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Abstract 

Svalbard is an archipelago of islands covering an area of around 61000 km2 north of the 

Arctic Circle. The region is heavily glaciated, with more than 2100 glaciers covering around 

59% of its total area. In a process known as ‘Arctic Amplification’, the Arctic is warming 

faster than any other area on earth, as a result there is growing interest into which 

meteorological parameter has the strongest control on glacier mass balance changes. 

By empirically analyzing 6 different meteorological parameters at 12 locations on 

Nordenskioldbreen, Etonbreen, Kongsvegen and Hansbreen by season over the 1957 – 2018 

period, the aim of this research was to find out to what extent the climate of Svalbard has 

changed, how glacier mass balance is changing and which meteorological parameter is 

controlling these variations the most.  

A significant increase in mean annual air temperature of 1.25 – 3.5°C was shown when 

comparing the 2001 – 2018 period to the 1971 – 2000 reference era, with the largest 

anomalies of up to +6.5°C focused on northern Svalbard during winter. Associated with the 

significant warming was an increase in relative humidity during winter, a sign of decreasing 

sea ice and increasing lower atmospheric air temperatures. This study produced a research 

first in assessing precipitation anomalies by weather classification over the 2001 – 2017 

period. As supported by previous research, cyclonic south-westerly winds were the most 

dominant weather classification during the 1957 – 2017 period. Changes in weather 

classification frequency were in the region of ± 2 days per season when comparing the post-

millennial to reference era, with the most notable change being an increase of 3 days per 

season of anticyclonic easterlies during summer. Nevertheless, seasonal precipitation 

characteristics varied, with a slight increase in winter snow and a significant increase in 

winter rain observed in the post-millennium era. Summers have become drier, with a decrease 

in both liquid and solid precipitation seen in the same periods. Similarly, precipitation 

characteristics by weather type have witnessed notable changes, with daily rain and snow 

anomalies up to +1.75mm/d-1 and -4mm/d-1 shown when comparing the post millennium to 

reference era. Among these changes, mean wind speeds in both summer and winter have 

increased by between 11- 32%, and are thought to have contributed to mass balance changes 

via snow redistribution. Contrary to other studies of this type, shortwave incoming radiation 

was not found to act as a key control on high ablation months on any of the four study sites.  



V 

 

Acknowledgements 

Following the completion of this research, I’d like to take the time to thank those who have 

supported me throughout this past year. 

I’d first like to thank Thomas Schuler, for his valuable and constructive suggestions during 

the development of this research, and for providing me with this fascinating dataset to work 

with. 

I’d also like to thank Justyna Czekirda for her vast coding knowledge, advice, and for being 

willing to give her time so freely during this project.  

With further thanks to my family, classmates Ine and Håvard, and my partner for providing 

me with endless support and encouragement, without them this paper wouldn’t have been 

possible.  



VI 

 

 

  



VII 

 

Table of contents 

1 Introduction ........................................................................................................................ 2 

1.1 Research rationale and background ............................................................................. 2 

1.2 Content structure.......................................................................................................... 3 

1.3 Research question ........................................................................................................ 4 

1.4 Study design and rationale ........................................................................................... 4 

1.4.1 Aims and objectives ............................................................................................. 5 

1.4.2 Hypotheses ........................................................................................................... 5 

2 Literature review ................................................................................................................ 7 

2.1 Climate, climate change and the recent warming ........................................................ 8 

2.2 Meteorological changes and controls ........................................................................ 11 

2.3 Seasonally abnormal events....................................................................................... 13 

2.4 Summary .................................................................................................................... 13 

3 Study area ......................................................................................................................... 14 

3.1 Svalbard’s climate ..................................................................................................... 15 

3.1.1 Climate controls ................................................................................................. 15 

3.1.2 Air circulation .................................................................................................... 16 

3.2 Future climate projections ......................................................................................... 17 

3.2.1 Temperature ....................................................................................................... 17 

3.2.2 Precipitation ....................................................................................................... 17 

3.2.3 Wind ................................................................................................................... 17 

3.3 Glaciology ................................................................................................................. 18 

3.3.1 Glacier monitoring ............................................................................................. 18 

3.3.2 Svalbard’s glaciers ............................................................................................. 18 

3.3.3 Controls on glacier mass balance ....................................................................... 19 

3.3.4 Glacier dynamics and thermal regimes .............................................................. 20 

3.4 Meteorology............................................................................................................... 22 

3.4.1 Monitoring meteorology on Svalbard ................................................................ 22 

3.5 Study locations .......................................................................................................... 23 

3.5.1 Etonbreen ........................................................................................................... 23 

3.5.2 Hansbreen ........................................................................................................... 23 

3.5.3 Kongsvegen ........................................................................................................ 23 



VIII 

 

3.5.4 Nordenskiöldbreen ............................................................................................. 24 

4 Data and Methodology ..................................................................................................... 26 

4.1 Software, data and data processing............................................................................ 26 

4.1.1 The Sval-Imp dataset - ERA40 and ERA Interim Analysis ............................... 26 

4.1.2 Aggregation 6-hourly variables .......................................................................... 27 

4.1.3 Daily weather type classifications ...................................................................... 28 

4.1.4 Glacier mass balance .......................................................................................... 28 

4.1.5 Comparison periods, seasons and precipitation type ......................................... 29 

4.1.6 Rain events ......................................................................................................... 29 

4.1.7 Statistical analyses .............................................................................................. 30 

5 Results .............................................................................................................................. 31 

5.1 Summer and winter .................................................................................................... 33 

5.1.1 Temperature and snow ....................................................................................... 33 

5.1.2 Rain .................................................................................................................... 36 

5.2 Wind .......................................................................................................................... 39 

5.3 Statistics - Seasonal precipitation .............................................................................. 41 

5.4 Weather Classification ............................................................................................... 44 

5.5 Longwave radiation ................................................................................................... 47 

5.6 Shortwave radiation ................................................................................................... 48 

5.7 Relative humidity ...................................................................................................... 50 

5.8 Weather type vs daily snowfall ................................................................................. 51 

5.9 Weather type vs daily rainfall .................................................................................... 52 

5.10 Summer precipitation anomalies ............................................................................ 54 

5.11 Winter precipitation anomalies .............................................................................. 55 

5.12 Climatic glacier mass balance ................................................................................ 56 

5.12.1 Shortwave radiation vs climatic mass balance ................................................... 57 

5.12.2 Weather classification vs climatic glacier mass balance .................................... 59 

6 Discussion ........................................................................................................................ 61 

6.1.1 Investigation of hypotheses ................................................................................ 62 

6.2 Error sources .............................................................................................................. 63 

6.2.1 Dataset analysis .................................................................................................. 63 

6.3 Evaluation of methods ............................................................................................... 66 

6.3.1 Precipitation modelling ...................................................................................... 66 



IX 

 

6.3.2 Locations ............................................................................................................ 66 

6.3.3 Choice of seasons ............................................................................................... 67 

6.4 Temperature ............................................................................................................... 67 

6.5 Wind .......................................................................................................................... 69 

6.6 Weather classification and changing meteorological characteristics ........................ 71 

6.7 Climatic mass balance, weather classification and radiation .................................... 80 

7 Conclusion ........................................................................................................................ 86 

Bibliography ............................................................................................................................. 90 

8 Appendix .......................................................................................................................... 98 

 



X 

 

Table of Figures 

Figure 1 - Climatic composites contributing to the most recent warming the Svalbard 

archipelago (Isakson et al., 2016). .............................................................................................. 9 

Figure 2 - Climatic composites of the 9 most frequently occurring weather types for the 

Svalbard archipelago(Kasmacher and Schneider, 2011). ......................................................... 10 

Figure 3- Mean annual precipitation and temperature of the Svalbard archipelago between 

1979 and 2014 (Østby et al., 2017). ......................................................................................... 12 

Figure 4 - Location of Svalbard in relation to northern Europe and Greenland (ESRI World 

imagery used as basemap, created using ArcMap (ESRI, 2019). ............................................ 14 

Figure 5 - Ocean currents around Svalbard. Red arrows represent warm currents moving up 

from southern waters. Blue arrows represent cold currents from the Arctic Ocean. (Igesund, 

2019). ........................................................................................................................................ 15 

Figure 6- (Left) Glacier hypsometry of the 2000s inventory. Stacked bars represent the entire 

Svalbard glacier area at 50m intervals. Black line represents the difference of the 90m DEM 

compared to the 1km DEM (Østby et al., 2017), (Right) Svalbard denoted by patterns of 

equilibrium-line altitude (ELA) in 100m contours. Excludes the islands of Hopen and 

Bjørnøya (Ingolfsson, 2011). ................................................................................................... 19 

Figure 7 - Components of mass balance for a glacier (Cogley et al., 2011). ........................... 20 

Figure 8- (Left) Schematic example of an Automatic Weather Station (AWS) system 

(Gudmundsson, 1999), (Right) Map of the locations of Svalbards weather stations (Vikhamar-

Schuler et al., 2019). Location abbreviations can be found in appendix 2, figure A7. ............ 22 

Figure 9- Locations of study sites on Svalbard. Basemap from ESRI, glacier coordinates from 

Nuth et al., 2013). ..................................................................................................................... 24 

Figure 10 - Elevation difference (m) between ERA topography and accompanying 1km DEM, 

with black dots representing the 0.75° x 0.75° ERA grid (Østby et al., 2017). ....................... 27 

Figure 11- Annual air temperature anomaly from the period 2001-2018 compared to the 1971 

- 2000 mean temperature. ......................................................................................................... 31 

Figure 12- Seasonal air temperature anomalies from the period 2001-2018 (spring, summer, 

autumn) and 2001 – 2017 (winter) compared to the 1971 - 2000 mean temperature. ............. 32 

Figure 13 - MAAT for summer and winter (top), sum of yearly winter and summer snowfall 

(middle and bottom) for all sites on Kongsvegen. Black lines denote 1971 – 2000 mean, 2001 

– 2017 winter mean snowfall and 2001 – 2018 summer mean snowfall for KNG05. ............. 34 

Figure 14 - Percentage of heavy rainfall in summer and winter, and monthly rainfall for 

summer and winter for all locations on Hansbreen. Black line denotes mean rainfall for 

HBR06 in the period 1971 – 2000 and 2001 – 2017/18 (winter and summer). ....................... 38 

Figure 15- Mean summer and winter wind speed (m/s) between 1957-2018. Black dashed line 

represents linear regression for the middle location during winter (NB6, HBR06, ETN04, 

KNG05). ................................................................................................................................... 40 

Figure 16- Polynomial regression of winter (1957 – 2017) and summer rainfall (1958 – 2018).

 .................................................................................................................................................. 42 

Figure 17- Polynomial regression of winter (1957 – 2017) and summer snowfall (1958 – 

2018). ........................................................................................................................................ 43 

file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232362
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232362
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232363
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232363
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232364
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232364
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232365
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232365
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232366
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232366
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232366
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232367
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232367
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232367
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232367
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232367
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232368
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232369
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232369
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232369
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232370
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232370
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232371
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232371
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232372
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232372
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232374
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232374
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232374
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232375
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232375
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232375
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232376
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232376
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232376
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232377
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232377
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232378
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232378


XI 

 

Figure 18- Sum occurrence of all-weather types over the period 1957 – 2017. ...................... 44 

Figure 19- Polynomial regression values for weather types during winter (December, January, 

February) between 1957 – 2017. .............................................................................................. 45 

Figure 20- Polynomial regression values for weather types during summer (June, July, 

August) between 1957 – 2018. ................................................................................................. 45 

Figure 21- Mean frequency of weather types by season between 1971 – 2000....................... 46 

Figure 22- Mean frequency anomaly of weather types from the 2001-2017 period, compared 

to the 1971-2000 mean. ............................................................................................................ 46 

Figure 23- Polynomial regression for Longwave incoming radiation in Summer (a), and 

Winter (b) over the 1957 – 2018 period. .................................................................................. 47 

Figure 24 - dFOC of longwave incoming radiation for all locations at the 95th percentile. 

Individual glacier sites run from left to right with for example ETN01 being the furthest left 

of all green bars, and ETN06 being the furthest right of green bars. ....................................... 48 

Figure 25- Mean monthly shortwave incoming radiation for all glacier sites over the period 

1957 – 2018. Black dashed lines provide reference to HBR01 and NB11. ............................. 49 

Figure 26 - dFOC of shortwave incoming radiation for all locations at the 95th percentile. .. 49 

Figure 27- Polynomial regression for relative humidity (%) in Summer (1958- 2018) and 

Winter (1957 – 2017). .............................................................................................................. 50 

Figure 28- Average daily snowfall for all weather classifications in all seasons at NB11 from 

1971-2000 (left) and 2001-2017 (right). .................................................................................. 51 

Figure 29 - Average daily snowfall anomaly for NB11 during the period 2001 - 2017 

compared to the 1971 - 2000 reference period. ........................................................................ 52 

Figure 30- Average daily rainfall for all weather classifications in all seasons at HBR01 (see 

chapter 3.5 for reference to locations) from 1971-2000 (left) and 2001 - 2017 (right). .......... 53 

Figure 31- Average daily rainfall anomaly for the period 2001 - 2017 compared to the 1971 - 

2000 reference period ............................................................................................................... 53 

Figure 32- Summer rain (top) and summer snow (bottom) anomalies based on daily rainfall 

averages for all locations. Anomalies calculated for the 2001-2017 period compared to the 

1971 - 2000 mean. .................................................................................................................... 54 

Figure 33 - Winter rain (top) and winter snow (bottom) anomalies based on daily rainfall 

averages for all locations. Anomalies calculated for the 2001-2017 period compared to the 

1971 - 2000 mean. .................................................................................................................... 55 

Figure 34 - Polynomial regression of climatic glacier mass balance for all locations for the 

whole time period (1957 - 2014). ............................................................................................. 56 

Figure 35- Differential climatic mass balance at HBR01 for the associated SWi anomaly 

values >= 95th percentile. Anomalies created from the 1971 – 2000 mean, and calculated over 

the 1957 – 2014 period. ............................................................................................................ 57 

Figure 36 - Differential climatic mass balance at NB11 for the associated Swi anomaly values 

>= 95th percentile. Anomalies created from the 1971 – 2000 mean, and calculated over the 

1957 – 2014 period. .................................................................................................................. 58 

Figure 37- dCMB <=5th percentile and the associated SWi for location HBR01. .................. 58 

Figure 38 - dCMB <=5th percentile and the associated Swi for location NB11. .................... 59 

file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232379
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232380
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232380
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232381
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232381
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232382
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232383
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232383
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232384
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232384
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232385
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232385
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232385
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232386
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232386
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232387
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232388
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232388
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232389
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232389
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232390
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232390
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232391
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232391
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232392
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232392
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232393
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232393
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232393
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232394
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232394
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232394
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232395
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232395
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232396
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232396
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232396
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232397
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232397
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232397
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232398
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232399


XII 

 

Figure 39- dFOC for glacier mass balance compared to the associated weather type for the 

95th percentile of climatic mass balances at all locations. ....................................................... 60 

Figure 40 - dFOC for glacier mass balance compared to the associated weather type for the 

5th percentile of climatic mass balances at all locations. ......................................................... 60 

Figure 41- Smoothed mean annual temperature time series for the grid points from the Sval-

Imp data closest to the actual stations in three Svalbard sub-regions for 1958-2017- Red 

curves denote observed temperatures (Vikhamar-Schuler et al., 2019). .................................. 64 

Figure 42- R2 for correlations between temperature observations and modelled Sval-Imp (UiO 

and CCLM data), (Vikhamar-Schuler et al., 2019). Abbreviations for locations can be found 

in section 8, appendix 2, figure A7. ......................................................................................... 64 

Figure 43- Smoothed annual precipitation sums at the gridpoints nearest to actual weather 

stations (Vikhamar-Schuler et al., 2019). ................................................................................. 65 

Figure 44 - Deviations of snow accumulation on Hansbreen, showing the role of wind on 

snow distribution (left), snow accumulation and accumulation variability with varying slope 

aspect (right) (Grabiec et al., 2006). ......................................................................................... 70 

Figure 45 - Comparison of seasonal weather type frequency anomalies from 2001 - 2015 (left, 

Isakson et al., 2016) and seasonal frequency anomalies of weather types from this study 

between 2001 – 2017 (right) compared to the 1971 - 2000 mean. ........................................... 72 

Figure 46 - Western Svalbard mean water temperature over the summers of 1996 - 2008 

(Piechra and Walczowski, 2009). ............................................................................................. 73 

Figure 47 - Sea ice concentration map of the Barents Sea and Svalbard, denoted with the four 

year mean sea ice location from 1979 - 1983 and 2009 - 2013 (Onarheim et al., 2014). ........ 74 

Figure 48 - Example of glacier velocity increase as a result of a winter rainfall event 

(Lupikasza et al., 2019). ........................................................................................................... 76 

Figure 49 - Projected climate model mean, Arctic mean (70º - 90ºN) and annual mean 

changes in total precipitation, snowfall and rainfall (Bintanja, 2018). .................................... 79 

Figure 50 - Simulated specific climatic mass balance from 1957- 2014 in cm w.e yr-1 (Østby 

et al., 2017) (left), polynomial regression of climatic mass balance from this study over the 

same period (right). .................................................................................................................. 80 

Figure 51 - Impacts of environmental pollution on reduced albedo at Ny-Ålesund and 

Barentsberg (Sviashchenniko et al., 2015). .............................................................................. 82 

Figure 52 - Hypothetical feedback mechanism related to increased longwave radiation values 

across the high Arctic and Svalbard. ........................................................................................ 84 

 

file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232400
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232400
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232401
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232401
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232402
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232402
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232402
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232403
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232403
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232403
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232404
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232404
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232405
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232405
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232405
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232406
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232406
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232406
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232407
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232407
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232408
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232408
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232409
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232409
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232410
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232410
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232411
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232411
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232411
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232412
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232412
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232413
file://///lagringshotell/geofag/students/geohyd/edwardjh/31_5_19_Final_Final_draft.docx%23_Toc10232413


XIII 

 

List of tables 

Table 1- Glacier study site locations, abbreviations, location and elevation. .......................... 25 

Table 2 - Mean summer temperatures (°C) for all decades between 1960-2018. .................... 35 

Table 3 - Mean winter temperatures (°C) for all decades between 1960-2017. ....................... 35 

Table 4- A comparison of linear regression for winter snowfall between 1971-2000 and 2001-

2017. ......................................................................................................................................... 35 

Table 5- A comparison of linear regression for summer snowfall between 1971-2000 and 

2001-2018. ................................................................................................................................ 36 

Table 6- A comparison of linear regression for winter rainfall between 1971-2000 and 2001-

2017. ......................................................................................................................................... 39 

Table 7 - A comparison of linear regression for summer rainfall between 1971-2000 and 

2001-2018. ................................................................................................................................ 39 

Table 8 - Decadal mean winter wind speeds (m/s) for the middle location of the four study 

sites. .......................................................................................................................................... 41 

Table 9 - Decadal mean summer wind speeds (m/s) for the middle location of the four study 

sites. .......................................................................................................................................... 41 

Table 10 – Mean winter humidity (%) comparing the 1971 - 2000 mean to the 2001 - 2017 

mean at Nordenskioldbreen. ..................................................................................................... 51 

  

 

 





1 

 

Abbreviations  

AC   Atmospheric Circulation 
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LWi   Longwave incoming radiation 
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1 Introduction 

1.1 Research rationale and background 

Following the explosion in the use of fossil fuels and massive CO2 production of the 

industrial revolution, the earth’s climate is changing rapidly. This is manifesting itself 

primarily as an increase in global air temperature, with Polar Regions such as the Arctic 

warming faster than other areas in a process known as ‘Arctic Amplification’. Svalbard, 

located between 74 and 80°N and 10 to 35°E, covers an area of around 61000km2. Here, the 

air temperature has risen in the region of 3 to 5°C over the course of the last 4 to 5 decades 

(Hanssen-Bauer et al., 2019). In recent years the fjords of western Svalbard have become ice 

free almost year round, avalanche frequency is increasing and extreme precipitation events are 

occurring. As of March 2019, Svalbard endured its 100th warmer than average month in a 

row, showing that the climate in this area is changing and warming rapidly. 

Despite only making up ~0.2% of the total volume of ice on earth (~7000km3), a total melting 

of Svalbard’s ice caps and glaciers would still contribute to a ~2cm rise in global sea level 

(Hagen et al., 2003a). As a result of Svalbard being situated at the tail end of the North 

Atlantic Drift combined with the amplified warming of the Arctic, the archipelago is expected 

to be more susceptible to climatic changes than other polar regions such as Antarctica. 

Dynamic sets of feedback mechanisms act as a key control on the region, such as the 

relationship between sea ice concentration and sea-surface temperatures or rainfall and 

albedo. Therefore, by analyzing how meteorological parameters have changed using ERA40 

and ERA Interim reanalysis data downscaled for Svalbard, we can not only understand key 

drivers to relative glacier ‘health’, but can also make an assumption on how the future of 

Svalbard’s ice masses will fare in a warming world.  

A large amount of Arctic research exists into climate change, warming temperatures and 

future predictions for Arctic climate. This includes changing weather types and their 

associated temperature anomalies (Isaksen et al., 2016), sea ice loss and its effect on 

atmospheric moisture increase (Ivanov et al., 2016), the effect of wind on glacier mass 

balance through snow redistribution (Jaedicke and Gauer, 2005) and solar radiation flux on 

glacier ablation (Karner et al., 2013).  
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There is less research into how such parameters interact with one-another, with numerous 

previous studies focusing on individual meteorological factors to draw a conclusion on their 

relation to glacier mass balance. This thesis will add to the current knowledge on climate 

change in Svalbard by individually analyzing six parameters and assessing not only the 

relationship and feedback mechanisms that exist between them, but also their relation to 

changing glacier mass balance. The study will provide a research first in assessing the 

contribution of precipitation by weather type from an existing catalog of weather 

classification for the Archipelago. By providing an assessment of the anomalies from the 

2001 – 2017 period compared to the 1971 – 2000 average, an indication of just how 

precipitation characteristics are changing by weather type in the post millennium era can be 

given 

1.2 Content structure 

Chapter 1 introduces the topics of this thesis, outlines the research rationale and research 

questions of the study. 

Chapter 2 gives an overview of current literature on the subject of climate change and glacier 

mass balance changes in Svalbard. 

Chapter 3 explores the study area, with an overview of Svalbard’s climate and meteorology, 

glaciology and the chosen study locations. 

Chapter 4 describes the data used in this study and provides an overview of the methods used 

in the aggregation of these variables, along with the methods of statistical comparison used. 

Chapter 5 presents and describes the results of the data analysis as planned in chapter 4. It is 

broken down by individual meteorological parameter, or by a comparison of two variables. 

Chapter 6 presents and discusses the significance of the results in chapter 5, drawing in 

conclusions using supporting or disproving data. Results are compared to the aims and 

objectives stated in chapter 1, and further hypotheses on the future of Svalbard’s glaciers are 

made. Sources of uncertainty in data quality or data analysis are also discussed. 

Chapter 7 provides a summary and conclusion of the key changes that Svalbard has 

experienced through the period of 1957 – 2018. 
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1.3 Research question 

It is well documented that the Arctic climate is changing, with Arctic Amplification and 

feedback mechanisms causes the region to warm faster than the rest of the world (Serreze and 

Barry, 2011). With changing climate comes changing meteorology, a variation in extremes 

and a change in the spatial and temporal frequency of events. Despite a large amount of 

research into the cryosphere, and more specifically Svalbard’s climate and glacier mass 

balance changes, there remains knowledge gaps in relation to specific meteorological 

parameters and the role they play on both the observed warming of the Arctic and the 

subsequent changes in relative glacier health. This leads to the main question of:  

“How have the climate, meteorological and glacial conditions changed from 1957 - 2018, 

and to what extent are these controlling the current and future state of Svalbard’s 

cryosphere?” 

By using downscaled ERA40 and ERA Interim reanalysis data, this thesis will aim to assess 

and answer not only how the climate and meteorological conditions have change over the 61 

year period from 1957 - 2018, but also to what extent these are controlling and can control the 

future of Svalbard’s cryosphere. Furthermore, this study will also aim to provide an answer to 

how significantly the reanalysis of meteorological data can be used to attribute glacier mass 

balance (GMB) changes to changing meteorology.  

1.4 Study design and rationale  

Providing an answer to the level of climate change over a large spatial and temporal period of 

61 years (1957-2018) such as the roles of individual meteorological parameters on changes to 

GMB on Svalbard requires high resolution data. Two key time periods will be analysed for 

this, the 1971 – 2000 mean as the reference period, and the 2001 – 2018 period being the 

comparison era. This study is designed with a focus on changes in summer and winter 

characteristics, though spring and autumn analysis is provided for weather classification and 

temperature analysis. Details of these datasets are provided in section 4.1.1, along with a 

description of the processing procedure and the definition of any parameterization used in the 

modelling of such data. 
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1.4.1  Aims and objectives 

As outlined in the following section, there are various aims of this research: 

- To analyze and model downscaled climatic data from the Sval-Imp dataset (see 

section 4.1.1), and to create other meteorological parameters from this, for example by 

creating new information from precipitation data. 

- To assess the role of individual meteorological and the combination of multiple 

meteorological parameters on GMB from 1957 – 2014.  

- A further aim is to use an existing catalogue of daily weather classifications (WC) and 

associated meteorological parameters to assess how weather types and their changing 

characteristics are affecting glaciers over the 1957 – 2017 period. 

Following this, the objective is to use mathematical coding to empirically analyse 6 

different meteorological parameters to find notable changes over the 1957 – 2018 period. 

By using Matlab and GIS (ArcMap) for data visualization, results will be compared from 

this study to previous research on similar or the same glaciers as used in this research, 

ultimately to assess the impacts that changing meteorological conditions are having on 

Svalbard’s glaciers. 

1.4.2  Hypotheses 

Due to the dynamic system that controls glaciers and the numerous meteorological parameters 

being analysed there are several hypotheses for this study. They are based on the comparison 

of the 2001 – 2018 era to a reference period (see section 4.1.5), as outlined below:  

- Hypothesis 1: Mean air temperature has increased in all regions on an annual and 

seasonal basis, with notable positive temperature anomalies in the post millennium 

era. 

- Hypothesis 2: A reduction in winter and summer snowfall has occurred, with the 

greatest reduction in southern and western regions of the archipelago. Likewise, an 

increase in winter and summer rainfall will be observed with the greatest prominence 

of this on the lower regions of the study sites. 
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- Hypothesis 3: As a result of warmer air temperature, an increase in relative humidity 

in both summer and winter will be noted. 

- Hypothesis 4: Based on a daily weather classification system, a change in precipitation 

characteristics will be observed for weather types in the 2001 – 2017 period compared 

to 1971 – 2000. 

- Hypothesis 5: Climatic mass balance will be decreasing for all glaciers, with the 

greatest decrease in southwestern Svalbard and at lower elevations. 

- Hypothesis 6: Incoming solar radiation (long and shortwave) play a key control on 

glacier melting, or high ablation months in the time series. 
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2 Literature review 

Analyses of the effects of a changing climate into the cryosphere has increased in recent 

decades. These studies have aimed not only to investigate just how quickly the climate has 

changed, but also to move into the prediction of the effects of future climate changes on the 

mass balances of glaciers located in polar regions.  

As our understanding of dynamic processes grows so does our knowledge of both short-term 

events such as summer rainfall and long-term temperature changes in the atmosphere. The 

increased attention to polar regions is key to understanding future changes into the feedback 

mechanisms within glaciated regions such as Svalbard, such as the >20% increase in surface 

runoff from small basin glaciers that are currently in negative mass balance and not in 

equilibrium with the current climate (Hagen et al., 2003b). As a result of the vast 

technological advances in recent decades, it has become possible to remotely record 

environmental parameters to a high degree of accuracy. Due to the conditions endured in the 

polar regions these stations are often automated, and known as Automatic Weather Stations 

(AWS). As of 2006 over 3000 AWS were recording across the Arctic (Schiermeirer, 2006) 

which are ultimately responsible for a large part of climate change analysis especially when 

combined with manually kept records dating back to as early as 1901 (NOAA, 2018). These 

AWS are extremely valuable in the monitoring of polar regions both in terms of re-analysis 

and prediction, such as when used by Box and Steffen (2001) in the monitoring of 

sublimation from the Greenland Ice Sheet by the evaluation of surface meteorological 

conditions to estimate net surface water vapor flux. 

Therefore, this chapter will aim to assess the extent of current literature surround climate 

change and the impact this has on glaciers in Svalbard, and also highlight key areas that my 

own research may help bridge the gap within. 
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2.1 Climate, climate change and the recent warming 

Research from multiple scholars has shown that relative to the 1971-2000 mean Svalbard and 

the polar regions have experienced some of the most significant warming on the planet. On a 

larger scale, a rapid warming of the Arctic has contributed to the melting of Arctic sea ice and 

spring snow cover which further exacerbates the warming effect on Svalbard. Further to this 

is the reduction of fjord ice cover which causes a notable change in the local climates within 

Svalbard (Muckenhuber et al., 2016). A study by Isakson et al., (2016) showed that 

throughout the archipelago a temperature anomaly from the period 2000-2015 compared to 

the 1971 – 2000 mean of +3°C is now occurring over regions of Svalbard. However, multiple 

scholars and literature also support the theory that the warming is regionalized, with the 

southwestern areas of Svalbard shown to have a positive temperature anomaly of closer to 

2°C during the same period. Furthermore, when comparing two locations such as Hornsund 

and Svalbard airport greater regional discrepancies become evident. Here, a mean temperature 

difference of ca. -1.2°C during the period of 1971-2000 and an annual temperature change of 

+1.9 at Hornsund compared to +2.5 at Svalbard airport occured from 1971-2000 to 2001-

2015. A number of climatic composite investigations of the Barents-sea region have already 

been undertaken. Kasmacher and Schneider (2011) investigated the most common circulation 

patterns for example, and Isaksen et al., (2016) focused on finding the circulation type that 

contributes the most to the recent warming in the region. The latter of which defined 6 

circulation types compared to the 9 from Kasmacher and Schneider (2011) (Figures 1 and 2).   

It has been found that annually, the changing atmospheric circulation (AC) types are not the 

significant cause of the witnessed warming, though in the winter months (December, January 

and February – DJF from here on) ca. 25% of the warming can be attributed to this. 

Moreover, it is indicated by Isaksen et al., (2016) that rather than in-situ warming occurring, it 

is the source air regions that are contributing to the warming of the Barents area. Furthermore, 

as shown in Figure 1, 50% of the composites indicate a mean wind direction north of East. 

This contradicts the mean wind direction however, which normally comes from the South-

East. 
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This is supported by Figure 2, where all circulation patterns show an easterly component to 

the resultant wind direction on Svalbard. This is well documented by scholars, and it could be 

reasonably hypothesized that my results will support this literature, where they may differ, 

however, is in the pattern frequency. Circulation patterns 1-4 represent the patterns of the 

winter months, though patterns 5,7 and 8 dominate summer months following the breakdown 

of the polar vortex. These months are also associated with the annual highest precipitable 

water content (PWC) (Kasmacher and Schneider, 2011). This study will be useful to provide 

and insight into, or confirm a link between this literature and the glacier motion during 

summer months to provide a relation to PWC. 

 

 

 

Figure 1 - Climatic composites contributing to the most recent warming the Svalbard archipelago 

(Isakson et al., 2016). 
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Figure 2 - Climatic composites of the 9 most frequently occurring weather types for the Svalbard archipelago(Kasmacher 

and Schneider, 2011). 

 

 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

Despite similar resulting patterns in both reports, a different method was used for the 

composite creation. Kasmacher and Schneider (2011) used automated classification from 

gridded National Centers for Environmental Prediction (NCEP) and National Centers for 

Atmospheric Research (NCAR) re-analysis data from both 500 and 700hPa levels. This is 

different to that of Isaksen et al., (2016), who, using German synoptic maps from 1950-75 

which consist of 21 pre-set atmospheric circulation types that correlate to a wind direction 

gave an impression of the region of source air and resulting temperature effect on Svalbard. 

It will be interesting to compare the results of my study from the period of 1957-2018 and see 

whether when split into a defined time period there will be a correlation between mean 

surface pattern and the temperature changes shown by Hanssen-Bauers (2002) results. 
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2.2 Meteorological changes and controls 

Of the 61,000 km2 of land area that makes up Svalbard, ca. 60 % is covered by glaciers. Of 

these, around 4 in 5 are surge types with periods up to ca. 100 years of dormancy before a 

short surge period (Lefauconnier et al., 1999). Resultantly, it can be difficult to provide a 

seasonal correlation between mass balance and meteorological factors such as precipitation or 

radiation. Svalbard does not vary uniformly in glacier mass changes, with a significant portion 

of its mass-loss through glacier calving in sea-terminating glaciers. The south-eastern glaciers 

receive much more precipitation than western regions due dominant winds off the Bering Sea, 

thus the data used in this study will provide an interesting investigation into the regional 

meteorological-glacial interactions Svalbard witnesses. 

Despite this, scholars have found correlations > R = 0.83 between these factors. Lefauconnier 

et al., (1999) on a study of high Arctic glaciers found that this correlation coefficient was 

representative of the net balance of Lovenbreen (Svalbard) and the winter precipitation but 

also with summer temperature recorded at the neighboring Ny-Ålesund between 1969-90. 

During the same study a focus was given to the correlation between radiation and mass 

balance. During the months of July and August, a multiple correlation coefficient of 0.98 

(0.88 without radiation) was made between mass balance and winter precipitation plus 

summer temperature and long wave radiation. It should be noted that although a link was 

established between the multiple variables, there appeared to be no significant correlation 

between net balance and radiation. This is another field of the science that I would like to 

build on during my study. 

As yet literature regarding the frequency of abnormal events such as winter rainfall or 

summer snowfall is limited. It is well known that Svalbard can experience large temperature 

variations most notably in winter months where warm air from the south can rapidly become 

entrenched and raise temperatures. Wadham and Nuttall (2002) provide some of the most up 

to date literature on this. During 1988/99 on the Lovenbreen glacier it was found that short 

periods of positive air temperatures in early winter with time scales of around 36 hours that 

correspond with rainfall cause a significant glacier melting event and the formation of super-

imposed ice. A second period during May/June was identified for a 5 week period, this 

highlights the unique climatology of the region as these periods of rainfall and warmer 

temperature are normally confined to a single summer period in most continental glaciers. 
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This is an area that further investigation into the past 61 years of Svalbard’s meteorology may 

provide an insight into through frequency analysis of temperature and precipitation events. 

Wadham and Nuttall (2002) also showed that as a result of these short term warm periods, 

super-imposed ice can account for 16-25% of annual accumulation. This literature is 

particularly relevant to my study, and could be linked to a frequency analysis of warm periods 

which can be compared to glacier mass balance data to provide another value to the effects of 

meteorological variations on the glaciers of Svalbard as ultimately superimposed ice might 

become a growing factor of the net balance of Svalbard’s glaciers. 

Investigations into precipitation and mean annual air temperature (MAAT) have already 

undertaken by multiple scholars such as Østby et al., (2017) (Figure 3). As shown, the period 

1979-2014 shows the greatest precipitation anomalies on the west coast of Svalbard, where in 

the region of 1 – 1.4m w.e. falls. Despite only having four extra years of data, it will be 

interesting to find out if any shifts in the distribution are occurring. Furthermore, they found 

MAAT varying between -3 and -11 between the south-west and north-east of the archipelago. 

It should be noted that the downscaled modelled they used was suspected to be impacted by 

poor positioning of the sea ice edge during NCEP re-analysis.  

 

Furthermore, Figure 3 provides a good example of a composite that could be split into shorter 

periods such as decadal comparisons that can again be correlated to varying glacier energy. 

 

Figure 3- Mean annual precipitation and temperature of the Svalbard archipelago between 1979 

and 2014 (Østby et al., 2017). 



13 

 

2.3 Seasonally abnormal events 

With climate change a greater variability in weather extremes is an accepted impact. It is 

therefore becoming the norm to have anomalous events out of season, such as winter rainfalls 

and summer snowfalls. Literature surrounding the frequency of said events is sparse, though 

through modern day meteorological tracking it is well known that the frequency of these are 

changing. Winter rainfalls when extreme, for example, are known to cause ground icing and 

surface runoff normally only experienced through the summer season (Nowak and Hodson, 

2013). Such phenomena’s are shown to prolong the melt season, deepen the active layer 

within a glacier and cause rain on snow thaw-refreeze events or slush avalanches (Akerman, 

2005). They can even influence glacier mass balance from the redistribution of snow across 

the landscape or by altering the snow accumulation process, for example between 

superimposed ice layers or firn densification. As a result, this is an area of the science I will 

aim to research through this study, to draw a conclusion on frequency changes on abnormal 

events. 

2.4 Summary 

A significant amount of research has already occurred on climate change around Svalbard. It 

has been shown that Svalbard is among the region that is experiencing significant warming at 

an alarming rate when compared to the 1971-2000 average as shown by Isakson et al., (2016). 

Similarly, there has been successful studies in classification of the common weather patterns 

such as by Kaschacher and Schneider (2011), and those that contribute to the warming by 

Isaksen et al., (2016). As previously mentioned there is less literature on the frequency of 

these patterns, which gives a good opportunity to fill the data gap with further studies or my 

own research. The meteorological impacts on the glaciers are less understood, but there 

remains a good understanding of meteorological-glaciological interactions, and an even better 

understanding of glacier dynamics such as the surge nature of the majority of Svalbard’s 

glaciers. 
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3 Study area 

Located some 580 miles north of Tromsø, Svalbard is situated well north of the Arctic Circle. 

The Svalbard Archipelago is defined as the whole landmass between 74 and 80°N and 10 to 

35°E, which covers an area of around 61000km2 (Figure 4). Four main islands make up the 

archipelago, Spitsbergen, Nordaustlandet, Edgerøya, and Barentsrøya. Despite its large areal 

extent, the population of Svalbard remains small at about 2300 year-round inhabitants, 

concentrated largely around the town of Longyearbyen (SSB, 2019). Over the rest of Svalbard 

more than 2100 glaciers cover around 59% (36,591 km2) of the total area. Of these, all types 

of glaciers are found, though the most common are valley and cirque glaciers, with a large 

proportion of them also defined as ‘surging glaciers’. In terms of geophysical classification, 

these glaciers are largely defined as ‘sub-polar’, whereby the accumulation area is at the 

pressure melting point, and the ablation zone lays below the freezing point and is partly 

frozen to the ground (Hagen et al., 2003a).  
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3.1 Svalbard’s climate 

Under the most widely used world climate classification system, the Köppen classification, 

Svalbard’s climate falls within ‘ET climate’. By this definition, the warmest month has an 

average temperature < 10°C (E), whilst at least one other month holds a mean temperature of 

<0°C (T) (Climate-Data.org, 2019). Precipitation totals over the archipelago are usually low 

as a result of largely cold, stable stratified arctic air masses that hold only small amounts of 

water vapor. Naturally however, both temperature and precipitation varies significantly over 

the large area of the archipelago from the comparatively warmer and wetter southern regions 

to the cold, drier north and north-eastern areas such as Austfonna.  

3.1.1  Climate controls 

Svalbard has a mostly maritime climate which is strongly controlled by temperature 

fluctuations in the Atlantic Ocean. Situated between the Greenland and Barents Sea, Svalbard 

lays at the tail end of the Gulf Stream, also known as the North Atlantic or West-Spitsbergen 

current. This transports warm waters up from the Atlantic Ocean past the western side of 

Svalbard (Figure 5). Up to 60% of the water entering the Arctic is transported via these 

currents. The result of this when comparing areas of similar latitude is a positive temperature 

departure of > 12 – 18°C (Hann and Süring, 1938). 

 

Figure 5 - Ocean currents around Svalbard. Red arrows represent 

warm currents moving up from southern waters. Blue arrows represent 

cold currents from the Arctic Ocean. (Igesund, 2019). 
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Working as both a control and a reaction to the climate is sea ice concentration. The effect of 

sea ice prevents oceans to absorb heat and thus prevents air temperature from warming 

significantly. New data shows that multiple warm years since 2000 have coincided with low 

sea ice concentration during the Arctic summer, the knock on effect of which is for this heat 

to be released in the form of higher surface air temperatures during autumn and winter 

(Fetterer et al., 2017). They also compared the trends in sea ice over winter and summer 

months from 1978/9 to 2016/17, and found that notably during December a >20% decrease in 

sea ice per decade is occurring around the northern and south-eastern coasts of Svalbard. 

At higher latitudes the climate and seasonality are more prominent due to the greater variation 

in solar radiation. Winter is characterized by the polar night with no incoming solar radiation 

between the months of October and March, and during summer months the sun never falls 

below the horizon, thus seasonal changes in the energy balance occur which can affect glacier 

ablation. 

3.1.2  Air circulation 

Air circulation patterns vary spatially over the archipelago. These are defined by a 

combination of air pressure and wind direction. For north and northeastern Svalbard, the 

predominant pattern is of prevailing easterly and north-easterly winds. During winter, a shift 

south of the storm track towards the south Barents Sea can cause a reduction in precipitation 

as high pressure dominates. Though similarly, when the storm track runs through or north of 

Svalbard an increase in cloudiness, and also precipitation can occur. When observing the 

warm season, drier conditions also occur with a shift south in the storm track, though for 

example when marginally lower than average pressure systems are dominant over Greenland 

and a weak high pressure cell dominates Svalbard an increase in cloud cover and precipitation 

can occur (Bednorz et al., 2014). Interlinked to sea ice concentration is the North Atlantic 

Oscillation (NAO). As a measure of the pressure gradient between the relative strength of the 

Icelandic low and Azores high, it determines the strength and direction of the south-westerly 

winds and storm tracks in the North Atlantic and thus the climate of Svalbard. A negative 

NAO is characterized by a weak pressure gradient, manifesting as higher pressure over the 

Icelandic region and allows for surface cooling, and vice versa for positive NAO values. 

Ivanov et al.,(2016) notes that the most important link to Svalbard’s climate is during negative 

NAO periods, where the northward propagation of heat and salt anomalies contribute to 

significant negative anomalies of sea ice extent north of Svalbard.  
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3.2  Future climate projections 

The Intergovernmental Panel on Climate Change (IPCC) summarizes literature on predictions 

for Svalbard based on different future emission scenarios. Models have been run with three 

different greenhouse gas input scenarios: RCP8.5 (high emissions), RCP4.5 (reductions after 

2040) and RCP2.6 (low emissions). The latest projections are outlined in the ‘Climate in 

Svalbard 2100’ report (Hanssen-Bauer et al., 2019), and are summarized in sections 3.2.1 – 

3.2.3). 

3.2.1  Temperature 

High emission scenarios show an ensemble mean temperature increase of 10°C from 1971-

2000 to 2071-2100, with the largest positive temperature anomalies situated in the northeast 

and smallest in the southwest. RCP4.5 simulations are still expected to produce a warming of 

6-7°C for the same period, and RCP2.6 only mitigates this to a predicted 4°C warming. As a 

result, growing days of the biosphere are expected to increase significantly whilst frost days 

(Tair <0°C) will decrease. 

3.2.2  Precipitation 

Spatially, precipitation totals vary over the archipelago. Mean annual precipitation from 1971-

2000 at weather stations such as Svalbard Airport to Barentsburg showed differences of 

385mm (196 and 581mm respectively). Over the area as a whole, the average precipitation is 

estimated to be around 720mm, though elevation and location play a large role in this, with 

mountainous regions experiencing the highest precipitation from orographic enhancement and 

inner fjords of central regions the least. Comparing the current trends to the 1971-2000 

reference period positive precipitation anomalies are occurring in autumn and winter, and 

negative in spring and summer. Under RCP8.5, ensemble median predictions predict a 65% 

increase in mean annual precipitation, though for RCP4.5 this is reduced to a still significant 

45% increase. 

3.2.3 Wind 

Due to Svalbard’s position on the border of dry Arctic air to the north and moist maritime air 

to the south, cyclonic activity is high and most frequent in winter. IPCC fine scale projections 
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based on the three emission scenarios predict increased average wind speeds in the northeast 

of Spitsbergen, whilst a slight reduction of wind speeds is predicted west of Spitsbergen, with 

little or minor changes expected in the coastal fjord regions. 

3.3 Glaciology 

3.3.1 Glacier monitoring 

A number of different methods are available to monitor glacier mass balance. These include 

both in-situ approaches such as glacier stake measurements as used in research by Aas et al., 

(2016) or even the manual use of ground penetrating radar to calculate the previous summer 

mass balance by monitoring the difference in permittivity of water in liquid and crystalline 

form for ice volume calculations (Navarro et al., 2016). With the technological advancements 

of the modern-era, glacier mass balance is now also measured continuously through satellite 

data to calculate ice volume and thus mass balance changes. The Norwegian Polar Institute 

uses optical imagery mainly from the Sentinel-2 satellite, but also the Landsat-8 and other 

sensors if necessary to not only estimate ice velocities (Kääb et al., 2016) of glaciers but also 

to contribute to the updating of glacier mass balance inventories for all of Svalbard’s glaciers. 

3.3.2  Svalbard’s glaciers 

As a result of the coldest temperatures and high moisture content of air-masses from the 

Barents Sea, the most continuous ice cover is found in eastern regions of the archipelago 

(Figure 6, left) (Hisdal, 1998). This is supported by the lowest equilibrium line altitude (ELA) 

of glaciers being for eastern and southeastern glaciers, where values are between 200 – 300m 

above sea level (a.s.l.) (Figure 6, right). Glaciers located in central northern Spitsbergen have 

higher ELA’s, in the region of 600 – 700m and above, however as demonstrated by Østby et 

al., (2017), this is also the area of higher glacier elevation. ELA can be derived from aerial 

photographs and satellite imagery as well as from altitude information taken from in-situ 

measurements. The majority of Svalbard’s glaciers are located in regions that have elevations 

of ca. 300 – 400m a.s.l.  

Further information on the characteristics of these glaciers can be found in Benn and Evans 

(2010, pp. 7-11). 

https://www.researchgate.net/profile/Andreas_Kaeaeb
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According to Østrem and Haakensen (1992), when morphologically classified, all types of 

glaciers are represented in Svalbard. The most two common are valley and cirque glaciers. 

Difficulties exists when classifying these due to the volume of intricate ice networks that exist 

coving the large inland areas of Spitsbergen, though it is known that all calving glaciers are 

grounded and therefore there are no ice shelves in the Archipelago. Numerous large ice caps 

are found in the flatlands east of areas such as Spitsbergen, Edgeøya, Barentsøya and 

Nordaustlandet (Hagen et al., 2003a). All of these calve into the sea, with the total length of 

Svalbard’s calving ice front being around 1000km, with all margins grounded (Dowdeswell, 

1989). 

3.3.3 Controls on glacier mass balance 

Often defined by its surface mass balance (SMB), a glacier is made up of three distinct zones. 

The ablation zone, where it is losing more mass than it gains (ablating), the ELA, where 

ablation and accumulation are equal, and the accumulation zone, where it gains more mass 

than it loses. This in-turn provides information about the amount of water stored or released 

by any given glacier in a set time period (Cogley et al., 2011). Controls on these can be both 

surface and subsurface, such as meteorological parameters including temperature and 

precipitation, or sub-glacial geomorphology as shown by Figure 7. 

 

Figure 6- (Left) Glacier hypsometry of the 2000s inventory. Stacked bars represent the entire Svalbard glacier 

area at 50m intervals. Black line represents the difference of the 90m DEM compared to the 1km DEM (Østby et 

al., 2017), (Right) Svalbard denoted by patterns of equilibrium-line altitude (ELA) in 100m contours. Excludes the 

islands of Hopen and Bjørnøya (Ingolfsson, 2011). 
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The energy balance model for glacier inputs and outputs also provides an example of the 

controls of a glacier, as shown by the following formula: 

𝑀 +  Δ 𝐺 = 𝑄𝑖 − 𝑄𝑜 + 𝐿𝑖 − 𝐿𝑜 + 𝐻𝑑 + 𝐻𝑙 + 𝐻𝑣 

Where M is the melt surface, Qi and Qo are incoming and outgoing shortwave solar radiation, 

Li and Lo the longwave in and outgoing radiation from the atmosphere and glacier, Hd and Hl 

are the vertical eddy fluxes of sensible and latent heat and Hv being the heat supplied from 

rain. Hv is often considered negligible. 

3.3.4  Glacier dynamics and thermal regimes 

Svalbard’s glaciers generally have a low flow rate as a result of a combination of low ice 

temperatures and low accumulation rates often less than 1m a-1 (ca. 3m w.e. (water 

equivalent) of snow) even in the highest accumulation areas (Hagen et al., 2003a). Land 

terminating glaciers see typical surface velocities between 2m d-1 in the lower ablation zone, 

to up to 10m d-1 near the ELA. Compared to other high Arctic areas, a higher number (13-

90%) of the glaciers on Svalbard are defined as ‘surge type’ (Jiskoot et al., 2000; Hagen, 

1993). Non-surging glaciers are characterized by a balance between accumulation above the 

ELA and the ice flux into the ablation zone, with a resultant near steady-state equilibrium 

between the upper and lower reaches of the glacier allowing for more uniform flow rates and 

longitudinal profile. 

Figure 7 - Components of mass balance for a glacier (Cogley et al., 2011). 
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Given the many inputs that determine total glacier energy there are multiple components that 

can act with or against each other. Working on Hansbreen (Svalbard), a marine terminating 

glacier of 56km2, Grabiec et al., (2011) noted the control of wind on snow re-distribution. 

Interaction of local topography and katabatic winds can cause notable variability in snow 

accumulation between neighboring glaciers. Here, the surface mass balance has been recorded 

since 1989 and is in a negative state by -28cm w.e. yr-1 (per year) which is partly as a result of 

the local wind conditions and therefore snow distribution. Furthermore, Grabiec et al., (2011) 

noted the possible effect of foehn winds when blowing from eastern slopes and an 

accompanying rise in air temperature with altitude.  

As was previously noted the mean wind direction of the archipelago is from an easterly 

quadrant which has therefore contributed to differing precipitation distributions. Studies have 

shown that the mass balance of western Svalbard to be decreasing in the last century, with 

thinning rates increasing significantly here (Kohler et al., 2007). Less knowledge exists on the 

state of the mass balance of eastern Svalbard due to a lack of data, however the east-west 

imbalance can be shown well using the Austfonna icecap in north-east Svalbard as an 

example. Here, a notably lower ELA gradient is evident in the south-east than in the north-

west. This coincides with mean wind direction, with of the three defined surge basins on 

Austfonna, two of them are in the south-east (Moholt et al., 2009). 

Literature on surges and surge mechanisms of Svalbard’s glaciers is well documented. It is 

estimated that a ‘typical’ surge cycle has a large variation in time, ranging between 50-500 

years (Murray et al., 2003), though this subject to debate as only 5 glaciers have been known 

to surge twice in modern records. Within these surges an active phase is commonly 3-10 

years. Further research from Murray et al., (2003) on surge mechanisms of Svalbard glaciers 

came to the conclusion that there exists at least two distinct surge mechanisms on glaciers in 

Svalbard. This study on Monacobreen, a 40km long polythermal tidewater glacier which 

underwent a major surge during the 1990s. They found that following a months-long 

acceleration phase and into the 5 month deceleration phase, there was only a short period of 

re-acceleration which was following a period of mean surface temperatures around -5.4°C. 

This therefore indicates that the reacceleration was not surface melt driven in all surge 

circumstances. Surface melt has been shown to be a driver of these surges in other scenarios 

however. Dunse et al., (2011), whilst using GPS observations through central flow-line of two 

fast flowing outlet glaciers on Austfonna found that summer speed-ups in ice velocities were 

as much as 240% of the pre-summer mean. Though Hagen et al., (2003b) supports the fact 
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that this is still not a particularly fast flow, as low temperatures and low accumulation rates of 

ca. <1m yr-1 even on the highest accumulation areas cause low flow rates on Svalbard’s 

glaciers. 

3.4 Meteorology 

3.4.1  Monitoring meteorology on Svalbard 

A number of projects are in action to monitor glacier mass balance and for the calibration of 

surface energy balance, mass balance and snowpack evolution models. An example of which 

is the Norwegian Polar Institute project of AWS on Ny-Ålesund area glaciers (NAAAWS), 

running from 2000 – 2025 the project collects variables as described in Figure 8 (left) to 

downscale such models. For further information, Vikhamar-Schuler et al., (2019) provide a 

survey of regular manual and automatic weather stations in Svalbard. 

Spatially, an over saturation of weather stations exists in the central and western regions of 

the archipelago, with only 6 located far apart in eastern Svalbard (Figure 8, right).  

 

 

 

 

 

Figure 8- (Left) Schematic example of an Automatic Weather Station (AWS) system (Gudmundsson, 1999), (Right) Map of the 

locations of Svalbards weather stations (Vikhamar-Schuler et al., 2019). Location abbreviations can be found in appendix 2, 

figure A7. 
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3.5 Study locations 

For the four locations in this research, study points were chosen based on the lowest, middle 

and highest elevation points available from the glacier mass balance data as used by Nuth et 

al., (2013).Though this does not equal full spatial coverage of glacier in terms of glacier 

hypsometry, it instead provides greater insight into the control of elevation and thus 

meteorological control on mass balance changes. These glaciers were in part chosen due to 

them being some of the most studied glaciers in Svalbard. See Figure 9 for a visual 

representation of the chosen study sites, and table 1 for a full description of location 

abbreviations used during this thesis, in addition to longitude, latitude and elevation for all 

sites. 

3.5.1 Etonbreen 

The most north-easterly of the glaciers studied, Etonbreen, is located on Nordaustlandet 

between 79° 35’ – 79° 50’ N and 21°21 35’ – 23° 50 E. It is one of several large outlet 

glaciers on the Austfonna ice cap, which is the largest in Europe with a surface area of ca. 

8120 km2. Etonbreen has an ice flow direction from east to west from its peak elevation of ca. 

790m at Austdomen (Dowdeswell, 1986), and its calving terminus at Waglenbergfjorden 

around 40km away, equaling a gentle slope with an average of < 2%. The glacier has an 

equilibrium line altitude of circa 300-400m above sea level. 

3.5.2 Hansbreen 

Hansbreen is a tidewater glacier situated at Hornsund on the southwest of Spitsbergen. It is 

around 15km long and covers an area of 57km2 which terminates with a 1.5km wide calving 

front at Isbjornhamna. Hansbreen is a grounded glacier, with an ice divide at ca. 490m a.s.l. 

The glacier system is comprised of the main trunk glacier and four tributary glaciers on its 

western flank (Aas et al., 2016). Hansbreen is located in an area where the equilibrium line 

altitude is ca. 200-300m above sea level.  

3.5.3 Kongsvegen 

Kongsvegen is located on the northwestern coast of Svalbard. With an area of around 100km2 

and at around 26km in length, the glacier slopes gently between 0.5 to 2.5° (Karner et al., 
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2013). Compared to the ELA of Kongsvegen (ca. 400m above sea level), the origin starts only 

a little higher at 750m a.b.s.l from a sadle connecting to the southeast flowing Sveabreen, 

flowing to its non-calving tongue at sea level. Kongsvegen is a dynamically inactive glacier 

(Nuth et al., 2012), with ice velocities of this glacier being less than 5m a-1 (Melvold and 

Hagen, 1998). 

3.5.4 Nordenskiöldbreen 

The polythermal glacier, Nordenskioldbreen, is centrally located on Spitsbergen (78.6° N – 

17.1° E). As an outlet glacier of the Lomonosovfonna ice plateau, it is the glacier with the 

highest source with a peak extending 1250m a.b.s.l. Nordenskioldsbreen has an ELA of ca. 

400m above sea level. The glacier is around 17km long and 5km wide (Hagen et al., 2003b), 

with an average ice thickness of approximately 300m and a maximum ice thickness of 600m 

in the flat middle reaches of the glacier. Nordenskioldbreen is an ex-tidewater glacier, as due 

to ice retreat it now partly terminates on land. 

 

Figure 9- Locations of study sites on Svalbard. Basemap from ESRI, glacier coordinates from 

Nuth et al., 2013). 

N 
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Table 1- Glacier study site locations, abbreviations, location and elevation. 

Glacier Abbreviation Longitude (°E) Latitude (°N) Elevation (m) 

 

Etonbreen 

ETN01 22.1832 79.7171 240 

ETN04 22.8271 79.7670 508 

ETN06 23.5157 79.8026 708 

 

Hansbreen 

HBR01 15.6179 77.0129 127 

HBR06 15.6213 77.0935 338 

HBR11 15.4624 77.1386 504 

 

Kongsvegen 

KNG01 12.6701 78.8452 239 

KNG05 13.0598 78.7923 494 

KNG09 13.4160 78.7425 703 

 

Nordenskiöldbreen 

NB1 16.9864 78.6361 177 

NB6 17.1539 78.8113 520 

NB11 17.4537 78.8113 1148 
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4 Data and Methodology  

4.1 Software, data and data processing 

Due to the file format used in the processing and analysis of raw .nc files all data exploration 

was done using the mathematical coding program Matlab. The programming platform uses a 

matrix based language thus allowing the calculation and visual representation of the Sval-Imp 

(see section 4.1.1) reanalysis data through graphical and statistical form. For some data 

visualization such as temperature anomaly maps, data was converted to .tiff files and imported 

to ArcGIS due to the greater visual data manipulation available with this software. The chosen 

glacier study points were taken from the dataset used by Nuth et al., (2013), where the known 

grid point coordinates were used to extract data from the correct locations from the Sval-Imp 

dataset. In the recreation of this study similar software such as the open-source Python or R 

are suitable.  

4.1.1 The Sval-Imp dataset - ERA40 and ERA Interim Analysis 

Available from the National Infrastructure for Research Data (NIRD) research data archive, 

the Svalbard Impact assessment forcing dataset (version 1) (Sval-Imp) contains a number of 

meteorological variables needed to force terrestrial process models such as seasonal rain, 

snow and energy balance models. Used for ERA40 (1957-2002) and ERA interim (1979-

2018) reanalysis they have been downscaled from using the methodology as shown in Østby 

et al., (2017). All variables are recorded at a 6-hourly interval over both the ERA40 and 

interim periods, and are based on a gridded dataset with a horizontal resolution of 0.75° x 

0.75°, thus covering the entire region of Svalbard and a significant proportion of the water 

mass surrounding the Archipelago at a 1km x 1km resolution (Figure 10). These include: 

- Longwave incoming radiation (W/m2) 

- Shortwave incoming radiation  (W/m2) 

- Precipitation (mm) 

- Relative humidity (%) 

- Near surface air temperature (Tair, downscaled in Kelvin) 
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- Wind (m/s) 

 

 

All parameters are stored in one month periods in ‘.nc’ file format containing longitude, 

latitude and the meteorological value in 6 hourly timestamps. These are downloadable from 

the NIRD archive under the ‘Svalbard impact assessment forcing dataset, version 1’. 

For this study we have taken 21 years of ERA40 (1957-1978) which required omitting data 

between 1979-2002 and replacing it with the whole of the currently available ERA interim 

period (1979-2018) up to August 2018. This provides an unbroken dataset of 61 years of 

meteorological data at 6 hourly intervals over the whole of the Svalbard archipelago. 

4.1.2 Aggregation 6-hourly variables 

After the creation of a template script for aggregating 6-hourly ‘.nc’ meteorological files to 

monthly sum or mean values, the process was repeated for all variables (section 4.1.1). By 

altering the data path to the correct variable files and changing the desired parameter the data 

can then be presented in month-form. Precipitation was amassed as a ‘sum’ value for each 

month, which was later averaged to give mean monthly precipitation. For both Tair , wind 

speed and relative humidity the monthly files were collected as monthly means for the 

obvious reason that a sum of the total temperature and wind speed over a month cannot be 

accurately correlated to changing glacier mass balance. The same process was used to attain 

Figure 10 - Elevation difference (m) between ERA topography and accompanying 1km 

DEM, with black dots representing the 0.75° x 0.75° ERA grid (Østby et al., 2017). 
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monthly long and shortwave incoming radiation files. Furthermore, Tair was converted from 

Kelvin (K) to degrees centigrade (°C) by a simple subtraction of -273.15 from the monthly 

mean after monthly aggregations were complete.  

4.1.3 Daily weather type classifications 

The daily air-circulation (AC) classifications used for comparison to corresponding 

meteorological parameters have been re-analysed frequently between 1898 to 1919, and on a 

daily basis  at 6-hourly intervals between 1920 – late 2017. Based on synoptic maps of Europe 

a total of 21 different synoptic situations have been distinguished, taking into account the 

direction of air-mass advection and the associating pressure pattern. The classification of 21 

weather types is also available in a compressed 11 variable classification, which is based off 

the same data but combines main and sub wind directions such as East-southeast, instead of 

having separate classification for East and Southeast. For this study the daily analysis from 

September 1957- December 2017 has been used, with the 11 weather types classification used 

for analysis. These are available in .mdat or spreadsheet format for analysis through Matlab 

and excel (Niezwiedz, 2017). 

4.1.4 Glacier mass balance 

Glacier mass balance data is presented in the paper by Østby et al., (2017) in monthly mass 

balance form. This contains two variables, firstly climatic glacier mass balance (CMB) and 

furthermore the associated timestamp. It has been categorized by monthly balance rather than 

seasonally to allow for more specific analysis than seasonally aggregated data. 

CMB data is calculated over a certain grid cell for one time step as follows: 

𝐵𝑐𝑙𝑖𝑚 = 𝑃𝑠 + 𝑃𝑙 + 𝑅 −  
𝑄𝑚

𝐿𝑓
 ±  

𝑄𝑡

𝐿𝑠
 

Where Ps is solid precipitation rate, Pl is liquid precipitation, R is the refreezing, Qm is the 

melt flux and Qt is the negative latent heat flux. Lf = 3.340x × 105 and Ls = 2.849 × 106 K J 

kg-1 are values of latent energy of fusion and sublimation respectively. 

 



29 

 

4.1.5 Comparison periods, seasons and precipitation type 

As noted in section 1.4, two time periods are used for noting climatic changes for Svalbard. 

The period of 1971 – 2000 is a reference period, where all anomalies are calculated from. As 

a result of the Sval-Imp dataset finishing in August 2018, winter anomalies were calculated 

using the mean value of a parameter from the 2001 – 2017 period, and summer anomalies 

from the 2001 – 2018 period. The determination of whether precipitation was rain or snow 

was based using the 6 hourly readings from both the ERA40 and ERA-interim periods. 

Despite the possibility of snow falling above 0°C and rain falling below this threshold, for the 

purpose of modelling snow and rainfall events it was assumed that for rainfall the air 

temperature (Tair) must be < 0°C and thus for rainfall precipitation must occur with a Tair value 

>= 0°C. Further to this, precipitation files for all forms including snow, rain and total 

precipitation (equal to rain + snow) were created by summing monthly totals of precipitation 

then producing an average value from the sum total for each month between the beginning of 

the ERA40 period in September 1957 to the end of the ERA Interim period in August 2018.  

When aggregating into seasons, a three monthly split was adopted as below: 

- Winter: December (previous year), January, February 

- Spring: March, April, May 

- Summer: June, July, August 

- Autumn: September, October, November 

4.1.6 Rain events 

For this study, ‘heavy rainfall events’ are defined as per the Climate in Svalbard 2100 report 

where rainfall exceeds 10mm in a 12 hour period (Hanssen-Bauer et al., 2019), the same has 

been applied for this data. Though as Sval-Imp data is in 6-hourly steps, the accumulation of 

monthly rainfall from ‘heavy rainfall’ events has been parameterized by extracting data where 

Tair is >0°C and precipitation is >5mm in any 6 hourly interval. 
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4.1.7 Statistical analyses 

Polynomial regressions of the first degree were performed on multiple parameters, including 

longwave incoming radiation, humidity and climatic mass balance and plotted using the 

scatter function on matlab over a template of x and y coordinates for Svalbard. These were 

performed using the ‘polyfit’ function on Matlab and are regressed against time (61 years), 

with curves fitted to the first degree. The values given are slope values, showing the rate of 

increase or decrease over time for a given variable, for example polynomial values fitted for 

precipitation provide the value of increase over a one year period in millimeters. The purpose 

of this was to determine a positive or negative trend between time and a parameter, with 

positive regression indicating an increase in the value of the parameter of the time period and 

a negative indicating the opposite.  

For precipitation and temperature data, the linear regression function was used over four time 

periods, 1957-2018, 1971-2000 and 2001-2018 (summer) and 2001-2017 (winter). Linear 

regression models the relationship between two variables, in this case between a 

meteorological parameter and time (years). The equation has the form of y = a + bX, where 

‘a’ is the slope angle, X is the explanatory variable and Y is the dependent variable. Slope and 

R2 values are given, showing the rate of increase or decrease of a variable over a 1 year period 

and the fit of the data to the linear model. R2 values vary between 0 – 1, with values closer to 

one showing greater correlation between the goodness of fit of the data to the slope.  

Difference in Frequency Of Occurrence (dFOC) was used when comparing parameters such 

as precipitation, radiation and weather classification. dFOC was created by dividing 

parameters by the sum of themselves and taking away the sum divided by the number of days 

in the defined time period, as in the example below: 

𝑋

𝑠𝑢𝑚(𝑋)
−

𝑌

𝑛𝐷
 

Where X is the input variable, Y is the second variable and nD represents the sum number of 

days in the time period being analysed. The purpose of this is to determine a relationship 

between the frequency of occurrence between a dependent and independent variable over a 

given time period. Positive values indicate a correlation in the incidence of occurrence 

between two variables, for example positive values when comparing the 95th percentile of 

LWi radiation indicate that a certain weather type was related to high LWI radiation.   
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5  Results 

On an annual basis, the greatest temperature anomalies between 2001-2018 are focused on 

central-northern and eastern regions of Svalbard, where temperatures are on average >3.25°C 

higher than mean annual temperatures from the 1971-2000 reference period (Figure 11). 

Comparatively, the southwestern and western flanks up to 79°N of the archipelago have only 

warmed by between 1.25 – 1.75°C in the same period. 

When looking on a seasonal basis (Figure 12), the summer period is prone to the least 

warming, where maximum anomalies are in the region of 1.75 - 2°C and are focused on 

central-southern areas of the archipelago between 78-79°N and 10-20°E . Although all 

seasons are experiencing a significant warm anomaly, the area this anomaly originates from 

varies through the seasons. During autumn and winter this is focused more on northeastern 

areas, such as Austfonna which is encompassed by the higher anomalies of > 3.5°C and 

>6.5°C in autumn and winter respectively. However, in spring this shifts westwards where it 

is focused around 80°N and 15°E and >2.75°C. 

 

Anomaly (°C)

1 - 1,25
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2,75 - 3

3 - 3,25

3,25 - 3,5

Figure 11- Annual air temperature anomaly from the period 2001-2018 

compared to the 1971 - 2000 mean temperature. 
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Figure 12- Seasonal air temperature anomalies from the period 2001-2018 (spring, summer, autumn) and 2001 – 2017 

(winter) compared to the 1971 - 2000 mean temperature. 
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5.1 Summer and winter 

See appendix 1, Figures A1 – A6 for graphical representation of summer and winter 

temperature, rain and snow for all sites. 

5.1.1 Temperature and snow 

Over all locations and individual glacial sites summer temperature has seen the smallest 

change over the period 1958-2018. Despite this, even on the higher locations summer 

temperatures now exceed 0°C (Figure 13, table 2), where KNG09 had a mean summer 

temperature of -2.05°C in the 1960’s, to being 0.69°C for the 2010-18 average. Mean winter 

temperature has seen the most notable rise, where for KNG01 through the same time periods 

the mean temperature has risen from -17.79 to -8.78°C (table 3). For seasonal minimum and 

maximums over the study period, Etonbreen has witnessed the largest change whereby 

ETN01 saw its coldest mean winter temperature of -27°C in 1962/63, compared to its 

warmest temperature of the whole time series of -6°C in the winter of 2017/18. Hansbreen as 

seen the smallest winter temperature difference over the same time period, from a minimum 

of -17°C in 1962/63 to a maximum of -6°C in the winter of 2013/14 (appendix 1, Figure A3). 
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Figure 13 - MAAT for summer and winter (top), sum of yearly winter and summer snowfall (middle and 

bottom) for all sites on Kongsvegen. Black lines denote 1971 – 2000 mean, 2001 – 2017 winter mean 

snowfall and 2001 – 2018 summer mean snowfall for KNG05. 
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Table 2 - Mean summer temperatures (°C) for all decades between 1960-2018. 

 

Location 

Mean decadal temperature - Summer 

60s 70s 80s 90s 00s 10-18 

KNG01 0.35 1.23 1.48 1.81 2.24 3.01 

KNG05 -0.70 0.11 0.37 0.74 1.49 2.19 

KNG09 -2.05 -1.45 -1.16 -0.78 0.29 0.69 

 

Table 3 - Mean winter temperatures (°C) for all decades between 1960-2017. 

 

 

 

 

 

Linear regression for the sum of winter snowfall on Kongsvegen glacier show that on all three 

sites the trend has either reversed or enhanced in the 2001-17 period compared to the 

reference period (table 4). Both KNG01 and KNG05 show positive regression values of y = 

0.63 – 1.1e+03 and y = 2.6 – 5.1e+03 respectively during the 2001-17 period. Furthermore, 

KNG09 has increased from y = 1.8 + 3.3e+03 to y = 5 – 9.7e+03. R2 values indicate the data 

does not fit the linear regression model very well, with values varying between 0.03 and 0.28. 

Table 4- A comparison of linear regression for winter snowfall between 1971-2000 and 2001-2017. 

 

 

 

Location 

Mean decadal temperature - Winter 

60s 70s 80s 90s 00s 10-17 

KNG01 -17.79 -14.24 -14.34 -13.62 -11.17 -8.78 

KNG05 -18.47 -15.60 -15.67 -15.13 -12.69 -10.47 

KNG09 -18.51 -16.45 -16.60 -16.18 -14.11 -12.42 

Site 1971 - 2000 R2 2001 - 2017 R2 

KNG01 y = -1.3 + 2.7e+03 0.28 y = 0.63 – 1.1e+03 0.04 

KNG05 y = -1.4  + 3e+03 0.26 y = 2.6  – 5.1e+03 0.03 

KNG09 Y = 1.8  – 3.3e+03 0.21 y = 5 – 9.7e+03 0.06 
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Mean winter snowfall over the two comparison periods give a better indication of changes, 

with a slight increase shown at KNG05 (Figure 13). Despite this trend, not all sites are 

similar, with a significant decline in winter snow evident on Etonbreen where sum winter 

snowfalls used to regularly exceed 200mm in the 1960’s, whereas since 2009 this has not 

exceeded 100mm even on the highest site (ETN06). 

Linear regression for summer snowfall against time has seen a similar pattern to that of winter 

snowfall (table 5). Both KNG01 and KNG05 show marginally positive linear trends in the 

recent period compared to that of the reference, however KNG09 is witnessing a reduction as 

shown by y = 1.9 – 3.8e+03 between 1971-2000 to a slightly decreasing y = -0.27 + 5.8e+02 

between 2001-2017. R2 values were low for the linear regression, with values between 0.03 

and 0.3. Despite these statistics, the mean total of summer snowfall in the 2001 – 2018 period 

was notably lower than the reference period, with an average reduction of ca. 40mm on 

KNG05 (Figure 13). 

Table 5- A comparison of linear regression for summer snowfall between 1971-2000 and 2001-2018. 

 

5.1.2 Rain 

Heavy rain (see definition in section 4.1.6) during summer shows little trend, with the most 

active period of heavy rain events being during the 1970s on Hansbreen (Figure 14) where it 

regularly made up of between 20-30% of total rain. Nordenskiolsdbreen, Kongsvegen and 

Etonbreen show similar patterns to Hansbreen in terms of heavy summer rain. However, a 

more obvious trend exists for heavy rainfall in winter. Numerous years without heavy rainfall 

are noted between 1957-2000, though since then only in 2003 did heavy rainfall not 

contribute to any of the sum of rainfall on the glacier. Kongsvegen and Nordskioldsbreen 

follow this trend, however Etonbreen is unique in that the only year in the whole time series 

with heavy rain is 1984. 

Site 1971 – 2000 R2 2001 – 2018 R2 

KNG01 y = -1.7 + 3.5e+03 0.18 y = 1.3 – 2.5e+03 0.3 

KNG05 y = -0.71  + 1.5e+03 0.04 y = 0.72  – 1.4e+03 0.03 

KNG09 y = 1.9  – 3.8e+03 0.021 y = -0.27 + 5.8e+02 0.12 
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Winter rainfall totals are increasing in all glaciers, particularly in the past 20 years (Figure 

14). HBR01, having not exceeding 150mm of rain in any winter up to 2000 has exceeded it 

twice in 2005 and 2011, though rain at the higher location (HBR11) is also increasing it is yet 

to exceed 100mm of rain in any winter between 1957 – 2017. Kongsvegen most notably is 

seeing an increase in mid elevation (KNG05) rainfall during winter (appendix 1, Figure A6), 

where it exceeded 100mm for the fist time in 2011 and again in 2015. Nordenskioldsbreen 

winter rainfall is also increasing, though it is yet to rain on its highest location (NB11) during 

winter (appendix 1, Figure A5). Furthermore, Etonbreen now receives regular winter rainfall, 

after none falling in the 1960’s. 

Linear regression of rainfall against time on Hansbreen shows that during winter, rainfall has 

changed from being either marginally decreasing (HBR01, HBR06) or weakly increasing 

(HBR11) during the reference peiod (table 6). However, all sites then show stongly positive 

linear regression from 2001 – 2017, where HBR01 has the highest linear regression of y = 3.5 

– 7e+03. Furthermore, mean rainfall at HBR06 increased from 20mm per winter to ca. 60mm 

per winter. 
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Figure 14 - Percentage of heavy rainfall in summer and winter, and monthly rainfall for 

summer and winter for all locations on Hansbreen. Black line denotes mean rainfall for 

HBR06 in the period 1971 – 2000 and 2001 – 2017/18 (winter and summer). 
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Despite a less obvious visual trend in summer rainfall, analysis shows it is reducing in the 

2001-2018 period with a mean decrease in summer rainfall of ca. 30mm Hansbreen shows 

that at all sites during the reference period rainfall was decreasing (table 7). Though this has 

reversed in the 2001-2018 era where HBR11 for example, shows a positive linear regression 

of y = 5.6 – 1.1e+04, compared to y = -4.7 + 9.6e+03 between 1971-2000. 

Table 6- A comparison of linear regression for winter rainfall between 1971-2000 and 2001-2017. 

Site 1971 – 2000 R2 2001 – 2017 R2 

HBR01 y = -0.19 + 4.2e+02 0.026 y = 3.5 – 7e+03 0.17 

HBR06 y = -0.037 + 95 0.013 y = 3.3 – 6.6e+03 0.22 

HBR11 y = 0.19 – 3.6e+02 0.008 y = 2.4 – 4.8e+03 0.23 

 

Table 7 - A comparison of linear regression for summer rainfall between 1971-2000 and 2001-2018. 

Site 1971 – 2000 R2 2001 – 2018 R2 

HBR01 y = -3.4 + 6.9e+03 0.18 y = 3.7 – 7.3e+03 0.1 

HBR06 y = -4.3 + 8.8e+03 0.19 y = 4.5 – 8.9e+03 0.08 

HBR11 y = -4.7 + 9.6e+03 0.18 y = 5.6 – 1.1e+04 0.09 

 

 

5.2 Wind 

Mean wind speeds across the four glacier locations are nearly always higher in winter than 

during summer (Figure 15), with the exception of Etonbreen during the summer of 1968 

where they exceeded winter speeds of 1967/68. Hansbreen experiences the highest mean wind 

speed in both winter and summer, where values exceed 8 m/s and 5 m/s respectively. Contrary 

to this, Nordenskioldbreen has the lowest mean wind speed during both seasons, not 

exceeding 5 m/s during winter or 3.5 m/s during summer. Linear regression between wind and 

time (years) during winter for the middle site at each location shows a marginal increase in 

windspeed over the whole period, with the most notable being at Etonbreen. Though linear 

regression yeilds a result of y = 0.033 – 60, R2 values for linear regression between mean 

winter wind speed and time were low, varying between 0.15 and 0.46 for Hansbreen and 

Etonbreen respectively. Amongst the signal for a ~ 0.5 – 1.5 m/s increase in mean wind speed 
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is a ‘yoyo’ pattern, with a large amount of yearly variation in wind speeds. When split onto a 

decadal scale, the increase in some locations becomes more apparent (tables 8 and 9)  

 

 

Figure 15- Mean summer and winter wind speed (m/s) between 1957-2018. 

Black dashed line represents linear regression for the middle location 

during winter (NB6, HBR06, ETN04, KNG05). 
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On a decadal scale, all locations show an increase in mean winter wind speed over the 1960 – 

2017 period. The largest increase is on Etonbreen, where mean winds in the 2010 – 2017 

period are 32% higher than the in the 1960s. Nordenskioldbreen, Hansbreen and Kongsvegen 

show an increase of 21%, 11% and 15% respectively when comparing the same time periods. 

Table 8 - Decadal mean winter wind speeds (m/s) for the middle location of the four study sites. 

Site 60s 70s 80s 90s 00s 10 - 17 

NB6 3.28 3.55 3.84 4.14 4.15 3.99 

HBR06 6.53 6.86 7.22 7.77 7.32 7.25 

ETN04 4.73 5.38 6.34 6.5 6.53 6.24 

KNG05 3.85 4.17 4.52 4.76 4.6 4.46 

 

During summer, mean wind speeds have increased by less than as shown during winter. The 

largest increase was seen at Nordenskioldbreen, where mean wind speed is 22% higher during 

the 2010 – 2018 period than that of the 1960s. At Hansbreen, Etonbreen and Kongsvegen 

increases for the same period are 9%, 17% and 20% respectively (table 9). 

 

Table 9 - Decadal mean summer wind speeds (m/s) for the middle location of the four study sites. 

Site 60s 70s 80s 90s 00s 10 - 18 

NB6 2.2 2.47 2.78 2.66 2.49 2.69 

HBR06 4.04 4.39 4.79 4.88 4.11 4.43 

ETN04 3.73 4.11 4.31 4.21 3.99 4.37 

KNG05 2.5 2.84 3.12 3.01 2.81 3 

 

5.3 Statistics - Seasonal precipitation 

See section 3.5 for reference to glacier locations. 



42 

 

When looking at the period as a whole (Figure 16), polynomial regression of the first degree 

shows that Hansbreen is experiencing the biggest increase in winter rainfall, most notably its 

lowest region (HBR01), with a polynomial regression of value ~ 0.95. KNG01 has the second 

highest regression, with NB1 also showing a moderate trend for an increase in winter rainfall 

(polynomial regression ~0.4). During summer, the middle regions of Etonbreen and 

Nordenskioldbreen show the highest polynomial regression slope values > ~0.55. Despite 

being the wettest, Hansbreen shows the lowest regression values (~0.05), showing little or no 

trend here. Conversely, taking all sites on a glacier, Kongsvegen is showing the greatest trend 

for increasing summer rainfall. 

 

(b) Summer 

Figure 16- Polynomial regression of winter (1957 – 2017) and summer rainfall (1958 – 2018). 

(a) Winter 
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Nordenskioldbreen’s highest location (NB11) shows the largest increase in snowfall during 

winter (Figure 17) where the slope value exceeds ~1.9. The only other glacier to show a 

polynomial slope >1 is Kongsvegen, where both KNG05 and KNG09 show highly positive 

regressions. Hansbreen has significantly lower rate of increase, with both HBR01 and HBR06 

between only ~0 – 0.1, and HBR11 showing a marginally positive ~0.2 regression slope. 

During summer, none of the 12 survey points show positive regression, with 

Nordenskioldbreen witnessing the most negative anomalies at sites NB6 and NB11. 

(a) Winter 

Snow 

Figure 17- Polynomial regression of winter (1957 – 2017) and summer snowfall (1958 – 

2018). 

(b) Summer 

Snow 
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5.4 Weather Classification 

Analysis of the occurrence of weather types shows that Svalbard is most commonly under 

cyclonic conditions with winds from north-northeast or east-southeast, where over 3000 days 

of each has occurred between 1957 – 2017 (Figure 18). Anticyclonic conditions with winds 

from the same direction were also a regular weather type, though these were slightly less 

common that weather type 5 and 10, where the anticyclone and cyclone are directly overhead 

of Svalbard. 

 

 
 

Polynomial regression slope values for all weather classes are < ±0.20, showing little positive 

or negative change in the frequency of occurrence of any weather type. Weather type 1 

(N+NEa) is showing the most negative trend at -0.18 (Figure 19). From cyclonic weather 

types, class 7 (E+SEc) has the highest slope value of 0.09. During summer, all weather types 

show polynomial regression values of < ± 0.04 other than classes 2 and 4 (Figure 20).  

 

 

 

 

 

 

 

Anticyclonic types (1-5) 

 1  - N+NEa 

 2  - E+SEa 

 3  - S+SWa 

 4  - W+NWa 

 5  - Ca+Ka 

 
 

Cyclonic types (6-10) 

 6  - N+NEc 

 7  - E+SEc 

 8  - S+SWc 

 9  - W+NWc 

10  - Cc+Bc 

 
 

11  - X (Unclassifiable) 

 
Figure 18- Sum occurrence of all-weather types over the period 1957 – 2017. 
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From the period 1971 – 2000 all seasons had the fewest number of days with winds from a 

south-southwesterly or west-northwesterly under anticyclonic conditions, with these weather 

classes occurring between 2 to 4 days per season. For winter, cyclonic conditions with winds 

from the east-southeast were the most common, where they would occur an average of nearly 

16 times per season. The same occurred during autumn, though for summer either north-

northeasterly cyclonic or a cyclone overhead (Cc+Bc) was most common, with a frequency of 

11 days per season (Figure 21). 

Figure 19- Polynomial regression values for weather types during winter (December, January, February) 

between 1957 – 2017. 

Figure 20- Polynomial regression values for weather types during summer (June, July, August) between 1957 

– 2018. 
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Comparing the anomaly from the 2001-2017 mean to the mean of the period 1971 – 2000 the 

greatest differences are in summer and spring. Anticyclonic winds from the north-northeast 

occurred on average 2.5 days less per season, and east-southeast winds under the same 

conditions occurred 2.5 days more per season. In winter, the greatest reduction in weather 

type was under ‘unclassified’ (x) conditions, though under anticyclonic conditions winds from 

the north-northeast and an anticyclone directly overhead both increased by 2 days per season 

(Figure 22).  
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Figure 22- Mean frequency anomaly of weather types from the 2001-2017 period, compared to the 1971-2000 

mean. 

Figure 21- Mean frequency of weather types by season between 1971 – 2000. 
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5.5 Longwave radiation 

During summer months there is a weak signal for an increase in longwave radiation (LWi) 

(Figure 23). HBR11 shows the greatest increase, with a polynomial regression slope of ~ 0.2. 

ETN01 showed the lowest trend, with little change in longwave incoming radiation over the 

whole period. However, during winter there is a stronger trend in increasing longwave 

radiation. This is most notable at the lowest regions of all glaciers, where values vary between 

~0.6 on NB1 and ETN01, to only ~0.2 at KNG01. Only KNG09 shows little change over the 

1957 – 2018 period with a polynomial regression value of ~0.05. 

(a) Summer 

Figure 23- Polynomial regression for Longwave incoming radiation in Summer (a), and Winter (b) 

over the 1957 – 2018 period. 

(b) Winter 
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When looking at the difference in frequency of occurrence (dFOC) for the 95th percentile of 

longwave incoming radiation (Figure 24), there is little inter-site variation on glaciers. The 

strongest association is on Etonbreen, where cyclonic south-southwesterly winds had the 

greatest dFOC for the 95th percentile of LWi and weather classification. During anticyclonic 

conditions, weather types 3 – 5 show the next highest dFOC contributing to the upper 95th 

percentile of LWi. Weather types with the lowest dFOC contributing to the 95th percentile of 

LWi included winds from north-northeast under both anticyclonic and cyclonic conditions, 

where a dFOC >0.045 is shown for NB11 and ETN06. Generally all sites on a glacier 

followed the same trend, with either a positive or negative dFOC, however where dFOC was 

low (<0.01) there are some discrepancies such as for Nordenskioldbreen (NB1 – NB11) under 

west-northwest cyclonic conditions. Here, NB1 and NB6 showed negative dFOC but NB11 

showed positive.  

 

5.6 Shortwave radiation 

As shown in Figure 25, during the polar night from October to February shortwave incoming 

radiation (SWi) is 0 W/m2 on all sites. This rises sharply to a peak of > ~250 W/m2 by June 

(month 6). There is however a large variation in the mean SWi between each glacier. 

Nordenskioldbreen, in central Svalbard received the highest mean, specifically at NB11 with 

an average of ~275 W/m2 during June. HBR01, however, receives on average only ~225 

W/m2. 
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Figure 24 - dFOC of longwave incoming radiation for all locations at the 95th percentile. Individual glacier sites run 

from left to right with for example ETN01 being the furthest left of all green bars, and ETN06 being the furthest right 

of green bars. 
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Anticyclonic conditions have the greatest dFOC for the 95th percentile of shortwave incoming 

radiation. The highest SWi levels are associated with anticyclonic conditions and winds from 

the north-northeast or east-southeast, where all glacier sites exceed a dFOC of 0.04 (Figure 

26). Similarly, conditions with an anticyclone situated over Svalbard (Ca+Ka) show high 

frequency of occurrence for high SWi radiation. All cyclonic conditions excluding winds 

from the north-northeast show a low dFOC for high SWi radiation, with south-southwesterly 

winds having the most negative dFOC, particularly on HBR6 and HBR11 with dFOC > -0.06.  
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Figure 26 - dFOC of shortwave incoming radiation for all locations at the 95th percentile. 

Figure 25- Mean monthly shortwave incoming radiation for all glacier sites over the period 1957 – 2018. Black dashed lines 

provide reference to HBR01 and NB11. 
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5.7 Relative humidity 

Polynomial regression of the first degree for relative humidity against time (years) values 

during summer and winter show varying trends (Figure 27). During summer, humidity levels 

are virtually unchanged, polynomial regression values range between 0.02 and -0.04 which 

indicate little to no change over the 1957 – 2018 period. However, during winter a trend for a 

slight increase in humidity is observed most notably on Nordenskioldbreen where polynomial 

regression slope values exceed ~0.3. On the contrary, Etonbreen and Konsvegen appear 

relatively stationary, with only weak positive trend (~0.1) or no trend as observed with 

regression values at or below 0 on Hansbreen. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) Summer 

Figure 27- Polynomial regression for relative humidity (%) in Summer (1958- 2018) and Winter (1957 – 2017). 

(b) Winter 
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At Nordenskioldbreen, where polynomial regression values were highest, an increase in mean 

winter humidity of around 4% is evident on all sites when comparing the 1971 – 2000 period 

to the 2001- 2017 period. The highest location above sea level NB11 shows the highest 

humidity values during both periods, of 79.1 and 82.9% respectively (table 10). 

 

Table 10 – Mean winter humidity (%) comparing the 1971 - 2000 mean to the 2001 - 2017 mean at Nordenskioldbreen. 

Location 1971 – 2000  2001 – 2017  

NB1 78.4 82.3 

NB6 78.7 82.6 

NB11 79.1 82.9 

 

5.8  Weather type vs daily snowfall 

During the reference period, average daily snowfall totals varied significantly between 

weather types (Figure 28). Under both anticyclonic and cyclonic conditions daily snowfall 

totals were the highest during spring, summer and winter with south-southwesterly winds. 

From 2001-2017, however, snow totals are notably lower on NB11. Average daily winter 

snow with cyclonic south-southwesterly winds reduced by ~33%, from 12mm to 7.8mm. 

Most weather conditions during all seasons in the 2001-2017 period see lower daily snowfall 

averages, except for spring snow under anticyclonic south-southwesterly winds which 

remains unchanged at ~8mm daily snow. 
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Figure 28- Average daily snowfall for all weather classifications in all seasons at NB11 from 1971-2000 (left) and 2001-

2017 (right). 
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The snowfall anomalies for the 2001 – 2017 period compared to 1971-2000 (Figure 29) 

portray this change. The greatest anomalies are negative, occurring during summer and winter 

and mostly during south-southwesterly winds under both anticyclonic and cyclonic 

conditions. These anomalies are in the range of -2 to -4 mm less daily snowfall. Both spring 

and autumn also have negative anomalies under these conditions, though are muted to 

between -1 to -2 mm less daily snowfall compared to the 1971 – 2000 mean. 

   

 

5.9  Weather type vs daily rainfall 

Comparing HBR01 (Figure 30), the lowest location on Hansbreen which is statistically the 

area with the mean warmest air temperature and one with the most common incidence of 

rainfall during the 1971 – 2000 and 2001 – 2017 periods, shows a smaller change in daily 

rainfall averages compared to those of daily snowfall values under each weather classification 

(Figures 28 and 29). 
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Figure 29 - Average daily snowfall anomaly for NB11 during the period 2001 - 2017 

compared to the 1971 - 2000 reference period. 
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The daily rainfall anomaly from the 2001 – 2017 period shows that most weather types across 

all seasons are correlated with a reduction in daily rainfall totals (Figure 31). Both 

anticyclonic and cyclonic south-southwesterly winds show the greatest mean reduction of 

>1.5 mm during summer, autumn and winter. However, during spring this anomaly is 

reversed and there is a small trend for >0.5mm more rainfall to fall under the same conditions. 

Furthermore, during winter and summer, the only weather classes to produce a >0.1mm 

increase in daily rainfall were during anticyclonic west-northwesterly or a cyclone directly 

overhead. 
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Figure 30- Average daily rainfall for all weather classifications in all seasons at HBR01 (see chapter 3.5 for reference to 

locations) from 1971-2000 (left) and 2001 - 2017 (right). 
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Figure 31- Average daily rainfall anomaly for the period 2001 - 2017 compared to 

the 1971 - 2000 reference period 
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5.10  Summer precipitation anomalies 

When comparing seasonal precipitation for the recent period of 2001-2017 to the 30 year 

mean before that (1971-2000) the same weather types become obvious for a decline in both 

summer rain and summer snow. Regardless of whether under anticyclonic or cyclonic 

influence, winds from the S+Sw were responsible for the largest negative precipitation 

departures during summer (Figure 32). On a seasonal average, daily rain and snow totals were 

up to 1.5 and 3mm less than during the 1971-2000 period. However, for summer rain both 

Kongsvegen (05 and 09) and Nordenskioldbreen (6 and 11) see a marginal increase in rain of 

>0.4mm under anticyclonic conditions. Furthermore, a slight positive (>0.7mm) anomaly in 

summer snowfall can be seen for E+Se and W+Nw winds under cyclonic conditions.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 
Figure 32- Summer rain (top) and summer snow (bottom) anomalies based on daily rainfall averages for all 

locations. Anomalies calculated for the 2001-2017 period compared to the 1971 - 2000 mean. 
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5.11  Winter precipitation anomalies 

Winter precipitation anomalies compared to weather classification show that there are four 

main weather types that are responsible for either an increase or decrease in winter rain and 

winter snow (Figure 33). For rainfall, anticyclonic west-northwesterly winds show a ~ +1mm 

daily rainfall anomaly during the 2001-2017 period on KNG11, and a > +0.5mm anomaly at 

HBR06, HBR11, NB6 and NB11. No other weather classification shows a > +0.5mm 

anomaly. Conversely, cyclonic south-southwesterly winds show a > ~-1mm anomaly on four 

of the different glacier sites.  

Negative winter snow anomalies are far larger than those of rainfall during the same 

comparison period. Here, both anticyclonic and cyclonic south-southwesterly winds cause a 

reduction > ~-4mm per day, notably on NB11 and KNG09. There are however numerous 

weather types that show little or no change to snowfall anomalies, such as N+Nea and N+Nec 

and weather class x. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 33 - Winter rain (top) and winter snow (bottom) anomalies based on daily rainfall averages for all locations. 

Anomalies calculated for the 2001-2017 period compared to the 1971 - 2000 mean. 
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5.12  Climatic glacier mass balance 

Hansbreen, located in southern Svalbard shows the greatest decline in CMB where 

polynomial regression of the first degree values are ~-1 to -1.75. The highest point of 

Nordenskioldbreen (NB11) was the only location of the twelve study points to show a more 

notably positive trend in CMB, where regression values exceed 1. There is a lesser trend for 

Etonbreen and Kongsvegen, where polynomial regression values between ~-0.5 and 0.5 are 

shown, though at KNG11 a weak signal for increasing CMB is seen where regression values 

of ~0.75 are seen (Figure 34) 

 

 

 

 

Figure 34 - Polynomial regression of climatic glacier mass balance for all locations for the whole time period (1957 - 

2014). 



57 

 

5.12.1 Shortwave radiation vs climatic mass balance 

When comparing the SWi anomaly at >= 95th percentile for HBR01 to the associated 

differential climatic mass balance (dCMB) there is no obvious trend shown (Figure 35). A 

grouping of dCMB between 0 – 100 mm w.e exists where the associated SWi anomaly is 

between 20 – 30 W/m2. SWi values at the highest end of the 95th percentile such as ~ 55 

W/m2 still exhibit a positive dCMB. Furthermore, the second lowest dCMB value (~ -500 mm 

w.e.) has an associated SWi anomaly of only +22 W/m2, which is at the lower end of the 95th 

percentile. 

 

At NB11 (Figure 36), only one negative dCMB value is found where the SWi anomaly is => 

95th percentile, with a value of ~ -48 mm w.e. Similarly, SWi values at the upper end of the 

95th percentile all show positive associated dCMB values. Linear regression shows a marginal 

trend for decreasing dCMB with higher SWi anomaly values (y = -1.1 + 90), though there is 

little evidence of a grouping in results. 

Figure 35- Differential climatic mass balance at HBR01 for the associated SWi anomaly values >= 95th percentile. 

Anomalies created from the 1971 – 2000 mean, and calculated over the 1957 – 2014 period. 

y = -1.6 + 71 
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Comparing where dCMB is <= the 5th percentile and the associated SWi for the same sites 

provides no clear trend either. At HBR01 (Figure 37) two clear groupings of SWi exist, 

around ~ 40 and ~ 100 W/m2 where dCMB is <= the 5th percentile. The absolute lowest 

dCMB value is found within the ~ 40 W/m2 zone.  

 

Figure 36 - Differential climatic mass balance at NB11 for the associated Swi anomaly values >= 95th 

percentile. Anomalies created from the 1971 – 2000 mean, and calculated over the 1957 – 2014 period. 

Figure 37- dCMB <=5th percentile and the associated SWi for location HBR01. 

y = -1.1 + 71 
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At NB11 (Figure 38), fewer negative dCMB values were associated with high SWi (>100 

W/m2). A similar grouping to HBR01 exists, whereby when Swi is ~40 W/m2, 53% (18 out of 

34) of the lowest dCMB values are found. These, however, range between dCMB of -40 and -

295 mm w.e. A grouping of the lowest dCMB <= 5th percentile is also shown where 

associated SWi is ~ 0 W/m2. 

 

5.12.2 Weather classification vs climatic glacier mass balance 

A clear relationship between weather type and its effect on CMB exists when comparing the 

5th and 95th percentiles (Figure 39). Positive difference frequency of occurrence (dFOC) 

values represent a correlation between the two variables. When looking at the 95th percentile 

of CMB three main weather types are responsible, cyclonic conditions with winds from the 

north-northeast or east-southeast and to a lesser extent anticyclonic north-northeasterly winds. 

Under these conditions nearly all glaciers show dFOC exceeding 0.04 on more than one site, 

except Kongsvegen where dFOC is ~0.02. Etonbreen consistently shows the highest dFOC, 

with study sites on Hansbreen and Nordenskioldbreen also having high correlation between 

weather type and high CMB values. 

Figure 38 - dCMB <=5th percentile and the associated Swi for location NB11. 
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For CMB <= 5th percentile (Figure 40) the weather type Ca+Ka (anticyclone overhead) has 

the highest dFOC for all sites, with values at HBR01 and HBR06 exceeding 0.05. Despite 

this, ETN06 under Ca+Ka conditions has a dFOC < 0.01, showing that although the lowest 

CMB values are largely associated with an anticyclone overhead the relationship is not 

constant over all sites. Cyclonic north-northeasterly winds also show relation to the lowest 5th 

percentile of CMB, where dFOC exceeds 0.03 at NB6 and is ~0.18 for all other sites 

excluding HBR01. 
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Figure 40 - dFOC for glacier mass balance compared to the associated weather type for the 5th percentile of 

climatic mass balances at all locations. 

Figure 39- dFOC for glacier mass balance compared to the associated weather type for the 95th percentile of 

climatic mass balances at all locations. 



61 

 

6 Discussion 

 “How have the climate, meteorological and glacial conditions changed from 1957 - 2018, 

and to what extent are these controlling the current and future state of Svalbard’s 

cryosphere?” 

Mathematical modelling of the Sval-Imp and weather classification datasets via the use of 

Matlab enabled this study to characterize the changing meteorological parameters and relative 

glacier ‘health’ by season. Two comparison periods were used, the 1971 – 2000 reference 

period, and the last 18 years (2000 – 2018) as the comparison period. The data shows as 

expected, significant changes in meteorological parameters such as seasonal precipitation 

trends are occurring within the Svalbard Archipelago over the whole 1957 – 2018 period, and 

even more so when comparing between 2001 – 2018 and the pre-millennium reference era, 

though these are spatially variable with different response properties being evident based on 

the region a glacier is located in. The aim to analyze and manipulate the Sval-Imp data set and 

create further parameters (section 1.4.1) was successfully completed, with a discussion of the 

results found to follow.  

The discussion is split up into these five main themes, with accompanying subsections:  

- An investigation of the hypotheses, data quality, quality of methods and study site 

choice. 

- Analyses of temperature and its implications on Svalbard’s glaciers. 

- Analyses of wind results, and their relation to glacier mass balance. 

- Weather classification and changing meteorological characteristics. 

- Climatic Mass Balance, weather classification and radiation. 
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6.1.1 Investigation of hypotheses 

As found in section 1.4.2, a number of hypotheses were assumed before the analysis of the 

data. An overview of these are as follows: 

- Hypothesis 1: Mean air temperature has increased in all regions on an annual and 

seasonal basis, with notable positive anomalies in the post millennium era. 

On an annual basis, a warm anomaly of between 1.5 – 3.5°C was observed over Svalbard in 

the 2001 – 2018 period compared to the 1971 – 2000 era. The greatest warming has occurred 

in winter, where anomalies exceeded +6°C. The hypothesis was true, with no negative 

anomalies in any season observed.  

- Hypothesis 2: A reduction in winter and summer snowfall has occurred, with the 

greatest reduction in southern and western regions of the archipelago. Likewise, an 

increase in winter and summer rainfall will be observed with the greatest prominence 

of this on the lower regions of the study sites. 

The theory that a reduction in winter snowfall has occurred can be rejected, the study sites 

showed an increase in winter snowfall in the post millennium era. The same applies for 

summer rainfall, with evidence for decreased summer rainfall in all sites. The hypothesis 

that summer snowfall has decreased, and winter rainfall increased, can be accepted. All 

sites saw a significant decrease in summer snow and an increase in winter rainfall during 

the same period. 

- Hypothesis 3: As a result of warmer air temperatures, an increase in relative humidity 

in both summer and winter will be noted. 

Little or no change in summer humidity was observed during summer months on all sites, 

though during winter, polynomial regression of the first degree showed increasing trends 

of humidity over the 1957-2017 period. Therefore the summer hypothesis can be rejected, 

and winter theory accepted. 

- Hypothesis 4: Based on a daily weather classification system, a change in 

precipitation characteristics will be observed for weather types in the 2001 – 2017 

period compared to 1971 - 2000. 
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This hypothesis is accepted, precipitation anomalies of >1.5mm d-1 for rainfall and >4mm 

d-1 for snowfall under varying weather classifications were observed, showing that 

precipitation characteristics are changing for the same weather types when comparing the 

2001-2017 to 1971-2000 periods. 

- Hypothesis 5: Climatic mass balance will be decreasing for all glaciers, with the 

greatest decrease in southwestern Svalbard and at lower elevations. 

This hypothesis can neither be accepted nor rejected. Spatial variation existing in climatic 

mass balance analysis, with lower regions indeed seeing a reduction, though higher sites 

such as NB11 showing notable increases in CMB. 

- Hypothesis 6: Incoming solar radiation (long and shortwave incoming) play a key 

control on glacier melting, or high ablation months in the time series. 

From the 95th percentile of shortwave radiation and longwave radiation that was analysed, 

the proposition that this is occurring can be rejected. No trend was observed for high 

radiation months and an associated high ablation of glaciers. 

6.2 Error sources 

6.2.1 Dataset analysis 

As the modelled re-analysis Sval-Imp dataset was used for this study, it is important to factor 

in the accuracy of such data compared to actually recorded data to be sure of the conclusions 

being drawn. For verification, precipitation and temperature data from the Sval-Imp dataset 

was compared to observed data at Hopen, Svalbard Airport and Ny-Ålesund (Vikhamar-

Schuler et al., 2019). At Hopen, a temperature bias of +0.2 – 0.7°C for all seasons existed 

between 1971-2000 leading to an annual bias of +0.5°C (Figure 41). The period 1988 – 2018 

showed no bias, though other stations have cold annual biases such as Ny-Ålesund (+0.4°C) 

and Svalbard airport (0.8°C) between 1971-2000. These cold biases exist at their maximum 

during summer, whilst only minor warm biases are observed during winter.  

All regions show similar trends between observed and modelled data, with arguably the 

poorest occurring in the east where between 1957 and the early 1990s a positive temperature 

bias is evident.  
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As shown in Figure 42, R2 values of correlation between observed and modelled data is high 

across nearly all stations. However, during summer months (JJAS) lower correlation values 

for Karl-XII øya and Edgeøya in the Sval-Imp dataset. Vikhamar-Schuler et al., (2019) also 

noted that low temperatures are mostly over estimated in the dataset, though those above 0°C 

are slightly underestimated. 

 

Figure 41- Smoothed mean annual temperature time series for the grid points from the Sval-Imp data closest to the actual 

stations in three Svalbard sub-regions for 1958-2017- Red curves denote observed temperatures (Vikhamar-Schuler et al., 

2019). 

Figure 42- R2 for correlations between temperature observations and modelled Sval-Imp (UiO 

and CCLM data), (Vikhamar-Schuler et al., 2019). Abbreviations for locations can be found in 

section 8, appendix 2, figure A7. 
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This implies that the only region that could have had a notable temperature bias and thus less 

reliable was the study glacier Etonbreen, which is located nearly mid-way between these two 

stations that were used to downscale the Sval-Imp dataset.  

Scholars note that the number of weather stations observing precipitation is even lower than 

those measuring temperature, and hold the same spatial bias. An overestimation of 

precipitation at all three mentioned locations exists of between 50-150% in the period 1988-

2017 (Figure 43), though in most instances this is explained by ‘undercatch’ (the effect of 

under-reading precipitation by gauges during strong winds and snowfall). Despite this, it was 

concluded that the Sval-Imp dataset gives a realistic idea of precipitation values over the 

Svalbard archipelago. 

 

 

It seems that despite some biases evident in both temperature and precipitation values from 

the Sval-Imp dataset the information is still accurate enough to perform analysis of the 

changing meteorological conditions on Svalbard throughout the time series of 1957-2018. 

 

 

 

 

 

Figure 43- Smoothed annual precipitation sums at the gridpoints nearest to actual weather stations (Vikhamar-Schuler et al., 

2019). 
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6.3 Evaluation of methods 

6.3.1 Precipitation modelling 

An overview of the parameters defined for the creation of snowfall from temperature and 

precipitation data can be found in section 4.1.5.  

Difficulties arise when modelling liquid, solid or mixed precipitation from temperature and 

precipitation data. It is well known that snow can fall to ground level with temperatures above 

0°C, theoretically, snow can fall at up to 8°C if atmospheric parameters are favourable 

(Matsuo and Sasyo, 1981). Even with air temperatures above freezing, snow can fall and 

accumulate on frozen surfaces, such as glacier ice. More commonly, however, snow falls even 

with temperatures up to 4°C. Similarly, in a phenomenon known as ‘freezing rain’ it is 

possible for rain to fall where air temperatures are below 0°C, such as the example 

highlighted by a study located in the European alps where significant rainfall occurred where 

Tair was -5.8°C (Rohrer, 1989) 

For this study, the same methodology of scholars such as Hanna et al., (2006) was used, 

where snow was modelled with air temperatures  < 0°C and rain for >= 0°C, this means that 

there will likely have been instances within the dataset where precipitation fell as snow where 

it has been modelled as rain, and vice versa. This is a potential downfall of the analysis 

method used, though it is unavoidable without a complete dataset of manual snowfall 

observations over the study period. In future studies, it would be interesting to perform the 

same parameterization with different temperature thresholds, such as at 1 degree intervals 

between -1°C and +4°C and compare the outputted snow and rainfall results. 

6.3.2 Locations 

See section 3.5 for an overview of selected study sites.  

There is poor record of glacier monitoring both temporally and spatially on Svalbard during 

the 20th century. Four study sites were chosen for this study, chosen not only for their wide 

spatial variance to provide the best representation possible for the whole of Svalbard, but also 

because these are some of the most surveyed glaciers and thus there is more data to compare 

the results of this study with. Choosing three sites of varying altitude per glacier allowed this 

study to represent the effect of elevation on meteorological parameters, increasing study sites 
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to 12 in total. Furthermore, to ensure the most accurate glacier location and thus correct data 

was selected from the dataset, this study used known coordinates from manual stake as used 

by Nuth et al., (2013), thus removing any potential error from incorrect location information 

from the time series. As a result, it can be argued that by studying these glaciers, firm 

conclusions on the effect of changing meteorological parameters on Svalbard’s glaciers can 

be made. It could however be argued that increasing the number of glaciers or number of 

study sites per glacier would improve the reliability of any conclusions drawn from the data, 

though as it stands the number of study sites appears to give a clear representation of the state 

of the changing cryosphere in Svalbard from 1957 – 2018. If changes were to be made to this 

study, it would be advised to include missing downscaled CMB data from 2014-2018 to 

provide the most up to date analysis of changing meteorological characteristics on glacier 

mass balance, though this is not currently available for analysis.  

6.3.3 Choice of seasons 

As noted in section 4.1.5, four seasons were defined in three monthly periods for this study. 

The temporal choice of seasons in this study should not have produced any form of bias in 

this study as they were kept the same throughout, and therefore comparing them to one-

another allows for fair representation of seasonal changes. This study focused primarily on 

meteorological changes during summer and winter. Despite analysis of spring and autumn for 

some parameters, it would be advisable to look at these seasons in more detail in future 

studies. 

6.4 Temperature 

This study did not directly compare or correlate changes in air temperature to a reduction in 

mass balance, though by drawing findings from other scholars on the effects of rising air 

temperatures and comparing them to the temperature changes found in the Sval-Imp datasets, 

expectations can be made on the relation between Arctic Amplification and the changing mass 

balance of Svalbard’s glaciers.  

From the downscaled Sval-Imp dataset, Tair was the meteorological parameter that displayed 

the largest change over the whole period from 1957 – 2018 on the four glaciers and their three 

individual study sites. There is no shortage in documentation of the warming of the Arctic and 

Svalbard, with a detailed overview provided in the Climate in Svalbard 2100 report (Hanssen-
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Bauer et al., 2019). Winter temperatures over the Archipelago are experiencing the greatest 

positive temperature anomalies, shown by for example location KNG01 where mean winter 

temperatures from the 1960’s to 2010 – 2017 warmed from -17.79°C to -8.78°C (section 

5.1.1, table 3). Mean summer temperatures were shown to have risen as well, with even the 

middle location KNG05 rising from -0.70°C to 2.19°C in the same periods (section 5.1.1, 

table 2). One of the key factors determining temperature is elevation, the effect of which was 

seen to control temperature strongly over Svalbard as shown by year round colder 

temperatures at higher elevations. A further increase in temperature is expected to result in a 

projected 400m increase in ELA by 2100 (Hanssen-Bauer et al., 2019), which will cause all 

sites except Nordenskioldbreen to lay below the ELA. This is likely to cause a significant 

reduction in annual accumulation, and a rapid reduction in glacier mass balance. 

Multiple changes occur as a result of warming Arctic temperatures, these being an increase in 

the frequency of melt days, the transition from snow to rain in the lower atmosphere during 

precipitation events, changes in atmospheric moisture content and the increase of sensible 

heat and longwave radiation fluxes to the snowpack (Harpold and Brooks, 2018). Positive 

degree days (PDD) occur when Tair is >0°C. Despite other parameters such as dew point 

dictating ice melt with lower dew points slowing or preventing ice melt when air temperature 

is above freezing, PDDs show strong association to glacier ablation (Braithwaite, 1995; 

Szafraniec, 2002). Research from Vikhamar-Schuler et al., (2016) on changes in winter 

warming events in the Nordic Arctic region supports this notion, where it was found that in 

the past 50 years an increase of melt days by up to 9.2 days decade-1 has occurred for the 

Arctic islands, with the frequency of projected warming events expected to be up to 6 times 

higher in the future. Under all projected warming scenarios (section 3.2.1), a significant 

further warming is expected, with even RCP2.6 causing a 4°C warming. As a result, 

temperature rises will only cause a further increase in melt days, glacier run-off and ablation 

related factors as described through this chapter.  
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6.5 Wind 

Wind speed and direction is known to act as an important control on glaciers in two main 

ways, from the redistribution of snow and from the changing of air temperature through 

turbulent wind fluxes. Much of this depends on local conditions of a glacier, such as the 

surrounding topography, its direction of travel and its elevation. As a result of these local 

factors it is difficult to conclude on the effect wind is having on Svalbard’s glaciers as a 

whole, though assumptions can be made based off the four study sites investigated.  

Despite small differences (<0.5 m/s) between the reference period and the 2001-2018 means 

on all four study sites, linear regression of the whole period from 1957-2018 indicated an 

increase of between 0.5 – 1.2 m/s in mean winter wind speed on the four study sites. When fit 

with a linear regression, the model yields low R2 (0.15 – 0.46) values for all of the middle 

locations in winter (section 5.2, Figure 15). This is likely due to the size of the data we are 

using, as over a 61 year period the effects of large scale atmospheric oscillations such as El 

Nino can alter the circumpolar westerly winds (Hu et al., 2016), resulting in higher and lower 

seasonal wind speeds between years and thus reducing the linear regression model fit. 

Decadal mean wind speed changes however support the linear regression slope indicating 

increasing mean winter wind speed, with increases between 1960 and 2017/18 of up to 22% 

(section 5.2, tables 8 and 9).  

In spite of a general consensus, the evidence on the significance of wind speed on glacier 

accumulation is varying. Kuhn (1995) found that whilst daily ablation of ice that is fully 

exposed to the sun can be up to twice that of ice in the shade, wind-driven processes can 

multiply this by a large factor. These controlling factors are important when considering that 

Svalbard’s mean wind direction is from a south or south-easterly quadrant. On a study of 

some of Spitsbergen’s glaciers including Hansbreen during the winters of 1988/99 and 

1998/99, Grabiec et al., (2006) found that western regions of glaciers are more predisposed to 

snow accumulation than eastern areas as a result of snowdrift intensity, though that elevation 

played an even greater control on glacier accumulation with R2 = 0.64 – 0.91. As shown by 

snow distribution patterns on Hansbreen (Figure 44), eastern regions have negative 

accumulation anomalies by up to -0.3m w.e., with central and western regions showing 

anomalies up to +0.3 m w.e. Based on this alone, it is reasonable to make the assumption that 

glaciers on a north-south trajectory such as Hansbreen are less prone to changes in mass 

balance as a result of wind speed. It may however mean they are more susceptible to snow re-
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distribution causing an a-symmetrical snow distribution such as that recorded on Hansbreen 

by Grabiac et al., (2006). On the contrary, a glacier flowing east-west and therefore in line 

with the mean wind direction may see more snow-stripping from the accumulation region 

with a re-distribution to the ablation area and thus perhaps reducing the rate of decline of 

mass balance in the glaciers lower regions. This however is a broad assumption, when there 

are many other parameters such as temperature and precipitation controlling GMB, for 

example even with the re-distribution of snow by wind there may be higher levels of winter 

rainfall or warmer temperatures in said glaciers lower regions which counteracts positive 

accumulation anomalies from the re-distribution of snow. 

 

Further research from Jaedicke and Gauer (2005) in the modelling of drifting snow on the 

location of glaciers on western Spitsbergen supports the role that wind has in controlling 

GMB. The modelling showed that with present glacier locations, accumulation areas coincide 

with low wind speeds, and with regions of higher wind speeds being mostly glacier free. The 

results of this study showed the winds of 8 m/s were the cut off between accumulation of 

snow and ablation of snow, with 80% of the area where wind speeds exceed these values 

being glacier free.  

With this literature in mind, a correlation between the wind patterns of the glaciers of this 

study and supporting scholar’s findings emerges. Hansbreen and Etonbreen were the two 

Figure 44 - Deviations of snow accumulation on Hansbreen, showing the role of wind on snow distribution (left), snow 

accumulation and accumulation variability with varying slope aspect (right) (Grabiec et al., 2006). 
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locations with the mean highest winter wind speed (section 5.2, Figure 15), with the former 

not exceeding 8 m/s in any winter season until 1974, but then matching or exceeding it in ca. 

10 seasons with the most recent in 2015. Comparing this to polynomial regressions of CMB, 

Etonbreen and Hansbreen were also the two glaciers with the most negative polynomial 

regressions, with values on the study sites between 0.05 to -0.5 and -0.75 to -1.75 respectively 

indicating a decline in CMB over the 1957 – 2014 period. It should also be noted that these 

are mean seasonal wind speeds, and multiple events with +8 m/s gusts will likely be present 

in the data, thus it can therefore be reasonably assumed that wind speed acts as a key control 

on glacier mass balance on Svalbard’s glaciers. As summarized by Hanssen-Bauer et al., 

(2019) in the Climate in Svalbard 2100 report, fine scale modelled wind projections under 

low, medium and high emission scenarios showed an increase in average wind speed in 

North-East Spitsbergen, with a decrease west of Spitsbergen. The trends from the 1957 – 

2018 period already support this, as the highest increase in mean winter wind speed was 

found on Etonbreen with a 32% increase in mean wind speed during winter when comparing 

the 1960’s to the 2010 – 2017 era. With Etonbreen being located in North-East Spitsbergen, 

and already witnessing the second highest mean winter wind speeds of the four study sites it 

could be hypothesized that it this glacier will be susceptible to more mass loss or mass re-

distribution than for example Kongsvegen under future climate change projections. Despite 

this, it cannot be forgotten that other turbulent wind fluxes such as vertical wind fields can 

significantly impact snow re-distribution and stripping (Dadic et al., 2010), and the apparent 

correlation between wind and declining CMB found in this study could be related to other 

meteorological parameters such as solar radiation, temperature change or variations in total 

liquid or solid precipitation observed in the data.  

6.6 Weather classification and changing 

meteorological characteristics 

Weather classification  

Various regions of Svalbard are under different climatic conditions, being affected by air-

masses of contrasting properties such as warm air masses from the south and south-west via 

Icelandic low pressures and cold air masses from the east or north-east via and Arctic or 

Greenland high (Grabiec et al., 2011). The most changeable weather conditions occur in 
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winter, when contrasts between properties of both air masses are the most significant 

(Hanssen−Bauer et al. 1990). 

Frequency anomalies from the 2000 – 2017 period compared to that of the reference period 

showed that no significant changes were observed in the number of days with certain weather 

types. A study from Isakson et al., (2016) (Figure 45, left) undertook a similar study, though 

used the weather classification of 21 weather types instead of the condensed version of 11 

used in this thesis. The results however are in good agreement, and the extra two years of data 

in this study have not altered the results significantly with anomalies for most AC types 

generally less than ±2 N yr-1 (Figure 45, right). Some differences exist, with an apparent 

increase in the number of anticyclone over-head dominated days. The conclusion drawn from 

the study by Isakson et al., (2016) was that it is not a change in AC type that is causing 

regional climate change on Svalbard, but a change in the source air mass, with only 10% of 

the temperature changes being attributed to variations in AC frequency. Though a specific 

value cannot be given for these results, it can be argued with reasonable confidence due to the 

similarity in frequency anomalies that the same can be concluded for the results of this thesis.  

Precipitation and Weather classification 

As noted in sections 5.9 and 5.10, WC classification ‘S-SWa’ and ‘S-SWc’ were the most 

notable changes for summer rain and snow, with > -1.4mm d-1 and -2.5 – -3mm d-1 anomalies 

respectively in the 2001-2017 period compared to the reference era. Winter precipitation 

anomalies remained similarly negative, with a > -4mm d-1 reduction in winter snow, except 

for winter rain, where WC ‘W-NWa’ produced up to 1.75mm d-1 in positive anomalies.  
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Figure 45 - Comparison of seasonal weather type frequency anomalies from 2001 - 2015 (left, Isakson et al., 2016) and seasonal 

frequency anomalies of weather types from this study between 2001 – 2017 (right) compared to the 1971 - 2000 mean. 
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There is currently no research on precipitation anomalies in liquid or solid form from WC 

data, which is a first in the field from this study, and as a result determining the factors 

causing these anomalies is difficult. Research has shown that a 0.55°C air temperature change 

provides a 4% increase in water vapor in the air (Climate Central, 2017), and thus with more 

atmospheric moisture comes more precipitable water content. This appears to have occurred 

over Svalbard also, with an increase in humidity of ca. 4% noted for Nordenskioldbreen over 

the 1957 – 2018 period. This is likely as a result of the increase in mean air temperature and 

reduction of sea ice around Svalbard, therefore causing the atmosphere to hold more moisture. 

Weather type ‘N-NWa’ occurred on average 12% of the winter during the reference period, 

and 15% of the study period (section 5.4, Figures 21, 22). Winds from the North or Northwest 

should originate from and Arctic or Arctic Maritime source, with cold, moisture-laden air 

travelling over the East-Greenland sea. Two potential reasons for the positive precipitation 

anomaly during this WC in winter exist, ocean warming off the west-Svalbard coast and a 

reduction in winter sea ice in the same region. Piechura and Walczowski (2009) highlight one 

of these, the significant warming of this ocean area from an influx of warmer Atlantic waters 

between the summers of 2003 – 2008 where sea surface temperatures (SST’s) rose > 0.8°C 

(Figure 46). Despite this being summer temperatures, the lag effect and time taken to remove 

this heat from the ocean in winter months is significantly longer when such warming occurs. 

It could be hypothesized that scenarios such as this one play a key role in a greater 

atmospheric moisture transfer during winter months, as the ocean surface takes longer to cool 

and become ice-covered. 

 

 

Figure 46 - Western Svalbard mean water temperature over the summers of 1996 - 2008 (Piechra and 

Walczowski, 2009). 
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Alternatively, we are witnessing a combination of the two factors. As shown by research from 

Onarheim et al., (2014), western Svalbard’s coastline used to be ice covered in winter months 

(Figure 47), though by the early 2000’s the mean ice cover didn’t extend this far. It appears a 

feedback mechanism is in place allowing winter anticyclonic North-Westerlies to provide 

more rainfall than in the reference period, with higher air temperatures, sea temperatures and 

therefore a lack of sea ice contributing to increase atmospheric moisture under this 

atmospheric circulation pattern.  

 

It should be noted that although these factors may explain an increase in rainfall from this 

particular weather classification, all other daily precipitation anomalies were for negative 

precipitation in both summer rain and snow, and winter snow.  This supports trends observed 

in Figures 13 and 14 (section 5.1), for a large increase in mean winter rainfall. On the 

contrary, and it can be concluding that the aforementioned factors resulting in increased 

rainfall under N-NWa conditions may be the primary driving factor in increasing winter 

rainfall totals in the archipelago. To gain insight into the full picture of the key drivers, we 

would need to analyze the relation between heavy rainfall events and daily weather 

classifications, which is something that would be recommended to analyse in future climatic 

investigations on Svalbard. 

 

 

Figure 47 - Sea ice concentration map of the Barents Sea and 

Svalbard, denoted with the four year mean sea ice location from 

1979 - 1983 and 2009 - 2013 (Onarheim et al., 2014). 
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Rain 

As with temperature data, this study did not specifically examine the relation between 

precipitation of both liquid and solid forms and glacier mass balance, though instead analysed 

changing seasonal precipitation characteristics to make assumptions on how this could be 

affecting GMB. 

Changes in Arctic rainfall are thought largely to be dominated by two distinct processes. 

Firstly, from changes in large scale atmospheric moisture transport from the lower latitudes 

converging over the Arctic (Bengtsson et al., 2011), or sea ice retreat causing surface 

evaporation changes (Bintanja and Selten, 2014) to changes in the temperature of the lowest 

atmospheric layers which determine the final solid or liquid form of precipitation (Vikhamar-

Schuler et al., 2016). Precipitation in the Arctic has been increasing in recent decades as a 

response to atmospheric moistening (Min et al., 2008; Zhang et al., 2012), with this only 

expected to rise further with future projected climate change. 

As shown (Section 5.1.2, Figure 14; Appendix 1, Figures A1, A5, A6), there is an observed 

increase in the frequency and sum quantity of winter rain most notably in the past two 

decades, with the largest increase in southern Spitsbergen. Differing trends in rainfall 

characteristics existed between summer and winter, with the former showing a decreasing 

trend and the latter a significant increase in sum rainfall across all sites. Analysis of the Sval-

Imp dataset showed a significant increase in winter rainfall, notably in the south of the 

Archipelago on Hansbreen, though even on Etonbreen in the colder and drier north-east of the 

region an increase in the frequency and quantity of rainfall was evident after the turn of the 

millennium.  

As an overview, it can reasonably be argued that winter rainfall is causing a reduction in 

GMB. Firstly, support for the results of this thesis can be drawn from in the study by 

Lupikasza et al., (2019) on winter rain on Hansbreen, where it was seen that winter rainfall 

totals have significantly increased since 2000. One observed effect was an increase in the 

velocity of the glacier front by up to 6 times the speed of the basal average of 0.08 m d-1 

(Figure 48). A possible effect of velocity increase from sub-glacial meltwater and rainwater 

introduction is the dramatic increase in calving rates for sea-terminating glaciers (Benn et al., 

2007; Schild et al., 2018). When taking into account that tidewater (sea-terminating) glaciers 

make up ca. 60% of Svalbard’s glaciated areas (Blaszczyk et al., 2009), the potential 

contribution to mass loss from this process is significant. 
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To what extent these are effecting Svalbard’s glaciers is becoming more clear with increased 

polar research, though as Lupikasza et al., (2019) note, no one rainfall event will have the 

same effect on a glacier. It is widely known that rainfall plays a key role in the ablation, 

particularly in summer when combined with glacial melt, though the ice volume rainwater can 

add to a glacier during re-freezing also has a large contribution to glacier mass. As well as 

this, it is well documented that with the changing climate winter rainfall events are increasing 

in the Arctic, including the Svalbard Archipelago. Increased rainfall has a direct effect on 

GMB, through ablation, accumulation via refreezing and supra and sub-glacier water flow 

changing glacier velocity.  

Heavy rainfall 

The percentage of total rainfall that heavy rainfall makes up was seen to be increasing in 

frequency in winter months in the post millennium era, with an extension into the higher sites 

such as HBR11 and NB11 where it was previous seen in lesser fractions (Figure 14, appendix 

2, Figure A7) 

As noted in the Climate in Svalbard 2100 report (Hanssen-Bauer et al., 2019) and in this 

study, the incidence of heavy rainfall events (defined in section 4.1.6) is increasing rapidly, 

especially since the turn of the millennium. The weather types related to heavy rainfall events 

were not studied in this thesis, though it’s logical to assume they are related to the same 

Figure 48 - Example of glacier velocity increase as a result of a winter rainfall event (Lupikasza et al., 2019). 
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weather classification providing most of the rainfall. The observed reduction in daily winter 

rainfall of 1 – 1.5mm from S-SWc winds and positive daily anomaly of 1 – 1.5mm from W-

NWa winds from 2001 – 2017 (section 5.10, 5.11; Figures 32, 33) compared to the reference 

era indicates that perhaps there is a shift in the dominant ‘rain producing’ weather type. This 

also goes against the findings of recent literature in that south-westerlies produce the largest 

rain totals (Dobler et al., 2019), and is likely linked to the ice loss and atmospheric moistening 

discussed previously in this section. A further conclusion that can be drawn from this is that 

the associated precipitation that weather type produces is not significantly changing, but that 

events are becoming more extreme and thus producing these anomalies when comparing to 

the 1971 – 2000 period. 

As previously noted, the effects of rainfall both reduce and increase GMB. A study from Van 

Pelt et al., (2016) when modelling the effect of refreezing on the mass balance of an idealized 

Svalbard glacier found that heavy rainfall can cause a notable retreat and expansion of the 

temperate firn zone and warming of cold ice in ablation areas. As noted by Wadham and 

Nuttall (2002), super-imposed ice can account for up to 16 – 25% of annual accumulation, 

thus warm periods and the associated rainfall, snow melt and following re-freezing of snow 

can have a significant impact on mass balance changes. Furthermore, the combination of 

winter warming and associated heavy rainfall causes a shift of refreezing during the melt 

season (summer) into the winter season. From the observed temperature and precipitation 

trends, it is reasonable to assume that these changes are occurring over the 1957 – 2018 period 

in this study. The important conclusion from their study was that although refreezing can 

temporarily buffer against mass loss, the mass gain from refreezing is substantially smaller 

than gain from the refreezing of water itself, as the latent heat release and melt-enhancing 

effects after refreezing override mass gain thus offsetting the initial mass-retention from the 

refreezing of rain or heavy rainfall.  

Furthermore, rainfall and more so heavy rainfall can act to cause avalanches (Hansen et al., 

2014). These are associated with a south-southwesterly flow with the advection warmer air 

with a high moisture content (Dobler et al., 2019), such as that seen during the extreme winter 

rainfall event of November 2016. Much of this depends on local topography surrounding a 

glacier and the size of any avalanche, therefore the effects can be negligible and would 

require further investigation. 
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With a decrease in solid precipitation and increase in liquid precipitation found among the 

other study sites, it is presumed that rainfall and heavy rainfall events are indeed changing the 

glacial dynamics of Svalbard and can be attributed to a significant portion of the observed 

GMB decline currently being experienced at least in southern Spitsbergen. It may be that the 

increase in mass balance across central to northern regions is related to the year round colder 

temperatures, which allow the mass added from the refreezing of rain to be maintained under 

current glacial thermal regimes. Though, for glaciers in southern Spitsbergen that are 

subjected to air temperatures nearer to 0ºC more frequently, the initial mass gain from 

refreezing is lost due to increased melting from warmer air temperatures. Without further 

research it is difficult to conclude whether these events are contributing to mass changes via 

snow redistribution from avalanches. However, with supporting literature indicating that 

heavy rainfall events are linked to avalanches it is likely that the increased frequency of heavy 

rainfall events observed will be resulting increased avalanching, increased glacier velocity 

induced mass loss via calving, and ablation via melting and surface runoff.  

Snow 

Snowfall provides one of the main inputs contributing to glacier mass balance, among other 

factors such as the refreezing of meltwater and rainfall. A significant reduction in summer 

snowfall values was observed on all sites during summer months. It has been found that the 

total precipitation Svalbard receives is not decreasing, with a projected 50 – 60% increase in 

Arctic precipitation from an intensification of the hydrological cycle (Bintanja, 2018), but 

more importantly the fraction of this made up from snowfall is decreasing (Park et al., 2013). 

An interesting result of this study was the increase in winter snowfall observed on the 

glaciers, though a factor contributing to this may be related to water vapor from climate 

change. Atmospheric moisture increases with air temperature at a rate of 7% / °C (Ye and 

Fetzer, 2009; Bengtsson et al., 2011). Despite the significant warm temperature anomalies 

during winter, all of the study sites particularly at elevation still exhibit a mean winter air 

temperature below freezing. The combination of these two factors may be contributing to the 

increasing mass balance particularly in the northern regions of the archipelago, as the increase 

in the availability of atmospheric moisture is permitting higher snow totals which can be 

enhanced at elevation through orographic forcing. This theory is supported by a study on the 

modelling of winter precipitation using 37 global climate models by Bintanja (2018) (Figure 
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49), where until the threshold of mean positive air temperatures during winter is reached, 

snowfall or solid precipitation is still the dominant feature.  

 

 

Evidence for this theory is found when looking at mean decadal summer temperatures on 

Kongsvegen, which even on its highest location had a mean temperature of 0.69ºC between 

2010 – 2018 (section 5.1.1, table 2). This theory gains credence when comparing 

Nordenskioldbreen and Etonbreen which receive lower year round temperatures, and show 

positive climatic mass balance values. Ultimately, it is temperature that determines the phase 

of precipitation. It has been postulated that heavy summer snowfalls can play a huge role in 

mass balance due to their effect of simultaneously adding mass whilst significantly increasing 

albedo and thus reducing absorbed incoming solar radiation, the effects of which last for up to 

5 days depending on the rate of melting (Oerlemans and Klok, 2004). The suppression of the 

melt from albedo changes was calculated to be a factor of four, meaning the effect of the 

snowfall event is about four times the amount of the mass added during a snowfall event on 

the annual specific mass balance. When looking at the temperature trends (section 5; Figures 

11, 12), one would expect that precipitation characteristics (liquid or solid) will change less in 

the long term for the southern and western regions of Svalbard, but when the temperature 

anomalies bring the central and north-eastern regions nearer to 0ºC there will begin to be a 

Figure 49 - Projected climate model mean, Arctic mean (70º - 

90ºN) and annual mean changes in total precipitation, 

snowfall and rainfall (Bintanja, 2018). 
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reduction in snowfall, snow accumulation, an increase in snow melt and thus a downward 

trend on glacier mass balance for sites such as Etonbreen and Nordenskioldbreen. 

With this in mind, the effect of reduced summer snowfall indicates it plays a significant effect 

on Svalbard’s glaciers, especially when combined with any increase in ice melt and rainfall 

associated with warmer lower atmospheric temperatures. 

6.7 Climatic mass balance, weather classification 

and radiation 

Climatic mass balance was seen to be decreasing, or only marginally increasing on all sites in 

the south, west and north-eastern sites except NB11 where polynomial regression indicated an 

increase in CMB (Figure 50). Modelling shows that CMB has a linear trend of -1.4 

± 0.4cm w. e.  yr−2, with the shift from a positive to a negative regime occurring around 1980 

(Østby et al., 2017). During the period 2004 – 2013, this was increased to -21cm w.e. yr-1. 

It appears that of the 11 weather classifications analysed, between 3 and 4 of them have the 

greatest relation to either high accumulation (=>95th percentile CMB) or high ablation months 

(<=5th percentile CMB). For high accumulation, both anticyclonic and cyclonic north-

northeasterlies and cyclonic east-south-easterly had the highest frequency of occurrence. 

When considering Svalbard has a mean wind direction from an easterly quadrant this would 

be expected, though this is on a monthly basis so it doesn’t prove that these are related to the 

highest accumulation events. For ablation, Ca+Ka (Anticyclone overhead) had the highest 

frequency of occurrence with high ablation months. Similarly, one would expect this result, 

Figure 50 - Simulated specific climatic mass balance from 1957- 2014 in cm w.e yr-1 (Østby et al., 2017) (left), 

polynomial regression of climatic mass balance from this study over the same period (right). 
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due to the association with clear skies and increased solar radiation that frequently occur 

under high pressure. 

Shortwave radiation 

All meteorological parameters analysed in this report play a role in the increase or decrease of 

glacier mass balance, some scholars have concluded that shortwave radiation is generally the 

most important energy supply for melt on Arctic glaciers (Arnold et al., 2006; Arendt, 1999). 

Figure 40 supports these conclusions, showing that when analysed by dFOC, meteorological 

conditions under Ca + Ka (anticyclone overhead) had a high incidence of correlation with 

ablation months, as high pressure generally brings clear skies and fair weather and allowing 

higher SWi radiation levels to reach the lower atmosphere. When looking at extremely high 

melt months equal or less than the 5th percentile of all CMB data however, the findings of 

these scholars do not support the glaciers of this study (section 5.12.1). No relation between 

the top 5th percentile and negative CMB values or the lower 5th CMB and associated SWi 

were found. Further to this, Nordenskioldbreen, which is experiencing mass gain particularly 

in its upper reaches, was seen to receive nearly 50 W/m2 more SWi radiation than Hansbreen 

at peak radiation in June (section 5.6; Figure 25). Though a statement for the whole of 

Svalbard cannot be made off of these findings, it does raise the question that if SWi radiation 

isn’t associated with significantly negative CMB months, what is the parameter exerting a 

larger controlling force on the ablation of the glaciers? The suggestion could be made that the 

topography surrounding glaciers means that due to the low azimuth on the horizon of solar 

energy for a number of months of the year, some parts of glaciers are less susceptible to mass 

loss from ablation via shortwave incoming radiation flux, though this can likely be discounted 

as data analysis shows that the effect of topography was represented well in the Sval-Imp 

dataset (Vikhamar-Schuler et al., 2019) 

Therefore, a possible theory to answer this question is that it is a combination of changing 

precipitation characteristics and the warm anomalies showing in all months across the 

archipelago. It was found that the lowest 5th percentiles of CMB were associated with SwI 

radiation values of 40 and 100 W/m2 (section 5.12.1; Figures 37, 38). Cross correlation with 

mean monthly SWi values (Figure 25) show that these SWi values occur between March – 

April and August – October, with the end and the beginning of the polar night. It is highly 

unlikely that high ablation months are occurring at the end of winter particularly when the 

month of March averages the second coldest temperatures of winter (Yr, 2019), which 
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therefore means that it is during August – October that high ablation months are occurring. 

This is not surprising, as the accumulated heat from the summer provides more melt energy in 

the glacier system. It does however suggest that we are witnessing an extension of the melt 

season in the post-millennium era, which gains support when comparing to autumn 

temperature anomalies (section 5.1; Figure 12) from 2001-2018 being 1.25 – 3.5°C warmer 

than the reference period. It is also possible that along with an extension of the summer melt 

season, an increase in winter rainfall and notable decline in winter snowfall is causing an 

earlier start to the melt season. This hypothesis is reasonably supported by scholars such as 

Stroeve et al., (2006), where it was found that for the central Arctic the melt season is 

extending at a rate of > 2 weeks per decade, with Vaughn et al., (2013) also highlighting the 

link between the lengthening melt season and ice thinning around Svalbard.  

As a final theory, though one that would require further investigation, it cannot be discounted 

that the effects of SWi radiation are being permuted as a result of both anthropogenic and 

naturally induced albedo changes on Svalbard’s glaciers. The high albedo of new snow 

significantly reduces the amount of absorbed surface SWi radiation (Xu and Dirmeyer, 2013). 

Resultantly, rainfall has the opposite effect, and second to its initial mass change from melting 

and refreezing of glacier ice, it causes a significant reduction in albedo from a darkening of 

the glacier surface. Research also indicates that environmental pollution through the 

deposition of black carbon is reducing Arctic glacier albedo significantly as well 

(Sviashchenniko et al., 2015) (Figure 51). 

 

Figure 51 - Impacts of environmental pollution on reduced albedo 

at Ny-Ålesund and Barentsberg (Sviashchenniko et al., 2015). 
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From the analysed Sval-Imp data, it appears that shortwave radiation flux as a whole does not 

play a notable role in ablation, or at least in high ablation events, which are more likely a 

result of changing temperature and precipitation characteristics. This gathers support from 

Braithwaite (1981), where it was found in high Arctic Canada that increased ablation was 

related to temperature with an average melt of 6.3kg m-2 d-1 deg-1 from sensible and latent 

heat. It is possible that with the predicted increase in rainfall and associated reduction in 

surface albedo that SWi radiation will have a larger effect on the reduction of glacier mass 

balance in Svalbard, particularly in southern regions of the Archipelago which are nearing or 

have already exceeded mean temperatures above 0ºC in summer. 

Longwave radiation 

Longwave incoming radiation was seen to be increasing the most in winter over Svalbard, 

particularly in central and north-eastern regions. These results are supported by data from 

other scholars, such as Maturilli et al., (2014), where a similar alteration in winter LwI 

radiation was observed with a change of +15.6 ± 11.6 W/m2 per decade over a 21 year 

period. 

The highest LWi values (=>95th percentile) and the associated weather type varied by region, 

for example with Etonbreen receiving values => 95th percentile from cyclonic winds from the 

south or southwest, where as the majority of these high values on the other glaciers were 

shown to be associated with anticyclonic conditions from S+SWa, W+NWa or Ca+Ka. These 

three weather types were some of the least frequently occurring over the 1971 – 2000 period, 

and similarly showed no significant frequency anomalies (< ~2 days per season) in the 2001 – 

2017 period (section 5.4; Figure 22). 

Longwave radiation is a function of air temperature and humidity, it is emitted by the 

atmosphere largely from water vapor, CO2 and Ozone, and therefore with increased 

temperature and more cloud cover a feedback loop of increased LWi occurs. There is a lot of 

literature on the relationship between longwave radiation in winter and its associated 

atmospheric conditions such as cloud cover. Lefauconnier and Hagen (1990) found that a 

strong correlation between mass balance, positive summer and autumn temperatures 

combined with winter precipitation exists. A study on Brøggerbreen over 8 years provided R 

values for these parameters of 0.90, and when including summer longwave radiation this rose 

to R = 0.98. The relation between longwave radiation, mass balance and weather 
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classification is similarly evident in this study, with increased winter LWi radiation, positive 

summer and autumn temperature anomalies and increased winter rainfall. To simply say that 

the increase in temperature, atmospheric moisture and therefore cloud cover are the cause of 

the changing mass balance characteristics in Svalbard is un-likely. Cloud-radiative 

interactions in the Arctic are challenging due to the complex environmental conditions (Yeo 

et al., 2018). It is likely however that a combination of the factors discussed, such as the 

reduction in sea ice surround Svalbard and the increased air temperature and precipitation 

characteristics are combining to increase LWi radiation and provide at least a partial 

explanation for declining mass balance. Evidence also exists for a possible positive feedback 

mechanism as outlined in Figure 52.  

 

 

This hypothesis however would need testing using long term cloud cover data, which was not 

available for this study.  

Furthermore, it is interesting to note that there was a high dFOC between anticyclonic weather 

types and the highest LWi values, as anticyclonic conditions are more commonly associated 

with clear skies and fair weather, especially when overhead. Though this depends on the 
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Figure 52 - Hypothetical feedback mechanism related to increased longwave radiation values across the high Arctic 

and Svalbard. 
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source of where the high pressure has originated from, as if it retrogressed from lower 

latitudes it is plausible that cloud and moisture is brought in with it. A possible explanation 

for this originates from temperature anomalies from weather classification undertaken by 

Isaksen et al., (2017), where for the three previously discussed anticyclonic weather types 

(S+SWa, W+NWa or Ca+Ka) with the highest associate LWi radiation, positive temperature 

anomalies of 2 – 4 ºC and 1-2 ºC were seen for winter and summer respectively in the 2001 – 

2015 period, compared to 1971 – 2000. The associated higher LWi radiations can likely be 

attributed to the observed temperature anomalies for these weather classifications and the 

feedback mechanisms discussed that atmospheric warming causes.  
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7 Conclusion 

This research sought to answer the question of to what extent has the climate changed in 

Svalbard over the 61 year period of 1957 – 2018 by analyzing six different meteorological 

parameters. From the Sval-Imp data, no single meteorological factor appeared to play the role 

as a key driver in the reduction of glacier mass balance particularly on southern Spitsbergen, 

instead it appears that they are heavily interlinked and have knock-on effects to one another. It 

could however be said that temperature is a primary driver of the feedback mechanisms that 

arise with the changing meteorological parameters. 

The main findings are outlined as below: 

- Svalbard is experiencing significant warm anomalies, particularly in winter where the 

recent 2001-2017 period was up to 6.5°C warmer than the 1971 – 2000 period. The 

greatest warm anomalies are focused on central regions of the archipelago, though this 

shifts southwards to central Svalbard during summer where the warming is more 

muted at up to 2°C above the 1971 -2000 mean. Accompanying the rise in mean air 

temperature is an increase in relative humidity, with locations such as 

Nordenskioldbreen showing a 4% increase in mean winter humidity over the 1957 – 

2000 period. The primary effect of the rise in temperatures and atmospheric 

moistening is an increase in winter rainfall and an extension of the melt season from 

both a later onset of winter and earlier onset of spring. Decadal analysis showed that 

mean winter temperatures have risen by up to 9°C between the 1960s and 2010 – 2017 

at lower locations such as KNG01. 

- Winter snowfall is not yet declining with the increase in mean winter temperatures, 

however winter rainfall totals are increasing significantly. Summers are becoming 

drier, with less snow and rainfall. Despite the potential for mass gain from the 

refreezing of winter rainfall, the mass loss from the snow melt and surface run-off is 

causing a notable decline in glacier mass balance in southern regions of the 

archipelago such as Hansbreen. Furthermore, the proportion and frequency of rainfall 

from ‘heavy rain’ has increased since the turn of the millennium, and now even higher 

locations of the four study sites are experiencing heavy rain such as NB6 and NB11, 

where they had not earlier in the time series.  
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- Mean wind speeds have increased by up to 32% in both summer and winter, though 

only reach the 8 m/s threshold thought to cause mass loss and snow re-distribution on 

Hansbreen. The effect of wind on glacier mass loss and snow re-distribution is largely 

dependent on glacier trajectory with those on an east – south path such as Etonbreen 

more susceptible to mass redistribution from the mean easterly winds Svalbard 

experiences. The findings support IPCC summarized projections, with the greatest 

increase in mean wind speed found in North-Eastern regions of the region in the 

future, as this was also found during this study.  

- This study was a research first in assessing precipitation changes by weather type. 

Despite an increase in the mean winter snow and rainfall, daily anomaly values from 

the 2010 – 2017 period compared to the reference era were between 2 – 4mm less, 

indicating precipitation events are perhaps becoming less frequent, but more intense. 

Summers are becoming drier, with a reduction in both snowfall and rainfall, in 

particularly situations with both cyclonic and anticyclonic south-south westerlies 

produce between 1 – 3mm less rain and snow per day during the 2010 – 2017 period 

compared to the reference era. There has been little change in the dominant weather 

types occurring in the region, with changes in the region of ± 2 days per season, which 

is supported by recent literature. With the importance of summer precipitation on 

annual mass balance, it was determined that drier summers are significantly affecting 

the reduction in GMB seen over south regions of Svalbard. 

- Climatic glacier mass balance was shown to be most negative in south and west of the 

Archipelago. Nordenskioldbreen in particular is still gaining significant mass in its 

higher reach, which is likely due to its elevation reaching over 1100m a.s.l. It is 

thought that colder mean annual air temperatures of the central and north-eastern 

regions are preventing the intrusion of more winter rain as seen at Hansbreen and 

Kongsvegen and thus maintaining positive mass balance anomalies. However, with 

future warming projections it is expected that CMB will reduce sharply in locations 

such as Nordenskioldbreen and Etonbreen, as the lower atmosphere becomes more 

conducive to rainfall year round. Furthermore, with projected ELA increases of up to 

400m by 2100, only Nordenskioldbreen will have an accumulation zone above the 

ELA.  
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- Changes in longwave and shortwave radiation were not so prominent over the time 

series, though a signal for increasing LWi existed in winter months. On the contrary to 

what some scholars have postulated, SWi radiation was not a key influence on high 

ablation months, with no correlation between the 95th percentile of SWI and dCMB, or 

between the lower 5th percentile of dCMB and the associated SWi radiation values.  

The importance of these findings highlight just how significantly the climate of Svalbard has 

changed not only over the whole 1957 – 2018 time series, but also what is occurring on a 

shorter time scale, such as the anomalies from the 2001 – 2018 period. The aims and 

objectives of this study were successfully completed, with the downscaled Sval-Imp dataset 

successfully analysed, new parameters such as heavy rain and snowfall created and an 

analysis of precipitation by weather classification accomplished. New information was also 

contributed to current knowledge of climate change on Svalbard. This includes the changing 

precipitation characteristics by weather classification that previously did not exist for this 

region of the Arctic, and the evidence that has been found against current notions that SWi 

radiation is a key driver in glacier ablation. 

As this research was working with so many variables over a 61 year period, there are 

numerous routes of further research that could be undertaken to supplement the results from 

this paper. The first of which would be to run the same snowfall analysis, but with differing 

rain-snow threshold temperatures than the equal to or below 0°C threshold used in this study. 

Further to this, it could be recommended to include a categorization of humidity with weather 

classification. It was seen that certain wind directions were showing positive and negative 

precipitation anomalies, therefore a humidity analysis would provide further information on 

the source air masses causing these anomalies and from this further assumptions on future of 

Svalbard’s climate and glaciers could be drawn. Finally, by using a similar method to that 

used in defining heavy rainfall events, it would be interesting to analyse the frequency of 

significant daily heat anomalies by for example defining a threshold of a ‘hot’ day, and 

looking for an change in frequency of these occurring over the time series, as there may be a 

correlation between heavy rainfall events and the occurrence of notable positive daily 

temperature departures.  
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8 Appendix 

1 - Precipitation 

Presented here are temperature and summer and winter snow and rainfall plots as found in 

section 5.1.1 and 5.1.2, for the all locations not presented in the chapter 5.  
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2 - Abbreviations for locations in the analysis of the Sval-Imp dataset 

 

 
 Figure A7: Abbreviations of the locations of AWS used in the downscaling of 

the Sval-Imp dataset (Vikhamar-Schuler et al., 2019). 


