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Abstract

Glacier mass change is one of the main causes of past sea-level rise and glaciers will
continue to be a major contributor in the 21st century. Despite their importance,
knowledge about past glacier mass changes is strongly limited. Whereas detailed
observations exist for a very small number of glaciers, empirical evidence on a
regional or global scale is largely incomplete, both spatially and temporally. The
reconstruction of past glacier states by automatic numerical methods could fill this
lack of information. Such reconstructions play a major role to fully understand the
sea-level budget. They are crucial in terms of model validation, can be used to detect
and improve model uncertainties, and they increase the confidence in projections. A
framework, which provides all requirements to obtain these reconstructions is the
Open Global Glacier Model (OGGM). It is an open source numerical glacier model,
that is globally applicable by modeling each glacier individually, and developed for
the simulation of glacier changes. OGGM comprises data downloading tools (e.g.
for glacier outlines, topography), a preprocessing module, a mass-balance model,
a distributed ice-thickness estimation model, and an ice flow model. However,
providing realistic glacier changes with OGGM during the course of the entire
20th century requires an adequate initial state for every of the ∼200.000 glaciers
worldwide. To find these initial states, this thesis presents an approach using the
only given information for every individual glacier: past climate information and
present-day geometry. Synthetic experiments showed that even under perfectly
known but incomplete boundary conditions, this is an ill-posed inverse problem,
leading to non-unique solutions. Therefore, an ensemble approach is used to narrow
the range of possible initial glacier states. The method is composed of three parts:
(i) a large set of physically plausible glacier candidates for a given year in the past
(e.g.1850) is generated, (ii) a selection of them is then modeled forward to the
date of the observed glacier outline and (iii) evaluated by comparing the results of
the forward run to the present-day states. The synthetic environment enables the
determination of the accuracy of the method, but on the other hand comparisons
with real world observations are not possible. In order to facilitate such comparisons,
a glacier-specific calibration of the mass balance model is introduced. This procedure
finally allows for a validation.
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Zusammenfassung

Massenänderungen von Gletschern sind eine der Hauptursachen für den bisherigen
Meeresspiegelanstieg und sie werden auch im 21. Jahrhundert einen wesentlichen
Beitrag dazu leisten. Trotz ihrer großen Bedeutung, ist das Wissen über vergangenge
Gletscheränderungen sehr begrenzt. Zwar existieren detailierte Beobachtungen für
einige wenige Gletscher, aber empirische Nachweise auf regionaler bzw. globaler
Skala sind lückenhaft, sowohl räumlich als auch zeitlich. Rekonstruktionen vergan-
ger Gletscherzustände mit Hilfe automatisierter, numerischer Methoden könnten
diese Wissenslücke füllen. Diese Rekonstuktionen spielen eine wichtige Rolle, um die
Veränderungen des Meerespiegels vollständig zu verstehen. Außerdem sind sie uner-
lässlich für die Modell-Validierung, sie werden benutzt um Modellfehler zu erkennen
und zu beheben und sie steigern die Verlässlichkeit für Zukunftsvorhersagen. Ein
Modell, welches alle notwendigen Vorraussetzungen mitbringt um Rekonstruktionen
zu erzeugen, ist das Open Global Glacier Model (OGGM). Es ist quelloffen, global
anwendbar, indem es jeden Gletscher individuell modelliert und wurde speziell für
die Simulation von vergangenen und zukünftigen Gletscheränderungen entwickelt.
OGGM umfasst Werkzeuge zum Herunterlanden von Daten (z.B. Gletscherumrisse,
Topographie), Module zur Vorverarbeitung, ein Massenbilanz-Modell, ein Modell zur
Schätzung der Eisdicke und ein Eisstrom-Modell. Um jedoch realistische Gletscherän-
derungen aus dem 20. Jahrundert mit OGGM zu berechnen, wird ein entsprechender
Anfangszustand für jeden einzelnen der ∼200.000 Gletscher weltweit benötigt. Um
diese Anfangszustände zu finden, stellt diese Arbeit ein Konzept vor, das ausschließ-
lich auf Informationen basiert, die für jeden Gletscher vorhanden sind: Daten über
das vergangene Klima und den heutigen Zustand des Gletschers. Dank syntheti-
scher Experimente wurde herausgefunden, dass dieses inverse Problem selbst unter
idealen Vorraussetzungen, aber mit unvollständigen Randbedingungen, schlecht
konditioniert ist und somit zu nicht eindeutigen Lösungen führt. Daher wurde ein
Ensemble-Ansatz genutzt, um die Spanne möglicher Anfangszustände einzugrenzen.
Die Methode setzt sich aus drei Teilen zusammen: Zunächst wird eine große Menge
physikalisch plausibler Gletscher-Kandidaten für ein gegebenes Jahr in der Vergan-
genheit (z.B. 1850) generiert. Eine Auswahl davon wird dann bis zum Zeitpunkt
der Beobachtung des Gletscher-Umrisses vorwärts modelliert. Abschließend werden
diese durch Vergleich mit den heutigen Gletscher-Zuständen evaluiert. Die synthe-
tische Umgebung ermöglicht zwar die Bestimmung der Genauigkeit der Methode,
andererseits sind Vergleiche mit realen Beobachtungen damit nicht möglich. Deshalb
werden die synthetischen Experimente weiter entwickelt und um eine Gletscher spe-
zifische Kalibrierung des Masse-Bilanz-Models erweitert. Dieses Verfahren ermöglicht
schließlich die Validierung.
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1Introduction

1.1 Distribution of Glaciers in the World

Glaciers exists where climate conditions and topographic characteristics allow snow
to accumulate over several years and finally transform to ice (Vaughan et al., 2013).
The first complete global inventory of glacier outlines1, the Randolph Glacier In-
ventory (RGI), was released in 2012 and further developed in the last years (RGI
Consortium, 2017). The current version 6 of the RGI counts 216 502 glaciers, cov-
ering a total area of 705 739 km2 worldwide. The majority of the glacierized area
is located in the Antarctic and Subantarctic (region 19, 132 867 km2), followed by
Arctic Canada North (region 3, 105 111 km2). On the contrary, the smallest amount
of ice can be found in the Caucasus and Middle East (region 12, 1 307 km2), as well
as New Zealand (region 18, 1 162 km2). However, Figure 1.1 illustrates that glaciers

Fig. 1.1: Global distribution of glaciers (in yellow) and area (diameter of circles) per region.
Adapted from Vaughan et al. (2013), using RGI version 3

are located in all latitudes and continents of the world. They can be found even in
the tropics , e.g. Central Asia, but also Africa and Indonesia.

1excluding the Greenland and Antarctic ice sheets
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It has to be noted that the RGI does not contain glacierets and other very small
glaciers, as all outlines with a size smaller than 0.01 km2 are not accounted for
(recommended minimum-area threshold from the World Glacier Inventory (WGI)).
Assuming an inverse power-law scaling, the underestimation of the global total
glacierized area due to missing small glaciers/glacieretes is between zero and an
upper bound of 1.1–1.4% (Pfeffer et al., 2014). This small error of the present day
inventory can result in proportional large errors while e.g. reconstructing these
glaciers. Parkes and Marzeion (2018) showed that the disappeared ice mass of
missing glaciers accounts for a sea-level equivalent (SLE) of approximately 16.7 to
48.0 millimetres from 1901-2015.

1.2 Glaciers in the Climate System

To understand the behavior of glaciers, it is useful to see them as systems consisting of
inputs, stores, transfers and outputs. All processes that add mass to the glacier system
present the input and can be summarized under the term accumulation. Usually
the most important source is snowfall, but also freezing rain, solid precipitation,
windblown snow or avalanches can lead to mass gain. The amounts of the individual
contributors vary strongly from location to location and differs throughout the year.
Each year new snow layers are build up and compress the previous ones. Under
its own weight, the snow first transform to firn and later to ice. Driven by gravity,
the glacier flow transfers ice to areas where ice is lost. All processes that reduce
the mass of a glacier present the output of the system and are referred as ablation.
Surface melting is the most dominant ablation process (for most land-terminating
glaciers), but also evaporation, sublimation, scourcing by wind, frontal ablation and
avalanching can play important roles (Benn and Evans, 2010).
With this, glaciers can be divided into two parts: the accumulation area, where
annual accumulation exceeds mass loss and the ablation area, where annual ablation
exceeds mass gain. The two areas are separated by the equilibrium line, where mass
gain is equal to mass loss. Its position is called equilibrium line altitude (ELA) and is
closely linked to climate conditions. The ELA rises in response to decreasing winter
precipitation and/or increasing summer air temperatures, and vice versa (Benn and
Evans, 2010). As air temperature decreases with increasing altitude, the topography
also plays an important role. Under constant climate conditions a glacier shows
a constant ELA, which implies that the amounts of mass gain in the accumulation
area and of mass loss in the ablation area are in balance and the glacier has thus
established a constant geometry.
However, the climate is not constant in reality and thus, the ELA fluctuates and
the glacier responds to climate change with glacier advance or retreat (Leclercq,
2012). Compared to pre-industrial times, the global mean near surface temperatures

1.2 Glaciers in the Climate System 2



increased by approximately 0.87◦C for the decade 2005-2016, but in most land
regions (where glaciers are located) a stronger warming has been evident (Allen
et al., 2018). Shrinking of glaciers all over the world increases the visibility of
climate change for everyone. As glaciers react to climate change, making them so
called climate indicators. The past decades have been characterized by changing
landscapes. The significant change at the Muir Glacier (Alaska) (see Fig. 1.2) is only
one example out of thousands. The Glacier Photograph Collection from the National
Snow and Ice Data Center contains over 24 000 photographs (as of June 2019),
some of them date back to the mid-19th century and therefore provide historical
evidence for past glacier change.

Fig. 1.2: Muir Glacier (Alaska), photographed a: by William O. Field in 1941, and b: by
Bruce F. Molnia on 31.August 2004. source: National Snow and Ice Data Center
(comp.) (2002, updated 2019)

Since 1950, most of the world’s mountain glaciers are retreating because of global
warming, but their response is delayed (Jóhannesson et al., 1989a). Depending on
the size of the glacier it can take several decades until the adjustment to a specific
change in climate is completed. Consequently, most glaciers are currently larger
than they would be if they were in balance with current climate. This will cause
continuing glacier mass loss even in the absence of future temperature rise (Church
et al., 2013).
Consequences from continuous glacier melt are diverse and cover local, regional and
global scales. The local retreat of glaciers can lead to increasing geohazards. For
example, glacier lake outburst results from increased water storage behind unstable
dams at high altitude and can involve the loss of many lives and cause damages
in important infrastructure. An overview of possible glacial hazards is presented
in Kääb et al. (2005). However, glaciers are also important regulators of water
availability in many regions of the world. Especially in regions with seasonal rainfall,
melt water from glaciers is one of the most important water resources during dry
seasons. In Southern and Southeastern Asia alone more than 1.4 billion humans
depend on the large rivers which are fed by glacier melt water of the Himalayan
(Immerzeel et al., 2010). However, beside these wide-ranging local and regional

1.2 Glaciers in the Climate System 3



implications glacier melt is one of the main contributors to the global mean sea-level
rise (GMSLR).

1.3 Sea Level Change

Sea-level change is one of the best-known consequences of climate change. Different
components of the climate system, like land, ocean, atmosphere and also cryosphere
impact the sea-level (Slangen et al., 2017b). Relative to the year 2000 the global
mean sea-level is projected to rise 9-18 cm by 2030, 15-38 cm by 2050 and 30-
130 cm by 2100 (Sweet et al., 2017). These partly large intervals illustrate that
future emission pathways affect the projections for the second half of the century
significantly. Hoegh-Guldberg et al. (2019) noted that the global mean sea-level
rise (GMSLR) will also continue beyond 2100, but the amount depends strongly on
future emissions. The contribution from thermal expansion will increase with global
warming 0.20 to 0.63 m ◦C−1 (Hoegh-Guldberg et al., 2019). Rises of several meters
could result from long-term mass losses by ice-sheets (Church et al., 2013) and this
contribution is possibly not reversible independent on the (plausible) future scenario
(Hoegh-Guldberg et al., 2019). In contrast, the contribution of glaciers will decrease
over time in conjunction with their smaller total mass starting with a value of about
0.21 m ◦C−1. The total future contribution from glaciers is calculated to meet a vaule
of 0.6 m. But sea level change can be observed already today and even in the past.
Using long tide gauge records and satellite altimetry data (available since 1993),
the GMSLR is estimated at a value of approximately 20 cm since 1900 (Rhein et al.,
2013). From that, roughly 7 cm are occurred in the short interval from 1993 onward
(Sweet et al., 2017). Walsh et al. (2014) noted that this recent rise was much
faster than at any time over the last 2000 years. Although the contribution of the
Greenland and Antarctic ice sheets increased since the early 1990’s, ocean thermal
expansion and ice mass loss from glaciers all over the World (excluding Antarctic
glaciers and the ones on Greenlands periphery) are the dominant contributors to
GMSLR of the 20th century (Church et al., 2013).

1.4 Glacier Response Time

A change in mass balance, which means in climate conditions, takes time to translate
into a change in glacier geometry (Cuffey and Paterson, 2010). The response is
therefore delayed and it can take from decades to thousands of years until a glacier
adjusts its geometry. The timescale over which a glacier responds to past climate
changes is referred as response time of a glacier. Its determination was the topic of
multiple studies in the past (e.g. Nye and Frank, 1960; Jóhannesson et al., 1989a;
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Oerlemans, 1997b; Bahr et al., 1998; Raper and Braithwaite, 2009; Harrison, 2013;
Zekollari and Huybrechts, 2015). However, the utilization of this term in several
different ways in the literature caused confusion (Benn and Evans, 2010). Bahr
et al. (1998) defined the response time as "the time required to move from one
steady state [. . . ] to another steady state following a change in the mass balance
environment". Whereas others (e.g. Oerlemans, 1997b; Jóhannesson et al., 1989a;
Cogley et al., 2011; Harrison, 2013) define the response time as the time the glacier
takes to complete most of its adjustment. But the term ’response time’ is also used as
a synonym of the ’reaction time’, the time lag between the climatic change and the
first sign of change in glacier length (Benn and Evans, 2010).

The first analytic attempt to determine the response time TM was based on lin-
ear kinematic wave theory (Nye and Frank, 1960; Nye, 1963; Nye, 1965), in which
the response time is determined as the ratio between the glacier length l and the
velocity at the terminus u(l):

TM ∼ l

u(l) (1.1)

Results derived from kinematic wave theory estimate the response time of even
small glaciers to be in order of 102 to 103 years, but Wal and Oerlemans (1995)
showed that the kinematic approach usually leads to a strong overestimation. As
a consequence Jóhannesson et al. (1989a) and Schwitter and Raymond (1993)
suggested a multiplication of Eq. (1.1) with the shape factor (ratio of mean thickness
change to local thickness change at the terminus). A problem is that Eq. (1.1) as
well as the variation using the shape factor are sensitive on details at the terminus.
Thus, Jóhannesson et al. (1989a, 1989b) provided the following estimate of TM :

TM ∼ h

−b(l) (1.2)

where h is the ice thickness scale of the glacier and b(l) the ablation rate at the
terminus. Jóhannesson et al. (1989b) showed that Eq. (1.2) leads to estimates in
order of 101 to 102 for typical glaciers (h ∼ 100 − 500 m, −b(l) ∼ 1 − 10 ma−1).
But h is not clearly defined (Zekollari et al., 2014): Pelto and Hedlund (2001) e.g.
used the maximum ice thickness over the glacier, to obtain an upper bound of TM ,
whereas e.g. Harrison et al. (2001) suggested to define h as the ratio of volume
change to area change.
Oerlemans (1997b) presented a different approach and defined the response time
as the e-folding time. This is the time taken to achieve a proportion (1

e ) of the total
net change. The volume response time TV is defined as the time it takes to go from
one steady state (with volume V1) to another steady state (with volume V2) under a
given climate change:

TV = t

(
V = V2 − V2 − V1

e

)
(1.3)
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This assumption rely on the idea that the glacier approaches the new equilibrium
state following an exponential curve, implied by an rapid initial change. Accordingly,
the response time for glacier length can be written as:

TL = t

(
L = L2 − L2 − L1

e

)
(1.4)

Ice volume is more directly affected by changes in specific mass balance and conse-
quently TV is usually smaller than TL (Oerlemans, 1997b).

Apart from the fact that determining the response time of a glacier is not straightfor-
ward, all theories are based on steady glacier states and constant changes in climate
and do not take into account that a change in climate condition is continuous. Thus
a steady state can never be achieved, due to the non-steady climate (Schwitter and
Raymond, 1993; Pelto and Hedlund, 2001). Nevertheless, all of these theoretical
studies show that many factors influence the future development of a glacier, i.e.
its size, slope, elevation range, distribution of area with elevation, and its surface
characteristics (Vaughan et al., 2013). All these factors can vary from region to
region, but also between neighbouring glaciers.
The delayed glacier response also illustrates that past climate conditions still influ-
ence the present state of the cryosphere. Currently, glaciers are larger than they
would be, if they were in balance with the current climate and even if temperatures
stabilize, glacier mass loss will continue over the next decades (Hoegh-Guldberg
et al., 2019). Marzeion et al. (2018) showed that 36 ± 8% of mass loss is already
committed in response to past greenhouse gas emissions and consequently future
emissions will have only very limited influence on glacier mass change in the twenty-
first century.

1.5 Glacier Observations

Various observation techniques have been developed in the past to measure glacier
changes. The broad range of methods includes complex climate-related measure-
ments at a few single glaciers, mass balance measurements at about a hundred
glaciers, glacier length variations for a few hundred glaciers, and geodetic area and
volume changes at regional scales based on remote sensing techniques (Vaughan
et al., 2013). The worldwide collection of information about glacier changes was
initiated in 1894 (Zemp et al., 2014). Today, the World Glacier Monitoring Service
(WGMS) collects standardized observations on changes in mass, volume, area and
length of glaciers with time. However, especially in situ measurements (e.g. length
variations and direct mass balance observations) are biased towards accessible
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glaciers in the world. On the other hand, these observations go further back in time
than non biased satellite observations starting with the beginning of the Landsat
missions in 1972.

1.5.1 Glacier Length Variations

Glacier length variations are usually obtained through annual measurements of
the terminus position, but they can also be reconstructed from geomorphologic
landforms (e.g. moraines), biological (e.g. overridden trees, lichens) (e.g. Bushueva
et al., 2016) or historical evidence such as paintings, photos and early maps (e.g.
Nussbaumer and Zumbühl, 2012). The first direct measurement of glacier length
dates back to the 19th century (Zemp et al., 2015). Over the past decades, satellite
imaging and aerial photography allowed to detect the terminus positions also in
regions that are difficult to access and the number of measurements increased
strongly.
The current version of the Fluctuations of Glaciers (FoG) Database from WGMS
(2018) includes 45.214 length observations for 2500 glaciers and covers the time
period from 1600-2017. The spatial distribution of the length observations covers
all regions. Central Europe, Scandinavia, Iceland, Western North America, New
Zealand and the Southern Andes are the best covered regions (half or more of the
glacierized area is covered), whereas only limited information for glaciers around
the Greenland and Antarctic ice sheets, Arctic Canada, Asia and the Low Latitudes
are available.
Zemp et al. (2015) showed that glacier retreat has been dominant in the last 100-150
years. Cumulative values for large, land-terminating glaciers typically reach a few
kilometers. Periods of re-advancement can be found e.g. in the Alps (around 1920
and 1970) and in the 1990s in Scandinavia, but the advances are small (a few 100
m only) compared to the observed retreat (Marzeion et al., 2016). The identification
of the advancement periods is impeded by the different response times. Individual
glaciers readvance in different years and some glaciers did not show a readvance at
all (Zemp et al., 2015).
Leclercq et al. (2014) presented a worldwide dataset of long-term length fluctuations
for 471 glaciers, which is meanwhile included in the WGMS database. Only records
starting before 1950 and covering several decades are included in Leclercq’s dataset.
The length of the records vary largely, the shortest record covers 40 years and the
longest 450 years. Most of the observations start in the 19th century, only 30 records
date back to 1700 and the first observation stems from 1535. The records are
spatially well distributed over all continents and almost all latitudes. However, for
some regions with large glacier coverage (e.g. Alaska, Antarctic periphery) the
number of records is sparse, whereas for other regions (e.g. Scandinavia, Pyrenees,
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Alps, Caucasus) more information are available. Equally to Zemp et al. (2015),
Leclercq et al. (2014) discovered a global trend of glacier retreat since the middle of
the 19th century. The median retreat rate is with a value of 12.5 m yr−1 larger in the
period from 1921-1960 than in the second half of the 20th century (7.4 m yr−1 in
1961-2000). The global mean length change in the 20th century is -1.56± 0.03 km,
but records from this time period vary widely on an individual and also regional
scale.

Length change observations were used in several studies to determine the glacier
contribution to sea-level change. For example, Oerlemans et al. (2007) scaled global
relative length changes to global relative volume changes. These are then translated
to global glacier mass loss by using a calibration against the global glacier mass loss
estimates over the period 1961-2000 from Dyurgerov and Meier (2005). The same
method was used in Leclercq et al. (2011), but with a more extended data set (more
glacier length fluctuations and more geodetic mass balance observations from Cogley
(2009)). An update of Leclercq et al. (2011), containing again additional data for
length observations and geodetic mass balance, finally resulted in an estimate of of
80.4 ± 21.1 mm SLE for the glacier contribution during the 20th century (Marzeion
et al., 2015).

1.5.2 Glacier Mass Balance

A net change in mass of a glacier over a specific time period is defined as mass
balance. Often annual changes are measured, but the definition of one "year" can
vary between different studies. Common time systems used are the balance year
(also known as stratigraphic system), the fixed-date system and the floating-date
system (Cogley et al., 2011). The balance year covers the period between the two
successive annual minima in mass of the glacier. In the fixed-date system a year
always starts at the same calender date, e.g. in the mid and high latitudes of the
northern hemisphere this often corresponds to the time between 1 October and 30
September. In the floating-date system a year is defined by the calendar dates of the
two successive surveys, which may vary from year to year, because the visit of field
sites is not always possible at a pre-defined date. The different types of glacier mass
balance measurements range from direct (also known as glaciological methods) over
hydrological, geodetic and gravimetric methods.
The oldest method to derive glacier mass balances is the direct method, which is
based on field measurements of the total accumulation and ablation. The accumu-
lation can be measured by the snowpack depth, which can be obtained from ice
cores, snowpits or crevasses. Annual increase can be identified from changes in
density, from crystal size or by a dirt layer (Benn and Evans, 2010). The net annual
accumulation consequently can be calculated from the thickness of the layer and
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the average density of the layer. The ablation is measured with the help of stakes,
drilled into the ice. They are used to measure the drop of ice surface over the year.
As all direct measurements are only point measures on parts of the glacier surface,
interpolation and extrapolation methods are used to calculate the total net balance
of the whole glacier area. The annual mass balance (bn) can be described as the
sum of the mass change during the accumulation period (winter balance) and the
mass change during the ablation period (summer balance). Often, the term mean
specific mass balance is used. This refers to the total change in mass divided by the
the area of the glacier (e.g. as in WGMS, 2018). Mass balance changes are typically
given in water equivalent (w.e.) which allows a better comparison between different
glaciers and years. The World Glacier Monitoring Service (WGMS) collects and
publishes information about glacier mass balance changes. The latest release of the
Fluctuations of Glaciers (FoG) database contains 6986 annual mass balances from
459 glaciers, but only 30 of them (so called reference glaciers) have a continuous
series going back to 1976. (Zemp et al., 2019).
The WGMS additionally collects mass balance measurements obtained through
geodetic methods. They rely on aerial photographs or on satellite data to determine
volume changes, which then can be converted to mass changes by using estimates of
the average density for the different parts of the glacier (Benn and Evans, 2010).
Geodetic mass balance observations have a better spatial coverage than the direct
methods and are not biased to accessible glaciers only in contrast to the direct
measurements. The current version of the Fluctuations of Glaciers (FoG) database
contains geodetic mass balance measurements for 19 130 glaciers and thus cover
9% of the total number of glaciers, compared to the 1% coverage from the direct
methods Zemp et al. (2019). A significant disadvantage is the lack in temporal
resolution. Airborne and spaceborne surveys usually only cover multiyear or even
only decadal periods Zemp et al. (2019). Furthermore, they do not date back as
long as the direct measurements.

1.6 Numerical Glacier Models

In the past, many different types of numerical glacier models were developed. The
existing models can be divided into two classes: diagnostic and prognostic models.
Diagnostic simulations are used to study parts of the glacier or a specific physical
process in great detail, whereas prognostic models simulate the glacier evolution
to predict e.g. the change in geometry or ice thickness in time. Consequently, they
usually combine two fundamental processes. First, they have to model the change in
mass (accumulation and ablation) at the surface of the glacier. To this end, different
mass balance models were developed. Secondly, they have to model the resulting
change of the glacier (e.g. through a change in ice flux). Depending on the purpose
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of the study different levels of complexity are necessary. With increasing complexity
also computational costs increase and often more input data and with this a better
knowledge of the glacier system is required. Thus, less complex models are used to
study e.g. all glaciers in the world or large regions to compute their contribution to
sea level change, whereas higher complexity is necessary to get detailed insights in
very narrow areas and for a better understanding of physical principals.
Basically two types of mass balance models exists. Energy-balance models eval-
uate detailed surface energy fluxes, whereas the more simple temperature-index
approaches (also called degree-day models) basically use the air temperature to
compute glacier melt and snow accumulation can be derived from precipitation
using an air temperature threshold. Most models additionally apply some kind of
bias correction and derive model parameters (e.g. degree-day factor, precipitation
correction factor, temperature and/or precipitation lapse rates, temperature bias
and a rain-snow temperature threshold) through a model calibration with available
glacier mass balance observations. In global approaches, temperature-index models
are usually used because of their simplicity (e.g. Marzeion et al., 2012b; Radić et al.,
2014; Hirabayashi et al., 2013; Huss and Hock, 2015), but simple energy-balance
models also allow an application on a global scale (e.g. Giesen and Oerlemans,
2013).
Beside the different complexities of the mass balance models, glacier models can
also differ in their dimension: simplest models only have one dimension (e.g.
depth-integrated flowline models), while more complex models include a spatial
distribution in two or three dimensions. Another type of complexity is the approxi-
mation of ice dynamics from the Shallow Ice Approximation (SIA) over Higher-Order
models to Full Stokes. The Full Stokes equations are based on the equations of mass
balance and momentum balance adapted for the incompressible material ice. The
very high computational effort needed to solve them can be reduced by using e.g.
the Higher Order approximation derived by Blatter (1995) and Pattyn (2003). They
assume the horizontal gradient of the vertical velocity are negligible compared to the
vertical gradient of horizontal velocities and they ignore bridging effects. SIA goes
one step further and keeps only the vertical gradients of the vertical shear stresses
and pressure gradients from the original Full Stokes equations.

There even exists models without any ice dynamics, e.g. Volume-Area scaling
approaches (Chen and Ohmura, 1990; Bahr et al., 1997). For this approach the
glacier volume V , which is hard to measure, is estimated from the often known area
A using the following power law:

V = cAy (1.5)

The parameter y is usually a constant and the recommended value for glaciers is
y = 1.35 (e.g. Bahr et al., 1997; Dyurgerov et al., 2009), whereas c should not
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be treated as a constant value. Even though Eq. (1.5) does not explicitly show a
dependence in time, the terms V , A and c can vary in time (Bahr et al., 1998). A
similar method is the Volume-Length scaling, for which in Eq. (1.5) the glacier area
A is replaced by its length L (e.g. Hirabayashi et al., 2013; Radić et al., 2014).
In order to provide volume changes over time (e.g. for hindcast simulations or
projections) the scaling approach can be combined with a surface mass balance
model. Since 1988, the volume-area scaling approach was applied in more than
60 studies (Bahr et al., 2015) and is often used to calculate glacier contributions
to sea level change. Its simplicity allows the application on a global scale. For this
purpose each glacier can be modelled individually (as in Marzeion et al., 2012b;
Hirabayashi et al., 2013; Radić et al., 2014) or a subset can be explicitly modelled
and the remaining glaciers are then upscaled (like in Giesen and Oerlemans, 2013)
or the scaling method can be applied for different glacier size classes as in Slangen
et al. (2012).
Although all scaling approaches produce consistent results on the global scale,
greater uncertainties on regional and local scales originate from e.g. the missing
representation of the glacier geometry, ice dynamics or the accounting for frontal
ablation. For this reasons, Huss and Hock (2015) presented the first global glacier
evolution model, which includes mass loss due to frontal ablation and accounts for
glacier advance/retreat and surface elevation changes. The model is based on the
∆h-parameterization from Huss et al. (2010) and was applied on a global scale.
Another way to include simple ice dynamics is realized by flowline models. These
approaches simulate the ice flow along a single line, the flowline of the glacier.
Flowlines can be obtained by intensive manual digitization (e.g Oerlemans, 1997a;
Sugiyama et al., 2007), but also through automated algorithms, which are for
instance based on hydrology tools (Schiefer et al., 2008) or centerlines2 can auto-
matically be calculated by a least-cost route on a cost grid (Kienholz et al., 2014).
The latter approach has the main advantage that multiple centerlines per glacier can
be derived and the main branch as well as major tributaries are well represented.
Flowline models solve the model equations along this line, and then spatially inter-
polate the result over the complete area of the glacier. To derive estimates of ice
thickness, methods rely on the parameterization of basal shear-stress (e.g. Linsbauer
et al., 2009; Linsbauer et al., 2012), on observed surface velocities (e.g. Gantayat
et al., 2014) or on mass conservation (e.g. Farinotti et al., 2009; Clarke et al., 2013;
Maussion et al., 2019). A detailed review of the different methods can be found
in Farinotti et al. (2017). The first ice thickness model applied on a global scale is
presented in Huss and Farinotti (2012). Their approach is a further development of
Farinotti et al. (2009). To avoid the manual digitization of flowlines, the method is
applied on elevation bands, instead of flowlines. Using an ensemble of up to five

2Centerlines can differ slightly from flowlines, mostly in areas with converging branches. Instead of
running side by side to the glacier terminus (as in Farinotti et al., 2009), centerlines will converge
(Kienholz et al., 2014).
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models, Farinotti et al. (2019) presents a consensus with distributed ice thickness
estimates of all glaciers in the world.

Oerlemans (1997a) developed the first prognostic flowline model which assumes a
trapezoidal bed shape and includes simple shearing flow and sliding. The change of
ice thickness over time is defined by a non-linear diffusion equation. A similar ap-
proach was adopted by Maussion et al. (2019) and Zekollari et al. (2019). However,
none of the recent studies presented past or future glacier changes on the global
scale.

1.7 Thesis Objectives

In order to reconstruct glacier mass changes over the course of the entire 20th
century, global glacier models are absolutely essential. However, this requires
automatic initialization methods. To this aim, the main objective of this thesis is:

1. The development of an initialization method that allows the reconstruction of
past glacier states by using only information about the past climate and the
present day states.

The method is based on synthetic experiments and thus a further development
becomes necessary in order to succeed with the second objective:

2. The application to real-world cases.

Finally, the performance of the initialization method should be analyzed. To this
aim, the third objective is:

3. The identification of uncertainties of the initialization method itself and its
validation by comparing the modeled glacier changes with glacier observations.

1.8 Thesis Outline

This thesis presents a new method for the initialization of the Open Global Glacier
Model (OGGM) that allows the reconstruction of past glacier states. An overview
of relevant facts related to glaciers and glacier modeling was given in this Chapter
1. First, a data set containing a global inventory of glaciers was presented to give
an overview about the distribution of glaciers over the world. Next, fundamental
principles of glacier mass balance were explained and the influence of a changing
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climate on the world’s glaciers was discussed, followed by information about sea-
level changes in the past and future. As the response of glaciers to changes in climate
is delayed, the next part presented fundamental aspects of the glacier response
time theory. Afterwards an overview about the state-of-the-art of numerical glacier
models and various glacier observation techniques that provide information about
the temporal evolution of glacier changes in the past were presented.

The Open Global Glacier Model (OGGM), the model for which the initialization
method is developed, is presented in Chapter 2. This section shows profound
principles of the model, as well as the general workflow and a detailed explanation
of important modules.

Chapter 3 introduces the new initialization method which was developed in order
to initialize OGGM in the past by only using information about the past climate
ant the present day state. In the first instance, the method is applied for synthetic
experiments only. The motivation and the design of the synthetic experiments are
described first. Afterwards, the workflow of the method and the results from the
application to 2660 Alpine glaciers is presented. Finally, the uncertainty of the
method is identified and glacier characteristics that influence the reconstructability
are determined.

Chapter 4 address the problem of real-world applications. To this end, a glacier-
specific calibration of the mass balance offset is introduced. This improvement
enables the presented validation of the method trough glacier observations. For this
purpose observations of glacier length fluctuations and mass balance changes are
taken into account. The good agreement between the modeled and observed glacier
changes open the door to a future global application. Chapter 5 summarizes all
results and gives perspective ideas.
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Context

To provide estimates about the contribution of glacier mass change to global sea-level
rise, global glacier models are the most relevant tools. They can be used to estimate
the present day state of glaciers (e.g. Farinotti et al., 2019), to provide glacier
mass change projections (e.g. Hock et al., 2019), and they are useful to reconstruct
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past changes. These reconstructions play a major role to fully understand the sea-
level budget e.g. to close the budget of the observed SLR. Additionally, they are
crucial for the model validation and can be used to detect and improve model
uncertainties. Consequently, the confidence in projections of future glacier mass
change will increase, if we manage to reproduce past glacier mass change (Marzeion
et al., 2015). Despite their importance, so far only one global model (Marzeion
et al., 2012b) was able to provide estimates over the course of the entire 20th
century. In fact, global estimates exclusively based on mass and length change
observations exist (e.g. Leclercq et al., 2011), but a large uncertainty originate
from the large under-sampling of the world’s glaciers. Long-term observations of
glacier changes are only available for a few hundreds of glaciers (see Sect. 1.5) and
remote sensing derived observations have a good spatial coverage, but they do not
date back far enough. Thus, the global representation of the available sample is
questionable and can be verified only for periods where global observations exists
(Marzeion et al., 2015). It is therefore a pressing task to develop more approaches
that enable the global reconstruction of past glacier mass change based on glacier
modeling e.g. like the study from Marzeion et al. (2012b). To this end, this Chapter
presents the Open Global Glacier Model (OGGM; www.oggm.org), which combines
the mass balance model from Marzeion et al. (2012b) with an ice-flow model and
thus more complexity (e.g. in ice dynamics) is added. The model is developed
to provide a modular and open source numerical model framework for simulating
glacier change in the past and future on a global scale. The paper provides detailed
information about the model including the presentation of the model workflow, a
detailed description of the model structure and the individual modules (including
specific model parameters and their default values). With global simulations under
idealized climate forcing, we were able to show that the model behavior is realistic
and the results are close to expectations. The studies presented in the following
chapters, rely on this model and thus the detailed model description in this chapter
is so important and form the basis of this thesis.

Personal Contribution

J. Eis developed the glacier partitioning tool (see Sect. 2.3.6.3). This includes the
implementation and testing of this external OGGM module and its documentation
including the supply of examples. J.Eis was involved in the development of the
manuscript by critically discussing the presented results and early drafts of the
manuscript. Moreover, J. Eis contributed to the general development of OGGM. For
example, with code developments, issue and bug reports and their correction, as
well as further additions to the documentation. All authors continuously discussed
the model development including e.g. changes on the code base, potential further
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developments, parameter choices and their default settings. A more detailed de-
scription about the individual contribution of all authors can be found in the author
contribution section on page 52.

Abstract

Despite their importance for sea-level rise, seasonal water availability, and being a
source of geohazards, mountain glaciers are one of the few remaining sub-systems of
the global climate system for which no globally applicable, open source, community-
driven model exists. Here we present the Open Global Glacier Model (OGGM,
www.oggm.org), developed to provide a modular and open source numerical model
framework for simulating past and future change of any glacier in the world. The
modelling chain comprises data downloading tools (glacier outlines, topography, cli-
mate, validation data), a preprocessing module, a mass-balance model, a distributed
ice thickness estimation model, and an ice flow model. The monthly mass-balance is
obtained from gridded climate data and a temperature index melt model. To our
knowledge, OGGM is the first global model explicitly simulating glacier dynamics:
the model relies on the shallow ice approximation to compute the depth-integrated
flux of ice along multiple connected flowlines. In this paper, we describe and illus-
trate each processing step by applying the model to a selection of glaciers before
running global simulations under idealized climate forcings. Even without an in-
depth calibration, the model shows very realistic behaviour. We are able to reproduce
earlier estimates of global glacier volume by varying the ice dynamical parameters
within a range of plausible values. At the same time, the increased complexity of
OGGM compared to other prevalent global glacier models comes at a reasonable
computational cost: several dozen glaciers can be simulated on a personal computer,
while global simulations realized in a supercomputing environment take up to a few
hours per century. Thanks to the modular framework, modules of various complexity
can be added to the codebase, which allows new kinds of model intercomparisons
studies in a controlled environment. Future developments will add new physical pro-
cesses to the model as well as automated calibration tools. Extensions or alternative
parameterizations can be easily added by the community thanks to a comprehen-
sive documentation. OGGM spans a wide range of applications, from ice-climate
interaction studies at millenial time scales to estimates of the contribution of glaciers
to past and future sea-level change. It has the potential to become a self-sustained
community-driven model for global and regional glacier evolution.
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2.1 Introduction

Glaciers constitute natural low-pass filters of atmospheric variability. They allow
people to directly perceive slow changes of the climate system, that would otherwise
be masked by short-term noise in human perception. Since glaciers form prominent
features of many landscapes, shrinking glaciers have become an icon of climate
change.

However, impacts of glacier change – whether growth or shrinkage – go far beyond
this sentimental aspect: glaciers are important regulators of water availability
in many regions of the world (Kaser et al., 2010; Huss, 2011; Immerzeel et al.,
2012), and retreating glaciers can lead to increased geohazards (see Richardson
and Reynolds, 2000, for an overview). Even though the ice mass stored in glaciers
is small compared to the Greenland and Antarctic ice sheets (< 1%), glacier melt
has contributed significantly to past sea-level rise (SLR; e.g. Cogley, 2009; Leclercq
et al., 2011; Marzeion et al., 2012b; Gardner et al., 2013). They probably have been
the biggest single source of observed SLR since 1900 and they will continue to be
a major source of SLR in the 21st century (e.g. Church et al., 2013; Gregory et al.,
2013).

It is therefore a pressing task to improve the knowledge of how glaciers change
when subjected to climate change, both natural and anthropogenic (Marzeion et al.,
2014a). The main obstacle to achieve progress is a severe undersampling problem:
direct glaciological measurements of mass balances have been performed on ∼300
glaciers world wide (≈ 0.1% of all glaciers on Earth). The number of glaciers on
which these types of measurements have been carried out for time periods longer
than 30 years, i.e. over periods that potentially allow for the detection of a climate
change signal, is one order of magnitude smaller (Zemp et al., 2009). Length
variations of glaciers have been observed for substantially longer periods of time
(Oerlemans, 1994; Oerlemans, 2005). These variations are, however, much more
difficult to understand, as large glacier length fluctuations may arise from intrinsic
climate variability (Roe and O’Neal, 2009; Roe, 2011). Data obtained by remote
sensing allow for gravimetric assessments of ice mass change or volume change
estimates obtained by differencing digital elevation models. Unfortunately, they are
only available for the past decade (e.g. Gardner et al., 2013).

During the past few years, great progress has been made in methods to model glaciers
globally (Radić and Hock, 2011; Radić and Hock, 2014; Giesen and Oerlemans,
2012; Giesen and Oerlemans, 2013; Marzeion et al., 2012a; Marzeion et al., 2012b;
Marzeion et al., 2014a; Marzeion et al., 2014b; Huss and Hock, 2015). While
these approaches yield consistent results at the global scale, all of them suffer from
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greater uncertainties at the regional and local scales. These stem from the great
level of abstraction of the key processes (Marzeion et al., 2012b; Marzeion et al.,
2014b), from the need to spatially interpolate model parameters (Radić and Hock,
2011; Radić and Hock, 2014; Giesen and Oerlemans, 2012; Giesen and Oerlemans,
2013), and from uncertainties of the boundary and initial conditions. All models
lack ice dynamics, most lack frontal ablation (with the exception of Huss and Hock,
2015), and all lack modulation of the surface mass balance by debris cover and snow
redistribution (wind and avalanches). Only one model (Marzeion et al., 2012b) was
able to provide estimates of past glacier volume changes for the 20th century. None
of these models is open-source.

Mountain glaciers are one of the few remaining subsystems of the global climate
system for which no globally applicable, open source, community-driven model exists.
The ice sheet modelling community shows a better example, with models such as
the Parallel Ice Sheet Model (Winkelmann et al., 2011), Elmer/Ice 1, Glimmer-CISM 2,
or ISSM 3. These models have been applied to mountain glaciers as well, but cannot
be applied globally out-of-the-box. While the atmospheric modelling community
has a long tradition of sharing models (e.g. the Weather Research and Forecasting
model, or WRF) or comparing them (e.g. the Coupled Model Intercomparison Project
or CMIP), recent initiatives originating from the glaciological community show a
new willingness to better coordinate global research efforts following the CMIP
example (e.g. the Glacier Model Intercomparison Project4 or the Glacier Ice Thickness
Estimation Working Group5).

In the recent past, great advances have been made in the global availability of data
and methods relevant for glacier modelling, spanning glacier outlines (Pfeffer et al.,
2014), automatized glacier centerline identification (e.g., Kienholz et al., 2014),
bedrock inversion methods (e.g. Huss and Farinotti, 2012), and global topographic
data sets (e.g. Farr et al., 2007). Taken together, these advances now allow the ice
dynamics of glaciers to be simulated at the global scale, provided that adequate
modelling platforms are available. In this paper, we present the Open Global Glacier
Model (OGGM), developed to provide a modular and open source numerical model
framework for consistently simulating past and future global scale glacier change.

Global not only in the sense of leading to meaningful results for all glaciers combined,
but also for any small ensemble of glaciers, e.g. at the headwater catchment scale.
Modular to allow different approaches to the representation of ice flow and surface
mass balance to be combined and compared against each other. Open source so that

1http://elmerice.elmerfem.org/
2https://csdms.colorado.edu/wiki/Model:Glimmer-CISM
3https://issm.jpl.nasa.gov/
4http://www.climate-cryosphere.org/activities/targeted/glaciermip
5http://www.cryosphericsciences.org/wg_glacierIceThickEst.html
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the code can be read and used by anyone and so that new modules can be added and
discussed by the community, following the principles of open governance. Consistent
between past and future in order to provide uncertainty measures at all realisable
scales.

This paper describes the basic structure and primordial assumptions of the model
(as of version 1.1). We present the results of a series of single glacier and global
simulations demonstrating the model’s usage and potential. This will be followed by
a description of the software requirements and the testing framework. Finally, we
will discuss the potential for future developments that could be conducted by any
interested research team.

2.2 Fundamental Principles

The starting point of OGGM is the Randolph Glacier Inventory (RGI; RGI Consortium,
2017; Pfeffer et al., 2014): our goal is to simulate the past and future evolution
of all of the 216,502 inventoried glaciers worldwide (as of RGI V6). This “glacier
centric” approach is the one followed by most global and regional models to date;
its advantages and disadvantages will be discussed in Sect. 2.3.6.4. Provided with
the glacier outlines, topographical and climate data at reasonable resolution and
accuracy, the model should be able to (i) provide a local map of the glacier including
topography and hypsometry, (ii) estimate the glacier’s total ice volume and compute
a map of the bedrock topography, (iii) compute the surface climatic mass balance
and (if applicable) at its front via frontal ablation, (iv) simulate the glacier’s dynam-
ical evolution under various climate forcings, and (v) provide an estimate of the
uncertainties associated with the modelling chain.

For each of these steps, several choices are possible regarding the input data to
be used, the numerical solver or the parameterisations to be applied. Any given
choice is driven by subjective considerations about data availability, the estimated
accuracy of boundary conditions (such as topography), and by technical considera-
tions such as the available computational resources. In this paper we present one
way to realize these steps using OGGM, which to date is in our opinion the best
compromise between model complexity, data availability and computational effort.
The OGGM software, however, is built in such a way that future improvements
and new approaches can be implemented, tested, and applied at minimal cost by
ourselves or a larger community.
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2.2.1 Example Workflow

We illustrate with an example how the OGGM workflow is applied to Tasman glacier,
New Zealand (Fig. 2.1). Here we describe shortly the purpose of each processing
step, and more details will be provided in Sect. 2.3:

Preprocessing The glacier outlines extracted from the RGI are projected onto a
local gridded map of the glacier (Fig. 2.1a). Depending on the glacier’s location,
a suitable source for the topographical data is downloaded automatically (here
SRTM) and interpolated to the local grid. The map’s spatial resolution depends
on the size of the glacier (here, 150 m).

Flowlines The glacier centerlines are computed using a geometrical routing
algorithm (adapted from Kienholz et al., 2014, Fig. 2.1b), filtered and slightly
modified to become glacier flowlines with a fixed grid spacing.

Catchment areas and widths The geometrical widths along the flowlines are
obtained by intersecting the normals at each grid point with the glacier outlines
and the tributaries’ catchment areas (Fig. 2.1c). Each tributary and the main
flowline has a catchment area, which is then used to correct the geometrical
widths so that the flowline representation of the glacier is in close accordance
with the actual altitude-area distribution of the glacier (Fig. 2.1d, note that
the normals are now corrected and centred).

Climate data and mass balance Gridded climate data (monthly temperature
and precipitation) are interpolated to the glacier location and temperature is
corrected for altitude using a linear gradient. These climate time series are
used to compute the glacier mass balance at each flowline’s grid point for any
month in the past.

Ice thickness inversion Using the mass balance data computed above and re-
lying on mass-conservation considerations, an estimate of the ice flux along
each glacier cross-section can be computed. By making assumptions about the
shape of the cross-section (parabolic or rectangular) and using the physics of
ice flow, the model computes the thickness of the glacier along the flowlines
and the total volume of the glacier (Fig. 2.1e).

Glacier evolution A dynamical flowline model is used to simulate the advance
and retreat of the glacier as a response of the surface mass-balance forcing.
Here (Fig. 2.1f), a 100-yr long random climate sequence leads to a glacier
advance.
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Fig. 2.1: Example of the OGGM workflow applied to Tasman glacier, New Zealand; a:
topographical data preprocessing; b: computation of the flowlines; c: geometrical
glacier widths determination (the colors indicate the different flowlines); d: width
correction according to catchment areas and altitude-area distribution (see Fig. 2.2
and main text for details); e: ice thickness inversion; f: random 100-yr long glacier
evolution run leading to a glacier advance. See Sect. 2.2.1 for details.
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2.2.2 Model Structure

The OGGM model is built around the notion of tasks, which have to be applied
sequentially to single or a set of glaciers. There are two types of tasks:

Entity tasks are tasks which are applied on single glaciers individually and do
not require information from other glaciers (this encompasses the majority
of OGGM’s tasks). Most often they need to be applied sequentially (for ex-
ample, it is not possible to compute the centerlines without having read the
topographical data first).

Global tasks are tasks which are run on a set of glaciers. This encompasses the
calibration and validation routines, which need to gather data across a number
of reference glaciers.

This model structure has several advantages: the same entity task can be run in
parallel on several glaciers at the same time, and they allow a modular workflow.
Indeed, a task can seamlessly be replaced by another similar one, as long as the
required input and output formats are agreed upon beforehand. The output of each
task is made persistent by storage on disk, allowing a later use by a subsequent task,
even in a separate run or on another machine. For example, the preprocessing tasks
store the topography data in a netCDF file, which is then read by the centerlines
task, which itself writes it’s output in a vector file format.

In this paper we will refrain from naming the tasks by their function name in the
code, as these are likely to change in the future and are sometimes organised in a
non-trivial way as a result of implementation details. The next section therefore is
called “Modules”, where each module can be seen as a collection of tasks developed
towards a certain goal.

2.3 Modules

The modules are described in the order in which they are applied for a model run.
When we provide a specific value for a model parameter in the text, we refer to the
model’s default parameter value: it can be changed by the user at runtime.
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2.3.1 Preprocessing

The objective of the preprocessing module is to set up the geographical input data for
each glacier (the glacier outlines and the local topography). First, a Cartesian local
map projection is defined: we use a local Transverse Mercator projection centred
on the glacier. Then, a suitable topographical data source is chosen automatically,
depending on the glacier’s location. Currently we use:

• the Shuttle Radar Topography Mission (SRTM) 90m Digital Elevation Database
v4.1 (Jarvis et al., 2008) for all locations in the [60◦S; 60◦N] range (data
acquisition: 2000)

• the Greenland Mapping Project (GIMP) Digital Elevation Model (Howat et al.,
2014) for mountain glaciers in Greenland (data acquisition: 2003 to 2009)

• the Radarsat Antarctic Mapping Project (RAMP) Digital Elevation Model, Ver-
sion 2 (Liu et al., 2015) for mountain glaciers in Antarctica with the exception
of some peripheral islands (data acquisition: 1940 to 1999)

• the Viewfinder Panoramas DEM3 product (http://viewfinderpanoramas.
org/dem3.html) elsewhere (most notably: North America, Russia, Iceland,
Svalbard)

All datasets have a comparable spatial resolution (from 30 to 90 m, or 3 arcsec-
onds). Using different data sources is problematic but unavoidable since there is no
consistent, gap-free and globally available Digital Elevation Model (DEM) to date.
The Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER)
Global Digital Elevation Model Version 2 (GDEM V2) is available globally but was
quickly eliminated because of large data voids and artefacts, in particular in the
Arctic. These artefacts are often tagged as valid data and cannot be detected au-
tomatically in an easy way. The Viewfinder Panoramas products rely on the same
sources but have been corrected manually (mostly with topographic maps; J. de
Ferranti, Pers. Comm.) and thus ensure a more realistic void filling. Although having
a nearly global coverage, the DEM3 products are not used in place of established
and citable digital elevation models such as SRTM, GIMP or RAMP, because it is not
easy to retrieve the original data sources used to generate them (the information is
scattered around the website, although ASTER and SRTM are the main data sources
in most cases). It must be noted that a number of glaciers will still suffer from poor
topographic information, and/or a date of data acquisition which doesn’t match that
of the RGI outlines. Either the errors are large or obvious (in which case the model
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won’t run), or they are left unnoticed. The importance of reliable topographic data
for global glacier modelling will be the topic of a follow-up study6.

The spatial resolution of the target local grid depends on the size of the glacier:
the default is to use a square relation to the glacier size (dx = aS

1
2 with a = 14

and S the area of the glacier in km2) clipped to a predefined minimum (10 m) and
maximum (200 m) value. After the interpolation to the target grid, the topography is
smoothed with a Gaussian filter of 250 m radius (this value does not change with the
local glacier map resolution because it is meant to be applied to the original DEM,
not the interpolated one). This smoothing is driven by practical considerations, since
the model becomes unstable if the boundary conditions are too noisy (see also Bahr
et al., 2014, for a discussion about the unavoidable trade-off between resolution and
accuracy).

2.3.2 Flowlines and Catchments

The glacier centerlines are computed following an algorithm developed by Kienholz
et al., 2014 and adapted for our purposes. This algorithm was chosen because it
allows one to compute multiple centerlines and to define a main branch fed by any
number of tributaries. In general we found the method to be very robust, although
some glaciers obviously won’t have the optimal number of centerlines, with either
too many (frequent in the case of large cirque glaciers) or not enough (some tributary
branches have no centerlines). These errors however are assumed to play a relatively
minor role compared to other uncertainties in the model chain.

In the model semantics, the original “centerlines” are then converted to “flowlines”:
the points defining the line geometries are interpolated to be equidistant from each
other (the default spacing along the line is twice that of the local glacier map, i.e.
varying between 20 m and 400 m depending on glacier size), and the tail of the
tributaries are cut before reaching their descendant (see the differences between
Figs. 2.1b and c, or between Figs. 2.2a and b). Each grid point’s elevation is obtained
from the underlying topography. By construction, upslope trajectories or sinks along
the flowline are rare: this can still occur when the glacier outlines are poorly defined
or because of errors in the gridded topography. In these cases, we interpolate the
heights (in the case of a deepening) or cut the first grid points of the line (in case of
an upslope starting from the flowline’s head) until only positive slopes larger than
1.5◦ remain. This is necessary because sinks along a flowline are incompatible with
the forward dynamical model, which will fill them with ice and create undesirable
spin-up issues.

6See also https://rgitools.readthedocs.io/en/latest/dems.html for an ongoing evaluation of
further DEM products.
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The flowlines are then sorted according to their Strahler number (a measure of
branching complexity defined by Strahler, 1952, and commonly used in hydro-
logical applications), from the lowest (line without tributaries but with possible
descendants) to the highest (the main – and longest – centerline). This ordering is
important for the mass flow routing: indeed, each flowline contains a reference to
its descendant, and this reference is used by the inversion and dynamical models to
transfer mass from the tributaries towards the main flowline.

The width of each grid point along the flowline is computed in four steps. First,
the catchment area of each flowline is computed using a routing algorithm similar
to that used to compute the centerlines (Fig. 2.2a). Then the geometrical widths
are computed by intersecting the flowline’s normal to the boundaries of either the
individual catchments or the glacier itself (Fig. 2.2b). These geometrical widths are
then corrected by a factor specific for each altitudinal bin (Fig. 2.2c), so that the
true altitude area distribution of the glacier is approximately preserved (Fig. 2.2d).
Finally, these widths are multiplied by a single factor ensuring that the total area of
the glacier is the exact same as the one provided by the RGI, ensuring consistency
with future model intercomparisons.

At this stage, it is important to note that the map representation of the flowline glacier
presented in Fig. 2.2c is purely artificial. The fact that the glacier cross-sections are
overlapping is irrelevant: the role of the flowlines is to represent the actual flow
of ice as accurately as possible while conserving the fundamental aspects of the
real glacier: slope, altitude, area, geometry. The flowline approximation is going to
work better for valley glaciers (like Tasman glacier shown above) than for cirque
glaciers (like the Upper Grindelwald). For ice-caps, the flowline representation is
likely to work poorly, as discussed in Sect. 2.3.6.2. From Fig. 2.2c one can see that
future improvements of the mass balance model based on e.g. topographical shading
or snow redistribution are made possible by the knowledge about the flowlines’
location.

2.3.3 Climate Data and Mass Balance

The mass balance model implemented in OGGM is an extended version of the
temperature index melt model presented by Marzeion et al., 2012b. The monthly
mass balance mi at an elevation z is computed as:

mi(z) = pf P Solid
i (z) − µ∗ max (Ti(z) − TMelt, 0) + ε (2.1)
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Fig. 2.2: Example of the flowlines’ width determination algorithm applied to the Upper
Grindelwald glacier, Switzerland; a: determination of each flowline’s catchment
area; b: geometrical widths; c: widths corrected for the altitude-area distribution,
the bold lines representing the grid points where the cross-section touches a
neighbouring catchment; d: frequency distribution of the glacier area per altitude
bin, as represented by OGGM and by the SRTM topography.
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where P Solid
i is the monthly solid precipitation, pf a global precipitation correction

factor (defaults to 2.5, see Appendix 2.7.1), µ∗ the glacier’s temperature sensitivity, Ti

the monthly air temperature, TMelt the monthly air temperature above which ice melt
is assumed to occur (default: -1◦C, chosen because melting days can occur even if
the monthly average temperature is below 0◦C), and ε a residual (or bias correction)
term. Solid precipitation is computed as a fraction of the total precipitation: 100%
solid if Ti <= TSolid (default: 0◦C), 0% if Ti >= TLiquid (default: 2◦C), and linearly
interpolated in between. The parameter µ∗ indicates the temperature sensitivity
of the glacier and needs to be calibrated. For this paper, the temperature and
precipitation time series (1901–2016) are obtained from gridded observations (CRU
TS4.01; Harris et al., 2014, see Appendix 2.7.1). The temperature lapse-rate is set to
a constant value (default: 6.5 K km−1) or it can be time-dependant and computed
from a linear fit of the 9 surrounding grid-points.

For the calibration of the temperature sensitivity parameter µ∗ we use the method
described by Marzeion et al., 2012b and successfully applied many times since
then (e.g. Marzeion et al., 2014a; Marzeion et al., 2015; Marzeion et al., 2018).
Although the general procedure didn’t change, its peculiarity justifies describing it
here. We will start by noting that µ∗ depends on many factors, most of them being
glacier-specific (e.g. avalanches, topographical shading, cloudiness), and others
being related to systematic biases in the input data (e.g. climate, topography). As a
result, µ∗ can vary greatly between neighbouring glaciers without obvious physical
reasons. The calibration procedure implemented in OGGM makes use of these
apparent handicaps by turning them into assets.

The procedure begins with glaciers for which we have direct observations of specific
mass balance (N = 254, see Appendix 2.7.2). For each of these glaciers, annual
sensitivities µ(t) are computed from Eq. 2.1 by requiring that the glacier specific mass
balance m(t) is equal to zero7. m(t) is the glacier integrated mass balance computed
for a 31-yr period centred around the year t and for a constant glacier geometry fixed
at the RGI outline’s date (e.g. 2003 in the Alps). The process is illustrated in Fig. 2.3c
(blue line): around 1920 the climate was cold and wet (Figs. 2.3a and b), and as a
consequence the hypothetical temperature sensitivity required to maintain the 2003
glacier geometry needs to be high. Inversely, the more recent climate is warmer
and the temperature sensitivity needs to become smaller for the glacier to remain
stable.

These hypothetical, time-dependent µ(t) are called “candidates”: it is likely (but
not certain) that at least one of them is the correct µ∗. To determine which of the

7Note that this is not valid for water-terminating glaciers where mass loss happens at the glacier front
and the equilibrium surface mass-balance budget doesn’t have to be closed. See Sect. 2.3.6.1 for
more details.
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Fig. 2.3: Calibration procedure for µ∗ applied to the Hintereisferner glacier, Austria. a and
b: annual and 31-yr average of temperature and precipitation obtained from the
nearest CRU grid point (altitude 2700 m a.s.l.). c: time series of the µ candidates
(mm yr−1 K−1) and their associated mass balance bias (mm w.e. yr−1, right-axis)
in comparison to observations. The vertical dashed line marks the time where the
bias is closest to zero (t∗).
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candidates is suitable, we then compute the mass balance time series for each of the
µ(t) and compute their bias ε with respect to observations (red line in Fig. 2.3c).
Note that the period over which the observations are taken is not relevant for the
bias computation: each µ candidate can produce a mass balance for any year, as
per Eq. 2.1. In comparison to observations, µ(t = 2000) is too low and produces
mass balances with a positive bias. Inversely, µ(t = 1920) is too high and leads to a
negative bias. For three years, the bias is close to or crossing the zero line and µ(t)
is therefore very close to the ideal µ∗. These dates represent the center of a 31-yr
long climate period where today’s glacier would be in equilibrium and maintain its
current geometry. From these three candidates, we pick the date with the smallest
bias and call it t∗. This t∗ is an actual date but is mostly an abstract concept: we are
going to make use of it for the next step.

For the vast majority of the glaciers, µ∗ and t∗ are unknown. For these we could
interpolate the µ∗ (probably the most obvious solution), or we could interpolate
t∗: indeed, the procedure above can be reversed and t∗ can be used to retrieve
µ∗, again by requiring that m(t∗) is equal to zero (Eq. 2.1). We interpolate t∗ to
all glaciers without observations using inverse distance interpolation from the 10
closest locations (which can be quite far away, see Appendix 2.7.2 and 2.7.3). The
residual bias ε for glaciers with observations can be close to zero (the case for
Hintereisferner in Fig. 2.3, where the bias curve crosses the zero line) but can also be
higher (indicating that no 31-yr period in the last century would sustain the current
glacier geometry). When no perfect t∗ is found, the date with the smallest absolute
bias is chosen. This residual ε is also interpolated between locations and added to
the modelled mass balance. This residual may be significant at certain locations
(up to 1.5 m yr−1, median of 6 cm yr−1) and would benefit from further calibration
e.g. with regional geodetic mass-balance estimates. The benefit of this approach is
best shown by cross-validation (Fig. 2.4), where one can see that the error increases
considerably when using µ∗ interpolation instead of the proposed method. This is
due to several factors:

• the equilibrium constraint applied on µ(t) implies that the sensitivity cannot
vary much during the last century. In fact, µ(t) at one glacier often varies
less in one century than between neighbouring glaciers, because of the local
driving factors mentioned earlier. In particular, it will vary comparatively little
around a given year t: errors in t∗ (even large) will result in relatively small
errors in µ∗.

• the equilibrium constraint will also imply that systematic biases in temperature
and precipitation (no matter how large) will automatically be compensated by
all µ(t), and therefore also by µ∗. In that sense, the calibration procedure can
be seen as an empirically driven downscaling strategy: if a glacier is located
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Fig. 2.4: Benefit of spatially interpolating t∗ instead of µ∗ as shown by leave-one-out cross-
validation (N = 254). Left: error distribution of the computed mass balance if
determined by the interpolated t∗. Right: error distribution of the mass balance
if determined by interpolation of µ∗. The vertical lines indicate the mean, me-
dian, 5% and 95% percentiles. See https://cluster.klima.uni-bremen.de/
~github/crossval for an online visualisation of model performance for each
glacier.

there, then the local climate (or the glacier temperature sensitivity) must allow
a glacier to be there. For example, the effect of avalanches or a negative bias
in precipitation input will have the same impact on calibration: the value of
µ∗ should be lowered to take these effects into account, even though they are
not resolved by the mass balance model.

The most important drawback of this calibration method is that it assumes that two
neighbouring glaciers should have a similar t∗. This is not necessarily the case, as
other factors than climate (such as the glacier size) will influence t∗ too. Our results
(and the arguments listed above) show however that this is an approximation we
can cope with.

In a final note, it is important to mention that µ∗ and t∗ should not be over-
interpreted in terms of real temperature sensitivity or response time of the glacier.
This procedure is primarily a calibration method, and as such it can be statistically
scrutinized (for example with cross-validation). It can also be noted that the mass
balance observations play a relatively minor role in the calibration: they could
be entirely avoided by fixing a t∗ for all glaciers in a region (or even worldwide),
without much performance loss. The observations, however, play a major role for
the assessment of model uncertainty (Fig. 2.4). For more information about the
climate data and the calibration procedure, refer to Appendix 2.7.1.
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2.3.4 Ice Thickness

Measuring ice thickness is a labour-intensive and complex task, therefore only a
fraction of the world’s glaciers is monitored and direct measurements are sparse.
A physical or statistical approach is necessary for modelling glacier evolution at
the global scale. For a recent review of available techniques for ice thickness
modelling, see Farinotti et al., 2017. OGGM implements a new ice thickness inversion
procedure, physically consistent with the flowline representation of glaciers and
taking advantage of the mass balance calibration procedure presented in the previous
section. It is a mass-conservation approach largely inspired by Farinotti et al. (2009),
but with distinct characteristics.

The principle is quite simple. The flux of ice q [m3 s−1] through a glacier flux-gate
(cross-section) of area S [m2] reads:

q = uS (2.2)

with u the average velocity [m s−1]. Using an estimate for u and q obtained from the
physics of ice flow and the mass balance field, S and the local ice thickness h [m]
can be computed relying on some assumptions about the bed geometry. We compute
the depth-integrated ice velocity using the well known shallow-ice approximation
(Hutter, 1981; Hutter, 1983):

u = 2A

n + 2hτn (2.3)

with A the ice creep parameter [s−1 Pa−3], n the exponent of Glen’s flow law (n=3),
and τ the basal shear stress, computed as:

τ = ρghα (2.4)

with ρ the ice density (900 kg m−3), g the gravitational acceleration (9.81 m s−2)
and α the surface slope computed numerically along the flowline. Optionally, a
sliding velocity us can be added to the deformation velocity to account for basal
sliding. We use the same parameterisation as Oerlemans, 1997a, who relied on Budd
et al., 1979:

us = fsτn

h
(2.5)

with fs a sliding parameter (default: 5.7 × 10−20 s−1 Pa−3). If we consider a point
on the flowline and the catchment area Ω upstream of this point, mass conservation
implies:

q =
∫

Ω
(ṁ − ρ

∂h

∂t
) dA =

∫
Ω

m̃ dA (2.6)
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with ṁ the mass balance [kg m−2 s−1], and m̃ = ṁ − ρ∂h/∂t the “apparent mass
balance” after Farinotti et al. (2009). If the glacier is in steady state, the apparent
mass balance is equivalent to the actual (and observable) mass balance. In the
non-steady state case, ∂h/∂t is unknown, and neither is the time integrated (and
delayed) mass balance

∫
Ω ṁ responsible for the flux of ice through a section of the

glacier at a certain time. Farinotti et al. (2009) and Huss and Farinotti (2012) deal
with the issue by prescribing an apparent mass balance profile as a parameterized
linear gradient which is, arguably, more a semantic than a physical way to deal with
the transience of the problem.

Like Huss and Farinotti (2012), OGGM cannot deal with the transient problem
yet: we deliberately assume steady state and therefore set m̃ = ṁ. This has the
strong advantage that we can make direct use of the equilibrium mass balance m(t∗)
computed earlier, which satisfies

∫
m = 0 by construction. q is then obtained by

integrating the equilibrium mass balance m along the flowline(s). The tributaries
will have a positive flux at their last grid point: this mass surplus is then transferred
to the downstream line, normally distributed around the 9 grid points centred at the
flowlines’ junction. By construction, q starts at zero and increases along the major
flowline, reaches its maximum at the equilibrium line altitude (ELA) and decreases
towards zero at the tongue (for glaciers without frontal ablation).

Equation 2.2 turns out to be a polynomial of degree 5 in h with only one root in R+,
easily computable for each grid point. Singularities due to flat areas are avoided
since the constructed flowlines are not allowed to have a local slope α below a
certain threshold (default: 1.5◦, see Sect. 2.3.2). The equation varies by a factor of
2/3 if one assumes a parabolic (S = 2

3hw, with w the glacier width) or rectangular
(S = hw) bed shape. The default in OGGM is to use a parabolic bed shape, unless
the section touches a neighbouring catchment (see Fig. 2.2c), neighbouring glacier
(ice divides, computed from the RGI), or at the terminus of a calving glacier. In these
cases the bed shape is rectangular. Optionally, OGGM can also compute the effect of
lateral bed stresses (Cuffey and Paterson, 2010) following a parameterization and
tabular correction factors developed by Adhikari and Marshall (2012b).

Figure 2.5 displays some examples taken from the OGGM test suite, where the
automated inversion procedure is applied on idealized glaciers generated with
OGGM’s flowline model (see Sect. 2.3.5). In the equilibrium cases (Fig. 2.5a to
c), the inverted topography is nearly perfect. Differences arise at strong surface
gradients, mostly because of numerical differences (the inversion method uses a
second order central difference which tends to smooth the slope). The transient case
(Fig. 2.5d) illustrates the consequences of the steady-state assumption: although the
glacier is retreating, the constraint

∫
m̃ = 0 leads to a lowered ELA and, even with

a perfectly known mass balance gradient, leads to an overestimated ice thickness
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Fig. 2.5: Idealized inversion experiments: we compute the bed topography out of the
surface elevation obtained from a flowline model applied to a predefined bed
topography. (a), (b) and (c): glacier grown to equilibrium with different bed
topographies (flat, cliff, random). (d): transient experiment with a shrinking
glacier. The same mass balance profile is used for all experiments (linear gradient
of 3 mm w.e. m−1, ELA altitude of 2600 m a.s.l.). For (d), the glacier is first grown
to equilibrium then shrunk for 60 years after an ELA shift of +200 m.

(in this case, 25%). This effect is visible everywhere, but is strongest at the tongue.
The importance of the steady state assumption on ice thickness estimates has been
studied with numerical experiments (e.g. Adhikari and Marshall, 2012a) and is often
compensated by calibration in real world applications.

The sensitivity of the inversion procedure to various parameters is illustrated with
the example of the Hintereisferner glacier (Fig. 2.6). The total volume (and the
local thickness) is very sensitive to the choice of the creep parameter A, varied from
a factor 1/10 to 10 times the default value of 2.4 × 10−24 s−1 Pa−3 (Cuffey and
Paterson, 2010). With a smaller A, the ice is stiffer and the glacier gets thicker
(A is expected to get smaller by one or more orders of magnitude with colder
ice temperatures). Inversely, softer ice leads to a thinner glacier. The shape of
the curve is proportional to the fifth root of the fraction 1/A, explaining why the
volume gets very sensitive to small values of A. Adding sliding reduces the original
thickness significantly for the same reasons as an increasing A, since both sliding
and ice rheology (A) have a strong influence on the computed ice flux q. Inversely,
adding lateral bed stresses reduces ice velocity and increases the computed ice
volume. Changing from a rectangular to a parabolic bed shape yields a volume
loss of exactly 1/3: this is expected from geometrical considerations. The mixed
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Fig. 2.6: Total volume of the Hintereisferner glacier computed with (a) varying factors
for the default creep parameter A, and (b) varying precipitation factors. The
dotted and dashed black lines display the total volume estimated with volume-area
scaling (VAS, Bahr et al., 1997; Bahr et al., 2015) and based on point observations
(Fischer and Kuhn, 2013). For (a), additional sensitivities are computed with an
additional sliding velocity (Oerlemans, 1997a) and his sliding parameter fs. For
(b), additional sensitivities are computed with a varying creep parameter A.

parabolic/rectangular bed shape model implemented by default therefore lies in
between.

The total precipitation amount, by acting on the mass balance gradient and therefore
on the ice flux q will also play a non-negligible role for the ice thickness (Fig. 2.6b).
The effect is small in comparison to the influence of A, but it is noticeable: glaciers
located in maritime climates (with high values of accumulation) will be thicker on
average than similar glaciers in drier conditions.

This example shows that one can always find an optimum (and non-unique) set of
parameters leading to the correct total volume. In practice, however, calibrating
the model for accurate global glacier volume estimates is a major challenge for
global glaciological models and will be the topic of a separate study. The IACS
Working Group on Glacier Ice Thickness Estimation8 is working towards this goal:
OGGM participated in the first Ice Thickness Models Intercomparison eXperiment
(ITMIX, Farinotti et al., 2017), ranking amongst the best models with limited data
requirements.

8http://www.cryosphericsciences.org/wg_glacierIceThickEst.html
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2.3.5 Ice Dynamics

At this stage of the processing workflow, the ice-dynamics module is straightforward
to implement. Provided with the mass balance, slope, width w and bed topography
along the flowline, we solve the equation:

∂S

∂t
= w ṁ − ∇ · uS (2.7)

numerically with a forward finite difference approximation scheme on a staggered
grid. Numerical stability is ensured by the use of an adaptive time stepping scheme
following the Courant-Friedrichs-Lewy (CFL) condition ∆t = γ ∆x

max(u) with γ as the
dimensionless Courant number chosen between zero and one. Unlike many solvers
of the shallow-ice equation, we do not transform Eq. 2.7 to become a diffusivity
equation in h, but solve it as it is formulated here. This has the advantage that
the numerical solver is the same regardless of the shape of the bed (parabolic,
trapezoidal or rectangular). The new section S at time t + ∆t allows to compute
h(t + ∆t) according to the local bed geometry. Therefore, it is possible to have
changing bed geometries along a single flowline using the same numerical solver.
The drawback of our approach is that we cannot take advantage of the diffusivity
equation solvers already available elsewhere. We tested our solution against the
robust and and mass-conservative solver presented by Jarosch et al., 2013: our
model yields accurate (and faster) results in most cases, but fails to ensure mass-
conservation for very steep slopes like most other solvers to date. While a flowline
version of the solver presented by Jarosch et al., 2013 is available in OGGM, it is
not used operationally since it cannot yet handle varying bed shapes and multiple
flowlines – it will become the default solver when these elements are implemented.

At a junction between a tributary and its downstream line, an artificial grid point is
added to the tributary line. This grid point has the same section area S and thickness
h as the previous one, but the surface slope is computed from the difference in
elevation between tributary and descendant flowline. This is necessary to ensure a
dynamical connection between the two lines: when the main flowline is at a higher
elevation than its tributary, no mass exchange occurs and the tributary will build up
mass until enough ice is available. At a junction point, Eq. 2.7 therefore contains an
additional mass flux term from the tributary.

Before the actual run, a final task merges the output of all preprocessing steps and
initialises the flowline glacier for the model. For the glaciers to be allowed to grow,
a downstream flowline is computed using a least cost routing algorithm leading the
glacier towards the domain boundaries (this algorithm is similar to the algorithm
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used to compute the glacier centerlines). The bed geometries along the downstream
line are computed by fitting a parabola to the actual topography profile. In case of
bad fit, the values are interpolated or a default parabola is used. Along the glacier,
where the bed geometries are unknown before the inversion, the bed geometries
are either rectangular (ice divides and junctions) or parabolic. Very flat parabolic
shapes can happen occasionally, for wide sections with a shallow ice thickness.
These geometries are unrealistically sensitive to changes in h. They create a strong
positive feedback (the thickening of ice leading to a highly widening glacier) and are
therefore prevented: when the parabola parameter falls below a certain threshold,
the geometry is assumed to be trapezoidal instead.

The coupling between the mass-balance and ice dynamics modules is a user choice.
The spatially distributed mass-balance used by the dynamical model can be updated:
(i) at each time-step of the dynamical model’s computation, (ii) each month, (iii)
each mass-balance year (the default), or (iv) only once (for testing and feedback
sensitivity investigations). In practice, this does not make much difference for
the yearly averages of glacier change (except for option iv), and the choice of a
yearly update is mostly driven by performance considerations. Note that the mass-
balance model can compute the mass-balance at shorter time intervals if required by
the physical parameterizations: the interface between the model elements simply
requires the mass-balance model to integrate the mass-balance over a year before
giving it to the dynamical model.

The results of two idealized simulations with an advancing and a shrinking scenario
are shown in Fig. 2.7. When put under the cold and wet climate of the beginning
of the 20th century, Hintereisferner would grow about 2/3 larger than it is today.
Inversely, the glacier is in strong disequilibrium with today’s climate: it would lose
about 2/3 of it’s volume if the climate remained as it was during the past 31 years.
The response time of the glacier is approximately twice as fast in the shrinking case,
and the natural random variations of the glacier are much smaller than for a large
glacier with more inertia and a longer response time.

The previous results were obtained with the default set-up of OGGM. In Fig. 2.8 we
assess the sensitivity of the dynamical model to changes in the creep parameters
A and to the addition of lateral drag and basal sliding velocity. As expected, these
dynamical parameters affect the equilibrium volume and the response time of the
glacier (faster ice leading to a thinner glacier, and inversely). Because of the mass-
balance elevation feedback, the stiffer and therefore thicker glacier is also larger and
longer, but its response to climate variability is smaller in amplitude than that of the
fast moving sliding glacier.
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Fig. 2.7: Evolution of the Hintereisferner under two random forcing scenarios and for the
default parameter set. For each scenario, the “climate years” during a 31-yr period
are shuffled randomly, therefore creating a realistic climate representative for a
given period. (a): the glacier volume evolution for each scenario (the black line
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Fig. 2.8: Evolution of volume (a) and length (b) of the Hintereisferner glacier under a
random climate forcing generated by shuffling the “climate years” representative
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and the bed topography is obtained with the default parameters. The sensitivity to
the addition of a sliding velocity or to a halving of the creep parameter A are also
shown. The noisy patterns of the length time series are due to the fact that the
length of a glacier on a discrete grid is sensitive to small interannual variations.
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A and fs depend on many factors such as ice temperature or basal characteristics and
they cannot be assumed to be globally constant. They are considered as calibration
parameters in OGGM, and will be tuned towards observations of ice thickness or
glacier length changes. In this study we only calibrate the mass-balance model while
the ice dynamics parameters are set to their default values (A = 2.4 × 10−24 s−1

Pa−3, fs = 0, no lateral drag). Nevertheless, we discuss the model sensitivity to these
dynamical parameters for individual glaciers (Fig. 2.8) or global runs (Fig. 2.10).

2.3.6 Special Cases and Model Limitations

The previous experiments demonstrate that the OGGM model is capable of simulating
the dynamics of glaciers in a fully automated manner. In this section we describe the
implications of the flowline approximation in the special cases of water-terminating
glaciers and ice caps, and discuss some examples of glaciers with a less trivial
geometry.

2.3.6.1 Water-Terminating Glaciers

Glaciers are defined as "water-terminating" in OGGM when their RGI terminus
attribute is either flagged as marine-terminating or lake-terminating. The major
difference between a water-terminating glacier and a valley glacier is the additional
mass-loss that occurs at the glacier front (frontal ablation). This has implications for
the bed thickness inversion which currently assumes that the mass-flux at the front
is zero (by setting

∫
m̃ = 0, see Sect. 2.3.4) and for the dynamics of the glacier. The

current treatment of water-terminating glaciers in OGGM is very simple but explicit:
we do not take frontal ablation into account for the bed inversion (i.e. the original
glacier front has a thickness of zero), but we do have a basic parametrisation in the
ice dynamics module. We add a grid point behind the glacier front which is reset to
zero ice thickness at each time step: the ice mass suppressed this way is the frontal
ablation flux, that we store. This parametrisation has the advantage of preventing
water-terminating glaciers from advancing while still allowing them to retreat (in
which case they stop calving). We are working on a more advanced frontal ablation
parametrisation for both the ice dynamics and the ice thickness inversion (Recinos
et al., 2019).

2.3.6.2 Ice Caps and Ice Fields

Ice caps and ice fields in the RGI are divided in single dynamical entities separated
by their ice divide (Fig. 2.9). However, the entities that belong to an ice cap are
classified as such in the RGI: currently, the only special treatment for these entities
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Fig. 2.9: OGGM inversion workflow applied to the RGI entities of the Eyjafjallajökull ice cap,
Iceland. Upper panel: outlines and topography. Lower panel: glacier thickness.

in OGGM is that only one major flowline is computed (without tributaries). Indeed,
the geometry of ice caps is often non trivial and it is not clear whether tributaries
would really improve the model results. An example of an ice cap is shown in
Fig. 2.9: while the general behaviour of the ice cap is reasonably simulated by the
flowline model (e.g. at the outlet glaciers), other features appear to be unrealistic
(e.g. close to the ice-divides). Moreover, the mass-conservation inversion method
is probably underestimating the real ice-thickness at the location of the ice-divide,
where other processes related to the past history of the ice cap are at play. A possible
way forward would be to run a distributed shallow-ice model instead of the flowline
representation, and it is part of our long-terms plans to do so.

2.3.6.3 Glacier Complexes

Single glaciers can be defined as the smallest dynamically independent entity, i.e.
the boundaries between two glaciers should approximately follow the ice divides
or hydrological basin boundaries. The flowline assumption strongly relies on this
condition being true, and indeed most of the RGI glaciers are properly outlined.
Unfortunately there are notable exceptions, for three main reasons:
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• human decision: some well known glaciers have historical boundaries that the
inventory provider wanted to keep, although the glacier is now disintegrated
in smaller entities. A good example is the Hintereisferner glacier (Fig. 2.7),
which should have three outlines instead of one.

• uncertainties in the topography: the inventories are often generated using
both automated processes and manual editing. There is no guarantee that we
use the same DEM as the original inventory, and therefore OGGM and RGI
might disagree on the ideal position of an ice divide.

• unavailable data: some remote glaciers and ice caps are outlined in the RGI,
but not divided at all. These are the most problematic cases, and should
be a matter of concern for all RGI users. For example, the largest glacier in
RGI (an ice cap in north-eastern Greenland with id RGI60-05.10315 and area
7537 km2) is wrongly outlined and should be separated in at least a dozen of
smaller entities.

Most of the small errors are filtered out by OGGM with algorithms based on surface
slope thresholds (see Sect. 2.3.2), but the latter group of glaciers should be handled
upstream. We have developed an open source tool to automatically compute glacier
divides (https://github.com/OGGM/partitioning, based on Kienholz et al.,
2013), but do not use it here. This issue is a large source of uncertainty for ice
thickness estimates and dynamical modelling of glaciers in general, and could be
the subject of a dedicated study.

2.3.6.4 Glacier Centric Modelling

Like most global glacier models, OGGM simulates each glacier individually. This has
evident practical advantages, and is also a strong asset for our mass balance model
calibration algorithm. However, this has two major drawbacks: (i) neighbouring
glaciers won’t merge although they grow together, and (ii) we can only simulate
glaciers which are already inventoried, while uncharted glaciers are simply ignored.
Both errors are a source of uncertainty for long or past simulations but less for
short term projections in a warming world. The most obvious way to deal with
this issue is to use distributed models (e.g. Clarke et al., 2015), with their own
drawbacks (mostly: computational costs and the need for distributed mass balance
fields). Another way would be to allow the dynamical merging of neighbour flowline
glaciers at run time. While both are viable options for the OGGM workflow, they
represent a considerable increase in complexity and are not available yet. Like other
fundamental issues described in this paper (such as missing topographical data or
wrongly outlined glaciers), this problem will affect other glacier models as well. We
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hope that some of the tools we introduce here will help to solve some of these issues
upstream, and that the community will soon be able to put pressure on commercial
data providers for better data availability.

2.4 Global Simulations

Thanks to its automated workflow, OGGM is able to apply all processes described
in the previous section to all glaciers of the globe with the exception of Antarctica,
where no CRU data is available (see Appendix 2.7.3 for an overview of the RGI
regions). No special model setup is needed, we use all model default settings without
any calibration (this is not strictly true for the µ∗ calibration, which is an automated
process and cannot be tuned or turned off). In the following analyses the focus is
put on the model behaviour and not on the quantitative results. However, as we are
going to see our results are close to expectations even without calibration, indicating
a realistic model behaviour.

2.4.1 Hardware Requirements and Performance

Thanks to the computational efficiency of the flowline model, OGGM runs quickly
enough to be used on a personal computer for up to a hundred glaciers. At the
global scale a high performance computing environment is required. For these global
simulations we used a small-sized cluster comprising two nodes with 16 quad-core
processors each, resulting in 128 parallel threads. With this configuration, the model
preprocessing chain (including the ice thickness inversion) takes about 7 hours to
complete (without data download). The total size of the (compressed) preprocessed
output is 122G, an amount which can be reduced by deleting intermediate computing
steps. The amount of required storage increases with each dynamical run; here again
it is possible to reduce the data amounts by storing only diagnostic variables such as
volume, area, length, ELA instead of the full model output. The dynamical runs are
the most expensive computations: running five 300-yr long global runs takes about
24 hours on our small cluster, a very satisfying performance. It is interesting to note
that because of the adaptive time-step, glacier shrinkage scenarios run faster than
growing ones.
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2.4.2 Invalid Glaciers

Due to uncertainties in the input data (topography, outlines, climate), a certain
number of glaciers fail to be modelled by OGGM. The statistics of these invalid
glaciers are summarized in Table 2.1. The largest amount of errors (2.6% of the total
area) is due to invalid climate series. Errors occur mostly when the climate is too cold
for melt to happen or, inversely, too warm or too dry for accumulation to happen.
While some of these errors are directly due to incorrect climate data, some can also
be attributed to missing processes in the OGGM mass balance model: sublimation
and frontal ablation, both leading to mass-loss even at cold temperatures. The least
problematic source of error (0.2% of the total area) is due to failures during the
actual dynamical run. The large majority of dynamical failures (751 out of 772)
happen because the glacier exceeded the domain boundaries at run time. Some
of these errors could be mitigated by increasing the domain size (at the cost of
computational efficiency). Only 21 glaciers fail due to numerical instabilities. Finally,
there is a number of other errors (0.3% of the total area) happening at other stages
of the model chain. Examples include errors in processing the geometries or failures
in computing certain topographical properties due to invalid DEMs. Altogether, 7084
glaciers (3.1% of the total area) cannot be modelled by OGGM. There are strong
regional differences, remote low and high latitude regions accounting for most of
the errors.

2.4.3 Volume Inversion

A summary of the volume inversion results is presented in Fig. 2.10. As expected
from theory (Bahr et al., 1997; Bahr et al., 2015), our glacier volume estimates
approximately follow a power law relationship with the glacier area (V = c Sγ).
The coefficients obtained by a linear fit in log space are close, but not equal to
the coefficients computed by Bahr et al., 1997. In particular, the OGGM fit is
slightly flatter than the theoretical value (Fig. 2.10, upper panel), in accordance with
empirical coefficients (e.g. Bahr et al., 2015; Grinsted, 2013). This is an encouraging
result, especially because it was reached with the OGGM default settings and without
calibration.

The global volume estimates are particularly sensitive to the choice of the ice
dynamics parameters, as shown in Fig. 2.10 (lower panel). As for individual glaciers,
the total volume follows an inverse polynomial curve as expected from the equations
of ice flow. Changing from a rectangular to a parabolic bed shape yields a volume loss
of exactly 1/3 (see Sect. 2.3.4). Adding lateral drag yields a volume very close to the
rectangular case: although this is fortuitous (individual glaciers can show different
results, see Fig. 2.6), it matches nicely the original purpose of the parametrization,
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which is to compute a more realistic ice flow for parabolic bed shapes. The three
independent estimates plotted as straight dotted lines (VAS; Huss and Farinotti,
2012; Grinsted, 2013) illustrate that A is a relatively straightforward parameter to
act upon in order to fit the model to observations. The effect of A, however, is going
to be the same on all glaciers and therefore will be a poor measure of performance
(see also Bahr et al., 2015, Sect. 8.11). In fact, the added value of OGGM is more
likely to be found in the deviations from the scaling law (Fig. 2.10, lower panel).
The deviations are the result of a range of possible factors such as slope, total
accumulation, or altitude area distribution. With accurate boundary conditions,
OGGM should be able to provide more accurate estimates, within the limits of the
assumptions and simplifications behind the model equations. The calibration and
validation of the OGGM inversion model will be the topic of a subsequent study.

2.4.4 Dynamical Runs

We test the model behaviour by running several 300-yr long global simulations
under various climate “scenarios”. In the first simulations (Fig. 2.11), we run the
model under the climate of the past 31 years. In order to keep the forcing realistic,
we create a pseudo-random climate by shuffling the years infinitely. We also run
two additional simulations with a 0.5◦C positive and negative bias. The unbiased
simulation illustrates the committed glacier mass-loss, i.e. the ice mass which is
not sustainable under the current climate. Figure 2.11 shows that all regions will
continue to lose ice even if the climate remains constant. The regions with the
largest committed mass loss relative to the initial volume are Western Canada and
US (02), Svalbard (07), and the three High Mountain Asia regions (13, 14, 15).
Inversely, the regions Arctic Canada South (04), Greenland (05) and Iceland (06)
are least affected. The reasons for these regional differences are complex: they
are due to the climate itself of course, but also to glacier properties such as size,
slope, and continentality. The regions that are far from equilibrium also tend to
be less sensitive to the temperature bias experiments, although this should not be
over-interpreted (indeed, the range of the y-axes can hide differences which appear
small in comparison to the large regional glacier loss).

In general, the model behaviour looks reasonable and the regional differences are in
qualitative agreement with other global studies (e.g. Huss and Hock, 2015, where
the regions with a stronger response to 21st century climate change are the same
as the ones listed above). Also our global estimate of the committed mass loss
(approx. 33% at the end of the 300-yr simulation, probably more at equilibrium)
is in agreement with other studies (27±5%, 38±16%, and 36±8% for Bahr et al.,
2009; Mernild et al., 2013; Marzeion et al., 2018, respectively).
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Fig. 2.10: Global glacier volume modelling. Upper panel: binned scatter plot of volume
versus area for all valid glaciers (N=207,438) with the default OGGM setup.
Color shading indicates the number of glaciers in each bin. Note the logarithmic
scale of the axes and the irregular color scale levels. The dashed lines indicates
the volume area scaling relationship with either the theoretical parameters from
Bahr et al., 1997 (V = 0.034 S1.375) or fitted on our own data (V = 0.042 S1.313).
Lower panel: global volume estimates as a function of the multiplication factor
applied to the ice creep parameter A, with five different set-ups: defaults, with
sliding velocity, with lateral drag, and with rectangular and parabolic bed shapes
only (instead of the default mixed parabolic/rectangular). In addition, we plotted
the estimates from standard volume area scaling (VAS, V = 0.034 S1.375), Huss
and Farinotti, 2012 (HF2012) and Grinsted, 2013 (G2013). The two latter
estimates are provided for indication only since they are based on a different
glacier inventory.
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A further model test is presented in Fig. 2.12. Here, we apply a new climate scenario:
the climate at t∗ which, for each glacier individually, represents a theoretical equi-
librium climate. In addition to the global response to these scenarios, we separate
between the majority group of smaller glaciers and the much smaller group of very
large glaciers. Both groups are selected so that they sum up to one quarter of the
total glacier volume. A striking feature of the runs is that the glaciers tend to grow
under the artificial t∗ climate: the growth is slow at first and accelerates with time,
hinting towards a positive feedback. This feedback is driven by two factors: first, a
higher surface elevation leads to a positive change in mass balance (mass balance-
elevation feedback); second, because of the parabolic and trapezoidal bed shapes, a
larger ice thickness leads to a wider accumulation area above the ELA and to a wider
ablation area below the ELA. It appears that the positive width-accumulation feed-
back is stronger than the negative width-ablation feedback. This can be explained
by the larger accumulation area of glaciers in an equilibrium climate: the average
accumulation area ratio at t∗ in OGGM is 51%. In order to test which of these
feedbacks is stronger, we run a simulation with rectangular bed shapes exclusively
(dotted light purple line in Fig. 2.12), therefore eliminating the width-accumulation
but keeping the mass balance-elevation feedback. The results show that for the vast
majority of glaciers the feedback almost disappears, while the very large glaciers still
show a weak and delayed altitude feedback.

It is unclear whether this is a bug or a feature. On the one hand, this behaviour
is not really desirable since one would expect glaciers to remain constant under a
theoretical equilibrium climate. On the other hand, t∗ is just a vehicle to calibrate
the model and was not supposed to yield a particular insight (for example, many
glaciers can only have an equilibrium t∗ climate after the application of a bias to
the operational mass balance model). There are many reasons why small initial
perturbations such as numerical noise or the differences between the bed inversion
and forward model numerical schemes might lead to a different equilibrium. It must
also be noted that this feedback is slow to appear, and will only have a notable
influence on the largest glaciers for long term simulations in a cooler climate (the
global volume change after 100 years due to the feedback is 2.4% for the default
and 1% for the all rectangular cases). The very simple definition of an “equilibrium
climate” for these very large glaciers is problematic anyway: large glaciers have
a very slow but potentially large response to the smallest changes in climate. At
the global scale, most of the 300-yr volume loss is due to the small glaciers, which
respond faster and stronger than larger ones.
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2.5 Conclusions

We present a new model of global glacier evolution, the Open Global Glacier Model
(OGGM, v1.1). The panoply of tools available to compute past and future glacier
change range from simple box models (e.g. Harrison, 2013) to more complex,
geometry aware models (Huss and Hock, 2015, to cite the most recent in date).
OGGM undoubtedly belongs to the complex side of this scale. Different model
complexities are justified by different problem settings, taking into account the
model-specific merits and drawbacks. Instead of endorsing one approach over the
other, OGGM aims to provide a framework which allows one to switch between
models and allows objective intercomparisons. In fact, the ice dynamics module
represents only a small fraction of the OGGM codebase: a huge amount of work
has been invested to provide a series of tools which will help others in their own
modelling endeavours. Any interested person can download, install, and run these
tools at no cost. This includes the automated download of topographic and climate
data for any location on the globe, the collation of glacier attributes, the automated
computation of glacier centerlines, or the delineation of glacier dynamical entities.
While some of these tools have been described elsewhere, the added value of OGGM
is that they are now centralised, documented, and available for public review via the
open-source model.

In the future, we will continue to encourage external contributions in several ways.
First, it must be as easy as possible for a new user to detect where and how a
contribution can be implemented: here, documentation is key. Then, the model must
be able to cope with different ways to simulate a considered process: every single
task in the OGGM workflow can be replaced or enhanced, as long as the format of
the input and output files is agreed beforehand. Perfect modularity will be hard
to achieve, but the recent implementation of alternative numerical solvers show
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that modularity is possible. Finally, we need to ensure attribution to the original
contribution (e.g. a scientific publication) in order to engage the wider community.
For this purpose, we developed a template repository for external OGGM modules:
https://github.com/OGGM/oggmcontrib. This development model will ensure
that users importing OGGM extensions will be aware of the source of each module
they are using and will be able to refer to the original contribution appropriately. We
hope that this development model will foster new collaborations.

We cannot (and do not want to) demonstrate that OGGM will provide more accurate
estimates of future sea-level rise than earlier attempts. However, OGGM allows
new studies which weren’t possible before. The dynamical representation of glacier
advances and retreat enables studies of glacier evolution at long (paleo-) time scales,
where ice dynamics and geometrical attributes such as the accumulation area ratio
play an important role (e.g. Mackintosh et al., 2017). First OGGM simulations over
the last millennium show very promising results (Goosse et al., 2018). The modular
framework allows one to compare the performance of various parametrisations
such as the mass balance and downscaling algorithms. It may be argued that the
amount of available data is not enough to constrain modelling studies such as ours
at the global scale: OGGM can now be used to test this argument by allowing
simpler modules to be added to the codebase and test the added value of increased
complexity.

Planned and envisioned future developments for the model follow the general
guidelines of modularity and extendability. While some of the authors are working
on adding even more complexity to the model (for example by improving the frontal
ablation and mass balance parametrisations or by implementing a distributed ice
dynamics module), it is part of our plans to implement simpler approaches such as
the original Marzeion et al., 2012b model or the Huss and Farinotti, 2012 approach
to ice thickness estimation. A considerable amount of work will be needed to
correctly assess the uncertainties associated with the model chain: here, Monte Carlo
and Bayesian approaches might be the way to follow.

The non-linear dynamical behaviour of glaciers raises a wide range of very interesting
inverse problems. For example, how to deal with the transient climate issue in
the ice thickness inversion algorithm? How much information about past climate
can be extracted from moraine proxies and today’s glacier extent? What are the
uncertainties associated with global sea-level rise estimates, and where do they
originate? How much complexity is just right? These are all questions the authors
hope will be easier to address through the publication of OGGM.
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2.6 Code Availability, Testing, and Software
Requirements

The OGGM software is coded in the Python language and licensed under the GPLV3
free software license. The latest version of the code is available on Github (https:
//github.com/OGGM/oggm), the documentation is hosted on ReadTheDocs (http:
//docs.oggm.org), and the project webpage for communication and dissemination
can be found at http://oggm.org. Past and intermediate versions are available in
a permanent DOI repository (https://zenodo.org/badge/latestdoi/43965645).
The software ships with an extensive test suite which can be used by the users to test
their configuration. The tests are triggered automatically at each new code addition,
reducing the risk of introducing new bugs (https://travis-ci.org/OGGM/oggm).
The suite contains unit tests (for example for the numerical core) and integration
tests based on sets of real glaciers. At the time of writing, 85% of all relevant
lines of code are covered by the tests (i.e. called at least once by the test suite).
The remaining 15% are challenging to monitor because they mostly concern the
automated downloading tools which are used in production and cannot be tested
automatically.

The following open-source libraries have to be installed in order to run OGGM:
numpy / scipy (Walt et al., 2011), scikit-image (Walt et al., 2014), shapely
(Gillies, 2007), rasterio (Gillies, 2013), pandas (McKinney, 2010), geopandas,
xarray (Hoyer and Hamman, 2017), pyproj, matplotlib (Hunter, 2007), and
salem (Maussion et al., 2017). OGGM runs on all major platforms (Windows, Mac,
Linux) but we recommend using Linux as this is the platform it is most tested on.
The code and data used to generate all figures and analyses of this paper can be
found at https://github.com/OGGM/gmd_paper_2018.

2.7 Appendix

2.7.1 Climate Data

The default climate dataset used by OGGM is the Climatic Research Unit (CRU) TS
v4.01 Dataset (Harris et al., 2014, released 20.09.2017). It is a gridded dataset
at 0.5◦ resolution covering the period 1901-2016. The dataset is obtained by
interpolating station measurements and therefore does not cover the oceans and
Antarctica. The TS dataset is further downscaled to the resolution of 10’ by applying
the 1961-1990 anomalies to the CRU CL v2.0 gridded climatology (New et al., 2002).
This step is necessary because the TS datasets do not contain an altitude information,
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which is needed to compute the temperature at a given height on the glacier. To
compute the annual mass balances we use the hydrological year convention (the
year 2001 being October 2000 to September 2001 in the Northern Hemisphere, April
2000 to March 2001 in the Southern Hemisphere).

For each glacier, the monthly temperature and precipitation time series are extracted
from the nearest CRU CL v2.0 grid point and then converted to the local temperature
according to a temperature gradient (default: 6.5K km−1). No vertical gradient is
applied to precipitation, but we apply a correction factor pf =2.5 to the original CRU
time series (similar to Marzeion et al., 2012b). This correction factor can be seen as
a global correction for orographic precipitation, avalanches, and wind-blown snow.
It must be noted that this factor has few (if any) impact on the mass balance model
performance in terms of bias. This is due to the automated calibration algorithm,
which will adapt to a new factor by acting on the temperature sensitivity µ∗. To
verify that the chosen precipitation factor is realistic, we use another metric: the
standard deviation of the mass balance time-series. Comparisons between model
and observations show that the model underestimates variability by about 10%: we
could tune the precipitation factor towards higher values to reduce this discrepancy
but refrain to do so, as we do not want to add an additional free parameter in the
model.

2.7.2 WGMS Glaciers

To calibrate and validate the mass balance model, OGGM relies on mass-balance
observations provided by the World Glacier Monitoring Service (WGMS, 2017). The
Fluctuations of Glaciers (FoG) database contains annual mass-balance values for
several hundreds of glaciers worldwide. We exclude water-terminating glaciers and
the time series with less than five years of data. Not all of the remaining glaciers can
be used by OGGM: we also need a corresponding RGI outline. Indeed, the WGMS
and RGI databases have distinct glacier identifiers and it is not guaranteed that the
glacier outline provided by the RGI fits the outline used by the local data providers
to compute the specific mass balance. Since 2017, the WGMS provides a lookup
table linking the two databases. We updated this list for the version 6 of the RGI,
leaving us with 254 mass balance time series.

These data are not equally distributed over the glaciated regions (see e.g. Zemp
et al., 2015, and Fig. 2.13), and their quality is highly variable. In the absence of
a better data basis (at least for the 20th century), we have to rely on them for the
calibration and validation of our model. Fortunately, these data play a relatively
minor role in the model calibration as explained in Sect. 2.3.3. For future studies it
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might be advisable to use independent, regional geodetic mass balance estimates for
validation as well.

2.7.3 RGI Regions

A map of the RGI regions and some basic statistics are presented in Fig. 2.13.
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Context

The Open Global Glacier Model (OGGM; presented in Chapt. 2) can be used to
simulate past and present glacier mass change for each of the world’s glaciers
individually. But especially for the simulations in the past, OGGM is so far lacking
an adequate initialization method. After the preprocessing, the only information
available is the present day state, which is derived from the glacier outline and
the underlying topography data. Initializing a past climate run (e.g. in 1850) with
this state, would lead to large uncertainties and unrealistic glacier mass changes,
as the present-day state in many cases is by far to small. With the increase in
complexity (compared to the model in Marzeion et al. (2012b)), the initialization of
OGGM requires the determination of the widths, the surface elevation and the bed
topography for each grid point along the flowline. To this end, we present in this
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Chapter a new initialization approach that relies on the only information given: the
present day state of a glacier and information about past climate. First, a large set of
plausible glacier states is generated using a random climate run. In the next step a
subset of glacier candidates is selected and modeled forward to the present day by
using past climate information. A fitness function that takes geometry differences
from the present day states into account, is utilized to evaluate the selected glacier
candidates. However, in many cases, the results are non-unique, viz. multiple glacier
candidates converge to the present day state. We applied the method initially in a
synthetic environment only, allowing us to determine the uncertainties of the method
itself (under perfectly known boundary conditions). Additionally, we tested different
fitness functions to determine the best evaluation criteria. Furthermore, we analyzed
the reconstructablity of glaciers with regard to specific glacier characteristics (e.g.
glacier size, slope, response time). Due to the synthetic environment it was not
possible to compare the results with real glacier observations from the past. This
aspect and the necessary changes to the model calibration will be considered in the
next chapter (Chapt. 4).

Personal Contribution

J. Eis is the main developer of the initialization module. This includes the design, the
implementation, the testing, as well as the documentation of this external OGGM
module. J.Eis performed all simulations, created all graphics and mainly wrote the
paper. The conceptual design of the study was done by J.Eis consulted by the co-
authors F. Maussion and B. Marzeion. All authors continuously discussed the findings
and earlier states of the manuscript. A detailed description of the contribution of all
authors can be found in the author contribution section on page 80.

3.1 Abstract

To provide estimates of past glacier mass changes over the course of the 20th century,
an adequate initial state is required. However, empirical evidence about past glacier
states at regional or global scales is largely incomplete, both spatially and temporally,
calling for the use of automated numerical methods. This study presents a new
way to initialize the Open Global Glacier Model from past climate information and
present-day glacier states. We use synthetic experiments to show that even with
these perfectly known but incomplete boundary conditions, the problem of model
initialization is an ill-posed inverse problem leading to nonunique solutions, and
we propose an ensemble approach as a way forward. The method works as follows:
we generate a large set of physically plausible glacier candidates for a given year

3.1 Abstract 55



in the past (e.g., 1850 in the Alps), all of which are then modeled forward to the
date of the observed glacier outline and evaluated by comparing the results of the
forward runs to the present-day states. We test the approach on 2660 Alpine glaciers
and determine error estimates of the method from the synthetic experiments. The
results show that the solution is often nonunique, as many of the reconstructed
initial states converge towards the observed state in the year of observation. We
find that the median state of the best 5 % of all acceptable states is a reasonable
best estimate. The accuracy of the method depends on the type of the considered
observation for the evaluation (glacier length, area, or geometry). Trying to find
past states from only present-day length instead of the full geometry leads to a sharp
increase in uncertainty. Our study thus also provides quantitative information on
how well the reconstructed initial glacier states are constrained through the limited
information available to us. We analyze which glacier characteristics influence the
reconstructability of a glacier, and we discuss ways to develop the method further
for real-world applications.

3.2 Introduction

Glaciers contributed significantly to past sea-level rise (SLR; e.g., Gregory et al.,
2013; Slangen et al., 2017a; WCRP Global Sea Level Budget Group, 2018; Wouters
et al., 2019; Zemp et al., 2019), and they will continue to be a major contributor in
the 21st century (e.g., Church et al., 2013; Slangen et al., 2017b; Hock et al., 2019).
A large fraction of this contribution will be caused by the ongoing adjustment of
glaciers to previous climate change (Marzeion et al., 2014a; Marzeion et al., 2018).
Reconstructions of past glacier mass change are therefore not only necessary to
determine the budget of past sea-level change (Gregory et al., 2013) and to increase
the confidence in projections (by allowing the quantification of the agreement with
observations; Marzeion et al., 2015); they also enable us to quantify the pattern
of the ongoing adjustment of glaciers to present-day climate. Estimates of global
glacier mass change are based on in situ measurements in mass and length changes
(e.g., Zemp et al., 2015; Leclercq et al., 2011), on remote sensing techniques
(e.g., Gardner et al., 2013; Jacob et al., 2012; Bamber et al., 2018; Wouters et al.,
2019), or on mass balance modeling driven by climate observations (Marzeion
et al., 2012b; Marzeion et al., 2015). Since observations of temperature, and to a
smaller degree precipitation, are more ubiquitous (e.g., Harris et al., 2014) than
glacier observations (WGMS, 2018), reconstructions of glacier change produced by
forcing a glacier model with climate observations have the potential to increase the
understanding of past glacier behavior. Finally, reconstructing glacier change based
on climate model output allows us to test the skill of climate models (Goosse et al.,
2018).
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A number of global glacier models were developed in the past (e.g., Radić and Hock,
2011; Radić and Hock, 2014; Giesen and Oerlemans, 2012; Giesen and Oerlemans,
2013; Marzeion et al., 2012b; Marzeion et al., 2014a; Huss and Hock, 2015;
Maussion et al., 2019). The more recent and complex of these models (e.g., Huss
and Hock, 2015; Maussion et al., 2019) require digital elevation models (DEMs) and
outlines from the Randolph Glacier Inventory (RGI; Pfeffer et al., 2014) to derive the
initial surface hypsometry. Hence, their starting date of a glacier evolution simulation
depends on the recording date of the DEM and the outline, which typically do not
coincide with one another, nor with the required starting date of a projection. The
model of Huss and Hock (2015) indicates a high sensitivity to the initial ice volume.
Similarly, Maussion et al. (2019) remark that great uncertainties, especially on local
and regional scales, derive from unknown initial conditions.

Despite the importance of glacier contribution to past sea-level rise, so far only one
model was able to provide estimates of glacier mass changes over the course of the
entire 20th century on the global scale (Marzeion et al., 2012b). All other global
modeling studies limit their application to the recent past and future projections.
The reconstruction by Marzeion et al. (2012b) was possible because of the highly
parameterized representation of ice dynamics and glacier geometry change, applying
a volume–area–time scaling to translate mass change into surface area and elevation
range changes. Based on this approach, it was sufficient to iteratively optimize one
variable (glacier size in the year of interest, e.g., 1850) such that when run forward
to the year of the observed glacier outline, the modeled glacier area agreed with the
observed glacier area.

An increase in model complexity impedes the process as more and more variables are
required for initialization. Flow line models require input data along the coordinates
of the flow line (e.g., bed topography, surface elevations, and/or widths), and thus
more complex initialization methods are needed. For example, Pelt et al. (2013)
developed an iterative inverse method to reconstruct distributed bedrock topography
and simultaneously initialize an ice flow model. Zekollari et al. (2019) added an ice
flow model to Huss and Hock (2015), which required an automated initialization
for glaciers in 1990 (prior to the glacier inventory date) to avoid spin-up issues and
so that the reconstructed initial states fit the glacier geometry at the inventory date
after being modeled forward. By choosing a decade-long initialization, they avoid
problems of nonuniqueness (as we discuss below), but they raise the question of how
arbitrarily this date can be chosen. Similar approaches exist for the initialization
of ice sheet models, where most work focuses on estimating the present-day state
of ice sheets in order to make accurate projections of future ice sheet change (e.g.,
Heimbach and Bugnion, 2009; Lee et al., 2015; Mosbeux et al., 2016). Goelzer et al.
(2018) divide the existing initialization approaches into three methods: spin-up,
assimilation of velocity, and assimilation of surface elevation. Spin-up procedures
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are typically used for long-term and paleoclimate simulations; the required spin-up
time is unknown and can be relative long. Additionally, the reconstruction cannot
be expected to represent effects from internal climate variability correctly. The
data assimilation approaches typically determine model parameters (e.g., basal
parameters like basal friction or bedrock topography) that reduce the mismatch
between observed and modeled velocities or surface elevations.

In this study, we aim to identify fundamental limitations that narrow the reconstruc-
tion of past glacier states from present-day geometries, under the assumption of
perfectly known boundary conditions and a perfect glacier model. Specific research
questions are as follows.

• To which degree does the past evolution of a glacier constrain its present-day
geometry?

• How much information does the present-day glacier geometry contain about
its past states?

• Is it possible to reconstruct past glacier states from the partial information
available to us?

• How far can we go back in time to have an initial geometry that still determines
the present-day glacier geometry?

• Which glacier attributes influence the answers to the questions above?

To this aim, we present a new method estimating past glacier states and apply it
to synthetic numerical experiments, and we show the obstacles that need to be
overcome before applying our method to real-world problems. After introducing the
relevant features of the Open Global Glacier Model (OGGM; Maussion et al., 2019)
in Sect. 3.3.1, we describe the design of the synthetic experiments in Sect. 3.3.3.
The synthetic framework serves to test the skill of our approach in a surrogate model
world where everything is known, and it allows us to apply data denial experiments
to address the questions listed above. The initialization method is presented in
Sect. 3.3.4. The developed method consists of three steps: generation of plausible
glacier states, identification of glacier state candidates, and their evaluation based
on the misfit between the modeled and the observed geometry at the year of the
observation. We applied our approach to 2660 Alpine glaciers and present the results
for the reconstructed initial states in the year 1850 in Sect. 3.5.1. The influence
of the considered type of observation (e.g., glacier length, area, or geometry) is
shown in Sect. 3.5.2 and a statistical analysis of glacier attributes that influence the
reconstructability of a glacier is presented in Sect. 3.5.3. Finally, we summarize the
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results and discuss the limitations of the method and its applicability to real-case
studies, as well as needed and possible future developments in Sect. 3.7.

3.3 Methods

3.3.1 The Open Global Glacier Model

The Open Global Glacier Model (OGGM; Maussion et al., 2019) is an open-source
numerical framework that allows the modeling of past and future changes of any
glacier in the world. Starting with a glacier outline, provided by the Randolph Glacier
Inventory (RGIv6.0; Pfeffer et al., 2014), a suitable surface DEM is automatically
downloaded and interpolated to a local grid. The size of the local grid is given by a
border parameter, which is the number of grid points outside the glacier boundaries.
We choose a border value of 200 grid points to ensure that large glacier states can
also be generated. The resolution of the map topography dx depends on the size of
the glacier (dx = a

√
S, with a = 14 m km−1 and S the area of the glacier in square

kilometers) and is constrained to 10 m ≤ dx ≤ 200 m. After the preprocessing,
glacier centerlines are computed using a geometrical routing algorithm (adapted
from Kienholz et al., 2014). They are then considered to be glacier flow lines,
and grid points are generated using a fixed, equidistant grid spacing, which is
twice that of the underlying 2-D map topography. Surface elevations along the
flow line coordinates are then obtained from the underlying topography file, and
glacier section widths are computed by intersecting the normal of the flow line to
the boundaries of the glacier. By making assumptions about the shape of the bed
(parabolic, rectangular, or a mix of both), OGGM estimates the ice thickness with a
mass-conservation approach (Farinotti et al., 2009; Farinotti et al., 2017; Farinotti
et al., 2019). Information on bed topography at each grid point results from the
calculated ice thickness and the surface elevation. From this, the glacier length,
area, and volume can be determined. These values depend strongly on the surface
topography and are based on the (often wrong) assumption that the recording date
of DEM and that of the outline coincide. The dynamical flow line model of OGGM
can then be used to determine the evolution of the glacier under any given climate
forcing by solving the shallow ice approximation along the flow lines.

The mass balance is computed at each grid point using climate data (monthly
temperature and precipitation). Climate data can be used from different sources,
including gridded observations or reanalyses for past climate, projections for future
climate, or randomized climate time series. The purpose of forcing the mass balance
model with randomized climate is to easily produce a great number of realistic
climate forcings representative of a given time period, characterized by a center year
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y0 and a window size h (typically 31 years). All climate years ∈ [y0 − h−1
2 , y0 + h−1

2 ]
are then shuffled infinitely in the next step. Additionally, it is possible to set a
temperature bias β, which shifts all values of the temperature series towards warmer
or colder climates.

Identically to the study of Maussion et al. (2019), we only calibrate the mass balance
model, while the creep parameter A and the sliding parameter fs are the same
for each glacier and set to their default values (A = 2.4 × 10−24 s−1 Pa−3, fs = 0,
no lateral drag). The following mass-balance-related parameter values were used
in this study: pf = 1.75, TMelt = −1.5◦C, TLiquid = 2.0◦C, and Γ = −6.5 K km−1.
This parameter set was determined with a cross-validation performed with the
HISTALP data set and tested for the 41 Alpine glaciers with more than 5 years of
mass balance observation. For more details concerning the glacier model (e.g., the
mass balance calibration or sensitivities to the dynamical parameters of the model),
please refer to Maussion et al. (2019) and http://docs.oggm.org (last access:
10 December 2019).

3.3.2 Problem Description

Here, we define a glacier state (hereinafter referred to as state) as follows.

Definition 1. Let m ∈ N be the total number of grid points of all flow lines
of a glacier. Then st = (zt, wt, b) is a glacier state at time t, with surface
elevation zt ∈ Rm

+ , widths wt ∈ Rm
+ , and bed topography b ∈ Rm

+ . The set
Sti = {st|t = ti} contains all physically plausible glacier states at time ti.

The construction of an initial state is an inverse problem and can be defined in
opposition to the direct problem. The direct problem corresponds to a forward model
run: given an initial state st0 ∈ St0 at time t0, the state st ∈ St at time t > t0 can be
computed by

st = Gpast(st0), (3.1)

where Gpast : St0 → St is an operator representing the equations of OGGM, using
known climate time series as the boundary condition.

For inverse problems, the solution is known by direct observations: ste = sobs
te

,
whereas the desired initial state st0 is unknown. The inverse problem consists of
finding the initial state st0 ∈ St0 , such that the forward modeled solution at time te

fits the observations from the same year te:

st0 = G−1
past(sobs

te
). (3.2)
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Unfortunately, we do not have an explicit formulation for G−1
past in our case. A

backwards reconstruction is impeded by the nonlinear interaction between glacier
geometry, ice flow, and mass balance. Optimization methods can be used to solve
inverse problems. To this end, we introduce a minimization problem such that the
forward modeled state is as close as possible to the observation:

min
st0 ∈St0

j(st0), (3.3)

with

j(st0) : = 1
m

∥ sobs
te

− Gpast(st0)  
ste

∥2
2

= 1
m

(
m∑

i=0

(
(zobs

te
)i − (zte)i

)2

+
(
(wobs

te
)i − (wte)i

)2
)

.

(3.4)

This function calculates the averaged difference in surface elevation and width
between the observed and forward modeled glacier states. Differences in bed
topography can be neglected, as we assume the bed topography to remain the same
over the inspected time period.

In many cases, however, OGGM forward integrations of different initial states result
in very similar states at time te. This implies that there exist many local minima of the
function j(st0). As uncertainties of the model can safely be assumed to be larger than
the differences between those states at time te, it is impossible to identify the global
minimum of j(st0). That is, the solution of our inverse problem is nonunique.

The objective of our approach is therefore to identify the set Sϵ
t0 of all states, which

correspond to the observed state sobs
te

within a given uncertainty ϵ after being modeled
forward. We call this condition the acceptance criterion:

J(st0) := j(st0)
ϵ

< 1. (3.5)

The function J(st0) is called the fitness function in the following. Assuming a
vertical error of 5 m in x and a horizontal error of 10 m in w, we propose setting
ϵ = (5 m)2 + (10 m)2 = 125 m2. These numbers can be changed easily, and in
a real-world application they should be based on the vertical uncertainty of the
reconstructed ice thickness and the horizontal uncertainty of the used outline. All
states st0 ∈ S125

t0 that have a fitness value smaller than 1 are called acceptable
states. The first expectation would be that the glacier candidate with the smallest
fitness value is also the best solution. However, due to uncertainties that derive
from the model integration itself, this is not always the case. As an alternative, we
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determine the 5th quantile of all states in Sϵ
t0 . This set contains the best solutions of

all acceptable states referring to their fitness values. We choose the median state as
a representative of this set and compare the state with the minimal fitness value and
the median state in Sect. 3.5.1.

3.3.3 Synthetic Experiments

3.3.3.1 Design

We create a time series of glacier states, which range from the target year of initial-
ization t0 (e.g., 1850) to the present date te (see Fig. 3.1 for an example). These
are the glacier states that we aim to reconstruct with our initialization method,
using only partial information (here the observed state at present day). This type
of experiment is sometimes called “inverse crime” in the inverse problem literature
(e.g., Colton and Kress, 1992; Henderson and Subbarao, 2017), and we explain this
rationale below. To generate the synthetic experiments, we apply a random climate
scenario (window size h = 31 years and center year y0 = t0 = 1850) and run the
model 600 years forward (see Fig. 3.1c). The temperature bias is set to β = −1 K
to ensure that a relatively large 1850 glacier state is created (as expected for most
real glaciers at the end of the Little Ice Age). The resulting state is defined to be the
synthetic experiment state in year t0 (see Fig. 3.1a). We model this state forward,
applying the past climate time series from t0 until te (here 2000) (see Fig. 3.1d) and
obtain the observed state of the synthetic experiment (see Fig. 3.1b). Thanks to the
initial temperature bias of β = −1 K, these synthetic states in te are very close to
the real observed states in 2000 on average (total area difference for the Alps of
about 1 %, but individual glaciers can vary), and the total synthetic glacierized area
in 1850 fits well to an estimate of Zemp et al. (2006) (see Appendix 3.9.1 for more
details). We call the states derived from the synthetic experiment sexp

t .

3.3.3.2 Rationale

These synthetic states therefore provide a realistic setting with a strong advantage
over actual observations: they are perfectly known. As stated in the introduction,
reconstructing past glacier states is a complex inverse problem, the accuracy of which
will depend on (i) the uncertainties in the boundary conditions (climate, glacier
bed, etc.), (ii) the uncertainties in the glacier model itself, and (iii) a theoretical
lower bound (termed “reconstructability” in this study) tied to the characteristics
of the glacier itself (slope, size, the past climate, etc.). The main objective of the
synthetic experiments is to separate these issues from one another and to focus
on point (iii) only. This allows us to isolate and understand the limitations and
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RGI60-11.00779: Guslarferner

Fig. 3.1: Illustration of the generation of the synthetic experiment with the example of
Guslarferner (Oetztal, Austria). Glacier thickness along the main flow line at
(a) t0 = 1850 and (b) te = 2000 is shown. The black line indicates the bed rock
and the red line the ice surface of the synthetic experiment. (c) Generation of
sexp

1850, which is the state at t = 600 (the end of the trajectory), and (d) the volume
of the glacier states sexp

t from 1850 to 2000. Note that the synthetic year 2000
glacier does not necessarily correspond to the “true” year 2000 glacier.

errors of the developed method itself, as opposed to uncertainties that derive from
unknown boundary conditions and model parameters. They also allow us to realize
data denial experiments and detect which kinds of observations are necessary to
reduce the uncertainties of our reconstruction (Sect. 3.5.2) and to determine which
glacier characteristics affect the reconstructability of a glacier (Sect. 3.5.3).

3.3.4 Reconstruction of Initial Glacier States

Our initialization method consists of three main steps: generation of a set of physi-
cally plausible glacier states St0 , identification of glacier candidates st0 ∈ St0 , and
their evaluation based on the fitness function J(st0) (see Sect. 3.3.2).

3.3.4.1 Generation of Potential Glacier Candidates

In a first step, we generate a set of different, physically plausible states from which
we will pool our candidates (Fig. 3.2a). For this purpose, we utilize a random mass
balance model with a window size of h = 31 years and the center year y0 = t0 to
create different climate conditions. Obviously, we do not use the same permutation as
for the creation of the synthetic experiments (Sect. 3.3.3). This procedure generates
a climate representative of a given time period with an interannual variability
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sobs2000
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• 600 years with
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• different
temperature
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• find tstag

(begin of stagnation
period)

• classification by
volume
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distributed classes)

• one candidate per
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• forward past
climate run
(1850-2000)

• fitness function:
1
εm ‖ sobs2000 − s2000 ‖22

temporal evolution of
glacier candidates

(sorted by fitness value)

a b c

Fig. 3.2: Workflow of the candidate generation, selection, and ranking method, using
Guslarferner (Oetztal, Austria) as an example. (a) Generation of potential glacier
candidates. The grey lines indicate the glacier volume evolution for a set of
different random climate scenarios over 600 years each. The temperature biases
vary between −2.7 and 1.8 K. (b) Selection of candidates. The black vertical line
indicates tstag and the black points show 200 candidates. (c) Glacier candidates
colored by their fitness value. Violet marks candidates with a small misfit, whereas
yellow marks states that do not meet the acceptance criterion (Eq. 3.5).

uncorrelated to that of the original period. For each random climate a different way
of permutation is used. This ensures that all generated climate time series differ
from each other, but at the same time all represent the climate conditions around
t0 (and an associated temperature bias β). The infinite permutation is necessary
to obtain a time series that is long enough for the glaciers to reach an equilibrium
(while maintaining the impact of interannual climate variability) with the forcing
climate (here 600 years). To create a large set of states, we additionally vary the
temperature bias β. Glaciers respond differently to changes in climate, and thus the
required temperature biases vary from glacier to glacier and have to be inferred. We
start with temperature biases β ∈ [−2, 2] K. If β = 2 K is not large enough to result in
a present-day glacier with zero ice thickness, higher values will be used. If β = −2 K
is not small enough to result in a glacier that reaches the boundary of the local grid
(200 grid points outside of the glacier outline), smaller values will be used.

3.3.4.2 Selection of Candidates

Figure 3.2a shows the evolution of the volume of the generated glacier states
over time. In the first years, the time series clearly diverge (mostly caused by the
temperature bias β), but after a certain time all time series begin to fluctuate around
an equilibrium value. We refer to the period of fluctuations around the assumed
equilibrium as the stagnation period. During the stagnation period the glacier volume
does not increase or decrease strongly in comparison to the total volume change
since the beginning of the simulation. We define tstag as the point in time when all
trajectories have reached this stagnation period and choose the upper 10 volume
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trajectories, corresponding to the lowest temperature biases, to determine tstag.
To this end, we smooth each of the 10 curves with a 10-year rolling window and
calculate the time point of their first maximum. tstag is defined as the latest of all
previously determined time points (see Fig. 3.2b).

Defining tstag is necessary because we determine initial glacier states at t0 = 1850
and the searched glaciers are assumed to be in equilibrium with the climate around
1850. Hence, each state that fluctuates around an equilibrium value is a potential
glacier state candidate (in the following referred to as “candidate”). This holds true
for all states st with t > tstag. Depending on tstag and the number of successfully
completed random climate runs nr (number of grey lines in Fig. 3.2), the sample
size is nr(600 − tstag) (glacier states are stored yearly). The sample size is sufficiently
large for all cases, e.g., in the case of the Guslarferner (Fig. 3.2) the sample contains
approximately 44 500 members. In order to avoid testing very similar states, we
classify all states by their volume and select one candidate per class. We choose
n equidistantly and approximately uniform distributed classes, where n (default
n = 200) is the number of candidates to evaluate in step three.

3.3.4.3 Evaluation

The last step evaluates all previously selected candidates. Each candidate is used
as the initial condition for a forward run, using observed past climate time series,
e.g., from t0 = 1850 until te = 2000. All runs use the same model parameter set,
except for the initial condition and exactly the same climate time series (e.g., no
temperature bias β is applied for the past climate runs). Afterwards, we compare
the resulting modeled states ste with an observed state sobs

te
(here taken from the

synthetic experiment) by applying the fitness function J(st0) (Eq. 3.5). This function
calculates the averaged difference between the glacier geometries at the grid points,
more specifically between the surface elevations zte and the widths wte , of the
observed and the modeled glacier. In Fig. 3.2c the candidates are colored by their
fitness value.

3.4 Test Site and Input Data

We tested our approach on Alpine glaciers. The glacier outlines are taken from
the Randolph Glacier Inventory (RGI v6.0, region 11; Pfeffer et al., 2014). We use
topographical data from the Shuttle Radar Topography Mission (SRTM) 90 m Digital
Elevation Database v4.1 (Jarvis et al., 2008). The SRTM acquisition date (2000)
matches that of the RGI well (2003 for most glaciers). The climate data set we use
for this approach is the HISTALP database (Auer et al., 2007, http://www.zamg.ac.
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at/histalp, last access: 10 December 2019). The temperature time series covers
the period 1780 to 2014 and the precipitation time series 1801 to 2014. Both data
sets are available on a regular grid of 5 min resolution (approximately 9.3 km in the
Alps).

We generate synthetic experiments (see Sect. 3.3.3) for all glaciers in the Alps,
and we determine their glacier states in 1850 if the area of the observed synthetic
state sexp

2000 is larger than 0.01 km2. This value is consistent with the minimum-area
threshold of the RGI. The condition is satisfied for 2660 synthetic experiments of the
3927 glaciers included in the Randolph Glacier Inventory in central Europe (region
11).

3.5 Results

Here we show the results for two example glaciers in 1850 as well as an error
analysis for all tested glaciers (Sect. 3.5.1), the influence of the choice of the fitness
function on the quality of our results (Sect. 3.5.2), and a statistical analysis of glacier
attributes (including glacier response time) that influence the reconstructability of a
glacier (Sect. 3.5.3).

3.5.1 Initial Glacier States in 1850

Following the method described in Sect. 3.3.4, we determine reconstructed initial
glacier states in t0 = 1850. Figures 3.3 and 3.4 show the results of Guslarferner, as
an example glacier with a large set of accepted candidates. A second case with a
more narrow set of acceptable states, Hintereisferner, is shown in Figs. 3.5 and 3.6.
More examples can be found in the Supplement.

In particular the result of Guslarferner shows clearly that the determination of past
states is not unique (see Fig. 3.3). Multiple initial states (violet and blue) merge
to the observed state in the year of observation. The fitness values, which means
the averaged difference between the forward modeled states and the observation
at te = 2000, are extremely small for most candidates. The fitness values of all
candidates range from 1.08 ×10−6 to 7.98. Only 16 of the 200 candidates have a
fitness value higher than 1 and thus do not fulfill the acceptance criterion (Eq. 3.5);
for these states, the glacier in 1850 is too small to reach the volume of the observed
glacier within 150 years. Also, Fig. 3.4 illustrates the diversity of the different
acceptable solutions (grey, shadowed area). The length of all states in S125

1850 varies
between 0.98 and 8.1 km. The acceptance criterion in this example is not strong
enough to provide any information about the searched state in t0 = 1850, as any of
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RGI60-11.00779: Guslarferner

Fig. 3.3: Results for Guslarferner (Oetztal, Austria). Cross sections along the main flow line
in (a) 1850 and (b) 2000 are shown. The black line indicates the bedrock, the red
dotted line the surface elevation from the synthetic experiment, and the remaining
lines the modeled ice surfaces of all candidates, colored by their fitness value. The
synthetic experiment state in 2000 has a length of 2.7 km, an area of 1.71 km2, a
volume of 0.09 km3, and a mean thickness of 62.8 m. (c) Volume changes from
1850 to 2000, colored by their fitness values.

the candidates would lead to an acceptable result. Figure 3.4 also shows the 5th
percentile of all acceptable states (blue shadowed area). This set contains the 5 %
best solutions, based on the fitness value. All candidates of the 5th percentile are
in close proximity to the synthetic experiment. The range of fitness values of all
candidates of the 5th percentile is [1.08 × 10−6, 7.95 × 10−5], and the length of the
states in 1850 only varies from about 3.6 to 5.3 km. All these candidates match the
synthetic experiment in te = 2000 very well and converge to the synthetic experiment
by 1900 at the latest, which can be seen in Fig. 3.4c. As a representative of this set,
we choose the median state of the 5th percentile of S125

t (in the following referred to
as smed

t ). Figure 3.4a shows that the surface elevation of smed
1850 in 1850 corresponds

very well to the synthetic experiment, whereas the state with the minimum fitness
value (in the following referred to as smin

t ) mismatches the synthetic experiment at
the tongue of the glacier. Regarding the volumes, smed

t exactly matches the volume of
the synthetic experiment in 1850, whereas the volume of smin

t differs by 0.4 km3.

In the case of Hintereisferner (see Fig. 3.5) the fitness values of most candidates
are large compared to those of Guslarferner. Only a few candidates have extremely
small fitness values and the past state is thus much more narrowly confined. The
different states need more time to adapt to the climate conditions and therefore they
do not converge as quickly to one state. As a result, the differences between the
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Fig. 3.4: Results for Guslarferner (Oetztal, Austria). Cross sections along the main flow line
in (a) 1850 and (b) 2000 are shown. (c) Volume changes from 1850 to 2000. The
grey shaded area indicates the range of all solutions with a fitness value smaller
than 1 (S125

t ). The blue shaded area shows the range of the 5th quantile of S125
t ,

the blue line smed
t , and the orange line smin

t .

forward modeled states and the observed state in 2000 are larger. The fitness values
of all candidates range between 2.8 × 10−5 and 43.

A total of 36 candidates fulfill the acceptance criterion (Eq. 3.5). Figure 3.6 shows
that the acceptance criterion in this case confines the result better than in the case of
Guslarferner. The length of all glaciers in S125

1850 ranges from 8.4 to 12.3 km. In this
case the 5th quantile of S125

t is again in close proximity to the synthetic experiment,
and all candidates of the 5th quantile have extremely small fitness values (between
2.8 × 10−5 and 5.4 × 10−4). The length of the candidates of the 5th quantile in 1850
only varies from 9.1 to 10.3 km and is thus more precise than in the Guslarferner
example. In this example, all candidates of the 5th percentile converge no later
than 1920 to the state of the synthetic experiment. Here smin

t matches the surface
elevation of the synthetic experiment in 1850, as well as the volume trajectory
over time, slightly better than smed

t , but the volume differences to the synthetic
experiments in 1850 are also very small in this example (0.004 km3 for smin

t and
−0.08 km3 for smed

t ).

For both examples we were able to show that our method is able to recover the
state in t0 = 1850 of the synthetic experiment by only using information about
the observed state of the synthetic experiment in te = 2000 and combining it
with information about the past climate evolution. smed

t as well as smin
t match the
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Fig. 3.5: Results for Hintereisferner (Oetztal, Austria). Cross sections along the main flow
line in (a) 1850 and (b) 2000 are shown. Black line indicates the bedrock, the red
dotted line the surface elevation from the synthetic experiment, and the remaining
lines the modeled ice surfaces of all candidates, colored by their fitness value. The
synthetic experiment state in 2000 has a length of 7.3 km, an area of 7.76 km2, a
volume of 0.63 km3, and a mean thickness of 105.5 m. (c) Volume changes from
1850 to 2000, colored by their fitness values. All violet and blue glacier states
merge to the observed glacier in 2000.

synthetic experiment in t0 = 1850 extremely well. In the following, we provide an
error analysis including all glaciers in the Alps to which we applied our method.
For each of the 2660 glaciers we have calculated the absolute volume error to the
synthetic experiment:

e
med/min
abs (t) = vmed/min(t) − vexp(t), (3.6)

where vexp(t) is the volume of the synthetic experiment in year t, and vmed/min(t)
is the volume of smed

t or smin
t in the same year t. Figure 3.7a shows the absolute

volume errors in cubic kilometers for smed
t , as well as for smin

t .

Whereas the absolute volume errors in 1850 vary widely from approximately −1.1
to 2.9 km3, they reduce rapidly within 60 years. In 1910, the errors range from
approximately −0.25 to 0.17 km3. The range of errors in the first 60 years is largely
influenced by a few single outliers. Differences between smin

t and smed
t are small.

Figure 3.7b shows the median and the range of the 5th–95th percentiles of emed
abs

and emin
abs over time, indicating the robustness of our method. The median of eabs of

both analyzed states is very small; 0.00028 km3 for smin
t and 0.00076 km3 for smed

t in
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1850. The improvement with time can also be seen here: the median of emed
abs (1910)

is of the order of 10−5 km3, and that of emin
abs (1910) is of the order of 10−6 km3 .

As our test site contains large and small sized glaciers, we also evaluate relative
errors (%):

e
med/min
rel (t) = e

med/min
abs (t)
vexp(t) × 100. (3.7)

Figure 3.8a shows the histogram of the relative errors in 1850, whereas the evolution
from 1850 to 2000 of the median and the 5th–95th percentiles of the relative errors
is shown in Fig. 3.8b.

The median of the relative volume errors in 1850 is −0.97 % for smed
t and −2.69 %

for smin
t . The 95th percentile value of emed

rel is 70 %. With 48 % the value of emin
rel is

smaller for smin
t . Whereas smin

t has a slightly smaller 5th–95th percentile range than
smed

t in 1850, the median error of smed
t is slightly smaller than that of smin

t . Both
states fit the synthetic experiment well. In many cases, smed

t is equal to smin
t , but for

some glaciers either smin
t or smed

t has a clearly better performance. In all cases, the
uncertainties quickly decrease after around 1900 to 1930.

Figure 3.8a also shows that the error distribution is skewed, and our method has a
slight tendency to underestimate the glacier volume. Although 64 % of the relative
errors have a negative sign, a few large positive outliers influence the mean error
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and shift it to a positive value of 16 % (in 1850) for the minimum states or 23 % (in
1850) in the case of the median states.

3.5.2 Impact of the Fitness Function

For the evaluation of the glacier candidates we used a fitness function based on
differences in the geometry of the glacier (see Eq. 3.5). In this section we want to test
the influence of limited information on glacier geometry on the reconstructability
of past glacier states. Thus, we additionally evaluate the candidates by only using
information about the glacier area or length.

For the glacier-area-based evaluation, we used the following fitness function:

JA(Ate) = (Aobs
te

− Ate)2, (3.8)

where Ate is the glacier area at time te. The fitness function that takes only informa-
tion about the glacier length l(te) at time te into account is similar:

Jl(lte) = (lobs
te

− lte)2. (3.9)

For each glacier at our test site, we also evaluate the 200 candidates with the fitness
functions JA and Jl. For each evaluation method (geometry, area and length based),
we determine the state with the minimal fitness function1and calculate the relative
volume error between it and the synthetic experiment.

Figure 3.9 shows the relative errors of all three evaluation methods. Figure 3.8a
shows the distribution of the relative errors of the 5th–95th percentiles in 1850,
whereas the evolution from 1850 to 2000 of the median and the 5th–95th percentiles
of the relative errors is shown in Fig. 3.8b. The more information taken into account
for the evaluation, the smaller the errors. The greatest uncertainties are associated
with using the glacier-length-based fitness function (Eq. 3.9), whereas the differences
between the area-based evaluation (Eq. 3.8) and the geometry-based evaluation
(Eq. 3.5) are small. While the median errors in 1850 of the geometry- and the
area-based evaluations are close (−2.69 % for the geometry and −2.83 % for the
area approach), the median error in 1850 of the glacier length evaluation has, with
107 %, the worst performance. This also applies for the values of the 95th percentile;
95 % of the tested cases have a relative volume error smaller than 1043 % in 1850
if the length-based fitness function is used for the evaluation. In contrast to the
other two evaluations, this approach overestimates the volume. For the area-based

1Instead, it is also possible to choose smed
t for the uncertainty analyses, but this would require

acceptance criteria for the fitness functions JA and Jl, which would influence the state. For
simplification, we choose the state with the minimal fitness function.
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t derived from different fitness functions based on the
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(b) the evolution of the relative errors from 1850 to 2000. The line shows the
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evaluation, 95 % of the tested glaciers have an error smaller than 90 %, and for
the geometry-based fitness function the error is smaller than 49 %. This shows
that the advantage of using the geometry instead of the glacier area to evaluate
the candidates is not very high; both evaluations show a very good performance.
Especially if the states are modeled forward (e.g., to 1900), both approaches perform
well. However, it is not advisable to use the glacier-length-based evaluation.

3.5.3 Reconstructability

The examples from Sect. 3.5.1 as well as in the Supplement indicate a high variation
in the number of viable reconstructed candidates between glaciers. This number can
range from a few viable solutions in a well-defined range to many solutions without
any constraints (all tested candidates have the same fitness value). In other words,
some glaciers can be reconstructed easily, and some cannot.

We define a new measure of reconstructability r, where we set the volume range
of the 5th percentile in relation to the volume range of all acceptable states of the
glacier:

r = 1 − range(Q0.05)
range(S125) . (3.10)

For a glacier with a unique solution, this measure is equal to 1. If all accepted
candidates have exactly the same fitness value, the measure will be zero (this occurs
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Fig. 3.10: Reconstructability measure. (a) Histogram of the reconstructability measure of
all 2660 glaciers. (b–e) Scatter plots with linear regression. The x axis always
shows the reconstructability measure. The y axis shows (b) the e-folding response
time (n = 2149), (c) the equilibrium line altitude in 2000 (n = 2660), (d) the
mean surface slope in 2000 (n = 2660), and (e) the mean surface slope of the
last third of the glacier in 2000 (n = 2660).

if all candidates converge to exactly the same state before the year 2000). Thus, a
small measure represents a glacier with low reconstructability, and a measure close
to 1 implies a higher reconstructability of the glacier. For example, r is equal to 0.857
for Hintereisferner and 0.879 for Guslarferner. The similarity of the two values can
be explained by the similar proportion of the range of the 5th percentile to the range
of all acceptable states in both cases (see Figs. 3.3 and 3.6). A histogram of the
reconstructability values of all 2660 tested glaciers in the Alps is shown in Fig. 3.10a.
The distribution is bimodal and slightly skewed towards a high reconstructability.
Values in the middle range are rare.

What glacier characteristics will influence this reconstructability? The working
hypothesis is that it is likely to be associated with the concept of glacier “response
time” (here formulated qualitatively). Glaciers with a short response time tend to
be less sensitive to initial conditions and will “forget” their initial state after a short
period of time. This will probably lead to low reconstructability values. Inversely,
glaciers with a long response time will be easier to reconstruct.

To test this hypothesis, we used the e-folding approach (as defined in Oerlemans,
1997b; Oerlemans, 2001) and calculated the time response to a step function. To
this end, we first run the 1850 state of the synthetic experiment glacier into an
equilibrium state by using a constant climate (mean climate of the years 1835–1865,
temperature bias = −1 K). We choose the same settings that were used for the
generation of the synthetic experiments in order to obtain an equilibrium state seq1

close to our synthetic experiment in 1850. Next, we apply to seq1 a constant climate
obtained by the mean climate of the years 1850–1880 using no temperature bias
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and receive the corresponding equilibrium state seq2 (i.e., a step change of 1 K). We
calculate the e-folding time of these two states for each glacier, but we exclude the
glaciers where the volume of seq2 reaches zero (which was the case for approximately
500 glaciers out of 26602).

The scatter plot in Fig. 3.10b indicates a relation between the reconstructability
measure and response time. The variance of the response time increases for recon-
structability values close to 1. Dependencies with the reconstructability could also
be detected for the position of the equilibrium line altitude (ELA) (Fig. 3.10c), the
mean surface slope in 2000 (Fig. 3.10d), and the mean surface slope in 2000 of the
last third of the glacier (Fig. 3.10e).

Furthermore, we calculated correlations of both reconstructability and response time
with the following variables: glacier length (in 2000), area (in 2000), volume (in
2000), equilibrium line altitude (ELA) in 2000, equilibrium line altitude change
from 1850 to 2000, mean surface slope (in 2000), and mean surface slope over the
lowest third of the glacier (in 2000) (Fig. 3.11).

The variable explaining reconstructability best is the glacier response time (correla-
tion of 0.54). Both values correlate with the same glacier characteristics. Contrary
to a common misunderstanding, glacier length, area, and volume do not correlate
well with the reconstructability measure or with the response time. The variable
having the main influence is slope: generally, the larger the slope, the lower the
reconstructability measure or the response time of a glacier. These findings coincide
with results from Lüthi (2009), Zekollari and Huybrechts (2015), and Bach et al.
(2018), who concluded that response times depend more on the steepness of the
surface than on the glacier size. The correlation of the mean surface slope can be

2We also tested a step of 0.5 K, leading to a larger sample size but no significant change to the
correlation analysis and our results. Thus, we kept the 1 K step change here.
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further increased by taking the lowest third of the glacier. In addition, the position
of the ELA in 2000 also influences the reconstructability, whereas the ELA change
from 1850 to 2000 only plays a minor role.

Taken alone, these correlation values remain quite low and do not provide enough
predictive power to create a statistical model of reconstructability. However, they
provide a good indication about which factors should be taken into account for
future applications.

3.6 Hardware Requirements and Performance

For this study we used a small cluster comprising two nodes with two 14-core CPUs
each, resulting in 112 parallel threads (two threads per core). Our method requires
running hundreds of dynamical model runs for each single glacier, and, as described
in Maussion et al. (2019), the dynamical runs are the most expensive computations.
The size of the glacier and the required time stepping to ensure a numerical stability
strongly influence the required computation time. The computation time needed to
apply our initialization procedure to one glacier varies from 30 s to 26 min. In total,
initializing the 2660 glaciers in 1850 takes about 3.75 d on our small cluster.

3.7 Discussion and Conclusions

In this study, a new method to initialize past glacier states is presented and applied
to synthetic experiments. Assuming a perfectly known world allows us to identify the
errors of our method alone and to separate them from uncertainties in observations
and errors introduced by model approximations, a task impossible to realize in
real-world applications. However, the synthetic experiments do not allow external
validation, e.g against past outlines derived from moraines, historical maps, or
remote sensing (such as provided by GLIMS; Raup et al., 2007). Model uncertainties
will have to be accounted for and will have to be compared to and added to
the theoretical lower bound discussed in this study. Similarly, our results do not
provide information about actual past glacier mass change. Since in our synthetic
experiments glaciers states in 2000 may be different from the real ones, the modeled
initial glacier states in 1850 do not correspond to reality either. The past states
determined in this study can only serve to verify the functionality of the developed
method.

Our results have shown that the solutions are not unique. Multiple candidates match
the observation in te = 2000, sometimes with a large spread. This raises interesting
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questions about the use of past glacier change information to reconstruct climate
variations, which we do not address here. In the context of model initialization,
this nonuniqueness impedes the reconstruction. We evaluated the candidates with
a fitness function based on averaged geometry differences between the forward
modeled and the observed state in te = 2000. The threshold value ϵ = 125 m2 was
derived by assuming a typical error of 5 m in surface elevations and 10 m in glacier
width, but how these values should be chosen depends on the specific glacier setting.
Especially in cases where many of the candidate states have extremely small fitness
values, a more strict acceptance criterion can help to narrow the results. On the
other hand, an ϵ that is too strict could lead to none of the candidates fulfilling the
criterion.

Due to uncertainties that derive from the model integration, the glacier state with
the minimal fitness value is not always close to the synthetic experiment. As a more
robust alternative, we propose using smed

t , the median state of the 5th percentile
of all acceptable states as the best estimate. In Sect. 3.5.1 we compared the errors
of both approaches. The median error of smed

t is slightly smaller than that of smin
t ,

and the total range of absolute errors is smaller for smed
t in 1850, too. Modeling

the reconstructed initial states forward in time approximately 60 years leads to a
rapid reduction of the error, and smin

t performs a bit better than smed
t . By making use

of the knowledge about the past climate, the number of candidates at later stages
is, through this forward run, more constrained than by initializing them directly
at a later time (see Appendix 3.9.2 for a more detailed description of the inverted
approach at different times).

By comparing different fitness functions for the candidate evaluation, we showed
that using limited information only (glacier area and glacier length) leads to an
increase in the errors in 1850. This indicates what kind of observation is needed
to be able to reconstruct past glacier states from today’s state. The differences
between the geometry-based evaluation and the area-based evaluation are small,
but the differences to the length-based evaluation are significant. But this effect
is also influenced by the spatial resolution of the model grid: a higher resolution
of the grid would lead to more variability in fitness values and hence to a more
precise initialization. At the same time, a higher resolution would increase the
computational demands of the initialization method. We strongly recommend using
either the geometry- or the area-based fitness function for the evaluation. In this
study, we only take the observation of the year te into account. Multi-temporal
outlines are likely to greatly reduce uncertainties at prior times.

Our results are relevant for future glacier evolution modeling studies, as they indicate
that at least for some glaciers the time needed to converge to a similar evolution
regardless of the 1850 state is comparatively short. Our study might also be useful to
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determine a good starting point of a past simulation, e.g., to improve the initialization
date in Zekollari et al. (2019). A correlation analysis of the reconstructability and
glacier characteristics showed the position of the ELA as well as the slope (especially
in the lower part of the glacier) influence the reconstructability, whereas attributes
like the glacier size do not have a strong impact. We could also show that the
reconstructability measure correlates well with a separately obtained response time
of the glacier.

Future work will include the application of the method to real-world cases, which will
come with additional challenges. For example, we will have to consider the merging
of neighboring glaciers when growing. Importantly, the effect of uncertainties in the
boundary conditions (in particular the glacier bed and its outlines and uncertainties
in the climate forcing) will have to be quantified. This also includes testing the
influence of the choice of climate conditions on the accuracy of our method. Here
again, the synthetic framework will be useful by allowing data denial and data
alteration experiments. To ensure the robust reconstruction of real-world glacier
states, additional changes and model developments are necessary. This includes the
development of a glacier-individual calibration method for dynamical parameters
(e.g., sliding parameter, creep parameter) as well as of the mass balance model.

3.8 Code Availability

The OGGM software together with initialization method are coded in the Python
language and licensed under the GPLV3 free software license. The latest version
of the OGGM code is available on GitHub (https://github.com/OGGM/oggm), the
documentation is hosted on Read the Docs (http://oggm.readthedocs.io, last
access: 10 December 2019), and the project web page for communication and
dissemination can be found at http://oggm.org (last access: 10 December 2019).
The OGGM version used in this study is v1.1. The code for the initialization mod-
ule is available on GitHub (https://github.com/OGGM/initialization). The
OGGM version used for this study is available in a permanent DOI repostiory
(doi:10.5281/zenodo.2580277).

3.9 Appendix

3.9.1 Temperature Bias for the Synthetic Experiments

For the generation of the synthetic experiment state in 1850, we use a temperature
bias of −1 K in order to create a relatively big glacier state. To justify the choice of
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this value, we have tested different temperature biases: the results are summarized
in Fig. 3.12. This figure shows that applying positive or small negative temperature
biases to the synthetic experiments results in large area differences to the RGI in
2000, and the total glacierized area in 1850 is also too small. The sample size
is reduced because fewer glaciers fulfill the area threshold criteria of 0.01 km2.
Negative temperature biases that are too large also reduce the sample size because
some runs fail (the glacier becomes larger than the underlying grid). The experiments
with a temperature bias of −1, −1.25, or −1.5 K perform best regarding the area
difference to the RGI in 2000. But only the experiment with the temperature bias of
−1 K performs well regarding the estimation in 1850 of Zemp et al. (2006), where
however it needs to be taken into account that the dots only represent a subset (the
small glaciers in 2000 are missing) of the glaciers considered in Zemp et al. (2006).

3.9.2 Initialization at Different Starting Times

We applied our method to different starting times (1850, 1855, . . . , 1965) to test
how far one can go back in time to obtain a good initial state for this glacier. While
this inverted setup is computationally very expensive, unfortunately it does not lead
to improved results. See Fig. 3.13 for two different examples.
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Fig. 3.12: Difference between the total area in 2000 and the total area from the RGI plotted
as a function of total area in 1850. Colors mark the applied temperature bias to
create the synthetic experiments, and the size of the points mark the sample size
(number of glaciers with an area larger than 0.01 km2 in 2000). The dashed grey
line marks the estimated total area of all Alpine glaciers in 1850 from Zemp et al.
(2006).
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For each tested starting year, we determined the median state and conducted an
uncertainty analysis (similar to the one in Sect. 3.5.1). We find that the uncertainties
of the median states at the different starting points are higher than when performing
the initialization for the year 1850 (only) and running this state forward in time.
While this is counterintuitive, the main reason is that by starting in 1850 even with
a very large number and range of candidates, the very unrealistic ones are quickly
forced to converge by the boundary conditions (i.e., by climate), effectively reducing
the number of potential candidates for a later date. In other words, we make use
of our knowledge about past climate to reduce the number of candidates at each
later stage. In real-world applications, results might be different since uncertainties
in past climate are large. While this should be explored further, because of the
computational cost it is hard to imagine an eventual applicability on the global or
even large regional scale.

Author Contributions

JE is the main developer of the initialization module and wrote most of the paper.
BM and FM are the initiators of the OGGM project and helped to conceive this
study. FM is the main OGGM developer and participated in the development of the
initialization module.
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Fig. 3.13: Reconstructability for different starting times. Colors indicate the fitness value
of a simulation initialized with a glacier volume indicated by the vertical axis
at a time indicated by the horizontal axis. Red dotted line shows the synthetic
experiment. (a) Example for a glacier with ordinary reconstructive power; the
“observed” glacier state in 2000 constrains the past evolution well in the 20th
century, and the reconstruction is close to the goal. (b) Example for a glacier with
very low reconstructive power; the “observed” glacier state does not constrain
the past glacier evolution before approximately 1930.
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Context

The Open Global Glacier Model (see Chapt. 2) can be used to provide information
about glacier mass change over the course of the entire 20th century, but an adequate
initial state is required. To this end, a new initialization approach was developed and
presented in Chapter 3. The method relies on glacier information about the present
day, because this is the only information available for each of the approx. 200 000
glaciers worldwide. But the reconstruction of glacier states comes along with many
complications. Even under perfectly known conditions (synthetic experiments)
the solution for many tested glaciers is not unique. Multiple states, converge to
the same present day-state and a clear reconstruction is not possible. We showed
that the median state of the 5th percentile gives a best estimate and fits well the
synthetic experiment. Thanks to the synthetic environment, we determined the
uncertainty of the method itself, as uncertainties from the model, climate data or
from glacier observations (used for the model calibration) could be excluded. The
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main disadvantage of the synthetic environment is that the reconstructed glaciers
states do not represent real glacier changes and thus an evaluation with glacier
observations was not possible. However, this Chapter presents a further development
which allows the validation of our initialization method with glacier observations.
To this end, we introduce a glacier-specific calibration of the mass balance model,
which ensures that the reconstructed glacier evolution ends in a state as close as
possible to the RGI state (the state obtained from the RGI outline). We evaluate
the proposed initialization method based on differences to observed mass balance
changes (see Sect. 1.5.2) and to glacier length changes (see Sect. 1.5.1).
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the implementation of glacier-specific calibration of the mass balance model. J. Eis
performed all simulations and the resulting error calculations, created all figures
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Abstract

Estimations of global glacier mass changes over the course of the 20th century
require automated initialization methods, allowing the reconstruction of past glacier
states from limited information. In a previous study, we developed a method to
initialize the Open Global Glacier Model (OGGM) from past climate information
and present day geometry alone. Tested in an idealized framework, this method
aimed to quantify how much information present-day glacier geometry carries about
past glacier states. The method was not applied to real world cases and therefore
the results were not comparable with observations. This study closes the gap to
real world cases by introducing a glacier-specific calibration of the mass balance
model. This procedure ensures that the modeled present day geometry matches the
observed area and that the past glacier evolution is consistent with bias-corrected
past climate time series. We apply the method to 517 glaciers, spread globally, for
which either mass balance observations or length records are available, and compare
the observations to the modeled reconstructed glacier changes. For the evaluation
of the initialization method we use multiple measures of reconstruction skill (e.g.
MBE, RMSE, correlation). We found that the modeled mass balances and glacier
lengths are in good agreement with the observations, especially for glaciers with
many observation years. These results open the door to a future global application.
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4.1 Introduction

Compared to the Greenland and Antarctic ice sheets, the ice mass stored in glaciers
seems negligibly small (<1%) (e.g. Oppenheimer et al., 2019), but glaciers con-
tributed between 25% and 30% of the observed global mean sea-level rise during
1993-2015 (Zemp et al., 2019). Along with ice sheet mass loss and thermal expan-
sion of sea water, glaciers will continue to be a major sea-level rise contributor in
the 21st century (Church et al., 2013; Slangen et al., 2017b; Hock et al., 2019).
Independent from the Representative Concentration Pathway (RCP), glaciers mass
loss is projected to exceed the contributions from Greenland or Antarctica ice sheets
until 2100 (Oppenheimer et al., 2019). However, glacier changes also have an
impact on local and regional scales: mountain glaciers affect the water availability
in many regions of the world (e.g. Kaser et al., 2010; Immerzeel et al., 2012; Huss
and Hock, 2018) and both retreating and advancing glaciers can lead to increased
geohazards (see Kääb et al., 2005, for an overview). It is consequently relevant to
improve the knowledge of past and future glacier mass change (Marzeion et al.,
2012b).

To estimate glacier mass change on a global scale, in situ measurements in mass
and length changes (e.g. Zemp et al., 2015; Leclercq et al., 2014), remote sensing
techniques (Gardner et al., 2013; Jacob et al., 2012; Bamber et al., 2018; Wouters
et al., 2019) or mass balance modeling driven by climate observations (e.g. Radić
and Hock, 2011; Radić and Hock, 2014; Giesen and Oerlemans, 2012; Giesen and
Oerlemans, 2013; Marzeion et al., 2012b; Marzeion et al., 2014a; Huss and Hock,
2015; Maussion et al., 2019) can be used. However, most of these model based
studies limit their application to the recent past (ignoring past glacier geometry
change) or to the future. Nevertheless, glacier mass change in the past should not
be neglected: a large fraction of future glacier mass loss (36 ± 8%) is caused by
the future adjustment of glaciers to past climate change (Marzeion et al., 2014a;
Marzeion et al., 2018). As a result, reconstructions of past glacier change are
important to quantify the ongoing adjustment of glaciers to past and present-day
climate. In addition, reconstructions can be used to determine the budget of past sea-
level change (Gregory et al., 2013). By allowing the quantification of the agreement
with observations (Marzeion et al., 2015), reconstructions increase the confidence
in projections.

So far, only one model was able to provide global estimates of glacier mass changes
over the course of the entire 20th century, including a simple representation of
glacier geometry change (Marzeion et al., 2012b). For more complex models (e.g.
Huss and Hock, 2015; Maussion et al., 2019) this process is impeded by initialization
issues, as more and more variables need to be initialized. I.e., flow line models
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require input data along the coordinates of the flow lines (e.g. bed topography,
surface elevations, and/or widths) and thus more complex initialization methods
are required. Zekollari et al. (2019) added an ice flow model to Huss and Hock,
2015 and developed an automated initialization for glaciers in 1990 (i.e., prior to
the inventory date) in order to avoid spin-up issues. The ensemble approach from
Eis et al. (2019) can be used for an initialization further back in time (e.g. 1850),
but the larger time difference to the inventory date lead to non-unique solutions of
the initial glacier geometry. We now call glacier geometry (i.e. glacier outlines and
surface elevation of a glacier at a given point in time) the "state" of the glacier.

The approach from Eis et al. (2019) works as follows: first, a large number of
physically plausible glacier states for a given year in the past is generated, using a
spin-up run of the model forced by random climate representatives of the conditions
around the year of initialization. From this set of possible past glacier states a subset
of equidistant and approximately uniformly distributed states is selected and called
“glacier candidate states”. All these candidate states are then modeled forward to the
present-day and evaluated by comparing the result of the forward runs to the present-
day glacier states. In order to separate uncertainties of the initialization method
alone from all other sources of uncertainty, Eis et al. (2019) relied on synthetic
experiments. These synthetic experiments were generated by running the same
glacier model forward such that a perfectly known glacier evolution until present-
day was produced (including boundary conditions). The synthetic experiment state
at the present-day was then used to reconstruct the synthetic experiment state in
1850.

While this procedure allows an exact evaluation of the uncertainties of the method
alone, it does not allow an external validation, e.g. against in-situ measurements
of glacier mass balance or length changes. The results from Eis et al. (2019)
thus do not provide information about actual past glacier changes, because the
synthetic experiment states in 2000 can be different to real states. Consequently, the
reconstructed evolution from 1850 onward do not necessarily correspond to reality
either, and uncertainties in a real-world application will necessarily be larger than in
the synthetic experiments.

In this study we present a new way to calibrate the mass balance model, which will
allow a validation of Eis et al. (2019) based on real glacier observations. To this end,
we first introduce all relevant features of the Open Global Glacier Model (OGGM)
in Sect. 4.2.1. We describe the set-up of calibration runs in Sect. 4.2.3. These
preliminary runs allow a glacier-specific calibration of the mass balance model, which
enables the comparison with glacier observations. We apply the initialization method
from Eis et al. (2019) by using the results of the calibration runs to 517 glaciers with
mass balance observations or length records. The calibration is evaluated in Sect.
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4.3.1 and the results of the initialization are shown in Sect. 4.3.2. One focus of this
study is the validation of the initialization method from Eis et al. (2019) by using
glacier observations (see Sect. 4.3.3). A statistical analysis based on mass-balance
observations provided by the World Glacier Monitoring Service (WGMS, 2018) can
be found in Sect. 4.3.3.1. Additionally our method is evaluated based on glacier
length change observations from Leclercq et al. (2014) in Sect. 4.3.3.2. Finally, we
summarize the results and discuss the limitations of the method, as well as future
applications in Sect. 4.5.

4.2 Methods

4.2.1 The Open Global Glacier Model

The open source numerical framework Open Global Glacier Model (OGGM; Maussion
et al., 2019) is able to model the evolution of all glaciers worldwide. OGGM utilizes
the outline of any glacier, which can, e.g. be obtained from the Randolph Glacier
Inventory (RGIv6.0; Pfeffer et al., 2014). A digital elevation model (DEM), covering
the glacier outlines, is automatically downloaded and subsequently interpolated to a
local grid. The resolution dx of the local grid depends on the size of the glacier by
following the equation dx = a

√
S, using a parameter value a = 14 m km−1 and S the

surface area of the glacier in km2. It is bound by a highest resolution of dx = 10 m
and an lowest of dx =200 m. The extent of the grid is set using a border parameter
which defines the number of grid points to be included outside of the outline of
the glacier. This parameter thus determines how large a glacier can grow in the
model beyond its current outline. In Eis et al., 2019, we chose a border parameter
of 200 grid points in order to allow glaciers to grow considerably beyond their
present-day extent. The DEM serves as input for a geometrical routing algorithm
(adapted from Kienholz et al., 2014) to calculate the centerlines of the glacier. They
are considered as flowlines and composed of equidistantly distributed grid points
with a distance twice that of the local grid resolution dx. From the topography,
surface elevations along the flowline coordinates are calculated. The width of the
glacier at a flow line grid point is taken as the length of the normal to the flowline.
It is then corrected to ensure the glacier’s hypsometry is correctly represented in the
model. Additionally, the ice thickness is estimated by assuming a certain bed shape
(parabolic, rectangular or mixed) and using a mass-conservation approach (Farinotti
et al., 2009; Recinos et al., 2019; Farinotti et al., 2019). The bed topography is
calculated from ice thickness and surface elevation, and length, area, and volume
of the glacier are derived. These values are obtained using the assumption that
the glacier outline and the DEM originate from the same date. Utilizing monthly
temperature and precipitation data, mass balances at the flowline grid points are
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calculated. A number of different sources of climate data can be used as forcing
of the mass balance model, e.g., past climate observations (gridded), reanalyses,
projections or randomized time series. The evolution of the glacier geometry under
the specific climate forcing is calculated by a dynamical flowline model, which solves
the shallow ice approximation. More information about OGGM can be found under
http://docs.oggm.org and in Maussion et al. (2019).

4.2.2 Input Data and default model parameters

The glacier outlines used in this study are taken from the Randolph Glacier Inventory
(RGI v6.0, region 11; Pfeffer et al., 2014). For each of the glacier outlines, a
transverse Mercator projection, centered on the glacier, is defined in order to preserve
map projection properties (e.g. area, distances, angles). Next, the topographical
data is automatically downloaded by OGGM. The acquisition dates of the DEMs
vary from 2000 (for SRTM) to 2009 and roughly match that of the RGI. The climate
data set we use for this approach is the Climatic Research Unit (CRU) TS v4.01 data
set (Harris et al., 2014, released 20 September 2017). It is a gridded dataset at
0.5◦ resolution and covers the period from 1901 to 2016. Further downscaling to
a resolution of 10′ is achieved by applying the 1961-1990 anomalies to the CRU
v2.0 gridded climatology (New et al., 2002). Monthly temperature and precipitation
time series are extracted for each glacier from the nearest CRU CL v2.0 grid point
and then converted to the local temperature according to a temperature gradient
(default: -6.5 K km−1). As the initialization procedure requires climate data of the
15 preceding years of the initialization year t0, an earlier initialization than t0 = 1917
is not possible.

Identical to the study of Maussion et al. (2019) and Eis et al. (2019), only the
the mass-balance model is calibrated while the creep parameter A and the slid-
ing parameter fs are the same for each glacier and set to their default values
(A = 2.4 × 10−24s−1 Pa−3, fs = 0, no lateral drag). For parameters values related
to the mass balance model, in this study we use the precipitation correction factor
pf = 2.5, the melt temperature TMelt = −1.0◦C, the liquid precipitation temperature
TLiquid = 2.0◦C and the temperature lapse rate Γ = −6.5 K km−1. This parameter
set was determined through a cross-validation, done with the CRU4 TS v4.01 data
set (Harris et al., 2014) for the 254 glaciers worldwide that have more than 5 years
of mass-balance observations in WGMS (2018).
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4.2.3 Glacier-specific calibration of the mass balance model

Eis et al. (2019) showed that the use of synthetic experiments provides many
advantages, but it also causes one main disadvantage. The geometry of synthetic
experiment states at the inventory date usually does not coincide with the geometry
of the observed states. Thus, the reconstructed time series does not correspond to
real past glacier states, which implies that an evaluation of the method with glacier
observations is not possible.

In this study, we aim to reduce the geometry mismatch of the result to the observation
by introducing so called calibration runs. This improvement allows the application
of the initialization method from Eis et al. (2019) to real-world cases and evaluating
the reconstructed time series with glacier observations. To this end, we introduce
a mass balance offset βmb to the mass balance equation which will be applied to
every forward run. With the help of the calibration runs, we identify an optimal
value of βmb, such that the area of the observed state is matched. The observed
state is obtained from the RGI glacier outline and the underlying topography file
and hereinafter referred to as RGI state sRGI . In contrast to Eis et al., 2019, the
calibration run with the optimal βmb therefore coincides with the RGI state sRGI at
the inventory date tRGI.

4.2.3.1 Rationale

Before motivating the choice to introduce and optimize the mass balance offset βmb,
we describe the general procedure of its determination. The mass balance offset is
typically determined as a diagnostic of model performance during the calibration
of the mass balance model, for which OGGM adapted the method from Marzeion
et al. (2012b). For all 254 reference glaciers (with more than 5 years of mass
balance observation) the mass balance offset is determined during the calibration
of the temperature sensitivity parameter µ∗. µ∗ = µ(t∗) is identified such that the
smallest possible offset β∗

mb = βmb(t∗) is produced. The offset βmb(t) is defined as
the difference between the mean of the modeled mass balances during the years of
observations B(t)modeled and the mean of the observed mass balances B(t)observed:

⏐⏐⏐B(t)modeled − B(t)observed

⏐⏐⏐ = |βmb(t)| (4.1)

The mass balance offset βmb is then subtracted from the modeled mass balances.
Thus, βmb compensates for errors in the climate time series, as well as errors from
the mass balance model (corresponding to errors in B(t)modelled). The derived offsets
cannot be neglected and thus a bias correction of the mass balance model becomes
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necessary. To this end, Marzeion et al. (2012b) suggests an interpolation of the
mass balance offset using the offset of the 10 closest reference glaciers (weighted by
distance) for all glaciers without mass balance observations. But this assumes that
neighboring glaciers display similar mass balance offsets, which is not necessarily
the case, as other characteristics - e.g. glacier size - could have an influence as well.
To avoid these assumptions, in this study, we suggest the use of a different method
of determining the mass balance offset for all glaciers.

4.2.3.2 Design

With the help of the calibration runs, we iteratively obtain an optimal mass balance
offset β∗

mb, for which the area of the glacier state at the inventory date tRGI is closest
to the area of the RGI state. For this purpose, a bisection method, starting with the
boundary values a = −2000 mm w.e. and b = 2000 mm w.e. is used. Thanks to the
quick convergence of the bisection method, nmax = 12 is sufficient to determine
the mass balance offset with an accuracy of εβmb

= 1 mm w.e. Additionally, the
iteration is stopped in case the area difference is smaller than 1e−4 km2. First, the
midpoint c = 0 mm w.e. is evaluated. To this end, we generate a glacier state for
the year of the initialization t0 = 1917 (hereinafter referred to as sOGGM

1917 ), using the
mass balance offset βmb = c = 0 mm w.e. The generation of sOGGM

1917 is oriented on
the generation of the synthetic experiments in Eis et al. (2019): we use a 600 year
long random climate scenario, which results from shuffling the climate years from
1901 to 1932 (the years around t0) infinitely. Thereby a realistic climate forcing,
representative of the time period of the initialization, is created. The RGI state,
which is the only known state, is used as initial condition for this run (see Fig. 4.1A).
The state at the end of the random climate run (t = 600) is sOGGM

1917 (marked as red
point in Fig. 4.1A). We then use the past climate from 1917-tRGI and run sOGGM

1917
forward until the inventory date tRGI . The same mass balance offset βmb = c as in
the random climate run is used. The glacier state at the inventory date tRGI is then
compared to the RGI state. If the RGI state is not matched, another mass balance
offset βmb will be tested. As in OGGM the mass balance offset will be subtracted
from the modeled mass balance, the mass balance offset is increased if the area of
sOGGM is larger than the area of the RGI state. For this purpose, the lower bound
a will be set equal to the midpoint c. Inversely, a smaller mass balance offset βmb

is tested when the area of sOGGM is smaller. Here, the upper bound b is set equal
to c. The new midpoint c = a+b

2 is calculated and a new OGGM state is generated
with the mass balance offset βmb = c. This procedure is repeated until the maximum
number of iterations nmax = 12 is reached or the area difference falls below the
threshold of 1e−4 km2. The optimal mass balance offset β∗

mb, which produced the
OGGM state with the smallest area difference to the RGI state, and the corresponding
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Fig. 4.1: Workflow of the calibration runs and the ensemble approach from Eis et al. (2019).
A-B: Calibration runs, the grey lines indicate the iteration procedure and the
brown line the result obtained with the optimal mass balance offset β∗

mb. A:
The generation of sOGGM

1917 (marked as red point) using a run forced by random
climate with the iteratively chosen mass balance offset βmb. sOGGM

1917 is then used
as starting point of the run in B. B: Past climate run with βmb from t0 = 1917 to
the inventory date tRGI . Different βmb will be tested until the area of the RGI
state (sRGI , marked as orange square) is matched in tRGI . sOGGM (marked as
red square), according to the optimal mass balance offset β∗

mb, is the closest to
sRGI . C-E: Ensemble approach from Eis et al. (2019). C: Generation of potential
glacier candidates. The grey lines indicate the glacier volume evolution for a set of
different random climate scenarios over 600 years each. The temperature biases
vary between -1.5 and 3.0 K. D: Selection of candidates. The black vertical line
indicates tstag and the black points show 200 candidates. E: Glacier candidates
colored by their fitness value. Violet marks candidates with a small misfit, whereas
yellow marks states that do not meet the acceptance criterion.

OGGM state sOGGM are then used for an initialization with the method from Eis
et al. (2019).
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4.3 Results

We apply our method to all glacier outlines from the RGI (version 6) that can either
be linked to mass balance observations provided by the World Glacier Monitoring
Service (WGMS, 2017) or to the glacier length records from Leclercq et al. (2014).
We exclude all Antarctic and Subantarctic glaciers (RGI region 19), because no CRU
data is available for this region. Additionally, we exclude glaciers that are strongly
connected to the Greenland ice sheet (connectivity Level 2 in Rastner et al., 2012).
Because of the complex dynamical response of water-terminating glaciers, they are
excluded as well.
This leads to a total sample size of 519 glaciers. For 253 glaciers, there are mass
balance time series and for 317 glaciers there are length records (51 glaciers have
both). The identification of glaciers in the Leclercq data set in the RGI is done as in
Parkes and Goosse (2019).
During the calibration runs, two glaciers failed due to processing errors and thus we
were able to initialize the glacier states in t0 = 1917 for 517 glaciers. The end of the
past climate run te is set to the acquisition date of the RGI outline tRGI and thus it
can vary between individual glaciers.

4.3.1 Optimized mass balance offsets

We perform the calibration runs for all tested glaciers as described in Sect. 4.2.3 and
obtain for each of the glaciers an optimal mass balance offset β∗

mb. In Fig. 4.2A the
distribution of the derived mass balance offsets β∗

mb of all glaciers is shown. It is a
leptokurtic distribution (positive kurtosis), which is slightly skewed to the right. The
values are centered at a mean value of µ = 5.8 mm w.e. and the standard deviation
is σ = 267.9 mm w.e.. The mass balance offsets β∗

mb obtained by the calibration runs
are of similar magnitude and distribution as the mass balance offsets obtained by
the method from Marzeion et al. (2012b). . Figure 4.2B demonstrates that sOGGM

matches the area of sRGI very well in all cases. The mean relative area difference
across all glaciers is 1.2×10−4 % and also the 5th and 95th percentiles of the relative
area error are with values of Q0.05 = −6 × 10−4 % and Q0.95 = 9 × 10−4 very small.
The outliers stem from very small glaciers, e.g. the largest relative error (-0.05%)
occurs for the Northern Schneeferner (Central Europe, Alps), which has a small
RGI area of 0.351 km2. The absolute area difference to the RGI state is for this
glacier -0.02 km2. The largest absolute area difference with 2.9 km2 occurs for the
Breiðamerkurjökull (Iceland, RGI region 06), which had an area of 1067.7 km2 in
the year tRGI = 2000.
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Fig. 4.2: A: Distribution of the derived optimal mass balance offsets β∗
mb. Vertical lines

indicate the mean (dashed line), median (black line) and the 5% and 95% per-
centiles (grey lines) . The sample size is n = 517. B: Histogram of all relative area
differences (%) of the OGGM state sOGGM and RGI state sRGI . The sample size is
n = 517. Note that the y-axis is logarithmic.

4.3.2 Reconstructions in year 1917

We use the calibration runs to identify optimal mass balance offsets for each of the
glaciers and apply the initialization method from Eis et al. (2019) to reconstruct their
states in year 1917. The derived mass balance offsets β∗

mb are applied to all model
runs during the initialization (the random climate runs and the past climate runs).
This ensures that the reconstructed state at the inventory date is in close proximity
to the RGI state sRGI and thus allows a comparison with glacier observations. For
the optimization, we use a fitness function based on geometry differences see Eis
et al., 2019, for more details:

J(st0) = 1
ϵm

(
m∑

i=0

(
(zOGGM

tRGI
)i − (ztRGI )i

)2
+
(
(wOGGM

tRGI
)i − (wtRGI )i

)2
)

, (4.2)

with the uncertainty ϵ = 125 and m the total number of grid points of all flow lines
of a glacier. The fitness function J(st0) calculates the averaged difference in surface

4.3 Results 92



elevation zt and width wt between the OGGM state (sOGGM
t , obtained from the

calibration runs) and the forward modeled glacier states. Each glacier candidate
is evaluated based on the difference to the OGGM state at the inventory date tRGI .
All states that have a fitness value smaller than 1 are called acceptable states and
Eis et al. (2019) suggested the median state (in the following referred to as smed)
of the 5th percentile of all acceptable states as the best representative of this set.
Figure 4.3 demonstrates the advantages compared to an evaluation based on the RGI
state sRGI . Indeed, the range of acceptable candidates (with fitness values smaller
than one) is similar for both evaluations, but a clear distinction between the best
candidates is missing when using sRGI . This occurs because the geometry of sRGI is
not matched perfectly for any of the tested glacier candidates. As sRGI results from
observational data (RGI outline and DEM with different inventory dates) directly,
the shape cannot be reproduced exactly by a transient sate of the model. The poor
distinction between the best candidates would impede the selection of the median
state and thus an evaluation based on sRGI could lead to false results. Figure 4.3A
and C ,as well as Tab. 4.1, demonstrate that the difference between sRGI and sOGGM

are very small and sRGI is well represented by sOGGM .

Tab. 4.1: Glacier length, area and volume of the median state in 1917 and 2003 of Hin-
tereisferner (Ötztal, Austria). The last row contains the root mean square error
(RMSEdL) of the glacier length fluctuations when compared to the data set from
Leclercq et al. (2014). The Table also contains information about the glacier size
of the OGGM state and the RGI state in year 2003.

smed sOGGM sRGI

length (km) in 1917 9.4 - -
length (km) in 2003 7.3 7.3 6.9
area (km2) in 1917 10.13 - -
area (km2) in 2003 8.03 8.04 8.06
volume (km3) in 1917 1.37 - -
volume (km3) in 2003 0.80 0.82 0.87
RMSEL (km) 0.45 - -

4.3.3 Validation with glacier observations

The uncertainty analysis in Eis et al. (2019) showed that the uncertainty of our
method reduces quickly over time. As a result, a meaningful validation of the
method, which also covers the time period with the largest uncertainties, should
be ideally performed with observations starting before or at the beginning of the
initialization year (at the beginning of the 20th century). Remote sensing techniques
are available for a relatively short time period and are consequently not sufficiently
long enough for validation purposes. More suitable are direct observations of glacier
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Fig. 4.3: Results for the Hintereisferner (Ötztal, Austria). Evaluation of the glacier candi-
dates by fitness function based on geometry differences to A,B: the OGGM state
sOGGM and C,D: the RGI state sRGI . Left: Cross sections along the main flow line
in 2003. Black lines indicate the bed rock, red line the OGGM state sOGGM and
orange line the RGI state sRGI , the remaining lines the modeled ice surfaces of
all candidates, colored by their fitness value. Right: Reconstructed glacier length
changes (smoothed with 5 year window) from 1917-2003. The glacier candidates
are colored by their fitness values. The black line with dots shows the glacier
length observations from Leclercq et al. (2014). The red square in B marks the
length of the OGGM state in 2003, the orange square in C the length of the RGI
state in 2003.

mass change which start to increase from 1950 onward. We here use mass-balance
observations provided by the World Glacier Monitoring Service (WGMS, 2018).
The Fluctuations of Glaciers (FoG) database contains annual mass-balance values
for several hundreds of glaciers worldwide, but only 40 reference glaciers have a
longer record than 30 years. Thus, we additionally include glacier length change
observations to our validation as they date back furthest in time. They are usually
obtained through annual measurements of the terminus position, but they can
also be reconstructed from geomorphologic landforms (e.g. moraines), biological
evidence (e.g. overridden trees, lichens) (e.g. Bushueva et al., 2016) or from
historical paintings, photos and early maps (e.g. Nussbaumer and Zumbühl, 2012).
The data set of Leclercq et al. (2014) includes long-term glacier length records that
start not later than 1950 and cover at least 40 years. The temporal frequency and
spatial accuracy of the data set increases rapidly from 1900 onward (Leclercq et al.,
2014).

As the initialization method results in non-unique solutions, we use the median state
smed of the 5th percentile (the 5% best glacier candidates) for the validation. To this
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end, we reconstruct the glacier states in the years with measurements and gain a
total set of 5325 pairs of annual modeled and measured mass balances and a set of
10420 pairs of annual modeled and observed glacier length changes. The validation
is performed based on five different error criteria: the model error, the mean bias
error (MBE), the mean absolute error (MAE), the root mean square error (RMSE)
and the correlation r. A summary of the performance can be found in Table 4.2.
When referring in the following to one of the mass balance errors a subscripted
mb will be added (e.g. RMSEmb). Accordingly, we will add a subscripted L when
referring to one of the glacier length errors (e.g. RMSEL).

Tab. 4.2: Summary of the comparisons of modeled and measured mass balances and glacier
length records. All numbers given are mean values and their standard devia-
tion. The model error is calculated over each single measurement (Mmb=5325,
ML=10420), whereas the root mean square error (RMSE), the mean bias error
(MBE), the mean absolute error (MAE) and the correlation rmb are calculated
for each individual glacier (Nmb=253, NL=315). Glaciers with no modeled or
observed change have to be excluded from the correlation calculation leading to
different sample sizes (Nmb=250, NL=302).

mass balances glacier lengths

Model Error 0.13 ± 0.79 (m w.e.) -0.007 ± 0.62 (km)
MBE 0.18 ± 0.52 (m w.e.) -0.14 ± 0.41 (km)
MAE 0.60 ± 0.34 (m w.e.) 0.35 ± 0.31 (km)
RMSE 0.71 ± 0.37 (m w.e.) 0.45 ± 0.40 (km)
Correlation 0.60 ± 0.31 0.36 ± 0.65

4.3.3.1 Mass balance validation

Before presenting the mass balance validation in detail, we show the results of
three different example glaciers and the corresponding observations from WGMS
(2018) in Fig. 4.4. Figure 4.4A shows an example with an almost perfect match
to the observation, whereas the other two figures show two examples with a bad
performance. In the example in Fig. 4.4B mass balances are well matched until 1975,
but afterwards the modeled mass balances are to high compared to the observation.
The glacier showed in Fig. 4.4C fits the observation on average, but the modeled
amplitude is far to small . The results of each individual glacier are provided in the
supplement.

Mass balance model error

The mass balance model error is calculated for each of the 5325 pairs of annual
modeled and measured mass balances. For each pair, the measured mass balance is
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Fig. 4.4: Reconstructed annual mass balances from 1917 onward of three example glaciers.
A: RGI60-11.00804, region 11 (Central Europe), B: RGI60-13.06359, region 13
(Central Asia) and C: RGI60-10.05085, region 10 (North Asia). The lines are
colored by their fitness values. The red line with dots indicates the observed
annual mass balances from WGMS (2018). The dots mark years with observations.
The vertical dashed line marks tRGI , from which onward only the median state is
modeled forward in case observations after tRGI are available.

subtracted from the modeled mass balance at the same year. Table 4.2 shows that

Fig. 4.5: Mass balance model error. A: Histogram of mass balance measurements per year.
B: Binned scatter plot of model errors over time. The colors indicate the counts of
errors in each bin. The numbers in the upper left corner indicate the total number
of errors and the correlation with the time. C: Distribution of the modeled mass
balance errors.

the mean over all mass balance model errors is with a value of -0.13 m w.e. close
to zero and also the standard deviation (0.79 m w.e.) indicates a good fit between
modeled and observed mass balances. Figure 4.5 shows a binned scatter plot of
the mass balance model errors over time and thus provides information about their
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temporal distribution. In addition the temporal distribution of the mass balance
measurements (Fig. 4.5A) and the distribution of the mass balance model errors
(Fig. 4.5C) are shown. With increasing number of measurements since 1960, the
counts raises, especially in the middle range between -1 m w.e. and 1 m w.e. Most
values are in close proximity to zero, but single errors reach values up to ± 4m w.e.
The mass balance model errors are normal distributed (see Fig. 4.5). The correlation
between the model error and the time is with r = 0.008 close to zero which indicates
that there is no trend.

Mean bias error (MBEmb)

The mean bias error (also referred as bias, e.g. in Marzeion et al. (2012b)), is
calculated for each of the 253 glaciers with mass balance measurements:

MBEmb = 1
n

n∑
1=1

(B(i)modeled − B(i)measured) , (4.3)

where n is the total number of years with mass balance measurements for the specific
glacier. Thus, the MBEmb provides information about the performance of individual
glaciers. Figure 4.6A shows that the MBEmb is small for the majority of the glaciers.
This is also reflected by the small mean (0.18 m w.e.) and median (0.14 m w.e.)
values. Nevertheless, a few outliers range up to 2 m w.e. The distribution is slightly
positive skewed, indicating that the mass balance is marginally overestimated by the
model on average.

Fig. 4.6: Histogram of A: MBEmb (mm w.e.), B: MAEmb (mm w.e.), and C: RMSEmb (mm
w.e.). Each histogram has a sample size of Nmb=253.

Mean absolute error (MAEmb) and RMSEmb

The root mean square error (RMSEmb; Eq. 4.4) and the mean absolute error (MAEmb;
see Eq. 4.5), calculated for each glacier as well, do not consider the direction of the
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error. Thus, they provide more information about the magnitude of the errors than
the MBEmb.

RMSEmb =

√ 1
n

n∑
i=1

(B(i)modeled − B(i)measured)2 (4.4)

MAEmb = 1
n

n∑
i=1

| (B(i)modeled − B(i)measured) | (4.5)

The RMSEmb gives a relatively strong weight to large errors since the errors are
squared before they are averaged and thus the values are larger than the ones of
the MAEmb (see Tab. 4.2 and Fig. 4.6B,C). Their distributions are quite similar to
each other and also their mean values are in close proximity to each other (0.60 m
w.e. for MAEmb and 0.71 m w.e. for RMSEmb.). Also their standard deviation do not
differ significantly. Both measures show that the magnitude of the error is small for
most glaciers. Even the few outliers fit the observation with an RMSE of about 2 m
w.e. well.

Correlation rmb

Fig. 4.7: Correlation coefficients in relation to number of mass balance measurements per
glacier. Red dots or bars mark glaciers with more than 30 years of mass balance
measurements and blue marks glaciers with less than 30 years. A: Histogram of
the correlation coefficients of all glaciers. B: Scatter plot of the correlation against
the number of mass balance measurements. A large dot indicates a correlation
value that is significant at the 5% level and a small dot a not significant value. The
horizontal, black line indicates the mean value over all glaciers, the orange line the
average correlation weighted number of mass balance measurements per glacier
and the dotted, black line the median value. C: Histogram of number of mass
balance measurement per glacier. Note that the sample size is N=250, because
the WGMS data set contains 3 glaciers with constant mass balance series and due
to the zero variance it is consequently not possible to calculate the correlation.
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Beside the different types of errors, we calculate the correlation between the modeled
and measured mass balances over all glaciers. The negatively skewed distribution of
the correlation coefficients in Figure 4.7A shows that for most glaciers the correlation
is high. Nevertheless, for some single glaciers the modeled mass balances do not
correlate with the measurements. Some glaciers even have a negative correlation,
which distinctly influences the mean value across all glaciers. Figure 4.7B shows
that there is a relation between the correlation coefficients rmb and the number of
mass balance measurements per glacier. All low and negative correlation coefficients
result only from glaciers with less than 30 years of mass balance measurements. In
addition low and negative correlation values only occur when the correlation is not
significant (at the 5% level). However, Fig. 4.7A and B also shows that that the
correlation is high for the majority of glaciers, even if only the ones with less than 30
years of mass balance measurements are considered. Nevertheless, it becomes clear,
that the mean value (0.60) over all glaciers is largely influence by these outliers. In
order to reduce this effect, we calculated an average value weighted by the number
of mass balance measurements per glacier and obtain a weighted mean correlation
of 0.67 across all glaciers. This shows that the modeled mass balances are in good
agreement with the observations.

4.3.3.2 Glacier length validation

In addition to the validation with the mass balances time series from the WGMS
data set, we will compare in this section modeled and observed glacier length
changes. As before, we will use the modeled glacier length from the median state
of the reconstruction. A clear advantage of glacier length fluctuations is the better
temporal coverage. Some of the observations even start prior to 1850. Eis et al.
(2019) showed that largest uncertainties of the reconstruction method occur at the
beginning of the initialization (in this study 1917) and consequently a validation
with many early observations is particularly helpful. We transform the glacier length
changes from Leclercq et al. (2014) into respective glacier length values. To this end,
we first determine all glacier length changes relative to the RGI inventory date tRGI .
When no observation is available in tRGI we interpolate the length change for this
year. In case the year of the last length change observation is before tRGI , we use
the last observation year instead. Finally, we reconstruct the observed glacier length
time series with the help of the median state and add their glacier length at tRGI or
at the last observation year such that observed glacier length and the reconstructed
glacier length are identical at this date.

In some cases tRGI is long before the year of the last length change observation.
In order to make use of these observations, we additionally run the median state
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from tRGI to the last observation year using the same past climate run as during
the initialization procedure. In total we gain a set of 10420 pairs of modeled and
observed glacier lengths since 1917. In Fig. 4.8 we show the results of three
different example glaciers and the corresponding observed glacier length from
Leclercq et al. (2014). Figure 4.8A shows an example with an almost perfect match
to the observation, whereas the other two figures show two examples with a bad
performance. The example in Fig. 4.8B is the glacier with largest MBEL value. The
glacier showed in Fig.4.8C has a negative correlation value of -0.77, as the best
glacier candidate show a clear glacier advance over the hole time period, whereas
the observation indicates a clear glacier retreat. More examples are provided in the
supplement. Table 4.2 shows a summary of the performance of all tested glaciers

Fig. 4.8: Reconstructed glacier lengths from 1917 onward of three example glaciers. A:
RGI60-11.02584, region 11 (Central Europe), B: RGI60-05.11966, region 05
(Greenland) and C: RGI60-11.00090, region 12 (Caucasus and Middle East). The
lines are colored by their fitness values. The red line with dots indicates the
observed glacier length from Leclercq et al. (2014). The dots mark years with
observations. The vertical dashed line marks tRGI , from which onward only the
median state is modeled forward in case observations after tRGI are available..

described by the length error, the mean bias error (MBEL), the mean absolute error
(MAEL), the root mean square error (RMSEL) and the correlation rL.

Length error

Similar to the mass balance model error in Sect. 4.3.3.1, we calculate the length
error for each of the 10420 pairs of modeled and observed glacier length. In opposi-
tion to the glacier specific errors, the number of observations for individual glaciers
are of no consequence. Figure 4.9B show the distribution of the length errors over
time. Most of the values range between ±1 km (see also Fig. 4.9C) and also the
small mean value over all length errors of -0.007 km indicate a good agreement
with the observations. Nevertheless, a lot of outliers range up to ±3 km and very
few values have a length error about ≈ 6 km (see Fig. 4.9B). This also influences
the standard deviation which has a value of 0.62 km. A correlation of the length
errors with time is not identifiable (r=-0.118) and the data coverage is good over
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Fig. 4.9: Glacier length error. A: Histogram of glacier length observations per year. Note
that the x-axis is displayed in time difference to tRGI. Thus, all glacier length
errors in tRGI (x=0) are zero. B: Binned scatter plot of model errors over time.
The colors indicate the counts of errors in each bin. The numbers in the upper left
corner indicate the total number of model errors and the correlation with the time.
C: Distribution of the glacier length errors.

the whole time period (see Fig. 4.9A).

Fig. 4.10: Histograms of A: the mean bias errors (km), B: the mean absolute errors (km),
and C: the root mean square error (km), D: the mean bias errors (%), E: the
mean absolute errors (%), and F: the root mean square error (%). Each histogram
has a sample size of N=315. The horizontal, black lines represent the mean
value, the dashed lines the median and the grey line the corresponding 5th and
95th percentiles.
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Mean bias error (MBEL)

The mean bias error (MBEL) is calculated for each of the 315 glaciers with length
observations. The MBEL provides information about how well the glacier length
of individual glaciers are reproduced. The mean value over all MBEL is with -0.14
km small, and also the standard deviation with a value of 0.41 km indicates a good
fit. This can also be seen in the histogram in Fig. 4.10A which shows clearly that
the majority of the values range between ± 0.5 km, but larger errors are possible
as well. The 5th and 95th percentiles range from -0.89 km to 0.4 km, whereas
the largest error (-1.7 km) occurs for a glacier located in south east Greenland
(RGI60-05.11966). The distribution of all MBEL values is slightly skewed left, indi-
cating that the reconstruction method tend to underestimate the glacier lengths. As
a large misfit between modeled and observed glaciers can also stem from a large
glacier, we calculated additionally to the absolute error value per glacier the mean
bias errors relative to the observed glacier length in 1950 (from Leclercq et al.,
2014). See Fig. 4.10D for more details. The histogram of the MBEL (in %) clearly
shows that a majority of values range between -0.125% and 0.125 %, which is also
reflect by the values of the 5th and 95th percentiles which ranges from -0.18 % to
0.13 %. These very small values support the assumptions of a very good agreement
between the observed and modeled glacier lengths.

Mean absolute error (MAEL) and RMSEL

The MAEL and RMSEL provide more insights about the magnitude of the errors than
the MBEL, as negative and positive values can not be compensated. Thus, the mean
over all MAEL and RMSEL values are with values of 0-35 km (for MAEL) and 0.45
km (for RMSEL) noticeable higher than the ones from the length errors or the MBEL

(see Tab. 4.2). The standard deviations are slightly smaller (0.31 km for MAEL and
0.4 km for RMSEL), but this can be explained due to the reduced range of possible
values (only positive). The histograms in Fig. 4.10 show that the majority of the
errors is small. Considering e.g. the MAEL than half of the errors are smaller than
0.26 km, which indicates a very good fit between the modeled and observed glacier
lengths. Outliers range again up to ≈ 2 km for MAEL and up to ≈ 2.4km for RMSEL,
but they occur very rarely. In general the RMSEL errors are a little bit higher than
the MAEL’s which is due to the relatively strong weight to large errors during the
RMSE calculation. When considering the errors relative to the glacier lengths in
1950, the majority of the MAEL (in %) and RMSEL (in %) values are smaller than
0.25 %. The 95th percentiles are located in both cases under 0.5% (0.24 % for the
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MAEL and 0.34% for the RMSEL), which confirm the very good fit.

Correlation rL

Fig. 4.11: Correlation coefficients in relation to total number of glacier length observations
per glacier. Red dots or bars mark glaciers with more than 30 years of mea-
surements and blue marks glaciers with less than 30 years. A: Histogram of the
correlation coefficients of all glaciers. B: Scatter plot of the correlation against
the number of glacier length observation. Horizontal, black line indicates the
mean value over all glaciers, the orange line the average correlation weighted
by the number of observations per glacier and the dotted, black line the median
value. C: Histogram of number of glacier length observations per glacier. Note
that the sample size is N=302, because for 13 glaciers the modeled glacier length
is constant and due to the zero variance it is consequently not possible to calculate
the correlation.

The results from the correlation analysis of the modeled and observed glacier lengths,
calculated for each glacier individually, do not indicate a good agreement for all
tested glaciers. The distribution of the individual correlation coefficients for each
glacier is slightly bimodal (see Fig. 4.11A). Most correlation values range from 0.7
to 1, but 87 out of 302 glaciers have a negative correlation (some of them close to
-1). In contrast to the correlation analysis from the mass balances (see Fig. 4.7B) not
all negative correlation values can be explained by a low number of observations
or because the correlation is not significant at the 5 % level. Fig. 4.11B shows
that 12 glaciers with more than 30 length observations have a negative correlation,
four of them are even in close proximity to -1. Nevertheless the histogram and the
scatter plot in Fig. 4.11A and B shows that a majority of the glaciers with negative
correlation values can be attributed to a low number of length observations. The
negative correlation values, largely influence the mean value (0.36), for what reason
the mean weighted over the number of observations per glacier is with a value of
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0.65 more representative. This is also underlined by the even higher median value
(0.73). (Oetztal, Austria) (Oetztal, Austria)

4.4 Hardware Requirements and Performance

For this study we used a small cluster comprising two nodes with two 14-core
CPUs each, resulting in 112 parallel threads (two threads per core). As the mass
balance offset calibration converges within 12 iterations, running the calibration
runs is cheap. The application of the initialization method from (Eis et al., 2019) is
most expensive, as hundreds of dynamical model runs need to be performed and
the dynamical runs are the most expensive computations in OGGM. The size of
the glacier and the required time stepping to ensure a numerical stability strongly
influence the required computation time. The computation time needed to apply
the initialization procedure to one glacier varies from glacier to glacier. In total,
initializing the 517 glaciers in 1917 takes approximately 24 hours on our small
cluster. This implies that substantial computing resources will be needed in order to
apply our method to, e.g., initialize a global model run.

4.5 Conclusions

This study extends Eis et al. (2019) with the addition of mass-balance calibration
runs to adapt the method to real-world use cases. During these calibration runs a
glacier specific mass balance offset βmb is iteratively calibrated such that the glacier
state at the inventory date is in close proximity to the observation. The obtained
mass balance offset βmb is then applied to all (past and random climate) forward
runs during the initialization procedure. We applied the initialization method for
517 glaciers for which either mass balance measurements or glacier length records
are available. Water-terminating glaciers were excluded from our study. For their
identification, the attribute from the RGI database was used, but this characteristic
only refers to the inventory date tRGI . Glaciers that were water-terminating in the
past, but are not anymore at the inventory date tRGI , can not be detected and thus
could not be excluded from our validation - this is a potential source of large length
errors.
We validate our initialization method by comparing modeled glacier changes to
mass balance observations (WGMS, 2018) and to length records (Leclercq et al.,
2014). For this purpose different types of errors (model error, mean bias error, mean
absolute error, root mean square error and correlation) are taken into account. As
the initialization can result in non-unique solutions, we use the median state of the
5th percentile for the validation. This is the best representative for the possibly large
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set of acceptable glacier states (see Eis et al., 2019, for more details). Altogether
the validation showed a good agreement between the modeled glacier states and
the observations. Considering the mass balance observations, a mean model error
(calculated over each pair of modeled and measured mass balances) of 0.13 ± 0.79 m
w.e. could be achieved. And also the mean MAEmb of 0.60 ± 0.34 m w.e. reflects the
good agreement with the observations. We found out that the correlation between
the modeled and the measured time series is influenced by the number of mass
balance measurements. Negative and low correlation coefficients are exclusively
produced when the number of mass balance observations for this glacier is low
(less than 30 years). One disadvantage of the mass balance measurements is their
temporal resolution. Eis et al. (2019) showed that the uncertainties that stem from
the initialization method itself are largest during the first years after the initialization.
Unfortunately, most of the mass balance observations were measured after 1960.
Prior mass balance measurements exist for very few individual glaciers only. For
this purpose we add to our validation the comparison with glacier length records
from Leclercq et al. (2014) which have a better temporal resolution at the beginning
of our initialization in 1917. Considering the glacier length, the mean model error
has a value of 0.14 ± 0.41 km and a mean MAEL of 0.35 ± 0.31 km. The mean
correlation value is with 0.36 ± 0.65 significant smaller than the one from the mass
balances, but again mainly influenced by many glaciers with a very few observations.
We could show that the average correlation weighted by number of observations
per glacier is with a value of 0.65 much more representative than the unweighted
mean. For a better interpretation of these values, we also need to consider the
uncertainties of the observations. Zemp et al. (2013) provided an error estimation
for the random error from the glaciological mass balance measurements (0.34 m
w.e.). To allow a comparison between the calculated model error of the initialization
method and the error of the mass balance measurements, we need to calculate the
mean of the absolute values of the mass balance model errors. With a value of
0.59 m w.e. it is about twice that of the random error from the glaciological mass
balance measurements. Leclercq et al. (2014) provided the information about the
data accuracy for each individual data point (depending on the method used for
the data acquisition). 97 % of the data points used in our study can be assigned to
Category 1 (direct measurements) and these measurements typically have a spatial
uncertainty of less than 50 m and a time accuracy within 1 year (Leclercq et al.,
2014). Compared to the obtained length errors of the initialization method, the
error of the lengths observations seems to be negligibly small. Most data points
of the remaining 3% are assigned either to Catergory 2 (historical sources) with
a typical uncertainty range of 100-200 m or to the fifth Category for which the
method of measurement is unknown and consequently the accuracy is unknown as
well. Among the accuracy of the observations, other factors that could influence our
validation need to be considered as well. Unfortunately, they cannot be quantified.
Larger uncertainties could e.g. be produced by a wrong linking between glacier ID’s
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from different data sets. This especially concerns the links between the Leclercq et al.
(2014) data set and the Randolph Glacier Inventory. For the linking we used the
method described in Parkes and Goosse (2019) resulting in two classes of matches:
positive matches and "best-effort"-matches. Especially for the second class a false
linking can not be excluded. Another uncertainty could come from false outlines
provided by the RGI. These occur due to uncertainties in the topography, unavailable
data or because of human decisions Maussion et al. (2019). False outlines can lead to
false centerlines and consequently to error in the length calculations. Furthermore,
modeled and observed length changes can differ in special cases due to separation
of glacier entities in the observation period. As a result, a jump in the observed
glacier lengths occurs. At the same time, the model is yet not able to reproduce
these jumps. This would require a merging of neighboring glaciers and is already
under development. However, the merging method is not yet fully automatized.
Considering all these different uncertainty sources, we can summarize that both
data sets, the mass balance observations from WGMS (2018) and the glacier length
records from Leclercq et al. (2014), are well matched by the modeled glacier states
and thus the initialization method from Eis et al. (2019) is verified.
Future work will include a global application, which would be the first global glacier
reconstruction using a flowline model. However, a global run would consume very
high computational cost. This means it will likely take multiple months on our small
cluster. Computational costs could potentially be reduced by decreasing the model
resolution or the number of the glacier candidates. Furthermore, the developed
iterative calibration method could be expanded in order to optimize other dynamical
parameters of OGGM. The sliding parameter and the creep parameter are by default
not glacier specific and calibrated per default by the 253 WGMS reference glaciers.
A criterion based on the glacier length in tRGI could be used to determine a glacier
specific sliding parameter, independently from the WGMS data set. Similarly, the
creep parameter could be determined by a criteria based on the surface elevation in
tRGI at the head of the glacier. Such an approach could not only further improve
the reconstruction, but also future projections.

Code availability

The OGGM software together with initialization method are coded in the Python
language and licensed under BSD-3-Clause License. The latest version of the OGGM
code is available on Github (https://github.com/OGGM/oggm), the documentation
is hosted on ReadTheDocs (http://oggm.readthedocs.io), and the project webpage
for communication and dissemination can be found at http://oggm.org. The OGGM
version used in this study is v1.2. The code for the initialization module is available
on Github (https://github.com/OGGM/initialization).
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5Conclusion

5.1 Achievements

In Sect. 1.7 three objectives were formulated. This section highlights the objectives
achieved in this work.

1. The development of an initialization method that allows the reconstruction of
past glacier states by using only information about the past climate and the
present day states.

This thesis introduced in Chapter 2 a framework which is very useful to simulate
past and future glacier changes on a global scale: the Open Global Glacier Model
(OGGM). However, in order to present realistic past changes over the course of
the entire 20th century, an adequate initial state for each of the world’s glaciers is
required. To this end, a new initialization method was developed and presented
in Chapter 3. The method only uses information about the past climate and the
present day glacier state, because this is the only information given for all glaciers.
A successful development was initially only possible by making use of synthetic
experiments. This was necessary, because this inverse problem turns out to be
ill-posed, as it leads to nonunique solutions. To narrow the range of possible initial
states, we used an ensemble approach. First, a large set of physically plausible glacier
states is generated using a randomized climate that represents the conditions around
the initialization year. Second, a selection of glacier states is modeled forward to
the present day and then the modeled states are evaluated by their difference to
the observed present-day state using a fitness function. This fitness function takes
e.g. differences in geometry into account and small fitness values represent small
geometry differences. All initial states with a fitness value smaller than one are
accepted and indicate the range of possible initial states. This range can vary from
glacier to glacier and a statistical analysis showed that the reconstructability of a
glacier correlates well with the response time, as well as with the surface slope.

2. The application to real-world cases.

The synthetic environment was essential for the development of the proposed
initialization approach, but the main disadvantage is that the resulting initial states
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do not necessarily represent the reality. This originates from the fact that the
synthetic experiment state at the present day can differ from the real present day
glacier state and consequently the reconstructed past evolution does not coincide
with reality neither. To this end, Chapter 4 presented a further development. A
glacier-specific calibration of the mass balance offset was introduced which enforces
that the reconstructed state and the observed glacier state at the inventory date are
as close as possible to each other. We performed the calibration of the mass balance
offset, followed by the reconstruction based on the initialization approach presented
in Chapter 3. With the help of an error analysis based on a comparison to glacier
mass and length change observations, we were able to validate the initialization
approach.

3. The identification of uncertainties of the initialization method itself and its
validation by comparing the modeled glacier changes with glacier observations.

The main advantage of the synthetic environment is that the uncertainty of the
initialization method itself can be identified (see Chapter 3). Uncertainties that stem
e.g. from the glacier model, the calibration data or from climate observations are
extracted from this first uncertainty analysis. Perfectly known boundary conditions
are assumed and thus a comparison between the median state and the synthetic
experiment leads to the uncertainty of the method. Important is also the evolution
of the error over time. Whereas the uncertainty is largest at the beginning (here
1850), errors reduce rapidly within 60 years. The median of relative volume errors
in 1850 has a value of -0.97 % and is largely influenced by a few single outliers.
The skewed distribution of errors showed that the initialization method has a slight
tendency to underestimate the glacier volume. After the successful application to
real-world cases, the method can also be validated with a comparison against glacier
observations (see Chapter 4). To this end, we use glacier mass balance observations
and glacier length records which partially date back to the beginning of the 20th
century and are available for a few hundred glaciers worldwide. For the validation
we take the model error, the MBE, the MAE, the RMSE and the correlation into
account. Each of these criteria showed that we were able to reach a good agreement
with the observations, both mass balances and glacier length records. These results
show that the method is usable in order to reconstruct past glaciers all over the
world.

5.2 Outlook

In order to allow the application to real-world cases, a glacier individual calibration
of the mass balance offset becomes necessary and was described in Chapter 4.
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The parameter is determined iteratively, such that the area of the modeled glacier
is as close as possible to the area of the observed glacier state at the inventory
date. However, it would be possible to expand this iterative calibration method in
order to optimize other dynamical parameters of OGGM. Especially parameters that
are assumed to be different for individual glaciers would be convenient for such a
procedure. The sliding parameter fs, which depends on basal characteristics, and the
creep parameter A, which is among other factors influenced by the ice temperature
of the glacier, cannot be assumed to be globally constant. Nevertheless, these
dynamical parameters are not yet considered as calibration parameters in OGGM
(Maussion et al., 2019). Their inclusion in the developed iterative calibration would
require a different criterion than the glacier area at the inventory date. Possible
would be e.g. to optimize the sliding parameter fs such that the glacier length at the
inventory date fits the observed length of the glacier. Similarly, the creep parameter
could be determined by a criterion based on the surface elevation at the head of
the glacier. More improvements related to OGGM, would also help to improve the
initialization method, e.g. the consideration of merging of neighboring glaciers
during growing could have a large influence on the results. Large uncertainty also
stem from the low reconstructability in many cases. This could be improved by using
a multi-step approach. The reconstructability improves the shorter the inspected
time period is (see Sect. 3.9.2). Less glacier states converge to the same state when
only short time intervals are considered. It is conceivable that a splitting of the time
period in multiple periods with a maximum length of e.g. 20 years could improve
the nonuniqueness problem. Instead of searching one initial state, also intermediate
initial states will be generated successive. In the first place, an initial state for the
year 1980 could be reconstructed and in the next step the initial state for the year
1960 is searched, such that it fits the state from 1980 and so on until the original
initial state is found. This kind of approach corresponds to a multiple shooting
method, well known from the solution of boundary value problems (e.g. Morrison
et al., 1962).
Beside the further improvement of the initialization approach, future work also
includes the global application. However, this effort will be related to very high
computational costs. Using the same hardware available (see Sec. 3.9.2 and 4.5), a
global application will probably take at a rough estimate several months up to half a
year. In order to reduce the computational costs, a reduction in model resolution
could be considered. Depending on the application it could also be considered to
use the results of the calibration run directly, as this is already one of the possible
initial states. However, by only using the information of the calibration run, the
information about the complete range of possible solutions would be lost and may
increase the uncertainty strongly. Especially due to the lack of knowledge about past
glacier changes on a global scale, such global reconstructions will be very helpful to
determine the contribution of glaciers to global sea-level rise.
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