s climate. Ocean warming is estimated to account for 90 percent of the energy accumulation from
global warming between 1971 and 2010. Warming oceans expand, an important part of sea level rise.

The EU Marine Strategy Framework Directive, for example, aims to “protect and preserve the marine environment”
and “ensure that there are no significant impacts on or risks to marine biodiversity, marine ecosystems, human health
or legitimate uses of the sea”. These interests, as well as scientific curiosity about a large part of our planet which is
still relatively unexplored, give us strong reasons for the study of ocean science. The scope includes: ocean physics
(temperature and salinity distribution; currents, eddies and circulation; sea level, tides, waves on the surface and in
the interior; turbulence and mixing); ocean chemistry (sources, transport and cycling of various chemical sub-
stances including oxygen, nitrogen, carbon, phosphorous and iron, affecting climate and ecosystems); air-sea in-
teractions (exchanges of heat, momentum and gases between sea and air; sea-ice); biological oceanography (plant
growth, productivity and successive “higher” levels of marine organisms, ecosystem dynamics, biological diversity
and ecosystem function in the deep sea); the sea floor (plate tectonics, geology; sediment processes and bed-forms
from ripples through sand banks to continental shelves and slopes, ocean basins; from hydrothermal vents to mid-
ocean ridges); and paleoceanography (the history of the oceans in the geologic past).

The coverage is worldwide, from the surf zone at the shore to the deep ocean. Moreover, the shallower seas over
continental shelves adjacent to coasts have different characteristics and strong impacts at the coast. The time-scales
of impacts range from days to decades and spatial scales from local to global. The oceans are therefore grossly
under-sampled and different approaches are needed to build a picture: instrument development; innovating tech-
nology aiming for continuous, adaptive, autonomous ocean measurement by marine sensors and platforms; remote
sensing; laboratory and theoretical studies; computer models (some now with data assimilation) for physical,
chemical, biological and biochemical aspects. “Platforms” include satellites and aircraft, moorings, drifting buoys
and floats (many do profiles), ships especially for detailed transects and surface measurement of some variables
while under way, coastal stations and radars. By these varied means we seek to understand fundamental biological,
chemical and physical processes and to determine how patterns and processes on smaller scales drive larger-scale
features and vice versa.

Spatial scales related to ocean processes range from molecular and turbulent (microns to millimetres) to planetary
(thousands of kilometres). Controlling factors include viscosity (friction) for turbulence and thin layers against
boundaries, and grain size for sediment ripples. Water depth controls larger-scale bed forms such as sand waves
and banks with length scales of metres to kilometres. Density differences depend on heating/cooling rates, specific
heat and density dependence on temperature and salinity. Gravity, earth’s rotation and density differences through

Ocean circulation graphic.
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The sea surface

depth combine to form a typical length scale of kilometres to tens of kilometres for eddies and various internal
deformations of the density distribution. Sea-level variations (e.g. tides) have a scale of hundreds to thousands of
kilometres through a combination of gravity, earth’s rotation and water depth. Topography from bed-forms through
canyons to ocean basins directly imposes varied depth and lateral scales from local to global. Basin-wide ocean
circulation is an example of the latter.

These physical aspects also control dispersion of chemical constituents. Some constituents may have very local
sources (e.g. rivers, factory discharges). By contrast, atmospheric inputs may be widespread, but may be concen-
trated near the surface initially. Most of the salt in the ocean has been there for thousands of years and has had time
to mix fairly evenly throughout ocean basins, except near river inflows.

The marine ecosystem shows a range of sizes for biota, typically increasing “up” the food chain. Thus basic plant life
may be sub-millimetre scale; it depends on light from above and on nutrients, so such “primary production” often
“blooms” for a week or so near the surface in spring. Once near-surface nutrients are depleted, it may be concen-
trated at the base of an upper warmer layer in summer. Some animals feeding on this may migrate 100 m or so up
and down, diving daily to avoid predators. Whales may exceed 10 m length and travel thousands of kilometres sea-
sonally. Corals are individually small but colonise to form reefs that may extend for hundreds of kilometres. On scales
of thousands of kilometres, marine ecosystems have been classified into about 40 “provinces”.

Time scales similarly have a broad range, from fractions of a second (millimetre-scale turbulence) to millennia (ocean

property distributions) and millions of years for ocean basin evolution. Typical periods (1—20 seconds) of wind-
driven surface waves derive from the ratio of wind speed to gravitational acceleration. Internal deformations typi-
cally have periods between some minutes (set by gravity and the rate of density increase with depth) and half a day
to a few days (set by the Earth’s rotation and depending on latitude). Weather-driven flows and changes of surface

elevation (“storm surges”) adopt the atmospheric weather time-scale of a day or two. Tidal oscillations relate to the

length of solar and lunar day. Temperature, near-shore salinity and hence density-related currents typically vary
through the year with seasonal heating, rainfall and light, as does marine life. Slow waves in the ocean interior may
take years to cross an ocean basin. (Re-) adjustment of heat in the upper hundreds of metres (e.g. to a change in

received surface heating) is on a time-scale of decades, as are circulation time around a large ocean basin and pos-
sibly “regime” shifts in ecosystems. “Climate” is usually taken to refer to statistics for at least a few decades (often 30
years) but even over such a long period there is evidence of reversible variability, e.g. the “Atlantic Multi-decadal
Oscillation”. Overturning circulation (eg. sinking in the Nordic seas, due to winter cooling, and complementary upward

transport further south in the Atlantic and in other oceans) takes many centuries.
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The NEMO global ocean model

http://youtu.be/I8ru1YvXU04
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SOIL: AJOURNEY THROUGH TIME AND SPACE

John N. Quinton, Jorge Mataix-Solera, Eric C. Brevik,
Artemi Cerda, Lily Pereg, Johan Six, Kristof van Oost
SOIL

Soilis the life support system of our planet. It helps make our air breathable, cleans the water we drink and supports
production of the food we eat. This life support system relies upon processes that operate at spatial scales from less
than a micron to over hundreds of metres or more, and over timescales from seconds to millennia.

The smallest soil particles are nanometres across. It is at this scale that we find the engine room of the soil where
chemical compounds are transformed between gas and liquid phases and where material containing carbon is di-
gested by microorganisms, who then release carbon dioxide. Just like animals and plants living on the soil surface,
most microorganisms need air and water to survive. At the nanometre scale the soil atmosphere has a carbon dioxide
concentration that is much greater than the air we breathe, and where soil pores are filled with water there may be
little oxygen. In this anaerobic world we find microorganisms that are specially adapted, relying on other compounds
for respiration. Processes occur quickly here — microbial life cycles may take a matter of minutes and in that time
they perform many vital biochemical processes for the soil.

One of the reasons that many chemical transformations take place at the nanometre scale is the enormous surface
area of these tiny particles — just a gram of soil may have a surface area equalling the size of many football pitches —
providing plenty of opportunity for chemical reactions. The surfaces of the tiniest soil particles also carry an electric
charge which repels some ions and attracts others. The ions held on these surfaces can exchange with each other
in response to changes in their concentration in the soil solution; others diffuse into the mineral structure and are
held more strongly, but can become exchangeable again if conditions change. This process is responsible for sup-
plying plants with nutrients that are vital for life. Managing the availability of these nutrients is critically important
for food production.

This miniature material is often bound together into soil aggregates, ranging in size from a few microns to several
tens of millimetres in size, which organize the space within the soil into pores that are vital for transmitting water
and air, as well as providing habitats for soil organisms. Often soil aggregates join together to form a complex ar-
rangement of spaces and solid material, known as the soil’s structure. It is this structure that farmers try to manage
to produce a seedbed that will allow plant roots to penetrate so they can reach water and nutrients held within the
soil. It is also incredibly important for storing and transmitting soil water — almost all the water supplied to plants
is stored in the soil. However, soil structure can easily be damaged, either by heavy machinery or wind and rain:
machinery can crush the soil, squashing its largest pores; raindrops break up soil aggregates into small particles
that can block soil pores; and wind can remove soil and deposit it on other soil surfaces. These can all make it
harder for water to percolate into the soil, reducing the soil’s ability to absorb water, which can lead to erosion and
flooding. Thus a change in soil structure at the scale of a few micrometres can lead to effects at much larger scales.

Dig a hole in the soil and you will eventually reach rock. In some places this will take you just a few minutes as some
soils are only a few centimetres deep; however, find yourself in the tropics and you could be digging for several days
as you try to reach the rock which may be several metres below the soil surface. It is clear that soils are not all the
same and in fact they vary incredibly across landscapes. Even within a field, the bottom of hills can receive soil material
from further upslope resulting in deeper, often more fertile soils, leaving shallower less productive soils on the
steeper slopes. The scales of these changes are governed by the effects of climate, topography, geology, organisms
and time.

Where climates change dramatically over larger scales, soils also change: a soil formed over granite in the humid
tropics may be several metres deep and a deep red colour, while in cooler northern latitudes the soil formed over
similar rock may be dominated by slowly decomposing organic matter and look almost black. But climate can also
affect soils at much more local scales: the aspect of a hillside can affect how much sunlight it receives and how much
water is available, influencing the species of vegetation that are able to grow.

So, climatic and soil changes affect the vegetation, which in turn influences the soil; making soil and vegetation a
closely integrated system. Vegetation can influence soil properties at the micro scale by removing nutrients and

Soil layers
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The colour of soil age.

water, providing food and habitat for soil organisms and adding organic material to the soil as it decays. At larger
scales vegetation is an important soil structure former, creating and blocking soil pores with roots and protecting
the soil surface from destructive raindrops. The protection given to the soil surface by vegetation cover is important
for controlling soil erosion —which is key for the sustainability of soils in the future — and influences the way in which
soil material is redistributed in the landscape.

Soil erosion and soil redistribution is linked closely to topography, which itself operates at a range of scales. Many
erosion processes are controlled by surface topography which may only change by a few tens of millimetres: on a
very rough soil surface soil particles may only be redistributed at a very local scale, whereas on a smooth surface,
such as a tilled seed bed, small rivulets of water can join together to produce flow that moves more soil material on
a wider scale. When this happens, topographic variation over the scale of metres to tens of metres exerts a greater
influence, concentrating runoff and erosion in valley bottoms and encouraging more soil to be deposited where
slopes are less steep.

Many properties of soils are controlled by the rocks and deposits in which they form, from changes in the types and
properties of soil minerals present, which influence soil processes at the nanometre scale, to changes between rocks
that are more or less prone to mineral weathering, leading to soils with widely different depths and textures. For
example, soils formed over limestone, which weathers slowly, are often shallow and contrast with deeper soils that
form from soft easily weathered sandstones.

Soils are found across the surface of the globe, from the high artic to the deserts of the Sahara, and some soils have
been around for a very long time. There have been soils on our planet for at least 3 billion years. While soils that old
tend to be preserved in rocks as paleosols — just as dinosaurs were preserved as fossils — there are still some
pretty ancient soils on the face of the earth. For example, some soils in Hawaii began to develop 4.1 million years
ago. These soils are often deeply weathered and have had many of their nutrients leached out. We can see the effects
of time on the development of a sequence of soils close to Alicante in Southern Spain. These soils are all from the
same region, are exposed to a similar climate and have the same parent material (calcareous rocks) but have a very
different appearance. This is because the soils of different ages have been exposed to weathering and other soil
forming processes for different lengths of time, leading to variations in soil colour.

The wide range of spatial and temporal scales involved in the formation and function of the world’s soils makes them
a fascinating topic for scientists to study. Our species’ absolute reliance on them for food, water, building sites, raw
materials and as a home to many of our planet’s living organisms makes understanding how time and space interact
to influence the future of our soils essential.

Ajourney through spatial scale in soil studies.
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THE MOBILE SOLID EARTH: A QUESTION OF PERCEPTION

Charlotte M. Krawczyk
Solid Earth (SE)

The solid Earth is regarded by human beings as their foundation. On the Earth’s surface we learn to walk and move
around with steadily increasing distances. Even though only one third of the Earth’s surface is solid, it continues
below the oceans and thus constitutes the global anthroposphere.

The solid Earth reveals beautiful rocks and minerals at the small scale, and exposes spectacular folds and structures
on a global scale. Assemblages of many very small particles can often produce a large structure, just as many sand
grains can build a sand dune.

At the same time nothing is static within the solid Earth, just like the theories and hypotheses about the structure
and processes inside its interior. All of the Earth’s movements, changes, and deformation can occur on time scales
that range from billions of years to fractions of a second. It can take years before, for instance, enough stress has
built up to allow the rupture of material, such as earthquakes or artificially produced seismicity. Similarly, volcanic
eruptions can happen spontaneously or become active after a long period of apparent dormancy.

The solid Earth is, hence, investigated and exploited in a myriad of ways. As such, it is equally important to understand
the global processes of plate tectonics as well as it is to study small-scale local phenomena that, for instance, may
trigger the decision how to utilize the subsurface, e.g. hydrocarbon exploration or infrastructure measures. This is
aided by a large variety of different methods that address the specific properties of the subsurface.

When Alfred Wegener publically outlined his theory of continental drift for the first time in a talk (“New ideas about
the development of large-scale structures of the Earth’s crust based on geophysics®, 1912), he had no view of the
Earth from above and could not explain what actually drives the plate movement. Consequently the supporters of
contraction theory maintained their authority. Exploration of the oceans, research on volcanism, earthquakes, fos-
sils, and in more recent times space-borne and satellite techniques yielded, ca. 50 years later on, the relevant
pieces of the puzzle to substantiate the theory of plate tectonics that revolutionized the geosciences. Today, the
wander paths of the continents can be reconstructed for the last ca. one billion years.

We can measure and determine changes and variations of the Earth’s surface using geomorphological and geo-
detic methods. Structural geology including the collection of samples and their analyses in the lab, the examination
of soils, and sedimentology have all been used to describe phenomena seen at the surface. Their development from
qualitative to quantitative research not only allowed work across different scales, but especially intensified the un-
derstanding of processes and bridged the gap between models that are derived from field work, lab work or nu-
merical work. The simulation of tectonics and the generation of earthquakes in sandbox models are recent examples.

To look inside the Earth, indirect methods for exploration from the surface are needed, so-called non-invasive meth-
ods, as they have been used since the 1960s, e.g. seismic exploration of resources-bearing structures with vibrators
as signal source. Since the 1980s, many national research programmes have used this reflection seismic technique
to image, for the first time, the large-scale structure of the continents down to 100 km depth (e.g., COCORP, ECORS,
BIRPS, DEKORP, Lithoprobe). In the course of this imaging, mountains roots, extinct and active subduction zones, and
large sedimentary basins have been detected at depth and spatially surveyed.

The Earth'’s figure and gravity field are determined using geodetic and gravimetric observations and investigations.
Supplementing marine and land-based systems with satellite systems has brought about enormous development
in the last decades. It provided global spatial coverage as well as better temporal resolution and repeat cycles for
sampling. The mass movement within the Earth’s interior can be determined, for instance, by the recent, sequential
satellite mission of CHAMP/GRACE/GOCE with an approximately five to ten times higher resolution than before. In
addition to a better understanding of the geodynamic processes in the interior of the Earth using complimentary
satellite techniques, they also revealed changes in the groundwater or of the Antarctic ice mass, thus yielding im-
portant perceptions and new constrains for climate and hydrological models.

This piece of chert containing a “Mermaid'’s Heart”
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Tectonic movements

Another geodynamic component that is generated in the deep Earth interior is the Earth’s magnetic field, which is
mainly generated by dynamo processes in the Earth’s outer fluid core, and to a lesser degree by magnetized lith-
ospheric rocks. This magnetic field protects us against solar wind particles and cosmic radiation, and depends on
seasonal variations or magnetic storms. Once again, the now technologically-possible combination of land- and
satellite-based measurements allows the study of phenomena like space weather conditions and the evolution of
the geomaghnetic field. Recent investigations suggest the additional influence of oceanic circulation.

Proper intervention into the solid Earth is enabled by boreholes that sample material in drill cores at up to 10 km
depth. Here, especially the large, international research programmes, such as ICDP/10DP (International Continental
Scientific Drilling Programme/International Ocean Discovery Programme) contribute essential knowledge on the
fundamental structure of the Earth. Equally important are shallower research wells and small-scale campaigns that
are undertaken to investigate the lithology of a region, to perform age dating, or to test the geotechnical properties
of the Earth material.

In addition to disciplinary methodical research, it is always necessary to combine findings from the laboratory, the
field, and numerical work. Only this will allow the calibration of phenomena indirectly-observed, to stabilize simu-
lations, or to try to forecast and predict developments on geological and human timescales. Here, seismology (the
science of earthquakes) serves as an example. Seismology not only covers seismic wave propagation that has led to
knowledge about the Earth’s interior structure but in combination with other disciplines, it has enabled better un-
derstanding of earthquake processes and attempts at early warning. The seismicity in a region is better understood
if one includes historical records, and geological investigations after an earthquake yield information for source
mechanism estimations; both of these are influenced by tectonics. Also important, stress indicators are provided by
GPS-observations and in-situ borehole measurements.

Fascinating, and with huge potential for future developments, is the fact that the scale behavior of a method is not
coercively proportional to the scale of the geo-process studied. For instance, the analysis of the smallest mineral
components and the determination of their chemical signature and age provide evidence on large-scale processes
such as how a mountain range developed, how far material has been transported, or which depositional environ-
ment existed during a certain epoch millions of years ago. In the same vein, material properties and their specific
combination can ascertain whether a structure in the subsurface can be imaged at all, or how a geodynamic process
may be influenced.

Solid Earth research is, thus, multidisciplinary research on the composition, structure and dynamics of the Earth that
reaches from the surface to the deep interior at all spatial and temporal scales. It hosts, and ideally combines, geo-
chemistry, geodesy, geodynamics, geomorphology, geophysics, mineral and rock physics, magnetism, palaeontol-
ogy, petrology, planetary science, sedimentology, seismology, soil science, stratigraphy, structural geology,
tectonophysics, and volcanology.

A pioneer of cross-disciplinary scientific thinking and research, that should be considered today more modern than
ever, was Alexander von Humboldt (final opus “Cosmos. Concept of a physical description of the world”, 1845-1862).
Even though part of his many and specific observations were not correct in detail and had to be revised subse-
quently, von Humboldt's sense of the overall geoscience context and interrelationship of single disciplines, as well
as of the intervention between instrumental and visual-graphical observation of Earth processes is possibly unsur-
passable, as is this timeless citation: “The most dangerous of all world-views is the world-view of those people who
have never looked at the world”.
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The Early Earth and Plate Tectonics
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Earthquakes - Shock Waves Explained
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A vibrator truck
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FROM MICROSCOPIC ICE CRYSTALS TO GLOBAL ICE AGES:
SCALES OF CRYOSPHERE PHENOMENA AND RESEARCH

Brendan O'Neill
The Cryosphere (TC)

The cryosphere is dynamic on a wide range of scales. It includes all frozen parts of the Earth system, from ice crys-
talsin the air, to seasonal snow, sea ice, lake and river ice, glaciers, ice sheets, and ground ice. The annual maximum
extent of Earth’s frozen realm occurs during the northern hemisphere’s winter, when snow and ice blanket much of
the continents and sea ice cover on the Arctic Ocean peaks. Over the past few decades, glaciers and Arctic sea ice
have diminished at unprecedented rates. At longer time scales, the extent of the cryosphere fluctuates more dra-
matically between glacial and interglacial periods.

Phenomena in the cryosphere originate from one microscopic process: the phase change of water. At the smallest
scale, freezing and melting are responsible for the diverse processes and landforms that shape cold regions.

Features of the cryosphere range from the microscopic to continental scale. In the atmosphere, water vapour in
clouds allows ice crystals to grow. These crystals continue to enlarge as they collide with water droplets and each
other, eventually forming snowflakes large enough to precipitate to the ground. The ensuing snow cover may melt
seasonally, or accumulate over time, compacting and eventually forming glaciers, or at the grandest scale, ice sheets
kilometres in thickness. The seasonal freezing of water in polar oceans forms sea ice that covers millions of square
kilometres, while lakes and rivers in cold regions become choked with ice. The often-spectacular breakup of river
ice in spring may cause severe flooding, one of many influences of the cryosphere on hydrologic regimes.

In the periglacial domain, the microscopic process of ice segregation can form millimetre-scale ice lenses in per-
mafrost soils, and massive ice tens of metres thick. In addition, the contraction of very cold ground as temperatures
decrease rapidly in winter causes cracks that extend into permafrost. During snow melt, water fills these cracks and
freezes, and over hundreds to thousands of years of repeated cracking and water infilling, large ice wedges form,
represented on the ground surface as polygonal terrain. Frozen ground also limits microbial activity allowing vast
stores of carbon to accumulate in permafrost, making the cryosphere an important part of the global climate system.

Interactions between the glacial and periglacial domains of the cryosphere have shaped and continue to alter land-
scapes around the world. The Great Lakes of North America resulted from glacial scouring, isostatic depression, and
infilling from melt water as the Laurentide ice sheet retreated at the end of the Wisconsinan glaciation about 10000
years ago. The Scandinavian fjords were similarly formed by glacial erosion. In contemporary periglacial regions,
buried glacial ice in permafrost may be exposed, initiating large retrogressive-thaw slumps that dramatically alter
the local landscape.

Our current understanding of the cryosphere has built upon a foundation of research spanning centuries. In addition
to the varied scales of the landscape features in cold regions, the scale of our inquiry has changed over time as
knowledge progressed, research interests shifted, and methods, tools, and technology improved. Modern analysis
and interpretation of ice cores and geologic evidence reveals that ice ages occurred millions of years ago, while
ultrasonic microphones allow sub-second measurement of frost shattering and ice-wedge cracking. These techniques
were unattainable hundreds of years ago.

Cold regions — both in polar and mountain environments of the Earth — were largely ignored in early scientific thought,
and were viewed with fear due to their inhospitable climates and difficult terrain. One of the earliest scientific inves-
tigations into the cryosphere dates from 1611, when Johannes Kepler wrote “Strena Seu de Nive Sexangula” while
observing snowflakes from the relative safety of his home in Prague. This book examined the origin of the hexagonal
snowflake, and was written as a New Year’s gift to his friend.

A pioneering glaciological study occurred in 1705, when J.J. Scheuchzer hypothesized that the motion of Alpine gla-
ciers was due to water freezing in cracks on the glacier surface, forcing the mass downslope. Subsequent research
improved on this work by acknowledging gravity as the driving force of glacier flow, and the viscous nature of mov-
ing glacierice. In the late 18th and early 19th century, the presence of erratics and moraines far away from glaciers
in the Alps spurred larger-scale theorizing of past glaciations by researchers such as Louis Agassiz, which later led
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to the theories of ice ages. In contrast, and on a much smaller scale, scientists including John Tyndall, Albert Heim,
Eduard Hagenbach-Bischoff, and Robert Emden refined theories on the behaviour of individual ice crystals and the
plastic deformation of ice in the late 19th century (this is by no means near a complete history of the key figures in
early glaciology. See Seligman’s 1949 essay “Research on Glacier Flow: An Historical Outline” for an in-depth account).

Early observations of permafrost consisted of informal accounts by European explorers in sub-arctic regions of North
America and Eurasia. The first scientific study of permafrost resulted from the excavation of a 116 m well into per-
mafrost in Yakutsk, Siberia by Fedor Shergin in 1828. The excavation continued over ten years, and in 1844, Alexan-
der Middendorff instrumented the shaft with thermometers. The ground temperature measurements provided the
first evidence of the great depths to which the cryosphere extends underground. In the late 19th and early 20th
centuries, investigations in Eurasia and North America examined a breadth of topics at varied spatial and temporal
scales, including observations of small ice bodies, the first continental delineations of permafrost extent, and the
extent of periglacial environments during the last glacial period.

From the 1930s on, cryospheric research became more established and inquiry shifted from largely vague theorizing
and opportunistic sampling to more rigorous approaches. This was possible as underlying physical processes in many
sub-disciplines of cold regions research were identified and better theories developed. The proliferation of statisti-
cal and computational methods after World War Il enabled the scale of ourinquiry to expand in both space and time.
The advent of powerful computers has allowed contemporary researchers to conduct numerical simulations incor-
porating small-scale physical processes across broad spatial and temporal scales. For example, blowing snow
models represent the behaviour of millimetre-scale snow particles over temporal scales of seconds or minutes, while
an ice sheet model may calculate ice thickness on Greenland over hundreds of thousands of years. Satellite im-
agery and other remote sensing technologies have enabled us to observe global-scale changes in, for example,
sea-ice and glacier extent, and sea-level rise — phenomena that impact humans around the world.

Our ability to study the cryosphere has never been greater, and the scale at which we choose to apply our inquiry
will, as it has in the past, continue to shift. Recently, we have taken our inquisition supra caeli, searching for ice
beyond our small frozen Earth. The scales of features in the cryosphere depend on physical processes controlling
the configuration of ice crystals. However, the scale at which we interpret the cryosphere is wholly dependent on
how we choose to discretize space and time, an entirely human pursuit.

TC Co-Editors-in-Chief

JONATHAN L. BAMBER, University of Bristol (UK); j.bamber@bristol.ac.uk

FLORENT DOMINE, Université Laval and CNRS (Canada); florent.domine@gmail.com
STEPHAN GRUBER, Carleton University (Canada); stephan.gruber@carleton.ca
G.HILMAR GUDMUNDSSON, British Antarctic Survey, Cambridge (UK); ghg@bas.ac.uk
MICHIEL VAN DEN BROEKE, Utrecht University (Netherlands); m.r.vandenbroeke@uu.nl
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River ice breakup http://youtu.be/0gMBQFf64JM
Largest glacier calving ever filmed http://youtu.be/hC3VTgIPoGU

Three different features of the cryosphere: Ice wedges in permafrost,
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OPEN ACCESS — WHAT ELSE?

Martin Rasmussen
Copernicus.org

OPEN ACCESS IS FREE ACCESS. Major breakthroughs in science often arise from a close-knit network of information
sharing within the research community. For centuries, publishing houses received the copyright from authors and
sold their publications to fellow scientists. The European Geosciences Union and its publishing partner Copernicus
Publications were among the pioneers who reversed this model some 15 years ago and introduced open-access
journal publications, in which the authors pay processing charges for the editing and archiving services but retain
the copyright and their articles are published online. The obvious benefits are that anyone is free to read, distribute,
and adapt the work as long as the original authors are given credit —a much more powerful approach to information
sharing which turns publishers from content providers to service providers. OPEN ACCESS IS BARRIER-FREE ACCESS.
But this is just the start. There is a whole plethora of new opportunities for anyone to reuse the work. At the technical
level, this has been facilitated by the EGU-Copernicus partnership through recently changing the production workflow
to XML format — an extremely versatile format that is compatible with any media, from your web browser to your
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iPad, e-book, and mobile phone. The meaning of the article contents is encoded rather than how it looks, which
makes this concept so effective, enabling intelligent search engines and data mining — real reuse of the science
rather than copy and pasting of words. Even equations can be transliterated into Braille, making this a truly barrier-
free concept. OPEN ACCESS IS A GENERAL PRINCIPLE. Open access does even more for you. The Interactive Public
Peer Review™ system of EGU-Copernicus is a very transparent way of assuring the quality of the articles, from
speedy publication of the manuscripts in the journals’ discussion sections, publicly accessible referee reports, and
responses to the final journal publication. There is full involvement of the science community in the process through
the opportunity to comment on any paper prior to publication. Open access is more than just free availability of an
article: it is a commitment to the general principle of how to do community science — a general principle that will
guide science communication in the 21st century, fostering creativity and excellence in research.
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Annales Geophysicae (ANGEO)

Annales Geophysicae is an international, multi- and inter- disciplinary scientific jour-
nal for the publication of original articles and of short communications (Letters) for
the sciences of the Sun-Earth system, including the science of Space Weather, the
Solar-Terrestrial plasma physics, and the Earth’s atmosphere.

www.annales-geophysicae.net/

Atmospheric Chemistry and Physics (ACP) & Discussions (ACPD)

Atmospheric Chemistry and Physics is an international scientific journal dedicated to
the publication and public discussion of high quality studies investigating the Earth'’s
atmosphere and the underlying chemical and physical processes. It covers the altitude
range from the land and ocean surface up to the turbopause, including the troposphere,
stratosphere and mesosphere.

www.atmospheric-chemistry-and-physics.net/

Atmospheric Measurement Techniques (AMT) & Discussions (AMTD)

Atmospheric Measurement Techniques is an international scientific journal dedicated
to the publication and discussion of advances in remote sensing, in-situ and labora-
tory measurement techniques for the constituents and properties of the Earth’s at-
mosphere.

www.atmospheric-measurement-techniques.net/

Biogeosciences (BG) & Discussions (BGD)

Biogeosciences is an international scientific journal dedicated to the publication and
discussion of research articles, short communications and review papers on all aspects
of the interactions between the biological, chemical and physical processes in ter-
restrial or extraterrestrial life with the geosphere, hydrosphere and atmosphere. The
objective of the journal is to cut across the boundaries of established sciences and
achieve an interdisciplinary view of these interactions. Experimental, conceptual and
modelling approaches are welcome.

www.biogeosciences.net/

Climatel of the Past

w.climate-of-the-past.net
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Climate of the Past (CP) & Discussions (CPD)

Climate of the Past is an international scientific journal dedicated to the publication
and discussion of research articles, short communications and review papers on the
climate history of the Earth. CP covers all temporal scales of climate change and
variability, from geological time through to multidecadal studies of the last century.
Studies focussing mainly on present and future climate are not within scope.

www.climate-of-the-past.net/

Earth Surface Dynamics (ESurf) & Discussions (ESurfD)

Earth Surface Dynamics is an international scientific journal dedicated to the publica-
tion and discussion of high quality research on the physical, chemical and biological
processes shaping Earth’s surface and their interactions on all scales. The main subject
areas of ESurf comprise field measurements, remote sensing and experimental and
numerical modelling of Earth surface processes, and their interactions with the litho-
sphere, biosphere, atmosphere, hydrosphere and pedosphere.

www.earth-surface-dynamics.net/

Earth System Dynamics (ESD) & Discussions (ESDD)

Earth System Dynamics is an international scientific journal dedicated to the publica-
tion of studies that take an interdisciplinary perspective of the functioning of the whole
Earth system and global change. ESD publishes papers on the interactions within and
between different components of the Earth system, emphasizing the underlying mech-
anisms from the smallest to largest scales; ways to conceptualize, model, and quan-
tify these interactions; predictions of the overall system behavior to global changes;
and impacts for Earth’s habitability, humanity, and future Earth system management.

www.earth-system-dynamics.net/

Geoscientific Instrumentation, Methods and Data Systems (Gl) & Discussions (GID)
Geoscientific Instrumentation, Methods and Data Systems is an open access interdis-
ciplinary electronic journal for swift publication of original articles and short com-
munications in the area of geoscientific instruments. A unique feature of the journal
is the emphasis on synergy between science and technology that facilitates advances
in Gl.

www.geoscientific-instrumentation-methods-and-data-systems.net/
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Geoscientific Model Development (GMD) & Discussions (GMDD) 2 Ocean Science (0S) & Discussions (0SD)
Geoscientific Model Development is an international scientific journal dedicated to Ocean Ocean Science is an international and free to web scientific journal dedicated to the

Nonlinear Processes
in Geophysics
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the publication and public discussion of the description, development and evaluation Science publication and discussion of research articles, short communications and review

of numerical models of the Earth system and its components.

www.geoscientific-model-development.net/

Hydrology and Earth System Sciences (HESS) & Discussions (HESSD)

Hydrology and Earth System Sciences is an international two-stage open access jour-
nal for the publication of original research in hydrology, placed within a holistic Earth
System Science context. HESS encourages and supports fundamental and applied
research that seeks to understand the interactions between water, earth, ecosystems
and man.

www.hydrology-and-earth-system-sciences.net/

Natural Hazards and Earth System Sciences (NHESS) & Discussions (NHESSD)
Natural Hazards and Earth System Sciences is an interdisciplinary and international
journal dedicated to the public discussion and open access publication of high qual-
ity studies and original research on natural hazards and their consequences. Embrac-
ing a holistic Earth System Science approach, NHESS serves a wide and diversified
community of research scientists, practitioners and decision makers concerned with
natural hazards detection, monitoring and modelling, vulnerability and risk assess-
ment, and the design and implementation of mitigation and adaptation strategies,
including economical, societal and educational aspects.

www.natural-hazards-and-earth-system-sciences.net/

Nonlinear Processes in Geophysics (NPG) & Discussions (NPGD)

Devoted to nonlinearity research in all areas of Earth, atmospheric and planetary sci-
ences. Nonlinear Processes in Geophysics is an international, interdisciplinary journal
for the publication of original research furthering knowledge on nonlinear processes
in all branches of Earth, planetary and solar system sciences. The editors encourage
submissions that apply nonlinear analysis methods to both models and data.

www.nonlinear-processes-in-geophysics.net/

papers on all aspects of ocean science, experimental, theoretical and laboratory. The
primary objective is to publish a very high quality scientific journal with free web based
access for researchers and other interested people throughout the world.

Www.ocean-science.net/

SOIL & SOIL Discussions (SOILD)

SOIL is an international scientific journal dedicated to the publication and discussion
of high-quality research in the field of soil system sciences. SOIL is at the interface
between the atmosphere, lithosphere, hydrosphere, and biosphere. SOIL publishes
scientific research that contributes to understanding the soil system and its interaction
with humans and the entire Earth system.

www.soil-journal.net/

Solid Earth (SE) & Discussions (SED)

Solid Earth is an international scientific journal dedicated to the publication and dis-
cussion of multidisciplinary research on the composition, structure and dynamics of
the Earth from the surface to the deep interior at all spatial and temporal scales.

www.solid-earth.net/

The Cryosphere (TC) & Discussions (TCD)

The Cryosphere is an international scientific journal dedicated to the publication and
discussion of research articles, short communications and review papers on all aspects
of frozen water and ground on Earth and on other planetary bodies.

www.the-cryosphere.net/
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