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Abstract

The glaciers in Norway exert a strong in�uence on Norwegian economy

and society. Unlike many glaciers elsewhere and despite ongoing climate

change  and  warming,  many  of  them  showed  renewed  advances  and

positive  net  mass  changes  in  the  1980's  and  1990's,  followed  by  rapid

retreats and mass losses since 2000. This di%erence in behaviour may be

attributed  to  di%erences  and  shifts  in  the  glaciological  regime  -  the

di%erences  in  the  magnitude  of  impacts  of  climatic  and  non-climatic

geographical factors on the glacier mass. 

This study investigates the in�uence of various atmospheric variables on

mass balance changes of a selection of glaciers in Norway by means of

Pearson  correlation  analyses  and  cross-validated  stepwise  multiple

regression analyses. The analyses are carried out for three time periods

(1949-2008,  1949-1988,  1989-2008)  separately  in  order  to  take  into

consideration the possible shift in the glaciological regime in the 1980's.

The atmospheric variables are constructed from ERA40 and NCEP/NCAR

re-analysis  datasets  and  include  regional  means  of  seasonal  air

temperature and precipitation rates and atmospheric circulation indices.

The  multiple  regression  models  trained  in  these  time  periods  are  then

applied to predictors reconstructed from the CMIP3 climate model dataset

to generate an estimate for mass changes from the year 1950 to 2100. The

temporal  overlap  of  estimates  and  observations  is  used  for  calibration.

Finally, observed atmospheric states in seasons that are characterised by a

particularly positive or negative mass balance are categorised into time

periods of modelled climate by the application of a Bayesian classi6cation

procedure. 

The strongest  in�uence on  winter  mass  balance is  exerted by  di%erent

indices of the North Atlantic Oscillation (NAO),  Northern Annular Mode

(NAM)  and  precipitation.  The  correlation  coe%icients  and  explained

variances determined from the multiple regression analyses reveal an East-

West  gradient,  suggesting a weaker in�uence of  the NAO and NAM on

glaciers  underlying  a  more  continental  regime.  The  highest  correlation



coe%icients and explained variances were obtained for the 1989-2008 time

period, which might be due to a strong and predominantly positive phase of

the NAO. Multi-model ensemble means of the estimates show a mass loss

for all three eastern glaciers, while the estimates for the more maritime

glaciers  are  ambivalent.  In  general,  the  estimates  show  a  greater

sensitivity to the training time period than to the greenhouse gas emission

scenarios according to which the climates were simulated. The average net

mass change by the end of 2100 is negative for all glaciers except for the

northern  Engabreen.  For  many  glaciers,  the  Bayesian  classi6cation  of

observed atmospheric states into time periods of modelled climate reveals

a  decrease  in  probability  of  atmospheric  states  favouring  extremes  in

winter,  and  an  increase  in  probability  of  atmospheric  states  favouring

extreme  mass  loss  in  summer  for  the  distant  future  (2071-2100).  This

pattern  of  probabilities  for  the  ablation  season  is  most  pronounced  for

glaciers underlying a continental and intermediate regime.



Kurzzusammenfassung

Gletscher in Norwegen stellen einen starken Ein�ussfaktor auf Wirtschaft

und Gesellschaft dar. Trotz des Klimawandels und Erwärmung kam es zu

einem Vorstoß der Gletscher in den späten 1980er und 1990ern, welcher

erst ab dem Jahr 2000 durch einen starken Massenverlust abgelöst wurde.

Dieses  Verhalten  lässt  sich  möglicherweise  durch  Unterschiede  und

Veränderungen im glaziologischen Regime erklären, d.h. Unterschiede in

der Stärke der Ein�üsse von klimatisch und nicht-klimatischen Faktoren

auf die Gletschermassenbilanzen. 

Diese  Arbeit  untersucht  den  Ein�uss  verschiedener  atmosphärischer

Variablen auf die Massenveränderungen einiger Gletscher in Norwegen mit

Hilfe von Korrelationsanalysen und kreuzvalidierten schrittweise multiple

Regressionsanalysen.  Diese  werden  für  die  Zeitabschnitte  1949-2008,

1949-1988  und  1989-2008  separat  durchgeführt  um  den  möglichen

Regimewechsel in the 1980ern zu berücksichtigen. Die atmosphärischen

Variablen werden aus ERA40 und NCEP/NCAR Re-analysen erstellt  und

beinhalten  unter  anderem  atmosphärische  Zirkulationsindizes  und

regionale  Mittel  von  saisonalem  Niederschlag  und  Temperatur.  Die

Regressionmodelle  werden  dann  auf  die  aus  den  Daten  des  CMIP3

Klimamodelldatenarchiv  rekonstruierten Prädiktoren angewandt um eine

Abschätzung der Gletschermassenveränderung für den Zeitraum von 1950

bis  2100 zu erstellen.  Die  zeitliche  Überschneidung von Abschätzungen

und Beobachtungen wird zur Eichung genutzt.  Zuletzt wird durch einen

Bayesischen Klassi6zierungsansatz beobachtete atmosphärische Zustände

in  Jahren,  die  durch  besonders  negative  oder  positive  Massenbilanzen

geprägt sind, in Zeitabschnitte von modelliertem Klima eingeordnet.

Der größte Ein�uss auf  Wintermassenbilanzen stellt  die  Nordatlantische

Oszillation,  Arktische  Oszillation  und  Niederschlagsmittel  dar.  Die  Höhe

der  Korrelationskoe%izienten  und  der  durch  diese  Prädiktoren  erklärte

Varianz  der  Wintermassenbilanz  nimmt  für  die  östlich  gelegenen,

kontinental  geprägteren  Gletscher  ab.  Die  stärksten  stochastischen

Zusammenhänge und höchsten erklärten Varianzen werden aus dem 1989-



2008 Zeitabschnitt gewonnen und lassen sich möglicherweise durch eine

meist  starke  und  positive  Phase  der  Winter-NAO  in  diesem  Zeitraum

erklären.  Multi-model  Ensemble  Means  der  Abschätzungen  der

Gletschermassenveränderungen zeigen den größten Massenverlust für die

östlich gelegenen,  kontinentaleren Gletscher auf.  Die Abschätzungen für

die  eher  maritim  geprägten  Gletscher  sind  weniger  eindeutig.  Im

Allgemeinen reagieren die Abschätzungen emp6ndlicher auf die Wahl des

Trainingszeitraums  für  die  Regressionsmodelle  als  auf  die

Emissionsszenarien  der  Klimamodellläufe.  Im  Durchschnitt  ist  die

kumulative  Massenbilanz  im  Jahr  2100  jedoch  für  fast  alle  Gletscher

negativ.  Der nördlich gelegene Engabreen stellt die einzige Ausnahme dar.

Die  Resultate  des  Bayesischen  Klassi6kationsansatzes  zeigen  eine

Abnahme in  der  Wahrscheinlichkeit  für  atmospphärischen Zustände,  die

Minima und Maxima winterlicher Akkumulation begünstigen. Des Weiteren

zeigen  die  Resultate  eine  Zunahme  in  der  Wahrscheinlichkeit  der

atmosphärischen  Zustände,  die  starken  Massenverlust  im  Sommer

begünstigen.  Dies  ist  besonders  bei  den Gletschern  der  Fall,  die  einem

kontinentalen oder Übergangsregime unterliegen.
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1  Introduction and Background

The  �rst  chapter  introduces  to  Norwegian  glaciers  and  their  socio-

economic importance.  Furthermore,  it  describes the research history of

these glaciers and the motivation and aims for this study. The �rst section

provides an overview of the glaciers, their socio-economic relevance, and

the motivation for this study. It also outlines the scienti�c research carried

out in the past, including investigations of past- and present-day conditions

of the glaciers, as well as predictions made for the future developments of

the  glacier  length-  and  mass  balance  changes.  The  second  section

describes the aims of this study and how it complements previous studies.

1.1 Glaciers of Norway

Glacier inventories made for northern (ØSTREM et al., 1973) and southern

Norway (ØSTREM and  ZIEGLER, 1969;  ØSTREM et  al.,  1988) reveal that

approximately  2,600 km2 of  the land in  Norway is  covered by glaciers.

About  60% of  that  glacier  area  is  in  South  Norway  (NVE,  2012).  The

largest ice cap in Norway is Jostedalsbreen and covers 487km2 (ØSTREM

and HAAKENSEN, 1993). Thee glaciers in Norway are estimated to make up

a total volume of approximately 164 km3  (ØSTREM et al., 1988). They exert

a strong in;uence on society and economy in Norway. In addition to the

general  risks  posed by  glacier  melting (e.g.  LÖFFLER, 1988),  the socio-

economic  relevance  of  the  glaciers  is  also  highlighted  by  their  role  in

tourism and electricity generation in Norway. Electricity generation from

melt water ;ow contributes ~15% to the hydroelectric power generation in

Norway, which currently (2011) makes up more than than 95% of the total

power production in the country (SSB, 2012). 
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The changing climate invokes complex responses in the cryosphere (e.g.

BAMBER and  PAYNE, 2004). Landsat TM (thematic mapper) scenes reveal

an area loss of 23% since 1930 for 38 glaciers that were investigated by

ANDREASSEN et al. (2008) and a 9% loss in area of 300 glaciers in the

Jostedalsbreen region from 1966 to 2006  (PAUL et al., 2011). The mass the

more maritime glaciers of total 42 glaciers investigated by ANREASSEN et

al. (2008) show a  mass surplus between 1962 and 2000. Since 2001 all

monitored glaciers have show a mass de�cit and all of last recent advances

stopped (ANREASSEN et al.,  2008). In the mid-1980's,  a change point in

cumulative net mass balance has been identi�ed (e.g. FEALY and SWEENEY,

2005) that is characterised by the onset of a net mass surplus of many

glaciers. This surplus is particularly high for maritime glaciers (Fig.1.1).

While the  factors controlling advances during the 1990's are reasonably

well  understood,  the  reasons  for  the  most  recent  retreats  are  still

uncertain (WINKLER et al., 2009). Generally, the observed retreat of many

glaciers is viewed as direct consequence of global warming (DYURGEROV

and MEIER, 2000; DYURGEROV, 2005; OERLEMANS, 2005). The importance

of  further  investigation  into  the  ongoing  changes  in  length  and  mass

balance of glaciers in response to an evolving climate is stressed by many,

including the IPCC (2007),  DYURGEROV (2003, 2005) and  WINKLER et al.

(2010). Ecological impacts and natural hazards resulting from changes in

glacial mass (LÖFFLER, 1988) stress the need  of reliable estimates  for

future  mass  changes  in  order  to  establish  a  basis  for policy making.

Furthermore, the role of fossil fuels in anthropogenic climate change (e.g.

HOUGHTON, et  al.  2001)  makes  the  research  into  renewable  energy

sources,  such  as  hydropower,  an  essential  part  of  climate  change

mitigation eJorts (HOFFERT et al., 1998; CALDEIRA et al., 2003; HOFFERT

et al., 2003). 
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Figure 1.1: Change point 

in cumulative net mass 

balance (Bn) of glaciers  

Engabreen (■), 

Ålfotbreen (■), 

Nigardsbreen (■), 

Hardangerjøkelen (■), 

Storbreen (■),

Hellstugubreen (■), 

and Gråsubreen (■).

The relationship between glacial dynamics and climate phenomena are

subject  of  much  discussion in both glaciological and climatological

communities as research status reports such as GUISAN et al. (1995), NESJE

and DAHL (2000), OERLEMANS (2001), BAMBER and PAYNE (2004), HUBER

et al. (2005) and BARRY (2006) show. In particular, sensitivity analyses and

estimates of glacial retreat over the future decades  or  century are

discussed (e.g. HAEBERLI and  BENISTON, 1998; HAEBERLI et al., 1998,

1999; HOELZLE et al., 2000; OERLEMANS, 2000, 2001; HOUGHTON et al.,

2001; MAISCH, 2002; HAEBERLI and  ZUMBÜHL, 2003; MAISCH and

HAEBERLI, 2003; WEBER and BRAUN, 2004; SCHULER et al., 2005; ZEMP et

al., 2006; NESJE et al. 2008). However, despite intensive study, the diJerent

responses of glaciers to climate change still lack understanding and need to

be  investigated  and  modelled  with  consideration  of  the  speci�c

geographical context of each glacier (e.g. WINKLER et al., 2010). There are

various approaches to modelling mass balance (KUHN et al., 1999; BAMBER

and  PAYNE, 2004;  MARSHALL, 2006;  HAEBERLI et  al.,  2007)  in  order  to

understand  present-day  climate-glacier  dynamics,  reconstruct  historical

mass changes and produce reliable estimates for future mass development.

These include methods to calculate the long-term mean net mass balance

from few, speci�c glaciological parameters (e.g.  HOELZLE et al., 2007), as

well  as  physical  as degree-day models,  which use the direct  correlation

between melting and air temperatures at diJerent vertical levels (WINKLER,

3



2009).  The  general  disadvantages  of  energy-balance  models,  which  are

primarily developed for glaciers in the European Alps (OERLEMANS, 2001),

lie  in  the  requirement  of  high-resolution  meteorological  measurements.

Another  option  is  the  statistical  modelling  of  mass  balance  using  the

established  statistical  relationships  between  mass  balance  and  various

meteorological  factors,  such  as  temperature  and  precipitation,  and

atmospheric circulation, in particular the North Atlantic Oscillation. These

relationships  have  already  been  empirically  investigated  (NESJE, 1989,

1995, 2005; NESJE et al., 1995, 2000; WINKLER, 1996, 1997; POHJOLA and

ROGERS, 1997a,b;  WINKLER et  al.,  1997;  WASHINGTON et  al.,  2000,

REICHERT et al., 2001;  SIX et al., 2001; NESJE and DAHL, 2003;  CHINN et

al.,  2005;  FEALY and  SWEENEY, 2005)  and  used  to  model  glacier  mass

changes (NESJE et al., 1995; NESJE and DAHL, 2003; NORDLI et al., 2003;

NESJE, 2005).  However,  these  focus  primarily  on  the  reconstruction  of

glacier mass balance and not on the prediction of  mass changes in  the

future.  Only  a  few  studies  present  future  estimates  of  mass  balance

changes based on meteorological  data (BRAITHWAITE and  ZHANG, 1999;

SCHNEEBERGER et al., 2001; RADIC and HOCK, 2006; NESJE et al 2008), but

these models are either not coupled to climate model simulations or not

transferable  to  the  glaciers  in  this  study  due  to  diJerences  in  the

geographical setting and sensitivity to meteorological factors. Many of the

studies carried out in the past involve high mountain glaciers that underlie

an intermediate or continental climate. Therefore, conclusions drawn from

these may not apply to the many of the glaciers in Norway (WINKLER et al.,

1997, WINKLER and HAAKENSEN, 1999; CHINN et al., 2005). For example,

the glacial retreat in some regions, which is claimed to have exceeded that

of the Holocene (REICHERT et al., 2002) and has been used to support the

idea of anthropogenic climate change, could not be observed for maritime

high mountain glaciers. Many showed continuous advance (WINKLER et al.,

1997), followed by a rapid retreat of glacier fronts only since 2000 (e.g.

CHINN et al., 2005; ANDREASSEN et al., 2005; ANDREASSEN  et al. 2011).

Those diJerences are largely attributed to diJerences in the magnitude of

impacts of climatic and non-climatic factors on the glaciers' mass balance.

This  so-called 'glaciological regime' is  an  expression  of  a  regional

4



diJerentiation  based  on  climatic  conditions,  such  as  the  degree  of

continentality,  but  may  also  be  understood  as  regional  diJerences  in

weighting of the in;uences of climatic factors on the glaciers' mass balance

(WINKLER, 2009). The maritime glaciers and continental mountain glaciers

of southern Norway present a good example of such a diJerentiation. The

air temperature driven ablation of the maritime glaciers on a lower altitude

is  greater  and  -  in  order  for  the  glacier  to  exist  at  all  -  the  mass

accumulation in winter needs to be higher (Fig.1.2 a,b) than that of the

high-altitude glaciers of a more continental regime (WINKLER, 2009). This

causes a greater total annual mass exchange  (Fig.1.2 c) of those maritime

glaciers (ANDREASSEN et al., 2005; WINKLER, 2009). 

Figure 1.2: a) Mean winter (bw), summer (bs) and net glacier mass balance (bn); b)

bw,bs and bn extremes, c) total mass exchange and the geographical location of the

glaciers, modi.ed following Winkler (2009).

The  diJerent  glaciological  regimes  may  explain  why  energy-balance

models  that  were calibrated for  the European Alps  (OERLEMANS, 1988;

GRUELL, 1989; GRUELL and  OERLEMANS, 1989)  produce results  for  the

simulation  and  reconstruction  of  glacial dynamics of high mountain

glaciers in Scandinavia and the  Southern  Alps  (New Zealand)

(OERLEMANS, 1986, 1994, 1997) that are in poor agreement with actual

observations (NESJE et al., 1995, WINKLER et al., 1997, CHINN et al.,

2005). Degree-day models that were developed for maritime glaciers

(LAUMANN, 1992; LAUMANN and REEH, 1993; JÓHANNESSON et al., 1995,
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JÓHANNESSON, 1997) produce plausible results for maritime Scandinavian

glaciers. These models exist for Scandinavian and Alpine glaciers (MAISCH,

2002), but they are not coupled to the available climate modelling results.

The  more  recent  reconstructions  of  mass  balance  of  the  Scandinavian

glacier  Storbreen  from  a  mass  balance  model  by  ANDREASSEN and

OERLEMANS (2009) are in good agreement with observations.  However,

the  model  requires  an  identi�cation  of  the  most  suitable  automated

weather  station  prior  to  reconstruction  and  does  not  allow  a  direct

coupling to climate model output. NESJE et al. (2008) provide an estimate

for future mass balance changes based on a climate scenario for the period

2071-2100, observations from the 1961-1990 time period and a knowledge

of past glacier states from  NESJE et al.  (2001),  DAHL and  NESJE (1994,

1996) and  BAKKE et al. (2005), and proxy temperature and precipitation

reconstructions from BJUNE et al. (2005). However, this method does not

take  into  account  the  possible  change  in  the  glaciological  regime  of

Norwegian glaciers in the late 20th century or diJerent future emission

scenarios for climate. The modelling of future climate is based on scenarios

that  describe  the  results  of  diJerent  technological  and  demographic

development and physically models the climate accordingly (NAKICENOVIC

et  al.,  2000).  The  results  therefore  present  the  best  climatological

framework  to  base  estimates  of  changes  in  glaciated  regions  on

(HOUGHTON et al., 2001). 

1.2 Aims of this Study

This  section  outlines  the  aims  of  this  study.  Details  about  the  applied

methods and further justi�cation for them is provided in chapter 3. The

overall  aim of  this  study  is  to  complement  previous  investigations  into

climate-glacier  dynamics  and  predictions  for  the  future  evolution  of

glaciers by providing an empirical assessment of the in;uence of various

atmospheric factors on glacier mass balance changes and by generating

estimates  for  future  mass  balance  changes  for  diJerent  scenarios  and

under  consideration  of  the  diJerent  glaciological  regimes  and  regional

disparities.  Future climate model simulations and present-day stochastic
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dependences between atmospheric variables and mass balance form the

basis  of  these  estimates.  Furthermore,  present-day  atmospheric  states

favouring  summer  and  winter  mass  balance  minima  and  maxima  are

categorised  into  diJerent  time  periods  of  modelled  climate,  covering

present-day  and  future,  in  order  to  assess  what  type  of  mass  balance

changes are most likely to be favoured by modelled atmospheric conditions

in diJerent time periods. The data basis for this undertaking is described

in chapter 2 and the detailed methods are outlined in chapter 3.

The  �rst  aim  of  this  study  is  to  assess  the  in;uence  of  various

meteorological  and  climatic  factors  on  glacier  mass  balance.  This  is

achieved by relating an independent target variable (predictand), in this

case the glacier mass balance, to various causal factors (predictors), in this

case various atmospheric variables, by means of a cross-validated stepwise

multiple regression analysis. In order to avoid the inclusion of irrelevant

factors in the multiple regression analysis, simple correlation analyses help

create  a  pre-selection  of  predictors.  Given  the  control  of  large  scale

circulation  associated  with  precipitation  on  glacier  mass  balance  in

Norway  (e.g.  NESJE et  al.,  2000,  NESJE and  DAHL,  2003;   FEALY and

SWEENEY,  2005),  special  focus  is  given  to  the  construction  of  various

circulation  indices  as  predictors.  The  results  of  these  analyses  are

described in chapter 4.

The second aim of this study is to use the statistical dependences between

regional and large scale atmospheric variables and glacier mass balance to

construct a dynamic statistical model for the generation of glacier mass

balance estimates. Studies by NESJE et al. (1995), NESJE and DAHL (2003),

NORDLI et al. (2005), NESJE (2005) and WATSON et al. (2006) demonstrate

the success of the application of this principle for the reconstruction of

glacier development. The results of the �rst investigation can be used to

create such an estimate  by  applying the model  output  statistics  (MOS)

technique (GLAHN and LOWRY, 1972). This technique is common in modern

weather  forecasting,  climatology  and  climate  impact  research  (e.g.

KRISHNAMURTI et al.,  1999;  LANDMAN and  GODDARD, 2002;  PAETH and

HENSE, 2003; FRIEDRICHS and PAETH, 2006, PAETH et al. 2006, PAETH et

al., 2008, PAETH, 2011). To ensure the robustness of this statistical model,
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it is cross validated with independent data (MICHAELSEN, 1987). Such a

model  can  directly  be  coupled  to  future  climate  simulations  and  takes

regional disparities into consideration. Since it is not possible to give an a

priori  assessment  of  the  correctness  of  predictions  made  by  diJerent

climate model,  the glacier mass balance estimates generated from them

are presented as a multi-model ensemble. These estimates are presented in

chapter 5.

The �nal aim is to address the question of which of the modelled climate

future  time  periods  is  the  most  probable  one  given  diJerent  observed

states  of  the  atmosphere  in  the  past.  Present-day  atmospheric  states

favouring  summer  and  winter  mass  balance  minima  and  maxima  are

categorised  into  diJerent  time  periods  of  modelled  climate  using  a

Bayesian classi�cation approach (e.g. MIN et al., 2004; TEBALDI et al., 2005;

PAETH et  al.,  2007).  The  resulting  probabilities  may  aid  in  the

interpretation  of  whether  future climate favours particularly  positive  or

negative  mass  changes  in  the  diJerent  seasons.  The  results  of  this

classi�cation are presented in chapter 6.
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2  Datasets

This chapter describes the datasets used in this study. EJorts were made to

choose the most suitable and up-to-date datasets available at the time of

the beginning of  the study.  The chapter is subdivided into a section on

observational  datasets,  including  glacial  mass  balance-  and  re-analysis

data, and a section on the used climate model simulations. In addition to

general descriptions of the datasets, comments on their suitability for this

particular study are also provided.

2.1 Observational Datasets

The observational datasets are used to describe present day atmospheric-

and glacial mass balance variability, to test for linear dependence between

those,  to  construct  the  multiple  regression  model  that  can  be  used  in

combination with simulated future climate to produce estimates of future

glacial mass balance changes. The observational datasets are also used to

provide the data basis for the Bayesian assessment of probabilities of time

periods of modelled climate in view of present-day observations.

2.1.1 NVE Glacier Mass Balance

The Norwegian Water Resources and Energy Directorate (NVE) supports a

mass  balance  program  and  provides  mass  balance  measurements  for

various glaciers in Norway.  In accordance with the  stratigraphic method

(ØSTREM and BRUGMAN, 1991), the mass balance is calculated using two

successive summer surfaces, or surface minima, and therefore describes

the  state  of  the  glacier  at  the  end  of  melting  and  before  new  snow

accumulation. The net balance, as well as the summer balance, is obtained

from stake measurements in September or October  (ANDREASSEN  et al.,
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2011). The winter balance is obtained in April or May by probing to the

summer surface of previous year along a pro�le that is kept approximately

consistent  throughout  the  years  (ANDREASSEN  et  al., 2011).  Stake

measurements  and  snow  coring  is  used  in  addition  to  probing

(ANDREASSEN et al., 2011).  Since the oldest mass balance measurements

in 1949 on Storbreen, 42 additional glaciers have been subject to similar

measurements  (ANDREASSEN  et  al., 2011).  Since  1963,  six  glaciers  in

southern Norway have been measured continuously (ANDREASSEN  et al.,

2011). Practical and methodical limitations, such as the inability to identify

the exact time of the shift from the melting- to the accumulation period and

the  inability  conduct  measurements  at  that  time,  may  results  in

inaccuracies such as an attribution  of  summer season mass  loss to  the

winter  season  accumulation  and  thus  in  an  underestimation  of  both

summer melting and winter accumulation (ANDREASSEN et al., 2011). 

The methods applied in this study (section 3) require long records of mass

balance to ensure the reliability and signi�cance of the results. Therefore,

glaciers with fewer than 20 years of measurements were not given further

consideration. Figure 2.1 shows the location of all the glaciers used in this

study.  Those  with  records  of  20-30  years  (Figure  2.1,  grey),  i.e.

Austdalsbreen,  Hansebreen  and  Langfjordjøkelen,  were  given  limited

consideration. The remaining, more suitable glaciers (Figure 2.1,  colour

coded)  include  Ålfotbreen,  Nigardsbreen,  Hardangerjøkelen,  Storbreen,

Hellstugubreen and Gråsubreen in South Norway, and Engabreen in the

North. The southern glaciers lie on a similar latitude and have a diJerent

distance to the shoreline, making them ideal for the investigation of the

eJects of diJerent degrees of continentality on the nature of the glaciers'

interactions with climate. 

In this study, the bi-annual NVE mass balance records of the mentioned

glaciers are used to test for a linear dependence with several atmospheric

variables,  and  serve  as  predictands  in  the  multiple  linear  regression

procedure. Ultimately, they are used to determine the composites of years

of  minimum,  average  and  maximum  mass  balance  in  the  Bayesian

assessment of probabilities of time periods of modelled climate.  
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Figure  2.1:  Location  of  glaciers  used  in  this  study,  incl.  glaciers  given  limited

consideration  (grey)  and  glaciers  used  in  the  multiple  regression  model  (color

coded), modi.ed following ANDREASSEN et al., 2011.

2.1.2 NCEP/NCAR and ERA40 Re-analyses

The  re-analyses  of  the  National  Centers  for  Environmental

Prediction/National  Center  for  Atmospheric  Research  (NCEP/NCAR)  are

constructed  from  recovered  land  surface,  ship,  satellite,  aircraft,

rawinsondes and other observational data,  and dynamically  interpolated

with an operational forecast model to produce a more homogeneous, global

11



dataset (KALNAY et al., 1996; KISTLER et al., 2001).  The forecast model has

a spectral horizontal T62 resolution and 28 vertical levels (KALNAY et al.,

1996).  Quality  controls  and  the  data  assimilation  system  were  kept

identical  during  the  reanalysis  project  in  order  to  avoid  unnecessary

inconsistencies, such as perceived jumps in climate (KALNAY et al., 1996).

The problem of further possible inhomogeneities caused by changes in the

observing  systems  was  addressed  by  implementing  parallel  re-analyses

with and without the use of the new observing system for at least one year

following its introduction (KALNAY et al.,  1996). The re-analysis product

itself  consists  of  global,  gridded,  daily  and  monthly  values  of  several

atmospheric variables at diJerent pressure levels, covering a time range

from  1948  until  today  (NCEP/NCAR,  EARTH  SYSTEM  RESEARCH

LABORATORY, 2011). 

The ERA40 re-analysis of the European Centre for Medium-Range Weather

Forecasts  (ECMWF)  was  constructed  from  40  years  of  meteorological

observations  from  satellites,  aircrafts,  ocean-buoys,  other  surface

platforms and  radiosondes  (UPPALA et  al.,  2005).  The data  assimilation

system of  the project  improved upon the �rst  generation system of  the

ERA15 re-analysis project (GIBSON et al., 1997) and previous NCEP/NCAR

re-analyses, providing a horizontal spectral T159 resolution and 60 vertical

levels  (UPPALA et  al.,  2005).  The re-analysis  product  consists  of  global,

gridded, daily and monthly values of several variables at diJerent vertical

levels, covering a time range from mid-1957 to mid-2002 (ECMWF, 2012).

The time range of  glaciological  datasets (section 2.1.1)  is  only  partially

covered by the ERA40 re-analysis and fully covered by the NCEP/NCAR re-

analysis.  Since the possible  shift  in the glaciological  regime in  the late

1980's (section 1.1)  is  considered in this study,  the temporal overlap of

atmospheric data and mass balance records before and after the regime

shift  ought  to  be  suJiciently  large  for  the  methods  applied  here.  This

makes the NCEP/NCAR re-analysis data the more suitable. Therefore, this

dataset is used to determine seasonal variability of surface temperature

and precipitation rate of mid-latitude Norway, and to calculate the seasonal

variability of northern hemisphere circulation from sea level pressure. The

resulting  variables  are  then  used  to  test  for  a  linear  dependence  with
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glacial  mass  balance  and  serve  as  predictors  in  the  multiple  linear

regression  procedure.  Finally,  they  used  as  a  basis  for  the  Bayesian

assessment of probabilities of modelled future climate time periods. The

ERA40  dataset  is  used  to  construct  the  same  variables.  In  the  same

fashion, these are then used to test for a linear dependence with glacial

mass balance. The results of it serve as a cross reference for the results

obtained using the variables constructed from NCEP/NCAR re-analyses.

2.2 CMIP3 Climate Model Dataset

The  World  Climate  Research  Programme's  (WCRP's)  Coupled  Model

Intercomparison Project phase 3 (CMIP3) multi-model dataset (MEEHL et

al. 2007) is used for the reconstruction of climate predictors, which are in

turn used with the multiple regression models to generate estimates for

present-day and future glacier mass balance (section 3.4). It is an archive

of climate model simulation output from over 20 climate models that are

included  in  the  fourth  IPCC  assessment  report  (2007).  In  addition  to

natural  climate  variability,  external  forcings  such  as  the  increase  in

atmospheric greenhouse gases,  can be de�ned for simulations of  future

climate in order to model the sensitivity of climate to these forcings (VON

STORCH et al., 1999; CUBASCH and KASANG, 2000). The diJerent emission

scenarios for anthropogenic greenhouse gases describe diJerent scenarios

for  the  future  development  of  demographics,  society,  economy  and

technology  (NAKICENOVIC, 2000;  NAKICENOVIC and  SWART,  2000).  The

frequently  used  B1,  A1b  and  A2  scenarios  assume  atmospheric  CO2

concentrations of 550, 700 and 850 ppm in 2100 respectively (GIORGI and

COPPOLA, 2009). 
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Model (CMIP I.D.) Country Associated Research Group(s)

BCCR-BCM2.0

CCM3

CGCM3.1(T63)

CNRM-CM3

CSIRO-Mk3.0

CSIRO-Mk3.5

ECHAM4/MPI-OM

ECHAM5/MPI-OM

GFDL-CM2.0

GFDL-CM2.1

INM-CM3.0

IPSL-CM4

MIROC3.2(hires)

MIROC3.2(medres)

MRI-CGCM2.3.2

PCM

UKMO-HadCM3

UKMO-HadGEM1

Norway

USA

Canada

France

Australia

Australia

Germany

Germany

USA

USA

Russia

France

Japan

Japan

Japan

USA

UK

UK

Bjerknes Centre for Climate Research

National Center for Atmospheric Research

Canadian Centre for Climate Modelling & 

Analysis

Météo-France / Centre National de 

Recherches Météorologiques

CSIRO Atmospheric Research

CSIRO Atmospheric Research

Max Planck Institute for Meteorology

Max Planck Institute for Meteorology

US Dept. of Commerce / NOAA / 

Geophysical Fluid Dynamics Laboratory

US Dept. of Commerce / NOAA / 

Geophysical Fluid Dynamics Laboratory

Institute for Numerical Mathematics

Institut Pierre Simon Laplace

Center for Climate System Research 

National Institute for Environmental 

Studies, and for Global Change (JAMSTEC)

Center for Climate System Research 

National Institute for Environmental 

Studies, and for Global Change (JAMSTEC)

Meteorological Research Institute

National Center for Atmospheric Research

Hadley Centre for Climate Prediction and 

Research / Met OJice

Hadley Centre for Climate Prediction and 

Research / Met OJice

Table 1: List of included climate models from the CMIP archive, showing the model

CMIP ID (left), and associated country (centre) and research group (right).
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The CMIP3 dataset includes output from 1-7 individual climate model runs

per  scenario.  The  available  scenarios  include  a  20th century  scenario

(20c3m) and the three future scenarios B1, A1b and A2. Several models in

the CMIP3 dataset  miss  simulation  results  for  one or  more of  the four

scenarios. Other models have a very coarse resolution. In order to avoid

bias in the estimates of the glacier mass balance estimates, these models

were not used for the construction of predictors. The remaining 18 models

are listed in table 1.
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3  Applied Methods

This  chapter  describes  the  methods  applied  in  this  study  in  the

approximate  chronological  order  of  their  execution.  These  include  both

basic  and  advanced  tools  in  statistical  climatology  that  are  already

established in scienti�c literature. The chapter is subdivided into sections

describing  the  methods  used  for  the  analysis  of  glacial  mass  balance

datasets,   the  construction  of  atmospheric  variables  from  ERA40  and

NCEP/NCAR re-analyses and from CMIP3 climate model simulations, the

correlation analysis between observed glacial mass balance and each of

the  constructed  atmospheric  variables,  the  stepwise  multiple  linear

regression, the generation of glacial mass balance estimates with aid of the

multiple regression model and atmospheric variables constructed from the

CMIP3 dataset, and the Bayesian classi�cation of present-day atmospheric

states  into  diJerent  time  periods  of  modelled  climate.  Each  section

provides  a  short  introduction  and  justi�cation  for  the  methods  used,  a

description  of  the  procedure,  and  a  depiction  of  how the  methods  are

applied  in  this  particular  study.  Further  explanations  are  provided  for

deviations from procedures in published literature, as well as for study-

speci�c parametrisations. 

3.1 Preparation of Glacier Mass Balance Data

This  section outlines  the methods  used for  the preparation  of  the NVE

glacier mass balance data. Winter and summer mass balances are treated

separately throughout the entire study and only combined to calculate the

�nal  net  mass  balance  estimates.  The  data  from  the  bi-annual

measurements  carried  out  as  part  of  the  NVE  glacial  mass  balance

program (section 2.1) is provided in the desired format as total winter and
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summer mass balances representing the total mass loss during the melting

season between April  or  May and September  or  October,  and the total

mass gain during the accumulation season between September or October

and April or May. However, since temporal autocorrelation, i.e. the internal

stochastic  dependences  between  temporally  neighbouring  values,  would

violate the statistical assumptions of regression and might induce biases in

interpretations of the regression results, the mass balance times series are

tested  for  such  dependences  prior  to  the  correlation  and  regression

analyses involving the atmospheric variables (section 3.3 and section 3.4).

To ensure temporal homogeneity of mean and variance,  the linear trend is

removed before the autocorrelation analysis.  The investigated stochastic

dependence  between  the  values  of  variable  X=x (t 1) , x( t2) , ... , x( tn)  at

diJerent times can be expressed as a function of the number of discrete

time steps τ, by which variable X is temporally shifted against itself. This

results  in  variables  X [τ ]= x( t1) , x (t 2) , ... , x (t n−τ)  and

X (τ )=x (t 1+τ) , x (t 2+τ) ,... , x (t n) ,  where  n is  the  original  sample  size.   The

number  of  samples  available  for  the  calculation  of  r(τ),  describing the

dependence between the resulting variables  X[τ] and  X(τ),  consequently

decreases from n-1 at τ=1 to zero at τ=n. The measure of dependence r(τ)

is  usually estimated as the Pearson correlation coeJicient  between  X[τ]

and X(τ) (BAHRENBERG et al., 1999; SCHÖNWIESE, 2006), so that  -1 ≤ r(τ)

≤1 and

r (τ )=
cov (X [τ ] , X (τ))

√var (X [τ ])⋅var (X (τ ))

The signi�cance of the autocorrelation function is calculated for each time

step by testing the null  hypothesis  H0 :  ρ(τ)  = 0,  which states that  no

autocorrelation exists. The test statistic

g (τ )=∣r (τ )σ r (τ)∣  

is approximately standard normally distributed, so that the signi�cance can

be  determined  in  the  usual  manner  from  the  standard  error  σ r (τ)

(BAHRENBERG et al., 1999; SCHÖNWIESE, 2006):
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σ r (τ)=
√1+2⋅∑

j=1

τ−1

r ( j )2

√n
In the 2-tailed test of this study, the critical value for the test statistic  is

1.65, which  translates to a signi�cance level of 10%. If the estimated value

lies outside this interval, the null hypothesis is rejected and the alternative

hypothesis  HA : ρ(τ)  ≠ 0 is accepted. The calculations are carried out for

τ=t 1,t 2,. .. , t n  and results are presented as the number of instances of τ,for

which autocorrelation prevails in succession. 

3.2 Construction of Atmospheric Variables

This  section  describes  the  methods  used  for  the  construction  of

atmospheric variables that are likely to show dependences with the glacier

mass balance time series or have been shown to correlate with glacier

mass  balance  in  previous  studies.  They  are  constructed  from  the

NCEP/NCAR and ERA40 re-analyses and later used correlation analyses

(section  3.3)  to  create  a  pre-selection  of  atmospheric  variables  for  the

multiple  regression  (section 3.4).  After  the multiple  regression analyses

have  been  carried  out  and  the  most  important  predictors  have  been

identi�ed, these variables are reconstructed from the CMIP3 climate model

data, which is interpolated to the resolution of the NCEP/NCAR re-analysis

data beforehand. Ultimately,  the multiple regression model is applied to

the reconstructed variables to generate an estimate for present-day and

future glacial  mass balance.  Given that local  meteorological  time series

from measurements in the vicinity of the glaciers often are not as well in

phase with the glacial mass changes as larger scale atmospheric factors

because many of the South-Norwegian glaciers are controlled by winter

accumulation rather than summer air temperature changes (e.g. NESJE and

DAHL,  2003;  WINKLER and  NESJE,  2009),  special  focus  is  given  to  the

contruction of atmospheric circulation indices.
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3.2.1 Spatiotemporal Means

Temperature  and  precipitation,  the  most  important  direct  controls  of

ablation  and  accumulation,  are  included  as  spatiotemporal  arithmetic

means of the respective NCEP/NCAR and ERA40 re-analysis variables. 2m

air temperatures and precipitation rates are averaged over diJerent sets of

months for each of the re-analysis �elds. Analogous to the seasons used for

the  construction  of  variables  in  section  3.2.2  and  3.2.3,  the  data  is

averaged over months DJF,  MAM, JJA and SON. In consideration of  the

glaciological seasons of ablation and accumulation  (section 2.1.1), the year

is  also  subdivided  into  the  six  months  seasonal  means  AMJJAS  and

ONDJFM.  The  temporal  means  are  then  averaged  over  southern

Scandinavia.  Since  the  majority  of  investigated  glaciers  are  in  South-

Norway, and to avoid the inclusion of possibly  more irrelevant northern

temperature  and  precipitation,  only  the  �elds  up  to  a  latitude  of

approximately 66° are taken into account.  The result is a time series for

each of the sets of seasons. The spatiotemporal means used in the multiple

regression  model  (section  3.4)  are  then  reconstructed  from  the

corresponding  temperature  and  precipitation  variables  of  the  CMIP3

dataset.  They  calculated  for  each  scenario,  model  and  model  run

separately. 

3.2.2 Stationary NAO Indices

The North Atlantic Oscillation (NAO) can be described as the movement of

atmospheric  mass  between  Arctic  and  subtropical  latitudes  across  the

North  Atlantic  (TEISSERENC DE BORT,  1883;  WALKER,  1924),  and  has

previously been used to explain variations in glacial winter mass balance

(section  1.1,  e.g.  NESJE and  DAHL,  2003;  FEALY and  SWEENEY,  2005;

CHINN et al., 2005.). The NAO variability can be quanti�ed in several ways

as  diJerent  indices  and  derived  from atmospheric  pressure.  Stationary

NAO indices are obtained from diJerences between standardised monthly

or seasonal surface pressures at speci�c, �xed locations in Iceland and the

Azores (e.g. HURRELL, 1995). The coordinates are based on the locations of

meteorological stations. Even though the NCEP/NCAR and ERA40 datasets

do  not  impose  the  same  geographical  limitations  in  the  choice  of
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coordinates,  this  study  adheres  to  the  published,  conventional  pairs  of

locations. The three stationary NAO indices that are constructed in this

study are the Ponta Delgada-Reykjavik, the Lissabon-Reykjavik (HURREL,

1995,) and the Gibraltar-Reykjavik  (JONES et al.  1997) index.  For each

year, and at each location separately, seasonal (in this case DJF, JJA) means

of NCEP/NCAR and ERA40 sea level pressure values are constructed. The

variability of atmospheric pressure pattern is described by the diJerence of

normalised seasonal mean sea level pressure between the two locations. To

obtain the index values, the Iceland anomaly is subtracted from the Azores

anomaly. The inherent problem of using sea pressure at �xed locations is

the unlikeliness that the NAO's centres of  action are located exactly  at

these coordinates. Consequently, the maximum pressure gradient cannot

be captured. Section 3.2.3 includes a description of the construction of a

dynamic NAO index time series by means of a principal component analysis

(NOAA-CPC, 2012).

3.2.3 Principal Component Analysis

The  Principal  Component  Analysis  (PCA),  or  Empirical  Orthogonal

Functions (EOF), is a multivariate statistical tool that allows the reduction

of the dimensions of a dataset with multiple correlated variables to fewer

groups  of  variables  with  similar  variation.  These  factors,  or  principal

components, are stochastically independent and orthogonal to each other.

Unlike  the  factor  analysis,  the  PCA  assumes  that  the  variance  of  the

original dataset can be reproduced by a linear combination of all principal

components  and their  respective  eigenvectors (e.g.  BAHRENBERG et  al.,

2008;  VON STORCH and  ZWIERS,  1999;  WILKS,  2006).  The  reduced

dimension of the original  dataset can represent the number of diJerent

natural variables, as well as diJerent geographical locations of the same

variable. In the latter case, the PCA produces spatial patterns describing

the centres of  variation of  each principal  component (VON STORCH and

ZWIERS, 1999).   

Given the n x m dimensional data matrix X as a starting point, where n are

the  spatial  units  R1 , R2 ,... , Rn  and  m are  the  reference  units  of  time

T 1 , T 2 ,... , T m , xij  is the value of Ri  at the time unit T j . The data anomaly
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matrix X' is constructed by subtraction of the temporal means x̄i  from xij .

In order to identify the spatial patterns of centres with similar variation,

i.e. modes of variations (JACOBEIT et al., 1998; VON STORCH and ZWIERS,

1999), the n x n dimensional covariance matrix C is constructed as:

C=
1

m−1
⋅X 'T⋅X '

Unlike a correlation matrix, the covariance matrix does not assign equal

weightings  to  all  spatial  units  (VON STORCH and  ZWIERS,  1999).  The

covariance  matrix  is  then  used  to  determine  the  n  x  n dimensional

eigenvector  matrix  E and  the  diagonal  matrix  Λ,  storing  the  n

corresponding  eigenvalues (VON STORCH and ZWIERS, 1999; WILKS, 2006)

so that:

C=E⋅Λ⋅ET

In the n-dimensional coordinate space, the �rst eigenvector is directed at

the maximum variance of the matrix  X', and the subsequent eigenvectors

oriented orthogonally to it and the other eigenvectors, creating the axes of

a  new coordinate  system  for  X'.  The  loadings,  i.e.  the  spatial  patterns

associated with each eigenvector, can be interpreted as the geographical

�elds of the investigated variable that contribute to the formation of the

corresponding  principal  component.  Therefore,  they  also  represent  the

geographical  pattern  of  similar  variations  within  X' (VON STORCH and

ZWIERS,  1999;  WILKS,  2006).  The  matrix  of  principal  components  is

obtained from the projection of X' onto E (VON STORCH and ZWIERS, 1999;

WILKS, 2006). The scores, i.e. the n components of the matrix forming time

series of length m, describe the common change of the spatial units of the

associated eigenvectors over time. Since the sum of the eigenvalues λi  of

the n principal components make up the total variance of X', the variance

Rk  of  X'  explained by the  kth principal component can be calculated as

(VON STORCH and ZWIERS, 1999; WILKS, 2006):

Rk=
λk

∑
i=1

n

λi

The principal components are sorted in descending order by the amount of

variance of X' they explain.
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In this study, the PCA is carried out for diJerent time spans and �elds of

sea  level  pressure,  and  combined  sea  level  pressure,  temperature  and

precipitation. Since this study is carried out with particular consideration

of the possible shift in the glaciological regime of the investigated glaciers

(section  2.1),  and  the  ERA40  dataset  covers  less  of  the  time  periods

marked by these diJerent regimes (section 2.2), the atmospheric variables

used  in  the  multiple  regression  are  constructed  from  the  NCEP/NCAR

dataset.  Since  the  loading  patterns  of  the  principal  components  vary

depending  on  the  investigated  time period,  all  the  principal  component

analyses  described  in  this  section  are  carried  out  for  the  time  periods

1949-1988 and 1989-2008, in which the diJerent glaciological regimes may

prevail, as well as for the total time span from 1949 to 2008. Two diJerent

�elds of seasonally averaged sea level pressure are used in the principal

component analyses that are carried out with the aim to describe modes of

variation of atmospheric pressure. The PCA using sea level pressure north

of 20° ought to generate an index time series for the Arctic Oscillation (AO)

or Northern Annular Mode (NAM) as the �rst principal component (PC)

(BARNSTON and  LIVEZEY 1987,  NOAA-CPC 2012),  and is  referred to as

PCANH in this study. The �rst PC of the second PCA (PCANA) using a sea

level pressure �eld over the North Atlantic, bounded by longitudes of 40°

East and 90° West and latitudes of 20° and 80° North, can be used as an

index time series for the NAO (NOAA-CPC 2012). In order to consider the

diJerence in sizes of the spatial units in the PCA procedure, the sea level

pressure anomalies are weighted by the square root of the cosine of the

latitude. 

The control of the NAO and AO on temperature and precipitation in Europe

(NOAA-CPC  2012)  leaves  these  variables  highly  correlated.  To  avoid

possible  multicollinearity  related  problems  in  the  multiple  regression

analysis  and  in  the  interpretation  of  its  results,  another  two  principal

component  analyses  are  carried.  The  aim  is  to  create  a  set  of  new

uncorrelated variables  that  including the variability  of  temperature  and

precipitation  as  well  as  that  of  sea  level  pressure.  Temperature  and

precipitation �elds of dimension n2 x m and n3 x m respectively are used in

combination with to the  n1 x m  dimensional  sea level pressure �eld. The

22



number  of  time  steps  m is  consistent  between  the  datasets,  while  the

spacial  units  Ri  may  diJer.  The  anomaly  matrices  A',  B' and  C' are

constructed from data matrices  A,  B and  C and combined to produce the

anomaly matrix:

X '=(
a ' 11 a ' 21 ⋯ a 'n11 b ' 11 b ' 21 ⋯ b ' n21 c ' 11 c ' 21 ⋯ c ' n31

a ' 12 a 'n12 b ' n2 2 c ' n32

⋮ ⋮ ⋮ ⋮
a ' 1m a ' 2m ⋯ a ' n1m b ' 1m b ' 2m ⋯ b ' n2 m c ' 1m c ' 2m ⋯ c ' n3 m

)
The loading patterns associated with the eigenvectors can be extracted and

translated  back to three separate  geographic  maps showing the spatial

patterns  of  similar  variations  of  sea  level  pressure,  temperature  and

precipitation  associated  with  one  principal  component.  The  �rst  PCA

(PCASTP1) carried out in this way uses �elds of equal sizes for all variables.

This �eld corresponds to the �eld used for PCANA, and thus includes the

temperature and precipitation variability over the North Atlantic. However,

this  might  lead  to  the  problem  that  the  temperature  and  precipitation

variability relevant to Norwegian glaciers might be overshadowed by the

strong variability of these temperature and precipication over the North

Atlantic. While the relevant variability ought still be included in the sum of

all principal components, it might not be described by the leading PC or

any  particular  few  principal  components,  but  distributed  among  them.

Since this would require the inclusion of an undesirably great number of

principal  components  and  cause  problems  in  the  multiple  regression

(section 3.4),  the second PCA (PCASTP2) uses the same temperature and

precipitation  �elds  that  are used for  the spatiotemporal  means (section

3.2.1). 

3.3 Correlation Analysis

The linear  dependence  between  each atmospheric  variables  and glacial

mass balance is determined by the Pearson correlation coeJicient  (e.g.

BAHRENBERG et al., 1999, SCHÖNWIESE 2006). Given the possible change

in  the  glaciological  regime,  diJerent  climatic  factors  can  change  the

strength and nature of their dependence with glacial mass.  Therefore, as
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well as using the entire temporal overlap between mass balance- and re-

analysis data, moving 10 year periods of the time series are used in order

to track time- or regime speci�c dependences. The correlation coeJicient

r (τ )  is  calculated for time shifts  τ=0,. .. , n−10 ,  where  τ represents the

number of discrete time steps from the earliest common time step of the

temporal overlap of atmospheric variable  X and mass balance variable  Y.

Consequently, the correlation coeJicient is calculated for time series  

X (τ )=x (t 1+ τ) , x (t 2+τ) ,... , x (t 10+τ)  and Y (τ )= y (t 1+τ) , y (t 2+τ) , ... , y (t 10+τ)  for each

τ, so that

r (τ )=
cov (X (τ) ,Y (τ ))

σ X (τ )⋅σY (τ)

The signi�cance of  r (τ )  is determined in a similar way as in section 3.1,

but  the  critical  value  for  the  test  statistic  is  more  strict  and  resulting

signi�cance levels are binned into <0.01, 0.01-0.05 and 0.05-0.1 for the

presentation  of  results  in  section  4.2  while  the  correlation  coeJicients

below  the  0.1  level  are  considered  insigni�cant.  In  addition  to  giving

insight into linear dependences and possible changes in them over time,

the correlation analyses between atmospheric variables and glacial mass

balance also serve as a discrimination procedure to help construct a pre-

selection  of  atmospheric  variables  that  are  used  as  predictors  in  the

multiple regression.

3.4 Multiple Regression Analysis and Prediction

The  multiple  linear  regression  relates  several  independent  variables,

known as predictors, to a dependent variable, known as the predictand. It

can serve as a tool for the investigation of the in;uence of the predictors on

the predictand, or to produce an estimate for the predictand with the aid of

a  set  of  predictors  and  regression  coeJicients.  The  multiple  linear

regression is based on the simple linear regression, but includes multiple

independent  variable  (e.g.  BAHRENBERG et  al.,  2008;  VON STORCH and

ZWIERS,  1999;  WILKS,  2006).   In  this  study,  a  multiple  regression  is

performed to assess the in;uence of several climate related predictors on

glacial mass balance, and to generate an estimate for glacial mass changes.
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The  predictors  are  constructed  from  NCEP/NCAR  re-analysis  data  as

described in section 3.2 and pre-selected as described in section 3.3. The

NVE glacial  mass  balance  time  series  are  used  as  predictands  without

further  modi�cation  if  they  do  not  show any  signi�cant  autocorrelation

(section 3.1).  The resulting multiple regression model is then applied to

the  climate  predictors  reconstructed  from the  CMIP3  model  dataset  to

generate an estimate for present-day and future glacial mass changes. The

temporal  overlap  of  estimated  and  observed  present-day  glacial  mass

balance allows a calibration of the estimates. 

Before the analysis, the data series are standardised. The cross-validated

stepwise  multiple  linear  regression  itself  is  an  adjustment  of  the

procedures described by PAETH and HENSE (2003) and PAETH et al. (2006)

to the problem addressed in this study. It is set up as follows: The included

predictors are  sorted by their importance, which is determined by linear

regression analyses between the  n dimensional predictand time series  y⃗

and the predictor time series  x⃗1 , ... , x⃗ k  (VON STORCH and  ZWIERS 1999).

The  most  important  predictor,  as  determined  by  the  strength  of  its

relationship with the predictand, is selected for the regression analysis and

the residual ε⃗ is calculated. The residual is then used in regression analysis

with  the  subsequent  predictor  and  a  new  residual  is  determined.  This

method is continued with all predictors included in the multiple regression

model.  For  cross-validation  following  MICHAELSEN (1987)  and  VON

STORCH and  ZWIERS (1999), a  reasonable  number  of  values,  usually

between �ve and eight, is retained before each regression analysis.  The

regression model is trained with the dependent data, i.e. the data left after

the removal of the randomly selected bootstrap values. The model is then

applied  to  the  retained  data  and  the  root  mean  square  error  (RMSE)

between the independent predictand data and regression model estimates

is  calculated.  Once  the  RMSE  ceases  to  decrease,  the  currently  used

predictor  is  not  included  in  the  model  and  the  multiple  regression  is

terminated. This results in an exclusion of predictors that do not provide

any additional information about the independent data. The whole process

is repeated 1000 times. Each time, a diJerent set of bootstrap values is

retained and the resulting regression equation is saved. The coeJicients
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are  averaged  over  all  iterations  for  the  �nal  model.  To  ensure  the

robustness  of  the model,  a  �lter for  predictors is  introduced before the

computation  of  the  �nal  multiple  regression.  Only  predictors  that  pass

through the �lter in at least 50% of all iterations are included in the �nal

model. The described procedure prevents an over�tting of the model, but

multicollinearity  causes predictors to  compete for  the inclusion into the

model.  For  that  reason,  the  highly  correlated  predictors  calculated  in

PCANA and PCANH (section  3.2.3)  are  placed  in  separate  predictor  sets

along with temperature and precipitation. The multiple regression is also

carried  out  for  the  uncorrelated  12  leading  principal  components  of

PCASTP1  and  PCASTP2,  resulting in  a  total  of  4  diJerent  predictor  sets.

Since the retaining of bootstrap values shortens the model training period,

only glaciers with suJiciently long times series are included in the model

(section  2.1.1).  In  order  to  take  into  account  the  possible  shift  in  the

glaciological regime (section 1.1), the time periods 1949-1988, 1989-2008

and  1949-2008  are  considered  separately.  The  cross-validated  stepwise

multiple  linear  regression  is  performed  for  each  glacier,  season,  time

period and predictor set. For each,

yi=εi+a+∑
j=1

k

b j⋅xij , 

where y⃗=(
y1
:

yn
) ; X=(

x11 x21 ⋯ xk 1
x
12

xk 2
⋮ ⋮
x1k x2k ⋯ xkn

) ; b⃗=(
b1
:

bk
) ; ε⃗=(

ε1
:

ε n
) ,

ε i  is the residual, a  is the y-axis intercept and b1 ,... , bk  are the regression

coeJicients for corresponding  x⃗1 , ... , x⃗ k ,  n  is the number of predictands,

i.e. summer and winter mass balance time series for each glacier included

in the model, and k  is the number of predictors in the predictor sets.

The estimates ŷ1 , ... , ŷn  are generated from (e.g. BAHRENBERG et al. 2008):

ŷi=a+∑
j=1

k

b j⋅xij ,

where the predictors  x⃗1 , ... , x⃗ k  created from the NCEP/NCAR dataset are

substituted  by  the  corresponding  predictors  recreated  from the  CMIP3
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model dataset (section 3.2). This point estimate can be complemented by

an interval estimate, so that (e.g. BAHRENBERG et al., 2008):

 ŷi−SB01. ..k≤ yi≤ ŷi+SB01. ..k ,

where the S B01. ..k  is the standard error of yi , i.e. the standard deviation of

the residual  ε i .  These estimates are generated for each climate model,

scenario and run separately. Since the means of the calculated estimates

are unknown, the model output needs to be calibrated. The mean for each

of the present-day 20c3m scenario ŷi  estimates is adjusted to the known

mean of  the observed  yi  in the overlapping time period.  For the short

temporal  overlap  of  the  20c3m  and  the  future  scenario  estimates,  the

means of the future estimates are adjusted to the 20c3m mean in the same

fashion.  This  is  carried  out  for  each  individual  run  and  model.  The

estimates are then averaged over the diJerent model runs to create model

ensemble means. In order to avoid bias induced by diJerent numbers of

runs  per  model  scenario,  the  multi-model  means  are  constructed  by

averaging the ensemble means over the diJerent models. This is done for

the present-day  estimates  and the  future estimates  for  the  time period

covered by all runs. This results in estimates for years 1950-2100. 

3.5 Bayesian Classification Procedure

One of the questions addressed in this study is whether the observed states

of  the  atmosphere  at  particular  times  can  be  classi�ed  into  a  past,

imminent or distant future of modelled climate. Bayesian statistics oJers

the tools for such a classi�cation (BERGER 1985; LEROY 1998; BERLINER et

al.  2000;  MIN et  al.  2004;  TEBALDI et  al.  2005;  PAETH et  al.  2007).  In

stochastic  terms,  the  problem  can  be  expressed  as  an  investigation  of

which of these time periods  mi ,i=1,... , n  is the most probable one given

the observed state of the atmosphere d  at time t  (e.g.  MIN et al., 2004;

PAETH et al., 2007). The state of the atmosphere is described by a set of k

variables, making d  a k -dimensional vector. In accordance with the Bayes

theorem, the likelihood p (d∣mi)  relates the prior probabilities p (mi)  to the
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posterior probabilities p (mi∣d )  such that (e.g. LEROY, 1998; Berliner et al.

2000; SIVIA and SKILLING, 2006; PAETH et al., 2007):

p (mi∣d , I )=
p(d∣mi , I )⋅p(mi∣I )

p(d∣I )

Since there is no absolute probability, all probabilities are conditional on

I ,  denoting  the  relevant  background  information  under  which  the

probability  relations  are  valid  (D'AGOSTINI,  2003;  SIVIA and  SKILLING,

2006). For reasons of readability, it is no longer be mentioned hereafter.

The  prior  probability  p (mi)  represents  the  state  of  knowledge  or

ignorance before the analysis of observed data, while the posterior p (mi∣d )

represents  the  state  of  knowledge  in  view  of  the  observations  and  is

modi�ed through the likelihood of the observations (e.g.  BERGER, 1985;

HASSELMANN, 1998).  p (d )  acts as a normalising factor for the posterior

probabilities and is calculated by

p (d )=∑
i=1

n

p (d∣mi)⋅p (mi) .

The  likelihood  is  obtained  by  integration  of  the  likelihood  function,

describing the probability of observing the atmospheric state d  given the

modelled atmospheric conditions that prevail in the diJerent time periods,

and the marginal probability density describing the probability of a speci�c

realisation  f , which is also a  k -dimensional vector, for the time period

category, so that

p (d∣mi)=∫ p (d∣ f ) p( f∣mi)d f .

It  is assumed that the observed and modelled states of the atmosphere

follow  a  multivariate  Gaussian  distribution.  Thus  the  likelihoods  are

calculated via the mean vectors for the categories, the data vectors and

covariance matrices (e.g. MIN et al. 2004).

The  k -dimensional  vectors  describing  the  state  of  the  atmosphere  are

de�ned by the variables used as predictors in the �nal multiple regression

model  for  the  generation  of  glacier  mass  balance  estimates.  The  time

period for which the estimates are generated, i.e. 1950-2100, is divided

into �ve 30 year time periods to serve as the categories mi ,i=1,... n  for the

classi�cation procedure so that n=5 . Since it is not possible to give an a
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priori estimate for p (mi) , the probability is equally distributed among the

time period categories. Winter and summer seasons are treated separately

in the entire procedure.  The analysis is carried out for each observational

year in order to track the change in posterior probabilities for time periods

of modelled atmospheric states as the observed atmospheric state changes

in the latter half of the 20th century. In addition to the calculations done for

single  years  of  observations,  the  investigation  is  also  carried  out  for

composites of years. The selection of years that make up these composites

relates  this  investigation  to  glacier  mass  balance.  The  years  of  most

negative and most  positive glacier mass balance are identi�ed for each

season  and  glacier  separately.  For  all  of  the  composites  of  years

characterised  by  maxima  and  minima  in  mass  balance,  the  temporally

corresponding  observed  atmospheric  states  are  averaged  over  the

identi�ed years. These arithmetic means are then used to construct the

data vector d  for the described Bayesian classi�cation procedure. In order

to track the sensitivity of posteriors to the number of years used in the

construction of the composites, this number is varied between 3, 5 and 10.
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4  Relationship Between Mid-

Latitude Atmospheric Variability and 

Glacier Mass Balance

This chapter presents the results of the investigation into the present-day

relationships  between  mid-latitude  atmospheric  variability  and  glacier

mass balance. It is subdivided into a description of the nature of the mass

balance variability, the variability of the constructed atmospheric variables

(section 3.2), the stochastic dependence between these variables and the

glacial mass balance as calculated in correlation analyses (section 3.3), and

the results of the multiple regression analyses (section 3.4). For reasons of

readability, the focus of the detailed descriptions lies on the atmospheric

variables  showing  the  strongest  stochastic  dependences  with  mass

balance, and on those used in the multiple regression. This chapter only

treats  present-day  conditions.  The  predictions  made  with  the  multiple

regression model are presented in chapter 5. 

4.1 Present-Day Mid-Latitude Atmospheric Variability

In  this  section  the atmospheric  variables  constructed from NCEP/NCAR

and  ERA40  re-analyses  are  described.  Special  focus  is  given  to  the

atmospheric variables showing a strong stochastic dependence with glacial

mass balance, and those included in the multiple regression analyses.
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4.1.1 Variability of North Atlantic Sea Level Pressure

The results of PCANA describe the variability of NCEP/NCAR North Atlantic

seasonal sea level pressure anomalies over the area extending from 20°N

to 80°N and from 90°W to 40°E. The �ve leading principal components of

each, representing the most important modes of variation, are considered

as predictors in the multiple regression analyses. 

Figure 4.1: Eigenvector loadings (left) and PC scores (right) of the leading .ve PCs

of PCANA.
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Figure  4.1  shows the �ve leading PCs of  the PCANA  using NCEP/NCAR

winter (DJF) sea level  pressure anomalies from 1949-2008. The �rst  PC

explains approximately half of the total variance of the sea level pressure

anomalies  in  the  said  �eld.  The  eigenvector  loadings  �rst  PC  are

characterised by one centre of variation over Iceland and the Norwegian

Sea and a centre of variation with an opposite sign over the Bay of Biscay.

These  are  consistent  with  the  pressure  anomalies  associated  with  the

North Atlantic  Oscillation  (NAO) (BARNSTON and  LIVEZEY, 1987;  NOAA-

CPC, 2012). The second and third PC closely resemble Scandinavia Pattern

(SCAND) (BARNSTON and  LIVEZEY, 1987; NOAA-CPC, 2012) and the East

Atlantic  pattern  (EA)(BARNSTON and  LIVEZEY, 1987;  NOAA-CPC,  2012)

respectively. The nature of the fourth and �fth PC do not allow a con�dent

identi�cation when placed in context of the circulation patterns described

in  BARNSTON and  LIVEZEY (1987).  The  �rst  PC  of  the  PCANA  using

NCEP/NCAR summer (JJA) sea level pressure anomalies from 1949-2008

resemble  the  NAO summer  pattern  (NOAA-CPC,  2012).  When  PCANA  is

carried out for diJerent time periods, the PC scores and centres of action

described  by  the  eigenvector  loadings  change  slightly,  but  are  still

identi�ed as the same teleconnection patterns.

4.1.2 Variability of Northern Hemisphere Sea Level Pressure

The  results  of  PCANH describe  the  variability  of  NCEP/NCAR  Northern

Hemisphere seasonal sea level pressure anomalies over the area extending

from 20°N to 90°N. The �ve leading principal components of each (Fig.

4.2), representing the most important modes of variation, are considered as

predictors  in  the  multiple  regression  analyses.  When  using  NOAA-CPC

(2012) and BARNSTON and LIVEZEY (1987) as a reference, the �rst, second,

third and �fth PC of the PCANH using NCEP/NCAR winter (DJF) sea level

pressure  anomalies  from  1949-2008  can  be  identi�ed  as  the  Arctic

Oscillation  (AO)  or  Northern  Annular  Mode  (NAM),  the  Paci�c  North

American pattern (PNA), East Atlantic/Western Russia pattern (EA/WR) and

the East Atlantic pattern (EA) respectively. The �rst and second PC of the

PCANH using NCEP/NCAR summer (JJA) sea level pressure anomalies from

1949-2008  identify  as  the  summer  NAM  and  the  single  centre  Asian
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summer pattern. When PCANH is carried out for diJerent time periods, the

PC scores  and  centres  of  action  described  by  the  eigenvector  loadings

change slightly, but still identify as the same teleconnection patterns.

Figure 4.2: Eigenvector loadings (left) and PC scores (right) of the leading .ve PCs

of PCANH.
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4.1.3 Variability of Northern Hemisphere Sea Level Pressure, 

Temperature and Precipitation

The results of PCASTP1 and PCASTP2 describe the variability of NCEP/NCAR

seasonal sea level pressure, temperature and precipitation anomalies. The

sea level pressure �eld for both PCASTP1 and PCASTP2 extends from 20°N to

80°N  and  from  90°W  to  40°E.  In  PCASTP1,  the  precipitation  and

temperature  �elds  cover  the  same  area,  while  in  PCASTP2,  they  are

restricted to an area covering southern Scandinavia.

Figure 4.3: PC scores (d) and eigenvector loadings (a, b, c) describing the variation

of winter sea level pressure (a), precipitation (b) and temperature (c) of the leading

PC of PCASTP2. The grey temperature and precipitation .elds were not included in

PCASTP2.

Figure 4.3 shows the two leading PC of  the PCASTP2  using NCEP/NCAR

winter (DJF) sea level pressure, precipitation and temperature anomalies

from 1949-2008. The sea level pressure variation pattern associated with

the  leading  PC  displays  resemblance  to  the  NAO  winter  pattern  as

described by NOAA-CPC (2012) and BARNSTON and LIVEZEY (1987), while

the PC scores times series shows less resemblance with the NOAA-CPC

(2012)  NAO  time  series  than  the  PC  scores  from  PCANA  and  PCANH.

Associated with the sea level pressure variation pattern (Fig. 4.3a) are high
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precipitation rates in southern Norway (Fig. 4.3b) and high temperatures

in  southern  Sweden  and  over  the  Baltic  Sea  (Fig.  4.3c).  The  mode  of

variation described by the second PC of the PCASTP2(s) using summer (JJA)

sea level  pressure,  precipitation  and temperature anomalies  from 1949-

2008 displays  a  covariation  of  high  sea  level  pressure  over  the  central

North  Atlantic  ocean  and  South-East  Scandinavia  with  low  sea  level

pressure over Greenland (Fig. 4.4a) and high temperatures over southern

Scandinavia and the Baltic Sea (Fig. 4.4c). A negative trend in temporal

evolution of the PC scores since the early 1990's is associated with this PC.

The pattern of the negative centres of variation and their strong association

with temperature is consistent with the nature of the summer Scandinavia

pattern NOAA-CPC (2012).

Figure 4.4: PC scores (d) and eigenvector loadings (a, b, c) describing the variation

of  summer  sea  level  pressure  (a),  precipitation  (b)  and  temperature  (c)  of  the

second  PC of  PCASTP2.  The  grey  temperature  and  precipitation  .elds  were  not

included in PCASTP2.
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4.2 Correlation Between Glacier Mass Changes and 

Atmospheric Variables

This  section  describes  the  statistical  dependence  between  glacial  mass

balance  and  the  constructed  atmospheric  variables  (section  3.2)  as

determined  by  correlation  analyses  described  in  section  3.3.  While  the

atmospheric  variables  that  serve  as  predictors  to  train  the  multiple

regression model  are constructed from NCEP/NCAR re-analysis  data for

reasons  stated  in  section  2.2,  the  spatiotemporal  means  and  stationary

NAO  indices  constructed  from  ERA40  re-analysis  data  were  used  for

analogous  analyses  to  provide  a  comparison  between  correlation

coeJicients  obtained  from glacial  mass  balance  and  variables  based  on

ERA40 re-analysis data and correlation coeJicients obtained from glacial

mass balance and variables based on NCEP/NCAR re-analysis data. 

In  disregard  of  the  database,  the  highest  correlation  coeJicients  were

obtained from six month seasonal air temperature and precipitation rate

means, the stationary NAO indices, and a selection of principal component

scores from PCANA, PCANH, PCASTP1 and PCASTP2. Unless stated otherwise,

the focus of the descriptions lies on the glaciers and atmospheric variables

used in the regression model. The signi�cance of the Pearson correlation

coeJicients is expressed in terms of a 0.1, 0.005 or 0.1 value behind the

coeJicient  value  for p-value  intervals  0.1-0.05,  0.05-0.01  and  <  0.01

respectively. The correlation coeJicients associated with a  p-value of less

than  0.1  are  considered  insigni�cant.  For  readability,  the  Pearson

correlation coeJicients will also be referred to as r values in this section. In

this and the remaining chapters, he notation (w) and (s) following the PCA

type indicates whether winter (DJF) or summer (JJA) means of sea level

pressure were used in the mentioned PCA. The word dependence is used to

refer to the linear stochastic dependence as determined by the correlation

analyses (section 3.3). Since the length of the glacial mass balance time

series varies and therefore the sample size for the correlation analyses also

varies,  this  sections  refers  to  the  common  temporal  coverage  of  the

analysed variables as their temporal overlap.
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4.2.1 Precipitation Rate – Mass Balance Correlation

This  sub-section  describes  the  magnitude  and  identi�ed  patterns  in

Pearson correlation coeJicients calculated from spatiotemporal means of

precipitation  rates  and  glacial  mass  balance.  Descriptions  focus  on  the

correlation  between  the  six  month  means  and  mass  balance,  as  they

showed  as  stronger  stochastic  dependence  with  the  mass  balance  time

series than the three month means. Thus, winter refers to the ONDJFM

season, and summer refers to the AMJJAS season.

The  Pearson  correlation  coeJicients  calculated  from  the  total  temporal

overlaps of the NCEP/NCAR precipitation rate winter means and glacial

winter mass balance time series range from 0.71(0.01) for  Ålfotbreen to

0.44(0.1) for Gråsubreen and 0.34 (0.05) for Engabreen. Figure 4.6 (second

from  bottom)  shows  the  normalised  anomalies  of  glacier  winter  mass

balance  (colour  coded)  and  the  spatiotemporal  means  of  winter

precipitation  rates  to  provide  the  reader  with  a  visual  idea  of  their

correlation.  For  the temporal  overlaps  within  the  1949-1988 time  span,

slightly lower  r values are obtained for most glaciers. These range from

0.71(0.01) for Ålfotbreen, 0.41(0.1) for Gråsubreen, and no signi�cant r for

Engabreen. For the temporal overlaps within the 1989-2008 time span, the

highest correlation coeJicients are obtained, ranging from 0.91(0.01) for

Ålfotbreen  to  0.57(0.05)  for  Gråsubreen.  The  Pearson  correlation

coeJicients calculated from the total temporal overlaps of the NCEP/NCAR

precipitation rate summer means and glacial summer mass balance range

are predominantly negative or insigni�cant.

The  correlation  analyses  using  ERA40  re-analysis  data  as  a  basis  for

precipitation rate means yield similar results. The r values calculated from

winter  precipitation  and  mass  balance  range  from  0.69(0.01)  for

Ålfotbreen to 0.37(0.01) for Gråsubreen, from 0.67(0.01) for Ålfotbreen to

0.30(0.1) for Gråsubreen and from 0.83(0.01) for  Ålfotbreen to 0.57(0.05)

for Gråsubreen using the temporal overlaps within the 1949-2008, 1949-

1988  and  1989-2008  respectively.  The  correlation  analyses  using  the

Engabreen  mass  balance  time  series  yields  no  signi�cant  correlation

coeJicients  for  any  investigated  time  span.  The  Pearson  correlation

coeJicients  calculated  from  the  total  temporal  overlaps  of  the  ERA40
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precipitation rate summer means and glacial  summer mass balance are

predominantly negative or insigni�cant.

In disregard of the database used for the construction of the atmospheric

variables, the decrease in r values calculated from winter precipitation and

winter  mass  balance roughly corresponds to the distance of  the glacier

from the coast for the glaciers lying on approximately the same latitude. 

4.2.2 Surface Temperature – Mass Balance Correlation

This  sub-section  describes  the  magnitude  and  identi�ed  patterns  in

Pearson correlation coeJicients calculated from spatiotemporal means of

surface temperatures and glacial mass balance. Descriptions focus on the

correlation  between  the  six  month  means  and  mass  balance,  as  they

showed  as  stronger  stochastic  dependence  with  the  mass  balance  time

series than the three month means. As in the previous sub-section, winter

refers to the ONDJFM season, and summer refers to the AMJJAS season.

The  Pearson  correlation  coeJicients  calculated  from  the  total  temporal

overlaps of the NCEP/NCAR surface temperature winter means and glacial

winter mass balance time series range from 0.64(0.01) for  Ålfotbreen to

0.30(0.05)  for  Gråsubreen.  Figure  4.6  (bottom)  shows  the  normalised

anomalies  of  glacier  winter  mass  balance  (colour  coded)  and  the

spatiotemporal means of winter temperature to provide the reader with a

visual idea of their correlation. For the temporal overlaps within the 1949-

1988 time period, slightly lower  r values are obtained for most glaciers,

while the end members of the range remain the same. Using the Ålfotbreen

winter mass balance yields an  r value of  0.59(0.01), while using the data

from Gråsubreen yields an r value of  0.27(0.1).  For the temporal overlaps

within the 1989-2008 time period, a slightly higher r values were obtained

for  most  glaciers.  These  range  from  0.81(0.01)  for  Ålfotbreen  and

0.66(0.01) for Engabreen, while no signi�cant correlation between winter

temperature and Gråsubreen were obtained.

The correlation analyses using NCEP/NCAR surface temperature summer

means  and  summer  mass  balance  time  series  yield  only  negative

correlation coeJicients. For the total temporal overlaps of these,  r values

range from -0.70(0.01) for Ålfotbreen to -0.40(0.01) for Engabreen. For the
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temporal overlaps within the 1949-1988 time period,  the  r values range

from  -0.64(0.01)  for  Storbreen  and  -0.35(0.1)  for  Engabreen.  The

correlation coeJicients calculated from temporal overlaps in the 1989-2008

time  period  have  a  smaller  range  from  -0.61(0.01)  for  Gråsubreen  to

-0.53(0.05)  for  Storbreen.  Figure  4.5  (bottom)  shows  the  normalised

anomalies  of  glacier  summer  mass  balance  (colour  coded)  and  the

spatiotemporal means of summer temperature to provide the reader with a

visual idea of their correlation. 

The  magnitude  of  diJerence  between  correlation  coeJicients  calculated

from analyses using NCEP/NCAR data and those calculated from analyses

using the ERA40 data is comparable to the magnitude of diJerence seen in

the previous section. The correlation coeJicients calculated using ERA40

data are slightly lower, while the distribution of r values among the glaciers

remains similar.

4.2.3 Stationary NAOi – Mass Balance Correlation

This  sub-section  describes  the  magnitude  and  identi�ed  patterns  in

Pearson correlation coeJicients calculated from the stationary NAO indices

(section 3.2.2) and glacial mass balance. 

The  correlation  analyses  using  the  NCEP/NCAR derived  indices  for  the

winter  and  summer  NAO  and  glacial  winter  mass  balance  time  series

within the temporal overlaps of the datasets mostly yield no signi�cant or

low r values within a 0.3 ± 0.1 range.  Likewise, carrying out the analysis

for the summer season yields no signi�cant or low negative r values with a

similar range of magnitude. 

The  Pearson  correlation  coeJicients  calculated  from  the  total  temporal

overlaps of the ERA40 derived Gibraltar-Reykjavik winter NAO index and

glacial  winter  mass  balance  time  series  range  from  0.56(0.01)  for

Nigardsbreen  to  0.30(0.05)  for  Engabreen.  The  Lissabon-Reykjavik  and

Ponta Delgarda-Reykjavik  indices score slightly  higher  r values,  ranging

from 0.61(0.01) for Nigardsbreen to 0.33(0.05) for Engabreen, and from

0.62(0.01) for Nigardsbreen to 0.34(0.05) for Engabreen respectively. 

The analyses for the summer season yield negative r values in the range of

-0.3  ± 0.1.  The  highest  r values  of  ca.  -0.4(0.01)  are  achieved  in  the
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analyses using Storbreen summer mass balance, while Nigardsbreen mass

balance  shows  no  signi�cant  dependence  with  any  of  the  stationary

summer NAO indices. 

4.2.4 Sea Level Pressure Principal Components – Mass Balance 

Correlation

This  sub-section  describes  the  magnitude  and  identi�ed  patterns  in

Pearson correlation coeJicients calculated from the  principal components

of PCANA,  PCANH,  PCASTP1  and  PCASTP2 and  glacial  mass  balance.  The

descriptions  focus  on the  principal  components  and seasons  marked by

strong stochastic relationships between a PC and glacial mass balance. The

PCAs  used  the  sea  level  pressure  of  the  NCEP/NCAR re-analyses  as  a

database. In this sub-section, winter and summer in context of PCAs refers

to  DJF  and  JJA  season  respectively.  PC scores  from spring  (MAM)  and

autumn (SON) seasons produce few, low or no signi�cant r values. 

The  Pearson  correlation  coeJicients  calculated  from  the  total  temporal

overlaps of glacial winter mass balance time series and the PC scores of

the �rst PC of PCANA(w) range from 0.82(0.01) for Ålfotbreen to 0.30(0.05)

for Gråsubreen. Figure 4.6 (top) shows the normalised anomalies of glacier

winter mass balance (colour coded) and  the PC scores of the �rst PC of

PCANA(w) to provide the reader with a visual idea of their correlation. For

the temporal overlaps within the 1949-1988 time period, slightly lower  r

values  are  obtained  for  most  glaciers.  They  range  from  0.74(0.01)  for

Ålfotbreen to 0.39(0.05) for Hellstugubreen. No signi�cant correlation was

found for Gråsubreen. The highest  r values are obtained for the temporal

overlaps  within  the 1989-2008 time period,  ranging from 0.88(0.01)  for

Ålfotbreen  to  0.36(0.05)  for  Gråsubreen.  No  signi�cant  correlation  was

found for Engabreen. In all of the investigated time period, the decrease in

r values roughly corresponds to the distance of the glacier from the coast.

The r values for Engabreen, the most northern glacier, are also among the

lowest. The analyses using PC scores of the �rst PC of PCANA(s) and glacial

summer mass balance only yielded signi�cant r values for Ålfotbreen (0.36)

and Engabreen (0.31) in the temporal overlap within the 1949-1988 time

period.
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The  Pearson  correlation  coeJicients  calculated  from  the  total  temporal

overlaps of glacial winter mass balance time series and the PC scores of

the  second  PC  of  PCANA(w)  range  from  -0.42(0.01)  for  Gråsubreen  to

-0.32(0.01)  for  Hardangerjøkelen.  For  the  temporal  overlaps  within  the

1949-1988 and 1989-2008 time periods, r values range from -0.38(0.05) for

Hellstugubreen  to  -0.26(0.1)  for  Ålfotbreen  and  from  -0.73(0.01)  for

Gråsubreen to -0.42(0.01) for Ålfotbreen respectively. The analyses using

PC scores of the second PC of PCANA(s) and glacial summer mass balance

yields  r values in a -0.3  ± 0.1 interval for the total temporal overlaps,  r

values in a -0.45 ± 0.1 interval for the temporal overlaps within the 1949-

1988 time period, and  r values in a -0.35  ± 0.1 interval for the temporal

overlaps within the 1989-2008 time period. 

Figure 4.5: Normalised anomalies of summer mass balance (colour coded), the PC

scores of the second PC of PCANA(s) (top) and summer air temperature (bottom).

In winter and summer, no apparent East-West gradient of  r value can be

recognised.  Figure  4.5  (top)  shows  the  normalised  anomalies  of  glacier
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summer mass balance (colour coded) and the PC scores of the second PC of

PCANA(s) to provide the reader with a visual idea of their correlation.

The  Pearson  correlation  coeJicients  calculated  from  the  total  temporal

overlaps of glacial winter mass balance time series and the PC scores of

the �rst PC of PCANH(w) range from 0.70(0.01) for Ålfotbreen to 0.27(0.05)

for Gråsubreen. Figure 4.6 (top) shows the normalised anomalies of glacier

winter mass balance (colour coded) and  the PC scores of the �rst PC of

PCANH(w) to provide the reader with a visual idea of their correlation. For

the temporal overlaps within the 1949-1988 time period,  r values range

from 0.70(0.01) for Ålfotbreen to 0.39(0.05) for Hellstugubreen, while no

signi�cant  correlation between the PC scores and the Gråsubreen mass

balance can be found. The correlation coeJicients obtained from temporal

overlaps within the 1989-2008 time period are within a 0.5 ± 0.1 interval.

No signi�cant  r values are found for the Gråsubreen, Hellstugubreen and

Storbreen winter mass balance time series. The correlation analyses using

glacial summer mass balance and the PC scores of the �rst PC of PCANH(s)

only  yield  signi�cant  correlation  coeJicients  for  the  temporal  overlaps

within the 1949-1988 time period. Those are within a 0.3 ± 0.05 interval. In

winter, the strength of the relationship decreases with the distance of the

glacier from the coast.  In summer, no apparent East-West gradient for  r

values can be recognised.

The  Pearson  correlation  coeJicients  calculated  from  the  total  temporal

overlaps of glacial summer mass balance time series and the PC scores of

the fourth PC of  PCANH(s) are in a -0.35  ± 0.1 interval. For the overlaps

within the 1989-2008 time span, the r values are in a -0.5  ± 0.1 interval,

while no signi�cant  r values were calculated for the overlaps within the

1949-1988 time span. 

The PC scores of the �rst PC of  PCASTP2(w) achieve similar results as the

PC scores of the �rst PC of  PCANA(w) in the analyses with glacial winter

mass  balance  time  series,  but  the  r values  are  slightly  lower  for  most

glaciers  and  time  spans.  The  highest  correlation  coeJicients  were

calculated  for  the  temporal  overlaps  within  the  1989-2008  time  span,

followed by the correlation coeJicients calculated for the total temporal
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overlaps.  The strength  of  the relationship  decreases  for  Engabreen and

glaciers that are located farther away from the coast. 

Figure 4.6: Normalised anomalies of winter mass balance (colour coded), the PC

scores of the .rst PC of PCANA(w) (top), the PC scores of the .rst PC of PCANH(w)

(second  from  top),  winter  precipitation  (second  from  bottom)  and  winter  air

temperature (bottom).
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The PC scores of the second PC of PCASTP2(s) achieve similar results as the

PC scores of the second PC of PCANA(s) in the analyses with glacial winter

mass balance time series, but the r values are slightly higher for the total

temporal overlap of the time series. 

The PC scores of the �rst PC of  PCASTP1(w) achieve similar results as the

PC scores of the �rst PCs of PCANA(w) and PCASTP2(w) in the analyses with

glacial winter mass balance time series, but the r values are lower for most

glaciers and time spans.

4.2.5 Correlation Coefficients from Moving Time Windows

This  sub-section  describes  the  results  of  the  correlation  analyses  using

moving  10  year  time  windows  to  track  changes  in  r values  over  time

(section 3.3). The most radical changes in correlation coeJicients over time

show for the correlation between glacial winter mass balance and the PC

scores of the �rst PC of PCANA using winter (DJF) sea level pressure (Fig.

4.7). In �gure 4.7, the  r values are assigned to the middle year of the 10

year time window they are calculated from. It shows a notable shift in  r

values from the 1980-1989 to the 1981-1990 time window. The correlation

coeJicients for glaciers in coastal proximity, represented by blue colours,

are  higher  than  those  for  the  glaciers  further  away  from  the  coast,

represented  by  red  colours.  The  correlation  coeJicients  for  the  more

northern Engabreen are represented by the colour orange. The correlation

coeJicients for calculated from 10 year time windows of winter (ONDJFM)

temperature means and glacial winter mass balance show a similar,  but

less pronounced shift at the same time. 

Figure  4.7:  Pearson  correlation

coe?icients from correlation analyses

using  the  winter  mass  balance  of

di?erent glaciers (colour coded) and

the  PC  scores  of  the  .rst  PC  of

PCANA(w) using moving 10 year time

windows. 
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The correlation coeJicients calculated from moving 10 year windows of

glacial summer mass balance and spatiotemporal means of air temperature

in the six months ablation season (AMJJAS) shift from negative values in

the 1970's to positive values in the 1980's and 1990's and return to slightly

negative values in the 2000's. 

4.3 Impact of Mid-Latitude Atmospheric Variability on 

Glacial Mass Balance

This  section  describes  the  results  of  the  multiple  regression  analyses

described in section 3.3. The analyses were carried out with three diJerent

sets of predictors. The �rst predictor set includes PC scores from PC1-PC5

of  PCANA,  temperature  and  precipitation  rate  means,  the  second  is

comprised  of  PC  scores  from  PC1-PC5  of  PCANH,  temperature  and

precipitation rate means, and the third uses the PC scores of the 12 leading

PCs of PCASTP2. The notation (w) and (s) following the PCA type indicates

whether winter (DJF) or summer (JJA) means of sea level pressure were

used in the mentioned PCA. In this section, the term explained variance is

used as described in section 3.2.3. The glaciers in �gure 4.8, �gure 4.9 and

�gure 4.10 are sorted by their distance from the coast. The leftmost is the

glacier  that  is  closest  to  the  coast.  The  northern  glacier  Engabreen  is

placed to the right of the glacier with the greatest distance from the coast.

In the multiple regression analyses using the �rst predictor set, most of the

winter mass balance variances in time periods 1949-2008 and 1989-2008

are explained by the PC scores of the �rst PC of  PCANA(w) (Fig. 4.8 top),

while temperature and PC scores of the third and fourth PC of  PCANA(w)

are  dominant  in  the  1949-1988  time  period.  The  amount  of  explained

variance ranges from 90% - 47% in the 1989-2008 time period, from 77% -

30% in the 1949-2008 time period and from 50% - 19% in the 1949-1988

time  period.  In  time  periods  1949-2008  and  1949-1988,  the  amount  of

explained variance decreases with the increase in distance of the glacier to

the coast. The least amount of variance in all time periods is explained for

the Engabreen winter mass balance.
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Most of the explained summer mass balance variances are explained by

temperature  and  the  PC  scores  of  the  second,  third  and  �fth  PC  of

PCANA(s)  (Fig 4.8 bottom).  In  the 1949-2008 time period,  the dominant

predictors are the third and �fth PC of PCANA(s). In the 1989-2008 time

period, the dominant predictor is the second PC of PCANA(s). The amount of

explained variance ranges from 69% - 21% in the 1989-2008 time period,

from 59% - 31% in the 1949-2008 time period and from 53% - 19% in the

1949-1988 time period. As for the winter season, the explained predictand

variances  are  highest  in  the  1989-2008  time  period,  followed  by  the

explained variances in the 1949-2008 time period. 

Overall, the predictors of the �rst predictor set explain more of the glacial

winter  mass  balance  than  of  the  glacial  summer  mass  balance  in  time

periods 1949-2008 and 1989-2008. In the 1949-1988 time period, the least

amount of of predictand variance is explained in winter and summer. 

Figure  4.8:  Amount  of  mass  balance  variance  explained  by  predictors  (colour

coded) from the .rst predictor set in winter (top) and summer (bottom) for time

periods  1949-2008  (left),  1949-1988  (centre)  and  1989-2008  (right).  Predictors

include PC scores (pc01-pc05), temperature (T2M) and precipitation (Prec)
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The multiple regression analyses computed with the second predictor set

yield similar results for the winter season. Most of the winter mass balance

variances in time periods 1949-2008 and 1989-2008 is explained by the PC

scores  of  the  �rst  and  second  PC  of  PCANH(w)  (Fig.  4.9  top),  while

temperature  and  PC  scores  of  the  third  and  �fth  PC  of  PCANH(w)  are

dominant in the 1949-1988 time period. The amount of explained variance

ranges from 90% - 46% in the 1989-2008 time period, from 78% - 21% in

the 1949-2008 time period and from 53% -  30% in the 1949-1988 time

period. In time periods 1949-2008 and 1949-1988, the amount of explained

variance decreases with the increase in distance of the glacier to the coast.

The amount of variance explained for the Engabreen winter mass balance

is  higher  than  that  in  the  multiple  regression  analyses  using  the  �rst

predictor set. Temperature contributes most to the explained summer mass

balance variances  (Fig.  4.9  bottom).  The amount of  explained variance

ranges from 69% - 19% in the 1989-2008 time period, from 47% - 1% in the

1949-2008 time period and from 40% - 5% in the 1949-1988 time period.

The  explained  predictand  variances  are  highest  in  the  1989-2008  time

period.  The explained predictand variances in  the 1949-2008 and 1949-

1988 time periods are signi�cantly lower on average. 

Overall,  the  predictors  of  the  second predictor  set  explain  more of  the

glacial winter mass balance than of the glacial summer mass balance in all

time periods.

In the multiple regression analyses using the third predictor set, the PC

scores of the �rst PC of PCASTP2(w) contribute most to the explained winter

mass balance variances in all time periods (Fig. 4.10 top). The amount of

explained variance ranges from 69% - 28% in the 1989-2008 time period,

from 54% - 32% in the 1949-2008 time period and from 53% - 0% in the

1949-1988 time period.

47



Figure  4.9:  Amount  of  mass  balance  variance  explained  by  predictors  (colour

coded) from the second predictor set in winter (top) and summer (bottom) for time

periods  1949-2008  (left),  1949-1988  (centre)  and  1989-2008  (right).  Predictors

include PC scores (pc01-pc06), temperature (T2M) and precipitation (Prec).

The  PC scores  of  the  second PC of  PCASTP2(s)  contributes  most  to  the

explained summer mass balance variances (Fig. 4.10 bottom). The amount

of explained variance ranges from 87% - 50% in the 1989-2008 time period,

from 54% - 28% in the 1949-2008 time period and from 22% - 0% in the

1949-1988 time period. The explained predictand variances are highest in

the  1989-2008  time  period,  followed  by  the  explained  variances  in  the

1949-2008  time  period.  The  explained  predictand  variances  1949-1988

time period are signi�cantly lower on average.

On average, the predictors of the third predictor set explain more of the

glacial summer mass balance than of the glacial winter mass balance in

time  periods  1949-2008  and  1989-2008.  The  predictors  of  the  third

predictor set explain more of the glacial summer mass balance in 1989-

2008 than the �rst and second predictor sets.  The amount of  explained

variance averaged over all glaciers, seasons and time periods is highest for

the �rst predictor set.
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Figure  4.10:  Amount  of  mass  balance  variance  explained  by  predictors  (colour

coded) from the third predictor set in winter (top) and summer (bottom) for time

periods  1949-2008  (left),  1949-1988  (centre)  and  1989-2008  (right).  Predictors

include PC scores of the leading 12 PCs (pc01-pc12).
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5  Glacier Mass Balance Estimates

In the previous chapter,  the results of multiple regression analyses with

several sets of predictors were presented. On average, the set of predictors

including  the  PC  scores  of  PCANA,  and  six  moth  seasonal  surface

temperature and precipitation rate means performed best at explaining the

variance of glacial mass balance. Consequently, following the procedures

described in section 3.4, the multiple regression models trained with this

predictor  set  were  used for  the  generation  of  the glacial  mass  balance

estimates  with  the  aid  of  the predictors  reconstructed  from the  CMIP3

model dataset. The estimates were made for each model, climate scenario,

model  run,  season, glacier,  and training time periods (1949-2008, 1949-

1988  and  1989-2008)  separately.  The  18  chosen  models  (section  2.2),

climate scenarios, individual model runs per scenario, two seasons, seven

glaciers  and  three  diJerent  time  periods  generate  a  total  of  5,922

individual  time  series  estimates,  2,520  ensemble  mean  estimates  when

averaged over the individual runs, and 168 multi-model  mean estimates

when averaging the ensemble mean estimates over the diJerent models.

Many estimates of future winter mass balance generated from individual

simulations show a signi�cant positive trend from 2000 to 2100 for model

simulations  that  predict  a  positive  trend  for  NAO  index  values.  These

trends are  strongest  for  the  most  maritime glaciers.  According to  most

estimates, summer melting also increases over the 2000-2100 time period.

Given the large number of individual estimates, the presentation of results

is reduced to examples of ensemble means of estimates and a multi-model

ensemble mean summary of cumulative net mass balance estimates.
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5.1 ECHAM5 Ensemble Means of Estimates

This section outlines examples of ensemble means of estimates. The two

glaciers, for which mass balance estimates are described here, represent

the two end members of the maritime-continentality range in this study.

The choice of the climate model is arbitrary. The estimates presented here

were made from the predictors constructed from ECHAM5 simulations and

the multiple regression model trained in the 1949-2008 time period. 

Figure  5.1:  ECHAM5  ensemble  means  of  Ålfotbreen  winter  (left)  and  summer

(right) mass balance estimates for the time period 2000-2100 and scenarios B1

(top), A1B (centre) and A2 (bottom) from the regression model trained in the 1949-

2008 time period.

Figure 5.1 shows the ensemble means of winter and summer mass balance

point and interval estimates (section 3.4) for Ålfotbreen for the three future
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climate  scenarios.  While  there  is  no  signi�cant  trend  of  winter  mass

balance values from present day to the year 2100 for any future scenario,

summer  glacial  mass  loss  increases  with  time.  In  the  A1B  and  A2

scenarios, the summer glacial mass loss shows a greater increase than in

the B1 scenario.

Figure  5.2:  ECHAM5 ensemble  means  of  Gråsubreen  winter  (left)  and  summer

(right) mass balance estimates for the time period 2000-2100 and scenarios B1

(top), A1B (centre) and A2 (bottom) from the regression model trained in the 1949-

2008 time period.

Figure 5.2 shows the ensemble means of winter and summer mass balance

point  and  interval  estimates  (section  3.4)  for  Gråsubreen  for  the  three

future climate scenarios. While there is no signi�cant trend of winter mass
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balance values from present day to the year 2100 for any future scenario,

summer glacial mass loss increases slightly in the A1B and A2 scenarios. 

In disregard of the scenario, the predicted winter mass gain of Ålfotbreen

is always greater than that of Gråsubreen. Likewise, the predicted summer

mass loss is also greater for Ålfotbreen than for Gråsubreen. Independent

of  the  training  time  period  for  the  regression  models,  similar  negative

summer  mass  balance  trends  show  for  most  models.  However,  the

temporal  evolution  of  winter  mass  balance  mostly  varies  from  a  weak

negative to a positive trend depending on the model  and scenario.  The

estimated summer and winter mass balance values are generally higher for

glaciers closer to the coast than for glaciers further inland.

5.2 Multi-Model Ensemble Means of Estimates

This  section  shows  the  multi-model  mean  glacial  net  mass  balance

estimates  for  the  three  future  scenarios.  The results  for  the  regression

models trained by the 1949-2008, 1949-1988 and 1989-2008 time periods

are described separately.

Cumulative net mass balances calculated from multi-model ensembles of

summer and winter mass balance estimates range from a ~50 m.w.e. mass

surplus to a ~100 m.w.e. mass de�cit by the year 2100.  Figure 5.3 shows

the multi-model cumulative net mass balance estimates for the time period

2000-2100. The estimates for glaciers in coastal proximity, represented by

blue colours, are higher than those for the glaciers further away from the

coast,  represented  by  red  colours.  The  estimates  for  Engabreen  is

represented by an orange hue. The diJerent model training time periods

are  arranged in  columns,  while  the  diJerent  scenarios  are  arranged in

rows.  

The mass balance estimates generated from the model trained in the 1949-

1988 time period digress most from each other. At the end of the 100 year

time  span,  the  cumulative  net  mass  balance  for  Engabreen,

Hardangerjøkelen  and  Ålfotbreen  are  positive,  while  the  estimates  for

Hellstugubreen,  Nigardsbreen,  Gråsubreen  and  Storbreen  are  negative.

The predicted net mass balance for Nigardsbreen remains approximately
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zero for the �rst decades into the 21st century, but experiences a shift into

negative net mass balance in the late decades of the century.

Figure  5.3:  Multi-model  ensemble  means  of  net  mass  balance  estimates  for

di?erent glaciers (colour coded) for the time period 2000-2100, scenarios B1 (top),

A1B (centre) and A2 (bottom) from regression models trained in the 1949-2008

(left), 1949-1988 (centre) and 1989-2008 (right) time periods.

The mass balance estimates generated from the model trained in the 1989-

2008 time period are predominantly negative and digress least from each

other.  At  the  end  of  the  100 year  time  span,  the  cumulative  net  mass

balance  for  Hardangerjøkelen  and  Ålfotbreen  are  positive,  while  the

estimates for Gråsubreen, Storbreen, Hellstugubreen,  Nigardsbreen and

Engabreen  are  negative.  Similar  to  the  net  mass  balance  estimates

generated by the model trained in the 1949-1988 time period, the net mass
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balance estimates for Nigardsbreen generated by the model trained in the

1989-2008 time period remains approximately zero for the �rst decades

into the 21st century, but experiences a shift into negative net mass balance

in the late decades of the century.

The mass balance estimates generated from the model trained in the 1949-

2008 time period are predominantly negative. At the end of the 100 year

time  span,  the  cumulative  net  mass  balance  for  Engabreen  and

Nigardsbreen are positive, while the estimates for Gråsubreen, Storbreen,

Hellstugubreen, Hardangerjøkelen and Ålfotbreen are negative. 

Figure 5.4: Multi-model ensemble means of cumulative net mass balance estimates

at the end of the 2000-2100 time period averaged over greenhouse gas emission

scenarios for individual glaciers and the sum.

The value of the net balance estimates show a greater sensitivity to the

training  time  periods  for  the  regression  model  than  to  the  diJerent

emission scenarios. Averaging over greenhouse gas emission scenarios, the

sum of the mean estimates are -179 m.w.e., -117 m.w.e. and -157 m.w.e. for

the  model  training  time  periods  1949-2008,  1949-1988  and  1989-2008

respectively (Fig. 5.4). Averaging over the model training time periods, the

sum of the mean estimates are -146 m.w.e., -167 m.w.e. and -139 m.w.e. for

scenarios B1, A1B and A2 respectively (Fig. 5.5). The sum of the net mass

balances of the glaciers in 2100 is negative for all regression models and

scenarios. Out of the six glaciers lying on a similar latitude, the three most
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continental glaciers, i.e. Gråsubreen,  Hellstugubreen and Storbreen, are

predicted to have a negative net mass balance in all cases. The net mass

balance estimates for the three glaciers located closer to the coast and on

similar latitudes, i.e. Ålfotbreen, Nigardsbreen and Hardangerjøkelen are

more ambivalent. The net mass balance estimates for Engabreen are the

most positive according to the models trained in the 1949-2008 and 1949-

1988 time period, but the most negative according to the models trained in

the 1989-2008 time period.

Figure 5.5: Multi-model ensemble means of cumulative net mass balance estimates

at the end of the 2000-2100 time period averaged over model training time period

for individual glaciers and the sum.
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6  Bayesian Assessment of Modelled

Climates in View of Observed 

Atmospheric States

This chapter describes the results of the Bayesian classi�cation procedure

described  in  section  3.5.  The  investigation  was  carried  out  with  the

predictors  of  the  �rst  predictor  set  comprised  of  the  PC scores  of  the

leading �ve principal components of PCANA and the spatiotemporal means

of  precipitation  rates  and  temperatures.  The  categories  used  for  this

classi�cation  are �ve 30 year  time periods  of  modelled  climate.   These

include two present-day time periods (1951-1980 and 1981-2010) and three

future time periods (2011-2040, 2041-2070 and 2071-2100).

6.1 Probabilities of Modelled Climates in View of 

Observed Atmospheric States of Individual Years

This section presents the posterior probabilities of the time periods mi  of

modelled climate in view of the observed state of the atmosphere for every

individual year in the present-day time span of 1949-2008. For the summer

season,  the posterior  probabilities  for  the  two present-day  time periods

(~0.2) do not change signi�cantly with the substitution of the data vector

d  for each year  (Fig. 6.1 top). The probability of the climate state in the

most distant future increases for the observed atmospheric states of more

recent years. The posterior probabilities calculated for the winter season

(Fig. 6.1 bottom) do not show any signi�cant trends over the time span of

observations.  For  15  speci�c  years,  the  data  vector  d  produces  high
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posterior  probabilities  for  one or  both  of  the  present-day  time  periods.

However,  for  other  years  the  posteriors  for  all  categories  are  typically

within a 0.2 ± 0.1 interval and therefore do not not deviate much from the

equally distributed prior probabilities. 

Figure 6.1: Posterior probabilities for climates of di?erent future time periods for

the observation data vector of summer (top) and winter (bottom) of each year.

6.2 Probabilities of Modelled Climates in View of 

Observed Atmospheric States of Composites of Years

This section presents the posterior probabilities of the time periods mi  of

modelled climate in view of the observed mean state of the atmosphere for

diJerent composites of years in the present-day time span of 1949-2008. 
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6.2.1 Probabilities for Years of Highly Positive Mass Balance

The posterior probabilities for composites of years marked by most positive

glacial mass changes are presented. In the winter season, these are the

years in which the glaciers gained most mass. In the summer season, they

are years characterised by the smallest loss of mass. 

Figure 6.2: Posterior probabilities for climates of di?erent future time periods for

di?erent glaciers,  winter (left) and summer (right) in view of the composites of

years characterised by most positive mass balance.
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For the winter season, the posterior probabilities for the time period 1951-

1980  are  typically  the  highest,  while  there  is  no  signi�cant  diJerence

between the posteriors of the other categories  (Fig. 6.2, left). Exceptions

are evident  for  the glaciers  Hansebreen,  Nigardsbreen,  Hellstugubreen,

Gråsubreen and Engabreen in the analysis using 3-year composites,  for

Hansebreen and Gråsubreen in the analysis using 5-year composites, and

for  Gråsubreen  in  the  analysis  using  10-year  composites.  The  general

pattern can be observed for more glaciers as the number of years included

in the construction of the composites increases. However, this also results

in a decrease in the intensity of the pattern.

For  the  summer  season,  there  is  no  apparent  pattern  in  the  posterior

probabilities for most glaciers (Fig. 6.2, right). Exceptions are evident for

the  glaciers  Hansebreen,  Austdalsbreen  and  Langfjordjøkelen.  The

posteriors  calculated for  the time period in  the most  distant  future are

highest for Austdalsbreen and Langfjordjøkelen in the analyses using the 5-

year  and  10-year  composites.  The  posteriors  calculated  for  Hansebreen

show a similar, but weaker pattern in the analyses using the 5-year and 10-

year composites. 

6.2.2 Probabilities for Years of Highly Negative Mass Balance

The posterior probabilities for composites of years characterised by most

negative glacial mass changes are presented. In the winter season, these

are the years in which the glaciers gained the least amount of mass. In the

summer  season,  they  are  years  in  which  the  glaciers  experience  the

greatest loss of mass. 

For the winter season, the posterior probabilities for the time period 1951-

1980  are  typically  the  highest,  while  there  is  no  signi�cant  diJerence

between the posteriors of the other categories  (Fig 6.3, left). Exceptions

are evident  for  the glaciers  Hansebreen and Engabreen in  the  analysis

using 3-year composites and for the Engabreen in the analysis using 5-year

composites. The general pattern can be observed for more glaciers as the

number of years included in the construction of the composites increases.

However, this also results in a decrease in the intensity of the patterns.
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For the summer season, the posterior probabilities for the time period in

the  most  distant  future  are  typically  the  highest,  while  there  is  no

signi�cant diJerence between the posteriors of the other categories  (Fig

6.3, right). Exceptions are evident for the glaciers Ålfotbreen, Hansebreen,

Nigardsbreen and Engabreen in the analysis using 3-year composites and

for  Ålfotbreen  and  Hansebreen  using  5-year  composites.  The  general

pattern can be observed for more glaciers as the number of years included

in the construction of the composites increases. However, this also results

in a decrease in the intensity of the pattern.

Figure 6.3: Posterior probabilities for climates of di?erent future time periods for

di?erent glaciers,  winter (left) and summer (right) in view of the composites of

years characterised by most negative mass balance
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7  Summary and Discussion

This �nal chapter summarises the �ndings described in chapters 4,5 and 6

and discusses these in context of related research in order to assess the

way in which this study complements previous studies and contributes to

the  understanding  of  present-day  glacier-climate  dynamics  and  future

changes  of  glacier  mass  balance in  Norway.  Additional  notes  are  made

about the shortcomings of the study and the need for further research.

In chapters 4, the atmospheric variables constructed from NCEP/NCAR re-

analyses,  the  results  of  the  correlation  analyses  between  glacier  mass

balances and the variables constructed from NCEP/NCAR and ERA40 data,

and the results of the cross-validated stepwise multiple regression analysis

are  presented.  The  regional  winter  precipitation  rates  and  summer  air

temperatures  averaged over  the six  months  periods  (ONDJFM,  AMJJAS)

that roughly correspond to the accumulation and ablation periods and mass

balance measurement intervals (ANDREASSEN et al., 2011) correlate higher

with  the  mass  balance  than  the  regional  precipitation  rates  and  air

temperatures  averaged over  the three month seasons DJF and JJA.  The

highest  r values from winter mass balance and spatiotemporal means of

both NCEP/NCAR and ERA40 are obtained for the time period 1989-2008.

Furthermore, the Pearson r values decrease with an increase in degree of

continentality  of  the  glaciers  in  all  considered  time  periods.  The  same

patterns are evident for r values calculated from correlation analyses with

spatiotemporal  means of  both NCEP/NCAR and ERA40 air  temperature,

and the PC scores of the �rst PC of PCANA(w), PCANH(w) and PCASTP2(w).

In most cases, the spatiotemporal means constructed from NCEP/NCAR re-

analyses describe the winter and summer mass balance better than the

corresponding  means  constructed  from  ERA40  re-analyses.  The  winter
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North Atlantic Oscillation (NAO) and Arctic Oscillation (AO) or Northern

Annular Mode (NAM) variability described by the principal components of

the various PCAs correlate more with the glacier winter mass balance than

the  three  stationary  NAO  indices.  The  highest  r values  for  the  winter

season are obtained from the �rst PC of PCANA(w) (0.88),  i.e.  the NAO,

followed by the �rst PC of PCANH(w), i.e. the AO or NAM. These are highest

for the 1989-2008 time period. In most cases, the NAO and NAM show a

stronger  correlation  than  the  precipitation  means,  suggesting  they

represent the precipitation relevant to mass accumulation in winter better

than regional means of NCEP/NCAR and ERA40 precipitation. According to

the results of the multiple regression analyses carried out with winter mass

balances and the three diJerent  sets  of  predictors,  the NAO,  NAM and

NAO-like variable of the third set are the most dominant predictors in time

periods 1949-2008 and 1989-2008. In most cases, these predictors explain

more of the mass balance variance of maritime glaciers and the amount of

explained  variance  decreases  with  an  increase  in  the  degree  of

continentality of the glaciers. The time period 1989-2008 has the highest

explained winter mass balance variances overall. In summary, the dynamic

NAO  and  related  indices  contribute  most  to  the  explained  winter

accumulation. The negative and positive phases of the NAO are associated

with changes in the strength and location of the North Atlantic jet stream

and shifts in zonal and meridional heat and moisture transport  (HURRELL

1995).  This  modi�es  temperature  and  precipitation  patterns  on  a  large

scale that may extend from Europe to North America (WALKER and BLISS

1932, VAN LOON and ROGERS 1978, ROGERS and VAN LOON 1979, NOAA-

CPC, 2012). The positive phase, characterised by low pressure anomalies

over Iceland and high pressure anomalies at the Azores, is associated with

higher  temperatures  and  precipitation  in  northern  Europe.  This  is

consistent with the eigenvector loadings of the �rst PC of  PCASTP2(w)  that

show  a  covariance  of  a  positive  phase  NAO  pattern  with  elevated

temperatures and precipitation rates in southern Norway. Since the 1980's

the winter NAO has predominantly been in a positive phase (HURREL and

VAN LOON, 1997).  Taking  into  consideration  the  previous  investigations

linking  the  wet  and  mild  winters  caused  by  the  NAO to  mass  balance
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changes in Scandinavia (e.g. SIX et al., 2001; NESJE and DAHL, 2003, NESJE

et al., 2000), this NAO phase extreme may explain the particularly strong

correlation between winter mass balance and the NAO index and the high

explained variances in the 1989-2008 time period. Following the NAO- and

AO/NAM indices and spatiotemporal air temperature and precipitation rate

means,  the  highest  correlation  coeJicients  for  the  winter  season  are

obtained  from  the  analyses  with  the  PC  scores  of  the  second  PC  of

PCANA(w).  Its  eigenvector  loadings  show  similarity  to  the  Scandinavia

pattern (SCAND)  that has also been referred to as the Eurasia-1 pattern by

BARNSTON and  LIVEZEY (1987). The SCAND time series also signi�cantly

contributes to the explained variance calculated by the multiple regression

carried out for the time period 1989-2008 with the second predictor set.

The positive phase of the Scandinavia pattern is associated with negative

temperature  anomalies  in  central  Russia  and  western  Europe,  positive

precipitation  anomalies  in  central  and  southern  Europe  and  negative

precipitation anomalies across Scandinavia (BARNSTON and LIVEZEY, 1987,

NOAA-CPC, 2012). The below-average winter precipitation might explain

the negative correlation of the SCAND time series and glacier winter mass

accumulation. 

In the correlation analyses carried out for the ablation season, the highest

correlation  coeJicients  were  obtained  from  six  months  spatiotemporal

means  of  both  NCEP/NCAR  and  ERA40  air  temperature.  Unlike  the

Pearson  r values  from winter  temperature,  precipitation  and  NAO-  and

NAO-like  indices,  these  show  no  pattern  of  increase  or  decrease  with

changing  degrees  of  continentality  of  the  glaciers.  Nevertheless,  the

highest correlation coeJicients are obtained from the winter mass balance

of the maritime Ålfotbreen. The temperature means contribute to virtually

all explained variance of summer glacier mass loss in multiple regression

carried out with the second predictor set for the time periods 1949-2008

and 1989-2008. On average, temperature explains most of the mass loss

variance in the latter time period. According to the results of the multiple

regression analyses carried out with the �rst predictor sets, the PC scores

of  the  third  and �fth  PC of  PCANA(s)  contribute  most  to  the  explained

glacier summer mass balance variance in time period 1949-2008, while the
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PC scores of the second PC of PCANA(s) contributes most to the explained

summer mass balance variance in the time period 1989-2008. The results

from the multiple regression analyses carried out with the third predictor

sets show that the PC scores of the second PC of PCASTP2(s) contribute

most  to  the  explained  glacier  summer  mass  balance  variance  in  time

periods  1949-2008  and  1989-2008.  On  average,  the  second  PC  of

PCASTP2(s) explains more of the summer mass balance variance in 1949-

2008 and 1989-2008 than others. The eigenvector loadings of the second

PC of PCASTP2(s) showed a covariance of the sea level pressure pattern and

temperature over southern Norway and resembles the summer Scandinavia

pattern. The positive phase of this teleconnection pattern is characterised

by  high  sea  level  pressure  over  South-East  Scandinavia,  sometimes

re;ecting major blocking highs (BARNSTON and LIVEZEY, 1987, NOAA-CPC,

2012).  In  summer  it  is  associated  with  increased  precipitation  and  low

temperatures  in  central  Europe  and reduced  precipitation  and  elevated

temperatures  in  Scandinavia  (NOAA-CPC,  2012),  which may explain  the

importance of this predictor.

The correlation coeJicients calculated from moving 10 year time windows

of the winter NAO index and glacier winter mass balance change from low,

statistically insigni�cant R values to correlation coeJicients between 0.6

and  0.95  in  the  mid  1980's.  This  change  point  suggests  that  the  NAO

variability might overshadow the in;uence of other factors on the winter

mass balance during the time period in which the NAO is in an extreme

positive phase.  Glaciers underlying a continental  regime show a weaker

response to the increase in NAO index values than the maritime glaciers.

The change point in net glacier mass balance (e.g.  FEALY and  SWEENEY,

2005)  takes  place  in  the  late  1980's  while  the  sudden  increase  in

correlation coeJicients calculated from the winter NAO index and winter

mass balance takes place in the early 1980's. The change point in the late

1980's  coincides  with  particular  low  regional  summer  temperatures  in

southern Norway. While the summer temperatures rise again in subsequent

years, the winter NAO also becomes more positive and the precipitation

precipitation  increases,  presumably  counteracting  the  once  again  high

mass loss in summer and ultimately resulting in a more positive net mass
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balance. After the year 2000, which marks the beginning of a rapid loss in

glacier  mass  (e.g.  ANREASSEN et  al.,  2008),  the  NAO  index  values

decrease, but remain high in comparison to the values in the 1950's and

1960's, and the high correlation between the winter NAO and winter mass

balance prevails for all glaciers except Engabreen and Gråsubreen. At the

same time, the regional summer temperature in southern Norway rises and

sets new record highs for the investigated time period. These changes are

accompanied by a decrease in winter accumulation and strong increase in

mass loss during the ablation season, resulting in overall negative net mass

balances. Only Ålfotbreen is excluded from this scale of annual mass loss

since 2000. In summary, the net glacier mass surplus in the 1980's and

1990's may be attributed to a combination of the increased precipitation

due  to  the  predominantly  positive  NAO and  the  relatively  low  ablation

season temperatures during that time. This is consistent with �ndings of

previous studies (e.g.  CHINN et al.,  2005;  RASMUSSEN et al.,  2007). The

annual mass de�cit since the year 2000 may be attributed to the weakening

in the winter NAO causing less accumulation in winter, and the increase in

ablation season temperatures resulting in unprecedented summer melting. 

The correlation coeJicients calculated from moving 10 year windows of

glacial summer mass balance and spatiotemporal means of air temperature

in  the ablation  season shift  from high  negative  values  in  the  1970's  to

positive values in the 1980's  and 1990's  and return to slightly  negative

values in the 2000's. This suggests that the regional means temperature do

not represent the temperatures directly relevant to melting in the 1980's

and 1990's as in the 1970's and 2000's and supports the idea of the regime

shift discussed in the previous paragraph.

In conclusion, the precipitation relevant to glacier mass accumulation in

winter is described better by the dynamic NAO and NAM index values from

principal component analyses than by regional means of precipitation or

any  other  atmospheric  variable  constructed  from  the  NCEP/NCAR  and

ERA40 re-analysis in this study. When the winter NAO enters its extreme

phase  in  the  1980's  and  1990's,  this  relationship  is  strengthened.

Furthermore, there is an East-West gradient in the strength of relationship

between mass accumulation in winter and the NAO and NAM. There is no
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such apparent gradient of the in;uence of temperature on summer melting.

These  aspects  of  the  glaciological  regimes  of  the  investigated  glaciers

might  explain  why  the  mass  surplus  in  the  late  1980's  and  1990's  is

particularly pronounced for the maritime glaciers such as Ålfotbreen, less

evident for the intermediate Storbreen and only expressed as a temporary

halt in net mass loss of the most continental glaciers Hellstugubreen and

Gråsubreen.  Given  that  the  glaciological  regime  is  de�ned  by  the

meteorological and regional geographic in;uences the glacier is subject to,

the diJerent reactions of the glaciers to the change in the NAO may also be

viewed  as  a  result  of  diJerences  in  the  glaciological  regime.  The

temperature relevant to summer melting of glaciers is best described by

the second principal component of the PCASTP2, which shows resemblance

to the summer Scandinavia pattern and associated temperatures. Overall,

the  atmospheric  variables  constructed in  this  study  better  describe  the

meteorological  aspects  of  the  glaciological  regime  in  the  more  recent

decades of the investigated total time period. 

In  chapters  5,  the  results  of  the  application  of  the  multiple  regression

model  trained with the �rst predictor set to the variables reconstructed

from  interpolated  CMIP3  climate  model  output  are  presented.  The

estimated  for  winter  accumulation  and  summer  melting  is  generally

greatest for the most maritime glaciers. Estimates of a signi�cant positive

trend of mass accumulation in winter of maritime glaciers can be seen for

model  simulations  that  predict  a  positive  NAO  trend  that  would  be

consistent with the projected development of the NAO and AO under global

warming  (FYFE et  al.,  1999).  Summer  melting  is  greater  according  to

estimates from simulations for the A2 and A1B emission scenario than for

the B1 scenario. According to most estimates, summer melting increases

over  the  2000-2100  time  period.  Multi-model  ensemble  cumulative  net

mass balance estimates range from a ~50 m.w.e. mass surplus to a ~100

m.w.e.  mass  de�cit.  These  estimates  reveal  a  greater  sensitivity  to  the

training  time  period  of  multiple  regression  model  than  to  the  emission

scenarios. At the end of the 2000-2100 time period, the three more eastern

glaciers  Gråsubreen,  Hellstugubreen  and  Storbreen,  show  a  net  mass
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de�cit for all scenarios and model training time period. Averaged over the

emission scenarios, the sums of the mean estimates generated in this study

range from -117 m.w.e. (for model training time period 1949-1988) to -179

m.w.e. (for model training time period 1949-2008). Averaged over model

training time periods,  the sums of  the mean estimates  range from -139

m.w.e. (for the A2 emission scenario) to 167 m.w.e. (for the A1B emission

scenario).  The estimates for the three more western glaciers Ålfotbreen,

Hardangerjøkelen  and  Nigardsbreen  are  more  ambivalent.  Out  of  these

glaciers, the greatest mass de�cits glaciers are estimated for Ålfotbreen by

the model trained in the 1949-2008 time period and Nigardsbreen for the

time periods 1949-1988 and 1989-2008. These extremes coincide with the

link  of  their  summer  melting  to  temperature  means  in  the  multiple

regression  models.  The  PC  scores  of  the  second  PC  of  PCANA(s),  the

otherwise dominant predictor in the ablation season, correlates with the

temperature predictor in over a number of time periods, e.g. r=~ -0.5 for

1955-1975, making them 'competing' predictors in the multiple regression

model due to the measures taken to prevent over�tting and to ensure the

robustness  of  the  model.  In  the  multiple  regression  analysis  using  the

second predictor set, temperature is the dominant predictor in the ablation

season.  This  both  demonstrates  the  robustness  of  temperature  as  a

predictor  and indicates  the predictor  choice of  the regression  model  in

absence of the correlated PC scores of the second PC of PCANA(s). In order

to  understand  the  ambivalent  estimates  for  the  maritime  glaciers,  the

sensitivity of these to the selection of temperature as a main predictor in

the ablation season could be investigated by removing the PC scores of the

second PC of PCANA(s) from the �rst predictor set, thus suppressing the

'competition-eJect' of multicollinearity, and generating the estimates from

the resulting regression model. 

In conclusion, the net mass balance estimates show a greater mass loss for

the continental glaciers than for the maritime glaciers. This diJerence may

be  attributed  to  the  choice  of  ablation  season  predictors  or  the  strong

relationship of the winter mass balance of maritime glaciers to the NAO,

which might create increased winter accumulation to compensate for the

mass loss in summer to some extend. The most northern glacier Engabreen
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shows the greatest mass surplus in the 2000-2100 time span. The estimates

are more sensitive to the model training time period than to greenhouse

gas emission scenarios. The model training time periods in this study are

chosen  because  of  the  presumably  diJerent  prevailing  glaciological

regimes  at  those  times.  The  multiple  regression  analyses  in  chapter  4

con�rm this  in  the  sense  that  diJerent  dominant  predictors  were often

determined for these time periods. For example, the NAO was determined

as  the  dominant  predictor  for  all  glaciers  in  the  multiple  regression

analyses in the 1989-2008 time period, while it was only determined as the

dominant  predictor  for  one  of  the  glaciers  in  the  multiple  regression

analyses in the 1949-1988 time period. Therefore, the high sensitivity of

mass balance estimates to the training time period of the models may also

be viewed as the sensitivity  of the development of mass changes to the

prevailing glaciological regimes. Following the discussion of results of the

fourth chapter, this may in turn be a function of the strength and phase of

the NAO to some extent.

In chapters 6, the results of the Bayesian classi�cation observed states of

the atmosphere into time periods of modelled climate are presented. The

temperature and precipitation means and PC scores of the leading �ve PCs

of  PCANA are  used  to  describe  the  present-day  atmospheric  states  and

future climates. 

In the summer season, the posterior probabilities  for  the climate in the

most distance future time period is higher in view of observed states of the

atmosphere of individual years, suggesting that the most recent decades

better  represent  the  atmospheric  summer  conditions  in  a  more  distant

future. 

The posterior probabilities of modelled climates in view of the composites

of years characterised by highest accumulation in winter are on average

highest  for  the  1951-1980 climate  and low for  the  climate  in  the  most

distant  future. This is  less pronounced for Hansebreen, Gråsubreen and

Engabreen.  This  points  towards  distant  future  climatic  conditions  that

generally  favour  strong  winter  accumulation  less  than  the  modelled

climatic conditions of 1951-1980. The posterior probabilities of modelled

69



climates in view of the composites of summers characterised by minimal

mass loss show a more even distribution over the diJerent time periods

and glaciers.  This  suggests  little  change in  the climatic  conditions  that

favoured least melting during the past ablation seasons. Langfjordjøkelen,

Austdalsbreen  and  to  a  lesser  extend  Hansebreen  are  exceptions

suggesting  higher  probabilities  for  climatic  conditions  favouring  least

summer melting during the ablation season in the most distant future. 

The posterior probabilities of modelled climates in view of the composites

of  years  characterised  by  least  accumulation  in  winter  are  on  average

highest for the 1951-1980. This suggests distant future climatic conditions

that  favour  minima  of  accumulation  in  winter  less.  The  posterior

probabilities  of  modelled  climates  in  view  of  the  composites  of  years

characterised by  most  mass  loss  in  the ablation season are on average

highest for the modelled climate in the most distant future time period.

This  pattern  is  less  pronounced  for  more  western  glaciers  in  coastal

proximity  and  Engabreen.  This  suggests  that  the  ablation  season

atmospheric  conditions  of  modelled  climate  in  the distant  future favour

more melting of  most  glaciers  than atmospheric  conditions  of  modelled

climate in more recent time periods.

These  interpretation  of  the  trends  of  atmospheric  conditions  favouring

these extremes in positive and negative mass change in the accumulation

and ablation  season  are  made  under  the  assumption  that  the  modelled

climate of the 20th century adequately represents the actual climate. While

the likelihood of observing these conditions in diJerent modelled climates

is unaJected by the correctness of this assumption and therefore the trend

of posterior probabilities also exists in disregard of it, the correctness of

the  assumption  has  implications  on  the  use  of  this  trend  in  the

extrapolation  from  observed  present-day  conditions.  Furthermore,  since

the  composites  were  constructed  for  each  glacier  individually,  the

interpretation of the pattern of posterior probabilities over the time periods

of  modelled  climate  must  be  put  in  context  of  the  dynamics  of  the

individual glaciers.

In conclusion, the atmospheric conditions of the modelled climate of the

time  period  in  the  most  distant  future  favour  greater  mass  loss  in  the
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ablation season,  while  both  minima and maxima in  mass  change in  the

accumulation  season  become  less  probable,  provided  that  modelled

present-day climate adequately represents the actual climate. The higher

probability  of  distant  future atmospheric  conditions  favouring mass  loss

extremes in summer is in agreement with the estimated accelerated mass

loss at the end of the 2000-2100 time period.
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